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Gel Permeation Chromatogra 

Gel permeation chromatography is used for prepai 
and analytical fractionation of macromole, 

Donald ] 

In modern-day chemistry, especially 
macromolecular chemistry, it is fre- 
quently desirable to know the molec- 
ular weight, the molecular weight dis- 
tribution, and the composition distri- 
bution of a material. Polymer chemists 
and biochemists have long sought good 
methods for making the needed mea- 
surements but the ways and means 
have proved difficult. Over the course 
of time, however, several methods have 
been developed which have recently 
been reviewed (1). Many of the meth- 
ods involve fractionation, are tedious 
and time-consuming, and yield frac- 
tions which are not especially narrow 
in molecular weight or composition 
distribution. Johnson and Porter (2), 
for example, state that there has been 
such difficulty in determining molecular 
weight distributions that many of the 
physical properties that depend on 
molecular weight distribution have been 
speculated about rather than actually 
measured. 

Recently the drudgery of bulk poly- 
mer fractionation for the determina- 
tion of molecular weight distribution 
has been overcome. The advent of 
automated, analytical gel permeation 
chromatography (GPC) has provided 
the researcher with a rapid and gen- 
erally quantitative method for deter- 
mining the size distribution of polymer 
molecules. Depending on polymer type 
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In gel filtration chromatography aque- 
ous solvents and hydrophilic gels are 
used, the experimenter is usually a 
biochemist and, generally, natural prod- 
uct separations are involved. In con- 

phy trast, in gel permeation chromatog- 
raphy organic solvents and hydrophobic 
gels are used, the experimenter is 

rative usually a polymer, analytical, or or- 
cules. ganic chemist, and the product is 

usually a synthetic macromolecule. 
Perhaps it is just as well that such a 

)D. Bly dual literature exists, for most appli- 
cations in one field are not of signifi- 
cant interest to researchers in the 
other. All that is really required is 
that a few scientists keep track of both 

needed, GPC ex- areas so that theoretical developments 
led to yield infor- and aspects such as universal calibra- 
:ular weight distri- tion can be made known to both groups 
on distribution, or of investigators. 
eparation (3). Gel 
tography has re- 
luired for manual Principle of Gel Permeation 
possibly weeks) to 

Chromatography 

hromatography be- Gel permeation chromatography is a 
chromatography, a form of liquid chromatography which 
generally attributed sorts polymer molecules in a gel-packed 
in (4) and which column according to their size in solu- 
y reviewed (1-8). tion. A size exclusion, or restricted 
tration chromatog- diffusion, principle is used for the 
que, for fhe size size sorting. Figure 2 schematically 
)molecular, natural shows the longitudinal section of a 
on water-swellable column packed with a typical "gel" 
>y means of an material; an electron micrograph of 
he term gel filtra- an actual gel is shown in Fig. 3 (11). 
ly is extensively The gel is a rigidly structured porous 
tical literature (9). network and may consist of materials 
een gel permeation such as polystyrene cross-linked with 
gel filtration chro- divinylbenzene (12) or porous glass 

.th the invention of (sold by Waters Associates, Bio-Rad, 
nic solvent phase Du Pont, Corning, and others under 
1 permeation chro- various trade names). Solvent is con- 
oined by John C. tinuously pumped through the gel and 
Themical Company column by means of an external pump- 
first gels and pub- ing system. A solution of the polymer 
or work based on sample is injected onto the top of the 
The now common- column, and the sample is percolated 
ration of synthetic through the column by means of the 
illustrated by the flowing solvent stream. The size sort- 

?olystyrenes shown ing of the polymer molecules takes 
m Moore's paper), place in the pores of the gel. As illus- 
ble in 1964. trated in Fig. 2, the very large mole- 
ce Moore's early cules cannot enter many of the pores 
ire has developed. and thus travel mostly around the gel 

527 

The author is a section supervisor in the 
Physical and Analytical Division of the Central 
Research Department, E. I. du Pont de Nemours 
& Company, Wilmington, Delaware. 

1 MAY 1970 



100 

Volume (ml) 

Fig. 1. Separation of two narrow-distribu- 
tion polystyrenes at two flow rates. The 
columns measured 0.775 centimeter (inner 
diameter) by 3.65 meters. The column 
was packed with a 200- to 325-mesh frac- 
tion of a bead polymer made from a mix- 
ture of one part commercial 55 percent 
divinylbenzene and four parts diethyl- 
benzene. The eluent was toluene; flow 
rate: 26.4 milliliters per hour (solid line); 
12.4 milliliters per hour (dashed line). 
S 108, polystyrene with Mw of 267,000; 
S 102, polystyrene with MW of 82,000. 
[Reprinted from J. C. Moore (10), p. 841, 
courtesy of John Wiley and Sons, Inc.] 

beads and come out of the column first. 
The very small molecules enter most 
of the pore volume, have a larger 
amount of the column volume at their 
disposal, and take a more tortuous 
path through the column. These small- 
est molecules come out last. Molecules 
intermediate in size exit at intermediate 
times depending on the general size 
relationships. Because of the size- 
sorting process, gel permeation chro- 
matography is used to measure the 
size distribution of polymers. 

As the molecules exit from the col- 
umn, they may be detected by differ- 
ential refractometry (13), ultraviolet 

Fig. 2. Longitudinal section of a chromato- 
graphic column containing a porous gel 
matrix and dissolved polymer molecules 
(schematic). 
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photometry (14), flame ionization (15), 
infrared absorption (16), thermal ad- 
sorption (17), and other means. Dis- 
continuous detection may also be used. 
For example, fractions may be col- 
lected and the viscosities measured 
(18) or the solvent may be evaporated 
and the residue weighed. At present, 
applied gel permeation chromatography 
is not an absolute technique; that is, 
calibration is required to yield ac- 
curate or quantitative expressions of 
the size distribution. However, relative 
information can be obtained without 
calibration. 

Calibration can be made with stand- 
ards by relating the logarithm of the 
molecular weight, M, or the logarithm 
of the hydrodynamic volume, log [-]1 
M, to the peak retention volume, V,. 
Molecular weight data are dependent 
on polymer type, solvent, and tempera- 
ture. Type dependency exists because 
the size of the polymer molecule coil 
in solution is not the same per unit 
molecular weight for all polymers. 
The viscosity of different polymer 
molecules of the same molecular weight 
varies widely. 

Waters Associates, Inc., introduced 
the first commercial integrated, auto- 
matic gel permeation chromatograph. 
A flow diagram of the model 200 unit 
is shown in Fig. 4. The solvent from 
a reservoir is passed through a filter 
system into the inlet of a Milton Roy 
pump. The exit from the pump is 

damped by a bellows in a surge tank 
to reduce pump pulsations. The solvent 
is filtered again and divided into two 
streams. The reference solvent is passed 
through a dummy column to provide 
sufficient back pressure for more evenly 
controlled flow. It then goes through 
one side of a differential refractometer 
detector and into a waste tank. Alter- 

nately the reference solvent can be 
returned to the solvent tank. The other 
stream passes through the sample col- 
umns. Samples are injected onto the 
columns by means of an automatic 

four-port injection valve. The exiting 
polymer solution (containing the sorted 

molecules) is passed through the other 
side of the differential refractometer 
and then through a 5-milliliter siphon, 
which provides a measure of the flow 
rate. 

To practice gel permeation chroma- 

tography it is not necessary to buy 
a completely integrated unit, although 
this equipment is best for large-volume, 
routine industrial type analyses. The 

laboratory bench-top unit of Rodriguez 

Fig. 3. Electron micrograph of the highly 
porous glass Bio-Glas 1500. [Reprinted 
from E. M. Barrall and J. H. Cain (11), 
p. 258, courtesy of John Wiley and Sons, 
Inc.] 

et al. (19) shown in Fig. 5 illustrates 
a rather simple combination of com- 
ponents that can do the job well. 
Simpler arrangements have been de- 
scribed that provided satisfactory re- 
sults (18). 

Validity of Gel Permeation 

Chromatography 

The result of most GPC experiments 
is a collection of fractions or an analog 
tracing of detector response as a func- 
tion of retention volume, or both. If 

separate cuts are obtained for distinct 
chemical species and if separation is 

complete, one can analytically prove 
that the fractionation has occurred 
and that there is a total mass balance 
in the system. However, when a size 
distribution of a polymer is needed, 
complete separation and isolation of 
all molecular sizes or species are im- 

possible. Furthermore, accurate mo- 
lecular weight or polydispersity analysis 
of the fractions is difficult and often 
limited by small sample size. The ques- 
tion arises: How valid is the gel per- 
meation chromatographic analysis of 
the size distribution of the polymer? 
In fact, Does it have validity at all, 
or is the picture itself some artifact 
of the gel permeation separation? 

Consider a typical chromatogram 
(Fig. 6) which represents the analog 
tracing obtained from conventional 

equipment. Retention volume is meas- 
ured from the time of sample injection. 
The position of the curve peak is inverse- 
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ly proportional to the logarithm of the 
molecular weight which increases from 
left to right but the proportionality 
(equation) is unknown. Figure 6 shows 
typically what would be obtained for 
a fractionated homopolymer. The curve 
for all the polymer molecules lies be- 
tween the void volume and the water 
peak. The void volume is that volume 
at which polymer molecules would 
exit from the column when no frac- 
tionation had occurred, that is, when 
the molecules travel only around the 
gel particles. Peaks are often observed 
for water and air in polymer analyses 
because water and air have much low- 
er refractive indices than the solvents. 

The validity of Fig. 6 for describing 
a polymer has been shown in various 
ways. Calibration itself, originally de- 
scribed by Moore (10) as a linear re- 
lationship between VR and log M for 
standard polymers, or by Grubisic 
et al. (20) as VR plotted as a func- 
tion of the logarithm of the hydro- 
dynamic volume, is a verification of 
the fractionation process. Figure 7 
shows the data of Bly (21) which 
illustrate the dependence of the cali- 
bration equation on polymer type in 
m-cresol. On the other hand, Andrews 
showed [Fig. 8, (22)] that the separa- 
tion of a large number of carbohy- 
drate-free globular proteins in water 
could be described by one calibration 
equation. These relationships all show 
that various molecular sizes do exit 
from the column at different elution 
times. Chromatographing the collected 
fractions and summing or comparing 
curves is another way in which the 
technique has been validated [see, for 
example, the methods of Tung (23) 
and Tung et al. (24)]. Biochemists 
have long used gel filtration, the aque- 
ous counterpart of gel permeation 
chromatography, to separate proteins 
and bioactive materials. The increased 
activity of the purified cuts is another 
confirmation of the process. 

I have studied the problem of veri- 
fying the validity of gel permeation 
chromatograms when quantitative cal- 
culation of the data is impossible, that 
is, when no calibration exists because 
no polymer standards of the polymer 
type in question are available or the 
technique does not permit recovery of 
sufficient amounts of polymer. I have 
demonstrated that as long as efficient 
columns are used and the chromato- 
gram falls in the linear region of the 
semilogarithmic calibration relationship 
between Mw and VR, then curve width 
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Fig. 4. Flow diagram of the Waters Associates, Inc., model 200 gel permeation chro- 
matograph. [Reprinted from the model 200 service manual, courtesy of Waters Associ- 
ates, Inc.] 

features are truly representative of the 
sample even though the true calibra- 
tion remains unknown (25). [The quan- 
tity Mw is the weight average molec- 
ular weight or second moment of the 
polymer molecular weight distribution. 
This moment and the first moment, 
Mn (also called the number average 
molecular weight), as well as higher 
moments such as MZ, and Mz+l, are 
defined in most standard polymer text 
books.] Thus, comparison of a standard 
polymer curve to an unknown polymer 
curve can be made with the assurance 
that relative variations in curve features 
really represent the sample. Because 
calibration for molecular weight is ig- 
nored, absolute molecular weights are 
not obtained by this technique, but the 
relative curve features and thus the 
relative size distributions are obtained. 
If the polymer size distribution is the 
most probable or Gaussian-like, the 
polydispersity d can be calculated 
from Eq. 1 

Wl/d = W2/d2 (1) 

where W is the width of the curve de- 
termined as the distance between the 
base line intercepts of lines drawn tan- 
gent to the points of inflection of the 
trace, d is MW/Mn, and subscripts 1 
and 2 refer to different polymers, one 
of which is any standard. 

Mechanism 

A number of authors have discussed 
the mechanism of the GPC size-sorting 
process. It is generally agreed that the 
process does sort molecules according 
to their size in solution but it is not 
generally agreed as to how this size 
sorting takes place. The phenomenon 
has been reviewed by Altgelt (5), 

Determann (6), Pecsok and Saunders 
(7), and others. Three different mech- 
anisms have evolved: (i) steric ex- 
clusion, (ii) restricted diffusion, and 
(iii) thermodynamic theories. Deter- 
mann (6) has prepared tables of vari- 
ous parameters described in the litera- 
ture for the elution behavior, mech- 
anism, and calibration in gel chroma- 
tography. These are included here as 
Tables 1 and 2. 

The restricted diffusion mechanism 
for GPC was originally proposed by 
Ackers (26). Additional work has been 
done by Yau and Malone (27), and 
recently a significant variation has been 
studied by DiMarzio and Guttman 
(28). Ackers' theory assumes that the 
time required for a molecule to diffuse 
in and out of a gel pore is significant 
relative to the time the molecule spends 
in the vicinity of that pore. DiMarzio 
and Guttman show that the separation 
might be made by flow alone and that 
no diffusion into pores is required. 

The theory of steric exclusion was 
originally proposed by Flodin (29) and 
has been considered by many others. 
This theory assumes that the separa- 
tion process involves differential equi- 
librium. In contrast to the assumptions 
made in the restricted diffusion mecha- 
nism, according to this mechanism the 
time required for a molecule to diffuse 
into, occupy, and come back out of 
a pore is less than the residence time 
of the solute around the gel. Under 
these conditions the process would be 
neither diffusion-controlled nor sensi- 
tive to flow rate, and the distribution 
coefficient would be described by Eqs. 
2 and 3 

VR - VO 

V1 

V = Vo + (K V,) 

(2) 

(3) 
529 



etector Detector 
response 

Air 

/ . 

H,a 

P4 I--i ______ Ij ____ / \ _____ J~~~~~~~~~~~ Volume axis 

Pump Filter 

Fig. 5 (left). Bench-top gel permeation chromatographic assembly. [Reprinted from F. Rodriguez, R. A. Kulakowski, 0. K. Clark 
(19), p. 122, courtesy of the American Chemical Society] Fig. 6 (right). Typical gel permeation chromatogram for a homopoly- 
mer. 

where Vlt is the retention volume at the 
peak position maxima, VO is the inter- 
stitial volume of the column, and Vi is 
the total volume in the pores. Several 
workers, using different models for the 
gel network, have tried to solve theo- 
retically for K. Laurent and Killander 
(30), for example, considered the gel 
to be a long network of randomly dis- 
tributed rigid rods. The spaces between 
these rods represented the pores of 
the gel. Experimental data validate, 
fairly well, the calculations for this 
model in terms of the volume quantities. 
Porath (31), on the other hand, has 
viewed the network as a cone-like 
volume, and Squire (32), using cylin- 
drical openings and crevices, expanded 
on Porath's work but considered only 
spherical solutes. 

In the thermodynamic theories ex- 

perimental gel permeation chromato- 
grams are compared to theoretical 
curves. For example, DeVries et al. 
(33) calculated the elution curve for 
rigid-sphere polymer molecules in 
terms of the size distribution of the 
pores of the gel, the packing efficiency 
of the gel, the molecular weight dis- 
tribution of the sample, and size ex- 
clusion. Experimental results obtained 
by DeVries et al. are in qualitative 
agreement with the theoretical curves. 
Cantow et al. (34) have shown that 
the sizes of gel pores determined by 
mercury porosimetry and by nitrogen 
desorption isotherms correspond with 
excluded polymer coil sizes. These 
authors did not get a 1-to-l corre- 
spondence of gel size to coil size, but 
the difference was a constant value. 
Casassa (35) described the separation 

that would be obtained on a uniform 
gel pore size but with varying macro- 
molecular chain conformation. He as- 
sumed that solute molecules inside the 
cavities are in equilibrium with those 
outside. He further assumed that the 
conformation of the molecules could 
be described by random-flight statistics. 
Casassa then computed concentration 
ratios inside the gel and outside, and 
plotted these as a function of the ra- 
dius of the molecule and the hollow 
cavity. He obtained qualitative agree- 
ment between calculated values and 
the experimental values, obtained by 
Moore and Arrington (36), an indica- 
tion that separation is made on a size 
basis in line with the conformational 
degrees of freedom of the polymer 
molecule. 

Casassa was testing Moore and Ar- 
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rington's proposition (36) that the 
"entire range of probable domain di- 
mensions of flexible coil macromole- 
cules" is likely to be important in the 
mechanism of GPC. To this end Car- 
michael (37) has also approached the 
problem but by means of a stochastic 
model. He calculated for a monodis- 
perse sample that the end-to-end dis- 
tance of a polymer coil and the pore 
size distribution of the gel should 
correlate with the retention volume. 
Carmichael's calculated data are in 
semiquantitative agreement with the 
data of Moore and Arrington iand with 
the data of Cantow et al., thus giving 
weight to the stochastic model con- 
cept. (Most of the scientists mentioned 
in the last three paragraphs are pres- 
ently active in the field, and it is ex- 
pected that they will publish additional 
work.) 

Chang (38), Yau et al. (39), and 
Grubisic-Gallot and Benoit (40) sys- 
tematically investigated certain compo- 
nents in the mechanism of separation 
in GPC. Their experiments showed 
that the solute molecule is excluded 
from a part of the inner space of the 
gel under static conditions and that 
the excluded volume increases with 
the molecular size of the solute. Fur- 
ther, they showed that, although dif- 
fusion may play a part in the sorting 
process, it is relatively unimportant un- 
der most conditions. Yau (41) has 
also proposed a coupled theory for 
both the size exclusion and restricted 
diffusion mechanisms. Even though 
Yau's coupling theory is in good agree- 
ment with his experimental data, he 
concludes that this theory should be. 
considered as additional evidence but 
not as proof for attributing the GPC 
separation mechanism solely to exclu- 
sion and diffusion effects. Despite the 
complexities and the lack of uniform 
agreement about the mechanism, I 
have found it expedient to consider 
that the mechanism of GPC is exclu- 
sively size exclusion and to regard 
other factors such as flow, restricted 
diffusion, adsorption, shear strain, vis- 
cosity drag, and so on as biases op- 
erating on that simple mechanism. 

Calculations 

The first and often the only data 
obtained in GPC are the analog 
tracings of detector response as a func- 
tion of retention volume. This "picture" 
is the gel permeation chromatogram. 
To eliminate personal bias from the 
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Table 1. Parameters for the description of the elution behavior in gel chromatography. 
[Reprinted from H. Determann (6), p. 68, courtesy of Springer-Verlag] Original symbols have 
been retained; references are numbered according to the listing in this article. 

Param- Calculation Remarks Refer- 
eter ence 

Ve Direct measurement Only the results obtained on 
the same gel bed can be com- 
pared 

Ve/Vt Division of the elution vol- Independent of the geometry of (54) 
ume (Ve) by the total vol- the column; sensitive to differ- 
ume of the gel bed (Vt) ences in packing density; greatest 

accuracy for small Ve (large 
molecules) 

Ve/Vo Division of the elution vol- Independent of the geometry of (55) 
ume (Ve) by the elution the column; sensitive to differ- 
volume of an excluded sub- ences in packing density; greatest 
stance (V0) accuracy for small Ve (large 

molecules) 
Kd Kd = (Ve - Vo)V Independent of the geometry and (56) 

Vi (volume inside of the gel packing density of the column; 
grains); dependent on the uncertainty in the determination 
amount of dry gel and its of Vi; greatest accuracy for large 
solvent regain upon swelling Ve (small molecules) 
(Sr) 

Kav e - Vo Independent of the geometry and (30) av Vt - Vo packing density of the column; 
all columns are easily measured; 
greatest accuracy for large Ve 
(small molecules) 

pictorial evaluation of gel chromato- 
grams, I have attempted to establish 
foolproof comparative techniques. These 
were discussed above and are illus- 
trated by Eq. 1. Because further quan- 
titative computation often is not pos- 
sible (polymer standards of the poly- 
mer type in question do not exist for 
many research polymers), it is of 
considerable value just to be able to 

interpret pictures of GPC but the in- 
terpretation must be accurate. 

Semiquantitative computation re- 
quires calibration with polymer stan- 
dards and involves calculation of clas- 
sical molecular weight parameters, MW, 
Mn, M, M?+l, and the like. The 
computation has been discussed by 
Cazes (8). 

Truly quantitative calculations of 

Table 2. Relations between the elution behavior of macromolecules and their molecular weights. 
[Reprinted from H. Determann (6), p. 108, courtesy of Springer-Verlag] Original symbols have been retained; references are numbered according to the listing in this article. 

Molecular type Solvent Relation (derived) Refer- 
ence 

Polysaccharides Water Ve/Vt =k ? log M (E) (54) 
Paraffins Toluene Ve - V,= k * log M (E) (57) 
Polysaccharides Water Kd"/ = k - k2 * Ml/ (T) (31) 
Proteins Water Kd/ = kl- k2 * M/2 (E) (58) 
Proteins Water VeVo = k ? log M (E) (55) 
Oligonucleotides Water In Kd- k ? log M (E) (59) 
Proteins Water V0 = k - log M (E) (60) 
Oligostyrenes Chloroform Kd"8 = kl -k2 . M1/2 (E) (61) 
Proteins Water Kd = f(M1/3/k) (T) (26) 
Proteins Water (Ve/Vo)1 - =k - k2 M1/3 (T) (32) 
Polyethylenes Different Ve = k ? log chain length (E) (62) 
Polyethers lipophilic 

solvents 
Cellulose nitrate Tetrahydro- 

furan Ve = k- k2 ' log (M1/2 R) 
Polystyrenes Tetrahydro- (63) 

furan V, k,- k, ? log (Ml/a []1/3) (E,T) 
Polymethacrylate Tetrahydro- 

furan 
Oligopeptides Phenol/glacial Kd"/ = l k2 * M1/2 (E) (64) acetic acid/ 

water 
Hydrocarbons Cyclohexane k - k2 log Ve = M (E) (65) 
* Symbols k, kl, and k2 are constants which have a different value for each formula; (E) refers to the empirical derivation of the formula, and (T), to its derivation from theoretical assumptions on the mechanism of gel chromatography. Other symbols are explained in Table 1. 
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molecular weight parameters and of 
the integral and differential molecular 
weight distributions require calibration 
and correction for curve-broadening 
operatives which distort the chromato- 
grams. The latter include longitudinal 
diffusion, channeling in the column, 
viscosity drag, mixing in the column 
end fittings and connector tubing, mix- 
ing in the detector cell, and overloading 
due to high concentration. Various 
authors have evaluated the magnitude 
of these broadening operatives (42- 
44), and several computer programs 
have been written to make the neces- 
sary corrections (23, 42, 44, 45). 
Most of the computer programs are 
only partly successful. Usually fairly 
accurate data for polydispersity are ob- 
tained for broad molecular weight dis- 
tributions with any of the programs, al- 
though the absolute values of Mw and 
Mn may themselves be rather inac- 
curate. Most of the programs exhibit 
mathematical cycling in the computa- 
tional part of the program. It appears 
that probably the best quantitative cal- 
culations in the future will come from 
a calibration curve which compensates 
for all the broadening functions and 
which is then followed by a straight- 
forward computational program. The 
procedures described, of course, evalu- 
ate the size distribution of a polymer. If 
two materials, such as proteins, are 
completely separated, there really is no 
need to describe the size distribution in 
terms of a monodisperse material. The 
picture itself or the collected fractions 
are the data desired. The calibration 
curve shown in Fig. 8 is a case in point. 

Performance 

It is useful, both theoretically and 
pragmatically, to know the efficiency 
and performance of GPC columns. 
The terminology and equations used in 
gel permeation chromatography are the 
same as those used in other chroma- 
tographic techniques. Efficiency is 
normally expressed in terms of the 
height equivalent to a theoretical plate, 
HETP, or a number of theoretical 
plates, N (or n), whereas perform- 
ance is measured in terms of resolu- 
tion. Special ways of expressing reso- 
lution R have been described. For 
example, Bly has preferred to consider 
conventional resolution equations (46) 
normalized for the peculiarities of gel 
permeation chromatography. The dif- 
ference in elution volumes is normal- 
ized for the molecular weights of the 
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samples being used, and the widths of 
the curves are normalized for the 
molecular weight distribution of the 
samples expressed in terms of polydis- 
persity. In this way the conventional 
Eq. 4 is transformed into Eq. 5: 

V2 -VI R =- W+ (4) 

Rs = V - -V (5) 

The specific resolution, Rs, is an abso- 
lute measure of the performance of the 
columns independent of and not biased 
by the samples chosen, although it is 
dependent on the polymer generics. In 
contrast to the case in gas chromatog- 
raphy or other forms of liquid chroma- 
tography, once Rs is known, it can be 
used a priori to predict the percentage 
of fractionation between two materials 
of the same type (46). 

Applications 

Applications of gel permeation chro- 
matography and gel filtration chroma- 
tography to macromolecular prob- 
lems are extensive. The great advan- 
tage of these techniques is that they 
permit one to perform on a micro scale 
(< 50 milligrams of sample) that kind 
of fractionation which was previously 
impossible or was possible only on a 
macro scale. In addition, the time re- 
quired to complete a fractionation or 
to analyze the molecular weight distri- 
bution is very much shorter than that 
previously required for the bulk tech- 
niques. 

Single crystals, for example, have 
been analyzed for their molecular 
weight distribution (47) and the effect 
of degradation on small samples was 
obtained (48). Harmon (49) used 
GPC to study the results of the mill- 
ing of natural and synthetic rubbers. 
Law (50) has studied in detail solid 
propellant binders for rocket engines, 
and Duerksen and Hamielec (51) have 
used GPC data to analyze polymer 
reactors and kinetic parameters. Many 
other applications have been cited by 
Cazes and Gaskill (52), and several re- 
view articles are in preparation. 

Very small amounts of protein ma- 
terials or other large natural product 
macromolecules can be separated with 
ease. In chapter 5 of his book Deter- 
mann (6) reviews many applications in 
the gel filtration area, including the 
isolation of enzymes, the separation of 
various hormones, preparative-scale 

separations of serum proteins and 
plasma proteins, the sorting of nucleic 
acids, the sorting of oligonucleotides, 
and separations of various viruses and 
carbohydrates. The separation of car- 
bohydrates has been twice reviewed by 
Granath (6, p. 158). 

Waters Associates, Inc., has spon- 
sored a series of very useful technical 
seminars on gel permeation chroma- 
tography, and the reprints from these 
seminars contain extensive listings of 
applications. 

Future 

The futures of gel permeation chro- 
matography and gel filtration chroma- 
tography appear to be bright. There 
will be considerable advancement in 
high-pressure chromatography (which 
means high speed) and in large, pre- 
parative-scale chromatography. Consid- 
erable improvement in resolution and 
performance ability through the re- 
cycle technique is furthering applica- 
tion to small molecules (53). For this 
purpose GPC has the advantage of 
full automation and column stability. 
The columns do not bleed a liquid 
phase as is the case in partition chro- 
matography. With enhancement in res- 
olution and greater speed of analysis, 
more on-line monitoring for products 
and processes will come. Monitoring 
will probably even yield to control by 
coupling GPC and process to a com- 
puter. 
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served in the liver of the amphibian 
Rana catesbeiana during metamorpho- 
sis. Stages of development of Rana 
catesbeiana tadpoles are shown in 
Fig. 1. 

Tadpole liver has been reported to 
undergo no cell division during meta- 
morphosis (5). From a biochemical 
standpoint this consideration is of prime 
importance in that the biochemical 
changes occurring in essentially a fixed 
population of cells can be studied with- 
out concern with the additional bio- 
chemical factors associated with cell 
division and mixed populations of new 
and old cells (2). 
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Anuran metamorphosis represents a 
postembryonic period of extensive 
morphological, cytological, and bio- 
chemical changes by which the tad- 
pole, adapted to an aquatic life, is 
transformed into a frog adapted to a- 
terrestrial life. This animal system thus 
provides an unusual opportunity for 
study of a number of aspects of differ- 
entiation and comparative and devel- 
opmental biochemistry (1, 2). Several 
aspects of metamorphosis in vertebrates 
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and invertebrates have been reviewed 
recently (3). 

While metamorphosis has traditional- 
ly been viewed from the standpoint of 
changes in gross morphology and phys- 
iology, biochemical interests in the 
underlying molecular changes have re- 
sulted during the past decade in a 
considerable study of biochemical 
changes involved in differentiation and 
development as aspects of metamor- 
phosis (2-4). 

This review is confined mainly to 
results from the author's laboratory, 
particularly the biochemical changes ob- 
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Relation of Metamorphosis to 

Ammonotelism and Ureotelism 

Certain species of tadpole excrete 
ammonia predominantly during their 
premetamorphic stages, but begin to 
excrete an increasing amount of urea 
after onset of metamorphosis (6). 
With the development of suitable assay 
procedures (7) for the different en- 
zymes involved in urea biosynthesis 
(Fig. 2) from bicarbonate and am- 
monia (8), it became possible to 
determine the activities of these en- 
zymes at different stages of natural 
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