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STUDY ON THE CONCENTRATION EFFECT IN
GEL PERMEATION CHROMATOGRAPHY. 1.
A NEW MODEL THEORY FOR CONCENTRA-

TION DEPENDENCE OF HYDRODYNAMIC
VOLUMES AND GPC ELUTION VOLUMES

Song Mingshi and Hu Guixian

Department of Applied Chemistry
China University of Science and Technology
Hefei, Anhui, People’s Republic of China

ABSTRACT

A new model theory for concentration dependence of
hydrodynamic volumes and GPC elution volumes was prop-
osed. In this theoretical model both the reduction of
hydrodynamic volumes and the viscosity phenomena in the
interstitial volume are taken into account at the same
time. The effective hydrodynamic volumes, Vhg, of a
solvated macromolecule decrease with increasing reduced
viscosity, ( %p/c), and the GPC elution volumes,Ves,
increase with increasing concentration, c¢, and intrinsic
viscosity,[qj, respectively according to the following
relations

e 18- {12

and

2, 2 ”
Ves=Veo+ —kﬂbﬂj—c.— kE’l) o o+ kE’U o g -

Copyright © 1985 by Marcel Dekker, Inc. 0148-3919/85/0814-2543$3.50/0
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This theory was used to predict the effects of
polymer concentration on the hydrodynamic volumes of
solvated macromolecules and peak elution volumes and

to deduce the correlation between ( I Je—wo » the in-
itial slope of concentration dependence of elution
volumes, and the intrinsic viscosity, (q} , in GPC
analysis. Some GPC observations with porous glass
packings are in excellent agreement with these predic-
tions.

INTRODUCTION

In previous papers(1'3) a number of methods for the
evaluation of k and « parameters from the combination
of GPC and 7] or M measurements and for the construc-
tion of universal calibration equation with polydispers-
ed samples have been presented.

It must be all performed in very low concentration
of injected polymer solution. At higher concentfa§ion
the effects of Y%s shift of Eeak elution volumes'#) the
axial spreading and the chromatographic skewing
must be considered. These three effects are commenly
designated as concentration effect which complicates the
construction of universal calibration, the determination
of polymer molecular weight and its distribution func-
tion by GPC analysis. In order to obtain the true un-
iversal calibration curve, the polymer molecular weight
and its distribution function it is very important to
study the concentration effect. It can be divided into
three main parts: the shift of the peak elution volumes,
the spreading function and the skewing effect.

As Rudinl7) pointed out that the effective concen-
tration of the narrow distribution polymer in GPC separa-
tion process may be taken to be equal to the respective
concentration of the solution which are injected into
the columns. Since a monodispersed specimen would
travel through the apparatus as a slug, without dilution,
in the absence of spreading and skewing effects. There-
fore in this study the first effect will be concerned
only, that is, concentration dependence of hydrodynamic
volumes and GPC elution volumes for narrow distribution
polymers. The other two will be reported in furture.

Experimental results(7-8) show that the concentra-
tion effect is more pronounced for higher polymer
molecular weight and higher concentration. This effect
decreases as the thermodynamic quality of GPC solvents
deteriorates and is practicelly non-existent in theta
solvents.
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Rudin(7) and Yamakawa(9) explained the concentra-
tion effect s a consequence of the reduction of the
effective hydrodynamic volumes of solvated ?olgmer
coils with increasing concentration. JancallO) consi-
dered the concentration effect as a result of the
several participating processes, the predominate one of
these processes consists in viscosity phenomena in the
interstitial volume. In this paper a new model theory
was proposed in which both the reduction of the hydro-
dynamic volumes and the viscosity phenomena in the in-
terstitial volume were all teken into account.

THEORY

Model Theory of Yamakawa'd) and Rudin(7)

At present, two model theories were deduced by
Yamakawa and Rudin independently. Both of them are
founded on the same basis of the unswollen volume, v,
of a polymer molecule. The hydrodynamic volume, Vpgc,
of a solvated polymer molecule is defined as

Vne = Velg =VE  (olp=¢) (1)
1) 1.
v 3¢

Where ag and £ are volume expansion coefficients. The
perturbation theory of Yamakawa(9) predicts that olg
decreases with increasing concentration, c, according
to

o= ol, X P f-0.34524,(8,)(1pC } (2)

In the theory of Rudin g and C are linearly related
between the two limits,f=§g,,C=0 and £ =1, C=Cx. This
assumption leads to the equation (3) in which an ex-
pression for ¢ is a function of C.

39}
(7 3#'%x +4RNo(CP - (Pp)) (3)

£ =

Substituting equation (2) and (3) into equation (1),
then taking logarithm we have the following expressions:

Concentration Dependence of Hydrodynamic Volumes

Vhy = 'g%%ﬁ# (MMexp{~1-035283(%)(11,C} (4)
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4nio (s5)
9:3X/0°7 + 4NN (L ()5 C

Concentration Dependence of GPC Hlution Volumes

Vey =Veoy + LEE-z:(8)1ec (6)
and
Ver =Veor + —Lnl1+0:8137(n1-(7Jp)C) )

In the above model theory there are quite a few of
marked deficien i?s: It shows & marked deviation from
the experiments(7) (cf Figure 6b, in ref. 7b) at

higher molecular weight and relatively higher concentra-
tion; It can not predict the experimental facts that
I<5=ﬂ‘sis propertional to (43(8 or AoM(8) for linear
polymérs; There are a lot o1 parameters to be deter-
mined in their expression, And the viscosity phenomena
in the interstitial volume is not taken into account.
Therefore it is necessary to develop a more simple and
more quantitative model theory in which both the re-
duction of hydrodynamic volumes and the viscosity
phenomena in the interstitial volume should be all con-
sidered.,

A New Model Theory

a) Concentration Dependence of Hydrodynamic volumes

In opposite to the model of Yamakawa and Rudin,
Our model theory is started from the basis of the
effective hydrodynamic volume, Vho= (JM, of a solvated
polymer molecule at infinite dilution. The effective
hydrodynamic volume, Vhg, ©f a solvated polymer molecule
at a given concentration, ¢, is defined as

Vhs = Vho Be =(IMpe (8)

where (3. is volume, contraction coefficient.

Recently Janca(10) found that the viscosity phe-
nomena are connected with the change in concentration
of solution and specific viscosity of an injected
polymer ?o ution. Therefore we follow the method of
Yamakawal9) and assume that B¢ decreases with increasing
concentration, ¢, and specific viscosity, ﬁ » according
to the relation P

Be ={5,exrf- %Jﬁ} (9)
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where s, is specific viscosity, ( 7gp/c) is reduced
viscosit; and Up is intrinsic viscosity. When the
concentration of solution approaches to zero,(%wé)c*@
is equal to [q) , then (sp /c)/p,; =1 and 1= gB,e- .
Therefore j3,=e, a constant.

The reduced viscosity incresses with increasing
concentration, ¢, according to the following equation

(502 )=} +kylgrc + K Oyc* + kip'c? (10)

(11)

At relatively low c?nc?ntration equation (10) reduces
10 Huggins equation(12

(Tsp/ ) =2 + kO (101

where Ky is Huggins coefficient which reflects polymer-
solvent interaction. For flexible polymer molecules in
good solvents kH is often near (.35, Some what higher
values occur in poor solvents.

Substituting equation (10) into equation (9)
yields

Vys=(PHpoex P-fie ke UKICHK®E] (1)

At relatively low concentration equation (11) reduces
to

Vis =(qIMB.exp-fi+ kulpc} (111)

Eguation (11') is completely identical with equation
(4), but it is more simple than equation (4) and con-
tains only a Huggins coefficient to be determined.

b) Concentration Dependence of GPC Elution Volumes
Taking logarithm to equation (11) yields

LV = a-bVes =nlepr-kulyi-Kpy’c-K'epy’c? (12)

At relatively low concentration equation (12) reduces to

Ao Vg == 0-bVes = fn((rlr)- k(71 C (12")
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where a and b are the constants of universal calibration
equation, Veg is peak elution volume at a given concen-
tration. Equation (12) and (12') can be rewritten in
the form

i 2 . ,/[!lf 3
Ve$=Veos + JSth_f’n_c.;. (b]C+ kb ¢ (13)
and

Ve$ =Veos + -—‘;H-UPC (131)

where Vegog= _QM) Equation (13') is completely
identical with equatlon (6). But it is more simple than
equation (6) and only contains a Huggins coefficient. It
can predict that k = d!eg)= knlj}/ where kg 1s proper-
tional to ml - ®

¢) Correlation between (T—L) =kg and [] or ApM

The correlation between the concentration depend-
ence of elution volume and the intrinsic viscosity,p’) ,
of injected polymer may be expressed by following
equation

o= (o) - bl

(14)

For good solvents the second virial coefficient A,
is propertional to molecular weight according to the
relation(13

-V

Ay = kg, M (15)

The low values of U indicate a weak intramolecular
excluded-volume effecj‘t Yy is approximately equal to

the difference 1{ ,L ol being the exponent of relation
[7]=KM°‘, kA2 is a constant Substituting the above

relation into equation (15) yields

At =~ —Kna
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Combining equation (14) and (15), we finally get the
expression of {?&3_ as a function of AjM
c

_%%zL-:.ks:k:AzM (16)

where kﬁ: —f%F—-, for a given polymer-solvent-columns
Az
its value is determined by ky, b and k constands,
Equation (16) shows that f?ki increases with increas-
ing AoM. ¢
At theta condition A»=0, then equation (13') and
(12') respectively reduce to

Veo = ~aellell) (1)
Vhse=(ftleﬁ (18)

It shows that the concentration effect is no-existent
in theta conditions (or solvents), As similarity as in
the measurement of light scattering or osmotic pressure
of solution, the second virial coefficient can be
detertined from GPC concentration effect.

COMPARISON WITH EXPERIMENTS

Janca (1 18)has presented data for concentration
effects on the elution behavior of tetrahydrofuran
solutions of polystyrene standards (Water Assoc.) with
a very narrow molecular weight distribution on porous
glass columns. All GPC measurements and molecular
weight determinations have been described in more
detail (11a) , Experimental results are summarized in
table 1.

Treatment of Data

The GPC data of Janca have been analyzed according
to our model theory.

a) The Universal Calibration Curve

The experimental data of () , ﬁi, C and kg in
table 1 were used to calculate Vhg with equation (11').
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Molecular Parameters of PS Standards (THF) 25°¢ (10a)

c Ves M Myx10° Veo
sample (%) (counts) (d1/g) {counts) ky
P31 0.80 18.2
0.40 18.0
0.20 17.9 4.665 26.1 0.362
0.10 17.8
0.05 17.7
0.025 17.6
0.00 17.50
Pg 2 0.40 22.8
0.20 22.3
0.10 21.8 2.117 8.67 0.362
0.05 21.7
0.025 21.6
0.00 17.50
PS 4 1,80 25.8
0.40 25.2
0.20 24.7 1.423 4.98 0.362
0.10 24.4
0.05 24.2
0.025 24.1
0.00 24.10
PS 6 0.40 29.2
0.20 28.9
0.10 28.9 0.740 2.00 0.362
0.05 28.0
0.025 28.¢
0.00 28.85
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Figure 1. 1ln(hydrodynamic volume, th) vs elution volume,

Vog? for polystyrene standards in THF.

Then the universal calibration curve were constructed
with equation (12') by polting 1nVp¢ vs Veg.This plot
is given in Figure 1. Figure 1 shows that our model
vields a common curve of ln(hydrodynamic volume) -
elution volume for all concentrations and molecular
weights of PS standards. and 1nVyg is a linear function
of Vag.

Thisegesult also shows that the proposed model theory
obviously fits the data very well. It seems reasonable
to conclude that our model will account 8atisfactorily
for the concentration effects in most GPC seperations.

b) Concentration Dependence of GEC Elution Volumes

The experimental data of elution volumes, Ves, and
concentration, C, for PS standards were used to plot
Ves vs ¢ with equation (13'). These plots are given in
Figure 2. These results show that Ves is a linear
funetion of C with slope Ks which was obtained by the



16: 21 24 January 2011

Downl oaded At:

2552 MINGSHI AND GUIXIAN
0F  p.200x10°

V)
y-867%10

18 L i
c% 0.5 1.0
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Figure 2.Plots of elution volumes, V against con-
centration, C, for PS standards in T

least square method. For the PS standard with higher
molecular weight (Mw=2. 61x10° ) and higher concentration
the experimental data were used to plot ln(-Yes=Yeo )
vs C with equation (18) and (18'). ¢

/
Ves -Veo = "';E'“c(u "kf:"} c) (18)

‘Qh(.lé%:kﬂ.) =L,Fkﬂbgj_.) + —kk—r:)-{‘,-f === (18")

This plot is given in Figure 3. 1% shows that at lower

concentration (C=0.4) 1n( ) is an approximately
linear function of C with an gntercept of 1n (_ISnE(_’U_)
which was obtained by least square method. Where

is the initial slope, ‘ﬁf“)c—- 0 » for concentration
dependence of elution volumes. It can be directly
derived from equation (18).

c) Correlation Between kg and (1)or A,M

The plot of kg against intrinsic viscosity for

four different PS standards is given in Figure 4. It
shows that an approximately straight line passes throu-
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Figure 3, Plot of &n(yﬁiémm—) against concentration,
C, for PS standard in THF,

4.0r

3.0 |
i
2.0

1 J i

k 4 6

Figure 4.Plot of the slope k_ against intrinsic
viscosity 8
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gh the origin. This result is identical with Bleha's
results(8), But it should be pointed out that in high-

er intrinsic viscosity the deviation from the linear
dependence manifested in Figure 5a of ref.8 is due to

that Bleha's values of k(slope of concentration depend-
ence) for PS in THF is not the initial slope,(—%ygi)c_,oﬂks,
of concentration dependence. For P3 standard with

higher molecular weight at the large range of concentration
the concentration dependence of elution volumes is no
longer linear function. Therefore equation (18) should

be used to plot. The initial slope(%%ei}c_‘(f k¢ can be
obtained from the intercept of ln(-jﬁgu-) by ploting

in Ql&%fﬂég) vs c. The value of (—%%?%%*ozzk: obtained

by that method is more large than the value of k. So
that an approximately straight line passed through the
origin can be yielded.

NOMENCLATURE
A Cecond virial coefficient
a,b Constants of universal calibration equation
C Concentration of the injected polymer
Cx Critical concentration of the injected

polmer at which the volume has shrunk to its
theta condition value

K Mark-Houwink-Sakurada constants

k' Second coefficient of the reduced viscosity
equation

k" Third coefficient of the reduced Viscosity
equation

ky Huggins coefficient v

kAz A constant given by &;: —%T—

ke e

M Molecular weight of polymer

En Number average molecular weights of polymer

Mw Weight average molecular weights of polymer

No Avogadro's constant

v Unswollen volume of polymer

Veo Peak elution volume at infinite dilution

VeoR Peak elution volume of Rudin's model at
infinite dilution

Ves Peak elution volume in theta condition

Veos peak elution volume of Song's model at

infinite dilution
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Veoy
Ver
Ves

Vey

%)
%
T
192
0N
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peak elution volume of yamakawas model at
infinite dilution
peak elution volume of Rudin's model at a
given concentration
Peak elution volume of Song's model at a
given concentration
peak elution volume of yamakana's model at a
given concentration
Effective hydrodynamic volume
Effective hydrodynamic volume at a given con-
centration
Effective hydrodynamic volume at infinite
dilution
Effective hydrodynamic volume of Rudin's
model at a given concentration
Effective hydrodynamic volume of Song's model
at a given concentration
Effective hydrodynamic volume of yamakawa's
model at a given concentration
Effective hydrodynamic volume in theta con-
dition
Rate of changing elution volume with the concentra-
tion
The so-called interaction parameter
Mark-Houwink-sakurada constant
Linear expansion coefficient
The expansion factor at infinite dilution,

o}, = ( (ql/('(]e )VS

Volume contraction coefficient at a given
concentration

Volume contraction coefficient at infinite
dilution

Volume expansion coefficient at a given concentra-
tion

Volume expansion coefficient at infinite dilution
Flory universal constant

Volume fraction of solvated polymer at concentra-
tion Cx

1= {(=exp(-5-7318)) /5751, }

A parameter given by f,= z/oli
Specific viscosity of polymer solutions
Intringic viscosity

Intrinsic viscosity in theta conditions
A parameter wich indicates intramolecular
excluded-volume effect
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