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SIMULTANEOUS CALIBRATION OF
MOLECULAR WEIGHT SEPARATION AND COLUMN
DISPERSION OF GPC BY COUPLING WITH LALLIS*

Zhi-Duan He, Xian-Chi Zhang, Rong-Shi Cheng
Institute of Applied Chemistry
Chinese Academy of Sciences

Changchun, People's Republic of China
ABSTRACT

It is shown theoretically and experimentally that both the calibra-
tion of the molecular weight separation and column dispersion can be
evaluated simultaneously by coupling gel chromatograph with low angle
light scattering photometer . The experimentally determined variation
of the spreading factor with retention volume is quite similar to that
obtained by Tung using reverse flow technique. A correction method
is given for the lowering of inhomogeneity index printed by the data
processor of the on-line GPC-LALLS.

INTRODUCTION

Cel Permeation Chromatography (GPC) is a powerful technique for
polymer characterization, but the experimental chromatogram obtained
is broadened by column dispersion (instrumental spreading). Strictly
speaking, it is necessary to carry out a calibration for column dis-
persion in addition to the calibration for molecular weight separation.
Calibration of column dispersion is a troublesome task since truly
monodispersed polymer standards arec unavailable. The experimental
evaluation of the column dispersion was only possible by such sophis-

ticated techniques as reverse-flow [1,2] or recycle [3,4] methods.

*Presented at the GPC Symposium, Chinese Chemical Society, Guilin,
People's Republic of China, June 2-6, 1981.
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In the present work, it is shown theorctically and experimentally

that both the calibration of thc molecular weight separation and
column dispersion can be cvaluated simultaneously by coupling GPC with
a low angle laser scattering photometer (LALLS) using a number of poly-
dispersed samples with different average molecular weights while the
absolute values of them arc unnccessarily known a priori. The exper-
imental determined variation ot the spreading factor with retention
volume is quite similar to that obtained by Tung [1,2] using reverse
flow technique. The experimental number average molecular weight from
GPC-LALLS is higher than the actual one; and thus the inhomogeneity
index is lower [5,6]. Inthiswork, a correction method for these

effects is also presented.

THEORETICAL

When LALLS is connected with GPC, the polymer sample in the
LALLS measuring cell is still polydispersed due to column disper-
sion, therefore the variation of the weight average molecular weight
of the polymer in the measuring cell with the elution volume V is
dircctly measured.

The relationship between the experimental chromatogram F(V) and
the true chromatogrami;}(VA) can be expressed by Tung's integral

cquation [7]

F(v) =jv,<mv“) G(V,Vp)dvp (M

where G(V,Vg) is the instrumental sprcading function, representing
experimental chromatogram of a truely monodispersed polymer with
Vg @s its retention volume. Presume G(V,Vﬂ) is Gaussian and the
monodisperse calibration relation M(VK) of the gel chromatographic

column 1is

= - 2
Ln M = A, - B,V (2)

Yau et al. [8] had derived the relationship between weight and number

average molecular weight and elution volume as

Mw(V) = L\'F'(v-?ﬁgﬁ)— exp (3B exp(Ay - ByV) (3)
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Mo (V) = el 2
: F(V + Byag) exp(-3Bjo2)exp(Ay ~ByV) (4)

Where éLis the spreading factor, i.e. the variance of the spreading
function.

If F(V) is also Gaussian

F(Vv) = 1 1 -2
exp{~ z—(v - V)*} (5)
B 0T7!n 20T
in which V muiﬂﬁrefer to the mean elution volume and the variance of
the experimental chromatogram F(V) respectively. Substituting it into

Eqs. 3 and 4 and introducing a parameter g defined as [9}

2 _ (42 . 2 2
g2 = (of - aQ)/ok (6)
the variation of the experimentally determined average molecular weights

of the eluted polymer with elution volume could be represented by [10]

i

Ln Mw(V) = [Ay-{1-£%By (V-4Byc202) 1-£2B),V (7)

i}

Ln Ma (V) = [Ay=(1-£%)By (V+3B,£202) 1-£2B,V (8)

Since the logarithm of the average molecular weight varies linearly

with the elution volume, then Eqs. 7 and 8 can be written briefly as

Ln Mw(V) = Aw - BwV (7a)

Ln Ma{V) = An - BnV (8a)
where -

Aw = Ay - (1 -E%)By (V - 3ByE®0D) (9)

An = Ay _ (1 -£)By (V - 3ByE®c?) (10)

Bw = Bn = EZBM (11}

Determination of the Calibration Relation M(Vg):

In coupling GPC with LALLS the function MW(V) is directly measured
by experiments. If the distribution of the sample is nearly Gaussian
Eq.7 should be complied. From the experimental data coefficients Aw
and By of Eq. 7a can be obtained. Since the magnitude of the parameter
depends both upon the spreading effect of the column and upon the dis-
tribution width of the sample, and on the other hand from Eq. 11 and the
definition of £ , it is obvious for a polydispersed sample in a real

GPC column ¢ < £ < 1. Then the slope Bw of the experimental function
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MV) must be smaller than the slope Bm of the monodisperse calibration
relation M(Vg). They must cross each other at a certain point. The
coordinates of the cross point of M,(V) and M(Vg) can be solved from

Eqs. 2 and 7. The coordinate of the cross point volume Vi, is

Vw =V - 4Bwi?02 (12)
applying Lq. 11 it can also be expressed as

Vw =V - $Bwo? (13)

Since the mean clution volume V and the variance oiof a sample can be
obtained from F(V) and the coefficients A.,and Bw are available from
GPC on-1line with LALLS, the cross point volume Wiy of that sample on
M(Vq) could be evaluated readily. Afterwards, by Eq. 7a, the molecular

weight of this cross point is calculable from

M(Vw) = exp {Aw - BwVw} (14)
After a number of samples are measured, the line connecting all the
cross points (M(W,),W%w) is just the calibration rclation M(Vg) of

the GPC column studied.

Calibration of Spreading Factor g2 (Vg):

The instrumental spreading effect of a gel chromatographic column
may be described by the magnitudec of the spreading factor o?which, in
turn, is a function of the retention volume Vg. Coupling LALLS with
GPC presents a simple and direct experimental method for measuring
g? (Vg). As mentioned above, the experimental function Mw(V) and
calibration relation M(Vgq) can be obtained from the experimental
results of several samples with different molecular weight by LALLS-
GPC. With the aid of the relationship between the coefficients of
M(Vg) and My(V), the parameter £ might be detcrmined with Eq. 11

£% = Bw / Bm (15)
is readily calculable from the slopes.
From Eg. 8
A -
E2 =1 - — Ay AW (16)

Bw (V - 3ByE®0Z)
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£2is also solvable by iteration from intercepts. After substituting
V and o%obtained from F(V) into Eq.16, since £2is evaluated, from its

definition 03is also calculable by

oé = (1 -Ez)oi (17

Correction of Inhomogeneity Index:

In coupling LALLS with GPC the number of average molecular weight
of the whole sample printed by the data processor is always larger than
the true value and, therefore, leads to a lower inhomogeneity index
(Mhs/<M7n, although the correct weight average molecular weight can
be obtained. It is because the eluted polymer in the light scattering
cell is still polydispersed, due to the presence of instrumental spreading
effect, even though the cell volume is rather small. The true weight and

number average molecular weight of the whole sample should be

<Mw, true =£F(V)Mw(v)dv (18)
and
Mdn,true = 1/ ~££!ldv (19)
jMn (V)

respectively, while the printed number average molecular weight of the

whole sample was calculated by the daté processor according to
Mpn,cal = 1/ [FV) Mw(V)1dv (20)

in which M(V) was used instead of Mu(V) for calculation. Thus, the

inhomogeneity index printed out by the data processor is

((M>w/<M>n)GPC~LALLS= {Dw, true/ MY n cal (21)

in turn it may be written as

(?M)w) - 4Pn,cal ((M>w \ (21a)
true

’
Mon ABn,true \IBn Jone_alLs

where (<ﬂ>n,calﬁ<ﬂ>n,true ) is the correction factor for the
inhomogeneity index. Substituting Eqs. 7 and 8 into Eqs. 19 and 20,
and taking the quotient we get
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<Mn,cal

_ 2.2 2 2,2 2
= exp{ BLE2{1-52) } =exp{BytZo?} (22)
(Wn,true . t " °

substituting Eq. 15 into the preceding two equations we have

<Mw

2,2 2 w
= exp{ByL“o }(
n ) true ¢

< n ) GPC-LALLS

_ _ Bwy <M w
= exp{BuwBm(1 BM)OT} éz—rb?) GPC-LALLS (23)

It could be seen that the correction factor is a value larger than one.
When the sample is monodispersed, Bw=0; and when the column is ideal,
Bw=Bm. The correction factor is equal to onc at these two extreme
cases. This correction factor depends upon the parameter &2and ol ;
that is to say, it depends both upon the instrumental sprecading and
the molecular weight distribution of the sample. The correction
factor increases with incrcasing breadth of the molecular weight
distribution. 1In this respect it differs from the correction factor
for instrumental spreading of the inhomogeneity index calculated
from the experimental chromatogram F(V) and the calibration relation
M(VR}. Far the latter [10]

adw = exp{-BMgoé] (fﬂer ) (24)
Mn J true WMpn / GPC

the correction factor is independent of the molecular weight dis-

tribution of the sample.
EXPLRIMENTAL

Two groups of polystyrene samples were used. Samples of group
A are fractions preparcd by fractional precipitation of a self-
polymerized polystyrene sample. Group B contents ARL polystyrene
standards with narrow molecular weight distributions.

The experimental instruments used include an ARL 950 gel per-
meation chromatograph and a KMX-6 low angle laser light scattering
photometer. They are connected together according to the manual
and references [10-13]. The sample cell of the light scattering

photometer is set between the GPC column and concentration detectors.
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The GPC columns were packed with two kinds of deactivated silica
beads, prepared in our own laboratory. The experiments were carried
out at 35°C, using tetrahydrofuran as eluent with a flow rate of
ca. 1 ml/min. The volume of sample solution injected was 2 ml. with
concentrations from 0.001 to 0.002 g/ml. The elution volume was
counted by a syphon tube with a volume of 1.98 ml. The concentration
of the eluted polymer was detected by an ultraviolet detector at
245 nm. Signals from GPC and LALLS were fed into the dual pen
recorder and the KMX-6/DP data proccssor simultaneously. Program
mode GP1 was adopted. The following information was printed out
in six reports at the end of run: table and chromatogram of original
data, calculated concentration and molecular weight, graphs of
differential and integral molecular weight distribution and
molecular weight averages of the whole sample, etc.

The start of the run of the data processor is controlled
by a switch. The length of a run is specified beforehand. It
is divided into 150 data points within entire length of a run.
For the further treatment of the experimental data, the data
point number m was transformed into elution volume count no. V
by following equation:

Flow Rate(ml/mn) X Run Length (mn) m

Vo=Vs+ 150 X 7.98 (m1)

where Vs represents the count no. at the beginning of a run.

"'GPC Delay'" is one of the parameters input into the data
processor. It denotes the time needed for the eluent flow from
light scattering sample cell to concentration detector. It
should be measured precisely. For this purpose we took the GPC
column out of the system and let the sample injection valve be
directly connected with the detectors. As a small amount of
sample solution was injected, '"GPC Delay' could be obtained

from the distance between the two peaks of the detector responses.

RESULTS AND DISCUSSIONS

The experimental data for samples printed out by the data

processor have been further treated and analyzed as follows:
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TABLE 1

The Experimental Data of Polystyrene Samples by GPC and GPC-LALLS

Polymer v 6?. A, B, v, M(vw)x10‘4
Al 108.4  37.0  21.78  0.060 107.3 448

A 2 108.2  27.4 19.45  0.039 107.6 429
A3 109.1 33.2  20.18  0.046 108.3 410

A 4 109.1 32.1  19.78  0.043 108.4 381

A S 116.3  59.8  22.65  0.069 114.2 246

B 1 130.2 19.0 13.61  0.006 130.2 38.1
B 2 140.8 19.6  14.42  0.019 140.6 12.0
B3 152.9 18.1 13.63  0.024 152.7 2.21
B 4 158.9 18,2 14,57  0.033 158.6 1.10
A 6 166.5 17.4 15.44  0.040 166.1 0.64

The mean clution volume V and the variance o%arc calculated
from the printed original data table (report 1) of the experimental
chromatogram F(V) according to their definitions. The results ob-
tained are listed in Table 1, in which thc unit V and gAre hoth
in elution volume counts., The plotted diagram of the logarithm
of the weight average molecular weights from report 3 versus the
elution volume possesses good linearity except at the two extreme
ends of the chromatogram; an example is shown in Figure 1. The
departure from linearity at the tail parts of the chromatogram
is mainly caused by too low a concentration of the eluted polymer
in that region. The coefficients Aw and Bw were calculated by a
linear regression method according to Eq. 7a using the middle portion
of the data points, the results obtained are also listed in Table 1.
The experimental functions Mw(V) for the samples studied and thus
obtained were drawn in Figure 2, where the dotted line represents
the tail regions where the data points deviate from linearity.

In Figure 2, the data lines of some high molecular weight samples

are omitted so as to avoid crowding.
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FIGURE 2. The experimental relation Mw(v) and the

calibration relation M(VR) of the GPC column.
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The volume Vw and molecular weight M(Vw) at the cross point of
the experimental function MW(V) with the calibration rclation M(VR)
were calculated according to Eq. 13 and 14 from the mean clution
volume V, variance<3%as well as the coefficients Aw and Bw of the
function listed in Table 1 and also drawn in Figure 2. By plotting
the logarithm of M(Vw) against Vw’ we get the monodisperse molecular
weight scparation calibration relationship M(Vg) for polystyrene of

the gel chromatographic column used.

In M = Ay _ By

with the coefficients

]

A =27.42 and

0.115.

The parameter £2 was then calculated from the slope or the intercept
of the experimental function MW(V) and the calibration relation

M(Vg) uccerding to Eqs. 15 or 16. Afterwards, the spreading factor
Géwas calculated fromo% and £2 according to Lq. 17. The calculated

results are all listed in Table 2. The parameters &2 and the spreading

TABLE 2

The Sprcading Tactor for the Polystyrenc Samples

v 5 %
POlymC%~ v gfggc Eﬁ%grcept Enge Eﬁ%grcept
A1 107.3  0.536  0.533 7.2 17.3
A2 107.6  0.345  0.346 17.9  17.9
A3 108.3  0.407  0.407 19.7  19.7
A 4 108.4 0.379 0.375 19.9 20.1
A S 114.2  0.617  0.633 22.9  22.0
B o1 130.2  0.051  0.057 18.0  17.9
B 2 140.6  0.172  0.177 6.2 16.1
B 3 152.7  0.211  0.196 14,3 14.6
B 4 158.6  0.295  0.282 2.8 13.1
A6 166.1  0.358  0.375 1.2 10.9
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FIGURE 3. Dependence of the spreading factor on the

retention volume.

factors ogobtained from the slope and from the intercept are practically
identical. This fact indicates that the results of the mathematical
treatment given in the present article are valid.

For a polydispersed sample the spreading factor obtained by the

preceding method is an average value identified as

2y = v 2
<Go> —JVRW(VR)OO(VR) dVR

Since the molecular weight distributionsof all the samples used are
rather narrow, as an approximation it may be looked upon as the
spreading factor of monodispersed polymer. Taking Vw as the retention
volume of monodispersed polymer, the plot ofoé versus Vw is shown in
Figure 3. It may be regarded as the (V ) function of the gel chroma-
tographic column used in the present work. It can be seen from

Figure 3 that a maximum appears at the retention volume not far from
the interstitial volume of the column. This phenomenon is identical

with that first observed by Tung [1,2] using a reverse flow technique.
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TABLE 3

Experimental Data § Corrected Values of Inhomogencity Indexes

From Gel Chromatogram From GPC-LALLS
Polymer <M>Y4 (M)r_]4 (Mw /¢Myn (M7Y4 (M)?4 Myw / (yn

x10 x10 Expt. Cor,  x10 x10 Cxpt. Cor.
Al 509 322 1.58 1.27 461 404 1.14 1.28
A2 2 496 249 1.42 1.13 428 410 1.04 1.13
A3 460 301 1.53 1.18 413 383 1.08 1.19
A 4 458 306 1.49 1.16 381 361 1.06 1.16
A S5 241 113 2.12 1.59 246 181 1.36 1.62
B 1 39.6 31.1 1.27 1.01 39.9  39.2  1.02 1.04
B 2 12.1 9.46 1.28 1.04 11.7 11.6 1,01 1,05
B 3 3.06 2.44 1.26 1.05 2.08 2.04 1.02 1.06
B 4 1.57 1.24 1.27 1.08 1.07 1.06 1,02 1.07
A 6 0.67 0.54 1.25 1.08 0.60 0.59 1,02 1.08

The weight and number average molecular weights, as well as the
inhomogeneity index printed by the data processor, are listed in
Table 3. The results calculated from the experimental chromatogram
F(V) and the calibration relation M(Vpq) are also listed in the same
table. It is obvious that the inhomogeneity index(<M>w/<M>n)GPC ZLALLS
from GPC with LALLS on line is lower, while that from thc gecl chroma-

togram and the calibration relationship (<M /<M>.) is higher.

Naturally, both of them are the consequences of thgpfnstrumental
spreading. These two independent series of data were corrected by
Eqs. 23 and 24 respectively. The corrected inhomogeneity indexes
coincide with each other very well as shown by the data in Table 3.
It indicates that the correction factor proposed in this article is
also valid.

For the commercial polystyrene standards we used (group B sample§,
the manufacturer (ARL) only gave thc weight-average molecular weights;
no accurate inhomogeneity indexes had been given. The manual and the

experimental values are listed together in Table 4; it indicates that
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TABLE 4

Comparison Between Manual Values and Corrected Experimental

Values of Polystyrene Standards

Mw x 1077 <Myw /Min
Polymer Manual LALLS GPC-LALLS Manual GPES%ALLS
B 1 39 38.5  39.9 <1.06 1.04
B 2 1l 11.7  11.7 <1.10 1.05
B 3 2.04  2.02  2.08 <1.06 1.06
B4 1.00  0.98  1.07 <1.10 1.07

an absolute characterization of polymer could be made by gel chromato-

graphy by coupling with a molecular weight detector such as LALLS.
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