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STUDIES ON SIMULTANEOUS MOLECULAR
WEIGHT AND SPREADING CALIBRATION IN
STERIC EXCLUSION LIQUID CHROMATOGRAPHY

Pawel Szewczyk

Institute of Plastics and Paint Industry
ul. Chorzowska 50
44-101 Gliwice, Poland

4BSTRACT

™o improved methods of molecular weight cali=-
bration are desoribed where simultaneously parame~
ters of a symmetrical spreading function are obtained
through the use of polymolecular molecular weight
standards and of average retention wolumes. In the
first method a linear molecular weight calibration
is assumed and the second method is based on & uni=-
versal molecular weight calibration curve obtained
with narrow MWD polystyrene standards.

The proposed methods have been tested using
two polymolecular polystyrene standards confirming
good convergence of the applied iteration procedures
and giving very prouising results.

INTRODUCT ION
Establishing of the molecular weight distribu-
tion . /MWD/ ourve of polymers by means of the gize
exclusion liquid chromatography /GPC/ requires prior
calibration of the molecular weight, M, versus re=
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tention volume, V, depencence /1=4/+. In previous
publications /5=7/ it was dewmonstrated that intro=
ducing ¥The concept of average retention volumes,

V, one simpliiies seriously the task of estvablis=-
hing the molecular weight calibration in case of
standards of practically any polymolecularity. The
exponential or logarithmic nonlinearities of the
calibration dependences remain only in the defini-
tions of appropriate average retention volumes while
for the evaluation of the calibration parameters the
simple linear least squares method is adequate. In
this paper improvements of the above mentioned cali=-
bration methods are described., Using two characterie
zed polymolecular polymer standards the true molecu=-
lar welght calibration may be established and, simul=-
taneously, the spreading parameters of a Gaussian
spreading function determined. In the improved me=
thods either a linear model of the V = lnM dependen=-
ce or the universal moleocular weight calibration
curve of any shape are applied.

Below the theoretical basis of the proposed me-
thods is described. The performance of both methods
will be illustrated using two broad MWD polystyrene
standards with known values of the number-average,
ﬁn, and the welght=-average, ﬂw, molecular weights,.

THEORETIC
True average molecular weights, Mt’ of poly=-

molecular polymer samples depend in the following
way on the experimental average molecular weights,
ﬁe’ calculated from a chromatogram according to

a true molecular weight calibration /1,8,9/



Downl oaded At: 16:00 24 January 2011

MOLECULAR WEIGHT AND SPREADING CALIBRATION 1177

ﬁt =X o l-ae 1/
Factors Xﬁ oorresponding to ﬁn and ﬁw may be
expressed as /8/

xﬂn = X, = exp (62/2022) /2/

xﬁw = X, = exp (-62/2022) /3/

where 6 2, the variance of a single species chroma=-
togram, is the spreading parameter squared and 02 is
the slope of the molecular weight calibration curve
at the peak position of the chromatogram or the slo-
pe of a linear calibration

Average retention volumes are expressed by average
molecular weights using the actual model of the mo=-
legular weight oalibration_/5-7/. Using it the true
average retention volume, Vt, is defined, i.e. a
quantity with eliminated spreading effeots. One can
thus evaluate T-It from the experimental chromatogram
taking advantage of eguation /1/.

Linear Molecular Weight and Spreading Calibration.
Equation /4/ may be written tor the true quantities
V, and M as

T, = Gy~ Cy oln iy /5/

Using equation /5/ and equations /1/ = /3/ one can
get the following expressions detining ‘71: correspon-
ding to either I or K,
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an’t_ V4= C1=Cp- Lok =ColaX = ¥, .- g°/20, /6/
- - _ - - - - - 2

vmn’t- Va,t= C1=Coelnll, ~ColnX= ¥, .+8°/20, /7/

The experimental average retention volumes V
and V o 18y be expressed as /7/

nje = G2 o1n[ % F(Vy) exp (V3/6,)]  /8/

VW’ o = -Ca.ln[ § F(V,) exp (-vi/ca)] /9/

where F(V,)is the weight fraction of the experimental
ohromatogram calculated for the retention volume Vi
and the summation includes all weight fractions.

As follows from equations /6/ = /9/ for the evalua=
tion of ‘-le one needs the experimental chromatogranm,
F(V), and the value of C, while for the evaluation
of ¥, one requires additionally the value of 6 ,

In order to develop expressions for the iterative
evaluation of parameters Co and Cq equation /5/ may
be written for Mn and Mﬁ of two samples with broad
MWD, After stralightforward transformations of the
above mentloned 4 equations and using the relation

<1
i

Vn’t + T 5= vn,e + V5 e /10/

one gets the following solutions for 02 and C1

vn,e,1+ V .81 Vo,e,2" vﬁ,e,a 11/

In(Ry o ooy o o/ o qelly g q)

C2=

C =[vn,e,‘l+ Vo,e,2t vh,e,’l+ vbv,e,z+
+ 02"L“(ﬁn,t,'l%,t,’an,t,EMw,t,z)]/4 /12/
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On RHS of eqs./11/ and /12/ indices 1 and 2 corres-

pond to samples 1 and 2, respectively.

Equation /11/ may serve as a simple expression for
the 1terative evaluation of 02. With a starting
value of C, one caloulates V o and V Je Of both
sauples using equations /8/ and /9/ .« A correated C,
is then calculated from equation /11/. The iteration
caloulations are continued until the value of 02 bg=
comes constant at an assumed level of accuracy. In
order to speed up the convergence of the iteration
procedure, in every iteration step except the ini-
tial one, the temporary value of 02 is taken as
equal to the arithmetic average of 02 values of two
consecutive iterations /7/. In the last iteration

C4 is calculated from equation /12/.

Knowing C, and C, the values of M h,e 20d Mb,e

be calculated using the expressions

B, o= ex0(0y/C))e [% .F(vi)encp(vi/cz)]'1 /13/

B, o= exp(C,]/Cz).[zi_ F(Vy)exp(-vy/0,)] 714/
From equations /1/ - /3/ follows that

02[ 21nGMn,t/mn,e)] e 15/

i, = Su 02[21n(i'4”’e/mw,t)]1/2 /16/

Thus the desoribed above simple iterative proocedure
enables the evaluation of the linear molecular weiw
ght calibration parameters 01 and 02 as well as the
oalculation of the spreading parameter € using
experimental data of two characterized standards
with broad MWD.

i

6 =6
Mn n

1
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Universal Molecular Weight Calibration. The univer-

sal molecular weight calibration curWwe may be gene=

rally expressed by a polynomial, i.e.

V= é_‘a a, ( 1n[-1]M)i = £ (1nlyIu) /17/

and
1n[-1‘!1vx = 1%5 bivi = g(V) /18/

where ay and bi are parameters of the polynomials £
and g, respeotively, while n and m are their degrees.
Values of a4 and bi may be evaluated using a series
of polystyrene standards with narrow MwD. Before
applying the equations /17/ and /18/ for another
polymer one should evaluate the & and K parameters
of the Mark-Houwink relation

(= x.u « /19/
It follows from equations /18/ and /19/ that
In X+ (ot+1)1n M= g(V) /20/

For polymolecular samples equation /20/ may be
expressed as

In K+ (ot + 1) 1n W, = g(V,) /21/

where Mt and V have their former meanings.

Writing equatlon /21/ for M )t and Mﬁ,t of one poly=-
molecular standard a set of two equations is obtaie
ned which may be solved for & and K giving the fol=
lowing expressions
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« =Ig@w,t)' gﬁn,t)]/ln(mw,t/mn,t)-1 /22/
n K =[g(¥, o)+ 6Ty, o) =@+ ) (i, 4.7, )]/2 r23/

Equation /22/ may serve as a simple expression for
the iterative evaluation of ol . Values of V b and
Vw 4 D&y be calculated according to equations /6/
and /7/, respectively, while V o and 7 are to

wye
be calculated from the follow1ng equations /?7/

vn,e f[- (ot + 1)ln(% F(Vi)exp(-g(vj)/(el+1)))]/24/

vw,e = f[(d+ 1)1n(21_ F(V,) exp(g(Vi)/(el +1n)] /25/

The procedure of iterative evaluation of X accor=
ding to equation /22/ is identical to the procedure
of evaluation of C, baged on equation /11/+ In order
to calculate values of § from either eguation /15/
or /16/ the Mn o and Mw ¢ values should be evaluated
using the following relatlons /7/

Mn,e K“,l/(’““’0 [% F(Vi\ exp(-s (Vj) / (ot +ﬂ)] - /26/

=1/ (1+et)
K

ﬁw,e % F(Vi) exp(g(vi)/(e( + 1)) 727/
Thus the described simple iterative procedure ena-
bles the evaluation of the parameters & and K of
the universal molecular weight calibration curve
using experimental data of one characterized stan=-
dard with broad MWD. Preliminary evaluations of the
slope G, of the linear V-1nM relation and of the
spreading parameter € are needed prior to the abo=-
ve iterative caloulations,.
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EXPERIMENT AL

All experiments were carried out at ambient
temperature using the Waters ALC/GPC model 301 ine
strument equipped with a set of 3 linear columns of
91.5 om length and 0,78 om inner diameter filled
with styragel of 104 nn nominal porositye.
Letrahydrofuran /THF/ was used as the mobile phasge
and differential refractometer model R-401 was the
detector. The model linear molecular weight calibra=
tion was measured with a series of 8 narrow MWD poly=-
styrene standards using the peak retention volumes,
Vp, of the chromatograms and the corresponding to
them peak molecular welghts, Mp, supplied by Waters.
In order to obtain a non=linear universal molecular
welight calibration ocurve of the applied set of colum=
ns two additional standards with low molecular welg=-
hts were used. The molecular welght and GPC data of
all the PS standards and of the styrene monomer are
glven in Table 1.

TABIE 1

Narrow MWD PS Standards and Styrene Employed for
Evaluating of Iinear Molecular Weight and Univer-
sal Calibrations

> >
Standard My v, (on’/Som )
1 830 000 15.08
2 451 000 15.94
3 196 000 17445
4 111 000 18.11
5 35 000 19.73
6 20 500 20.68
7 9 800 21.68
8 3 550 22,98
9 2 025 23.61
, 10 104 26.9
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For the first 8 PS standards the following linear
molecular weight calibration was obtained

V = 35,077 = 1,462 1n M, cu’/Sem /28/

The universal molecular weight calibration curves
were obtained using the polynomial regression for
10 pairs of values of V, and ln K + (ot +1) 1n M,
where for polystyrene in THF at ambient temperature
the following often applied Mark-Houwink constants
were used /9/ : K = 1.60.1072 cn’/g, of = 0.706.
According to statistical criteria /10/ polynomial
of second degree was the optimum model of the

V-1n [.rpM relation = equation /17/, and the a; co-
efficients of the polynomial £ have the following

values
(8, 24» 8,) = (28.76, =0.5042, -0.01229) /29/

For the lnla}M = V relation - equation /18/, poly-

nomnial of the third degree fitted the experimental

data best and the bi coefficients of the polynomial
g are as follows

(bo,b1,b2,b3) = (38.82, 0.05751, =1.901, -0.00}23})

In order to evaluate the proposed in this work two
new calibration methods,2 well characterized PS
standards with broad MWD were applied. With polysty=-
rene as the testing polymer comparisons of corres=
ponding results are straightforward. The molecular
weight data for the two PS standards are given in
Table 2 where also are values of ﬁn and [, calcula-
ted with the calibration equation /28/ from the
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TABIE 2

Broad MWD PS Standards Employed with Molecular
Weight and Universal Calibration Methods

= -3 - YRR PC
Stan=- __gn_:l?___ SMn Mw i me
dard Osm. GPC g l.scs sed.*/ GPC .

1+.1us=- 1/
trex 70 68 =2.9 230 234 147
2.NBS

b/ 28%.1

uncorrected chromatograms of the samples together
with their percentage deviations from the true va-
lues, i.es from the values of ﬁn and Mw measured by
the osmometric /osm./ and the light scattering
/lesc./ or the sedimentation /sed./ methods.

RESULTS

Linear Molecular vWeight and Spreading Calibrationg.
The linear molecular weight calibration was establi-
shed with the data of two broad MwD PS standards gi-
ven in Table 2 and their experimental chromatograms
using equations /11/ and /12/. The calculations were
made for pairs of Mn and Mw values of the standards.
T™wo variants of the performed calculations correspond
to two different values of ﬁw of NBS 706. The calcu=-
lations were started with an initial value of 02=2
and continued until 02 became constant with a rela=
tive accuracy of 10'4 what corresponds to the per-
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centage deviations of average molecular weights
being less than 1%. Number of the iteration steps
did not exceed 15. Finally, values of the spreading
parameter § were obtained from either equation /15/
or /16/. Results of the calibration calculations are
given in Table 3.

Universal Molecular Weight Calibration. Using equa=-
tions /22/ and /23/ the Mark-Houwink coeffiocients
were ocalculated separately for each of the standards
characterized in Table 2. The average retention vo=
lumes V and V were corrected for spreading
with equations /6/ and /7/, respectively, and values
of the coefficients C, and 6 were taken from

Table 3 since the preceding linear molecular weight
calibration based on the same PS standards could
serve as the necessary linear approximation of the
true calibration curve. The iteration calculations
were started with & =0.,706 and in all 4 variants of
poasible 02-6 combinations taken from Table 5 no

TABIE 3

Results of Linear Molecular Weight and Spreading
Calibration with 2 Broad MWD PS Standards with
Known ﬁn and ﬂw

Pair of Cq C, No, of 6n Sw
Standards 1 3 Standard X
o’ /50m cm3/50m
1+ 2a 35.437 14492 1 0.,1784 00,1782
2 0.685% 0.6852
14+ 2b 334735 14545 1 00,7227 00,7227
2 0.7579 0.7579
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TABIE &4

Results of Universal Molecular Weight Calibragion
with Single Broad MWD PS Sgendard with Known M

ande
2
Standard b ¥ K.gO 6n sw (sn"' ﬁ)‘é
Cyy € on’ /g om” /Som”
1=-a
T1e492, 0,178% 00,7127 0,96 0.,0582 0,280 0.,1731
1=%
16345, 0,7227 0.,5489 6.35 0,7079 0,7%92 00,7236

0
2 -~ a
14492, 0.6853 0,689 1.29 0.6461 0.,7097 0.6779
2 =0
10345, 047579 045261 8455 0.7263 0.7733 0.7498

more than 8 iteration steps were needed 1in order to
establish & with an absolute accuracy of 10~%,

With the obtained values of & and K the Mn, e
and Mw o 8verage molecular weights were calculated
with equations /26/ and /27/ and, finally, values

of s, and 6, were recalculated according to equa-
tions /15/ and /16/, respectively. Results of the

calibration calculations are given in Table 4.

DISCUSSION
The described above improved methods of molecu-
lar weight calibration are based on the assumption
that the instrumental spreading is Gaussian. For the
case of linear molecular weight calibration equation
/28/ obtained with a set of narrow MWD PS standards
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may be considered as the true calibration relation,
Thus the percentage deviations 8§ of average mole=
cular weights of the 2 polymolecular PS standards
which are given in Table 2, columns 4 and 7, chara-
cterize the instrumental spreading. Inspection of
the above mentioned &M values leads to the oonclu=-
sion that in the case of the standard NBS 706 either
the value of I measured by light scattering is the
correct one or the instrumental spreading is not sym
metrical. On the other hand values of &M obtained
for the standard Lustrex support the assumption of
Gaussian spreading. It is most probable that in the
case of NBS 706 the value of I, measured by the sedi:
mentation method is less reliable than that obtalned
by light scattering,

The applied experimental data allowed thus tes=-
ting of the proposed calibration methods in the ocase
of fulfilled assumptions of the symmetrical sprea-
ding /light scattering ﬁ&v values corresponding to
varlants a/ and in the case of either non-Gaussian
spreading or, what seems to be more probable, of
less accurate value of M  of one of the PS standards
/sedimentation value ofmﬁw for NBS 706 corresponding
to variants b/.

Results of the tests in the first case are good both
for the linear as well as for the universal molecu-

lar weight calibrations. The evaluated values of the
parameters C,] and 02 are very close to the true ones
in equation /28/ /coumpare results obtained for the

variant 1+2a, Table 3/. Similarly values of the pa-
rameters & and K obtained by the improved universal
molecular weight calibration method for variants 1-a
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and 2-a /oompare Table 4/ are close to the true va=
lues estimated with a set of narrow MWD PS standar-
ds, i.e. to values & =0,706 and K=1,60,10"2 om’/g.
Obviously, results obtained with the new calibra-
tion methods are less satisfactory when either the
measured average molecular welghts of the broad MWD
standards are erronsous or the spreading deviates
from a symmetrical one. This is illustrated by the
results obtained for the parameters 01 and 02
/Table 3/ as well as for & and K /Pable 4/ which
correspond %o variants b,

Values of the spreading parameter & of the two
broad MWD PS standards obtained for variants a and
given in Table 3 are consistent with the correspon-
ding 6 M deviations given in Table 2. The differen=-
ces between values of Sn and of Sw glven in Table
4 are due to the more accurate modelling of the ca-
libration relation in the region of low moleocular
weights what was achleved by the addition of two
gtandards with low M while establishing the univer~-
sal molecular weight calibration with narrow MWD PS
standards /compare Table 1, rows 9 and 10/,

It may be concluded that the proposed in this
work two improved methods of linear molecular weig-
ht and spreading calibration and of universai mole=
oular weight calibration using broad MWD standards
are simple in appliocation. The performed experimen=-
tal evaluations indicate that both methods give very
promising results and the convergence of the cor-
responding iteration procedures is good.
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