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Synopsis

Few years ago, the two broad standard method of molecular weight (MW} calibration was
proposed! and the presence of negative o2 (peak dispersion coefficient) was found to be somewhat
disturbing. The limitation of the method was not specified. Since large negative values of o®
cannot be tolerated, herein is reported another type of instrumental spreading function for which
the method may seem to apply, and an evaluation of this method. In its evaluation, plots of log,
(intercept of a linear molecular weight calibration curve), that is, log (D) vs. the corresponding
slope of the molecular weight calibration curve, D,, which were found to be linear, were used. The
systems employed were Dextran/Corning controlled porous glass (CPG-10) packing in well-chosen
mobile phase.

INTRODUCTION

The two broad molecular weight distribution (MWD) method (TBS) of
linear molecular weight calibration is an improved version of both the GPCV2
method of Yau, Stoklosa, and Bly? and the effective linear calibration (ELC)
method of Balke, Hamielec, et al.? When the GPCV2 and ELC methods were
stastically evaluated,* the ELC method was found to be as good as or better
than Yau’s modification of it.

The ELC method, which, in principle, assumes no skewing or peak disper-
sion or Kurtosis effect correction of the experimental chromatogram, is very
simple to apply. It is the only method which permits the use of one or two
broad MWD standards with the options of using any of the molecular weight
averages. The GPCV2 method, which is a modification of the ELC method,
accounts for peak dispersion by a method which is somehow questionable.
Both methods can only be applied when the instrumental spreading shape
function (ISF) is Gaussian in shape. In the TBS method, which uses two
standards with known weight and number average molecular weight averages,!
the ISF was in principle assumed to be Gaussian in shape, since the method
was conceived using the analytical solution of Hamielec and Ray?® of Tung’s
peak dispersion equation.® In view of the fact that negative 6% cannot be
entertained, the ISF may not only be Gaussian in shape, but in addition,
symmetric.

*T'o whom correspondence should be addressed.
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In the light of advanced developments which have taken place in the
characterization of polymers by SEC in recent years, where the molar mass is
now measured directly using on-line detectors such as viscometry, UV and IR
spectrophotometry, and low-angle laser light scattering photometry including
correction for imperfect resolution, it is important to emphasis the relevancy
of the TBS method of molecular weight calibration. To date, no convincing
progress has been made trying to:

(i) Establish the true shape of the ISF of each single species in the mass
detectors. In many cases, it has always been assumed to be Gaussian in shape.
Whether the shape varies for species with the same mean retention volume for
complex polymers is yet unknown.”

@it) Find out if peak dispersion coefficient which sometimes is referred to as
the axial dispersion coefficient (62) is truly the only measure of peak broaden-
ing in SEC under conditions of adequate peak separation. How it is related to
the polydispersities of polymers is yet unknown. Usually, the theory used in
measuring o2 analytically is based on Tung’s integral equation which is said
to be valid for only monodisperse or very narrow MWD polymers.

(iii) Develop simple analytical methods of estimating o2 and ascertaining
the true role in o2 in SEC, for high MWD polymers, in terms of the influence
of flow rate, pore dispersion, polymer /surface area interaction, concentration
effect, etc. on o2

(iv) Establish the existence and importance of Kurtosis phenomenon in
SEC, since it is known statistically that chromatograms in general can either
be thin (leptokurtic) or flat (platykurtic) or remain Gaussian.

(v) Ascertain the fundamental parameters in SEC. It has been established
that D,, which is a measure of peak separation, is fundamentally important.
Although the existence of o2 is well established, its fundamental relevance is
yet unknown. These two parameters are known to be inherent parameters.
However, the roles of skewing and kurtosis phenomena are yet to be clearly
understood. Skewing of chromatograms can result from improper control of
experimental variables such as column overloading, high viscosities, very high
flow rates, etc.

The influence of peak dispersion and skewing corrections on the molecular
weight calibration curve are to rotate and translate the calibration curves
respectively.>#1 When the GPCV2 method was compared with the ELC
method, it was observed that “the ELC method calibration line was found to
rotate counterclockwisely relative to the peak position calibration line and the
extent of rotation was found to increase with increasing dispersion of the
column and with decreasing polydispersity” of the polystyrene standards
used.?

EXPERIMENTAL

The equipment and experimental details have been described already.!
Dextran standards were used for the following reasons:

(i) As shown in Table I containing the list of the Dextran standards, there
are at least eight well-characterized standards as far as provision of both
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TABLE I
List of Dextran Standards

Designation Lot no. M (t) x 1073 M t) x 1073 M, (t) x 1073 M, /M

w. n

T20600 6038 — — — —

T500 5570 173.00 509.00 296.70 2.94
T250 1343 112.50 231.00 161.20 2.05
T150 921 86.00 154.00 115.10 1.79
T110 9071 76.00 106.60 89.80 1.39
T70 1730 42.50 70.00 54.50 1.65
T40 2540 28.90 44.40 35.80 1.54
T20 7968 15.00 22.30 18.29 1.49
T10 3205 5.70 9.30 7.28 1.63

weight average (Mw) and number average (Mn) molecular weight are con-
cerned. They cover a wide range of MWs. With the exception of highest MW
standard (T2000), the MWD of these standards are also supplied by the
manufacturers.

(ii) Dextrans have been one of the most commonly used and studied
water-soluble polymers for aqueous SEC application.

(iii) Dextrans are generally believed to be neutral. However, some authors
have long reported the contrary.>-14

(iv) Peak dispersion estimation and correction in aqueous SEC are yet to be
measured with accuracy and ease. The complete characterization of Dextran
in terms of its MWD affords this ease.

(v) Dextrans have been one of the easiest water-soluble polymers to study
by SEC, probably because of the weak influence of polymer-surface interac-
tion.

Five systems or case studies were employed and their conditions of opera-
tion are described in Table II.

THEORY

A few years ago, the TBS method was proposed.! In the work, the limita-
tion of the method was not specified except that the instrumental spreading
shape function (ISF) was assumed to be Gaussian in shape. In theory, the
method should also apply when the ISF is not only Gaussian, but symmetric
in shape.

The Linear Two Broad MWD Standard Method

When the ISF is Gaussian, the analytical solutions of Hamielec and Ray? of
Tung’s peak dispersion equation® are given in general by

M (¢t) [(3 ~ 2K)D§o2]
My (app) 2 W
where K = 1,2,3, - - - correspond to number-, weight-, 2- - - - average molecu-

lar weights. The subscript ¢ refers to the instrumental spreading corrected or
true molecular weight averages. The subscript (app) refers to the SEC or
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TABLE I1
Description and Operating Conditions for Case Studies for Dextran®
Flow Concen. of
Length of rate injec-
Case column (mL/ tion
study Code no.? Columns combined in series (ft) min) (wt %)
1 S4BR® 729 /700, 700 /500 /370, 240/ 15.58 4.50 0.05
120, 120/88 A
2 S5CR* 729 /700, 700,/500/370, 240/ 16.75 4.50 0.05
120, 120/88,88 A ‘
3 S5ER 729,/700, 700/500 /370, 18.08 4.50 0.05
370,327, 240,120, 88 A
4 S5FRA 729 /700, 700,/500 /370, 370/ 18.41 4.50 0.05
327,240,120, 125 A
5 S6BR 729, 700, 700/500,/370, 370/ 20.75 4.50 0.05

327, 240,120, 120/88, 88 A

*Mobile phase—0.05M KF/0.02 wt % NaN;/1.0 g/24lit. Tergitol /1.0% CH;0H (pH = 6.6).

®The coded form is used and will be preserved, since it may be used to illustrate other
phenomena in SEC. The first letter S stands for series combination. The numbers next to S
represent the number of columns combined in series. The letter next to the numbers, identifies the
system in question and the last letter, R or C, identifies the order of column arrangement. R is for
reversed order. This begins with the largest pore size, followed by the next pore size in the
decreasing order down to the smallest pore size, instead of the traditional order of column
arrangement which begins with the smallest pore size, the conventional method C.

“These systems have MW gaps. The intermediate 870,327 A pore size column which is present
in the other systems is not used for these two systems.

Irregular pore-size column arrangement at the end of the multicolumn combination (i.e., small

pore-size end).

uncorrected MW averages. D, is the slope of the linear MW calibration curve
and o2 is the variance of the assumed Gaussian shape of each species given by

G(v—y)= \/ 2;2 exp _(Z;y) (2)

However, when the ISF is in addition symmetric in shape, the analytical
solutions of Hamielec and Ray above do not apply, since more than one
parameter will now be required to describe this type of shape function. The
analytical solution can be assumed to be of the form

My (¢) [(3—2K)D22X]=RX )

———— =¢x
My (app) 2

where X which has now replaced o2 is a function of at least two parameters
describing the new shape function of which o2 is one of them. Ry, which has
now replaced Ro?, is the MW resolution correction factor. A simple symmet-
ric case can be obtained from the statistical shape function of Provder and
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Rosen,’ in which in the absence of skewing the analytical solutions are

My (t) [ - (2K — 3)0302}
ﬁ—— = exp 2

1+ (A,/24)[(K - 2)*Djo’]
1+ (A,/24)[(K — 1) Do

L

where A,, the second parameter, is the Kurtosis coefficient which could be
zero (Gaussian), less than zero (platykurtic), or greater than zero (leptokurtic).
A, is given by

My

(o2)°

A, = 3 (5)

where p, is the fourth-order moment about the mean retention volume g, of
the observed SEC chromatogram. Equation (4) is one of the special cases of
eq. (3).

In the TBS method, both the MW calibration curve and the combined ISF
or peak broadening parameter X are obtained simultaneously. The equations
to be solved, given two broad MWD standards A and B with known M (¢)
and M (t) are therefore given by

_ —D22XA [ o0 -1
Mn(tA)exp( 5 =D, /0 F,(v)exp(D, - v) dv] (6)
— —D22XB- [ foo -1
M, ( tB)eXP[ 2 =D, j(; Fy(v)exp(D, - v) do] (7)
_ DX, | [ oo
Htew| 2| = 0| [“Eoep( -0, )| ®)
_ D2X, | [ oo
Mw(tB)exp[ 2 =D, _/(; Fy(v)exp(—D, - v) dv] 9)

From these equations,

M(¢t) - M (¢,) = Df{meFi(u)em)(——D2 ) du}[/;)ooFi(v)exp(Dz - v) du]‘x

(10)
where i is either A or B. It is seen that the root mean square average MW,

M___, defined as (M, M, )"/? is independent of the ISF parametric correction
factor, except when it is skewed.
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Taking the ratios of both standards using eq. (10) yields

ta) _ ['()wFA(D)eXP(_Dz - v) ﬂlv]1/2[j(‘)wlﬁ'}g(v)exp(D2 - v) da]w

%) { [ Ed)esn(D, o) dv]l/z[ [ F0)exp(~D, o) dur/z

M.
M.

(11)

Therefore, a single variable search for D, results from this equation, followed
by a direct calculation of D; using eq. (10) for any of the broad standard.
Finally, any of the egs. (6) or (8) and (7) or (9) can now be used to provide for
X, and X for each broad MWD standard or R, the molecular weight
correction factor.

Evaluation of TBS Method of Calibration

In the absence of skewing, the effect of any form of peak dispersion or
Kurtosis correction is to rotate the MW calibration curve about a *fixed
point.”*%9 If there is indeed a single “fixed point,” then a plot of log, D, vs.
D, should be linear and rotate about the “fixed point,” regardless of whatever
accepted method of calibration is used to generate D,’s and D,’s. Also, if a
method of calibration is capable of generating a “true” MW calibration curve,
then the true MW calibration curve should be a single point in the plot of
In D, vs. D, in the linear region of separation of the SEC system for the
polymer in question. Therefore, in the absence of skewing or translation and
for any method of linear MW calibration,

D] = J*exp(Jp* - D) (12)

where Ji* and J,* are the intercept and slope, respectively, of plot of In Dy
vs. DJ and the prime is to emphasize that there are several linear MW
calibration curves which are being rotated about a “fixed point,” the degree of
rotation depending on the level of the incorrectly assumed ISF correction
factor, based on o2. Substituting eq. (12) into the true linear MW calibration
curve, M(v) = D, exp(—D,v) assuming D] = D,, the following is obtained:

M(v) = Ji*exp(Jy* - D7) - exp(—D, - v) (13)
When, also,
Dj = D,, the slope of the true MW calibration curve,
M(v) = J*exp(D, - Jy*) - exp(—D, - v)
= J,*exp(—D, - v) = D exp(—D, - v) (14)

where

JyF = exp(D2 : Jz*) =D, (15)
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Fig. 1. M, range of separation of different pore sizes for Dextran. Mobile phase = 0.05M/
KF/0./02 wt % NaN;/1.0 % CH;OH/0.04 gm/lit. Tergitol: (A) 88 A; B) 120/88 A; (C) 125 A
(D) 69 A; (E) 700,/500,/370 A; (F) 240/120 A; (G) 370/327 A; (H) 729,700 A; (I) 2000 A; (J) 1000
A; (K) 3000 A; (L) 3000 A.

(0]

1 1
90 75 B0 B0 7S
RETENTION  VOLUME(es

Fig.2. M, M,

ms» @04 TBS method MW calibration curves for Dextran for case studies # 1
and 2: (O) M,, (® M,

rms» (@) TBS method MW calibration curve M(v) = 0.359 x 10°
exp(—0.300V)] for case study #1; (a) M,

s (&) Mo, (O TBS method MW calibration curve
[M(v) = 1.08 X 10~ ? exp(— 0.353V)] for case study #2.
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Therefore, J;* is constant. According to eq. (15), the true molecular weight
calibration remains the same. Thus, the effect of neglecting corrections of 62
parameter associated with X in the absence of skewing is to rotate the MW
calibration curves about a “fixed point,” the point where the true MW
calibration curve lies and where the need for correction does not arise.

RESULTS AND DISCUSSION

Data relevant to the selection of the multicolumn combinations selected for
the present studies (Table II) are shown in Figure 1 for single columns of
different pore sizes. It is obvious that the large pore sizes 2000 A and above
offer little or no peak separation.!®!* Where untreated CPG-10 is used as
stationary phase for Dextran analysis, addition of salt to the mobile-phase is
important.3

T

i (501Y
rms, W,

™M

103\ 1 A ! I 1 1 }
! 120 135 150 165 180 195 210

RETENT {OM  VOLUME(cce)

Fig. 3. M, and TBS method MW calibration curves for Dextran for case studies #3 and 4:
(a) M, (—-— ) TBS method MW calibration curve [ M(v) = 0.623 X 10° exp(0.292V)] for case
study #3; (v) M,, (—--) TBS method MW calibration curve [(M(v) = 0.677 X 10°
exp(—0.286V)] for case study #4.
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wr

(O) M, () M, () TBS method MW calibration curves [(M(») = 0.638 X 10° exp(—0.267V)].

A_lw vs. peak retention volumes were first plotted to first ascertain the
samples that were within the linear region of the calibration curve. These
peak position volume plots (PPV) are shown in Figures 2, 3, and 4 for the
coded systems. Using two samples in the linear and /or nonlinear regions one
at a time, the TBS method was applied and the results are listed in Table I11.
X values were also obtained for each pair of samples and these are listed in
Table III. Averaging the D,’s and In D;’s in the linear region of calibration
curves, the true MW calibration curves were obtained and these are shown in
Figures 2, 3, and 4. In addition, M, versus peak retention volumes were
plotted in the figures. Using the true MW calibration curves for each system
obtained from the averages of D,’s and D,’s, X values were again obtained for
each sample and these are listed in Table IV. Table IV also contains the
corresponding R, values for each sample in each system and those from
literature for Dextran. From the table, it is important to note that under the
circumstances where the ISF is Gaussian in shape, Ry or Ry; values greater
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TABLE IV
Comparing Calculated Ry Value with Literature Data
S5CR S5ER S5FR S6BR
Sample Xa Ry X Rx X Ry X Ry
T10 -0.20 1.013 —-1.78 1.079 —-1.95 1.083 -1.10 1.040
T20 0.18 0.989 -0.20 1.009 —-0.25 1.010 —0.60 1.022
T40 0.55 0.966 0.76 0.968 0.74 0.970 0.66 0.977
T70 0.00 1.000 0.27 0.989 1.70 0.933 0.25 0.991
T110 0.12 0.993 0.65 0.973 1.28 0.948 0.76 0.973
T150 —-1.32 1.086 -0.63 1.027 -0.07 1.003 -1.26 1.046
T250 —1.43 1.093 —1.26 1.055 —-0.18 1.007 —1.68 1.062
T500 —3.53 1.246 —4.31 1.202 —-2.30 1.099 —-5.73 1.226
S4BR
Sample X Ry Ry’ Ry° Ry ° Ry’
T10 —2.76 1.132 1.000 0.830 0.875 1.000
T20 —-1.32 1.061 1.018 0.910 0.940 1.115
T40 0.04 0.998 1.047 1.022 0.852 1.057
T70 0.13 0.994 1.103 1.103 — —_
T80 — — — — 1.097 —
T110 0.78 0.966 — — 1.059 1.050
T150 —-0.15 1.007 0.963 0.917 1.196 1.020
T250 —-0.12 1.005 0.916 0.889 1.732 1.056
T500 —-2.82 1.135 1.028 1.068 2.282 0.974
#(Count)2.

®Data based on corrected calibration curve for peak dispersion.!?

°Data based on calibration curve obtained iteratively.!®
dData based on calibration curve obtained by two-step simple iteration.'é
®Data based on peak dispersion corrected calibration curve.l”

than or equal to 1, which have always been reported in the past, correspond to
o2 which is negative or zero, respectively. Even for other polymer/SEC
systems, the same observations have been reported before.®® Since 62 cannot
be negative, the assumptions that the ISF is truly Gaussian is questionable. If
X is to replace a2, for the TBS method to apply, the ISF must in addition be
symmetric in shape.

The ELC method was employed for each polymer sample and each system
and the results are listed in Table V for four of them. From the data and those
of TBS methods, plots of In D; vs. D, were obtained and these are shown in
Figures 5, 6, and 7. With the exception of S5FR, S5CR, and S4BR, almost
single points were obtained in these plots (Figs. 5 and 6) for the TBS method
data. System S5FR, which has irregular small pore-size arrangement has the
largest variation of D,, followed by the systems with MW gaps, as shown in
Figure 7. It is of interest to note that the plots are linear. It is also of interest
to note too that the plots of the data from the ELC method are linear over a
wider range of D,. Each plot is unique to each system. The reason why these
plots are linear is not clearly understood. It may be due to the high correla-
tion between D, and D,. However, the search for single points in these plots,
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Fig. 5. Evaluation of TBS method for case study #5; (O) based on ELC method; (a) based on
TBS method.

the true MW calibration curves, clearly shows the versatility of the TBS
method of calibration. In addition, we are able to assess the quality of the
system in question.

Finally, as shown in Table VI, which compares J;* using eq. (15) with the
intercept D, of the true MW calibration curves of each system, the excellent
agreement shown clearly indicates that there is indeed a linear relationship
between In D, and D,.

3ir

1
8.‘8 6 Q30 035‘72 038 Q42 046 Q50

Fig. 6. Evaluation of TBS method for case study #3: (O) based on ELC method; (O) based on
TBS method.
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Fig. 7. Evaluation of TBS method for case studies #2 and 4. (®) based on ELC method,
(O) based on TBS method for case study #4; (O) based on ELC method, (a) based on TBS
method for case study #2.

TABLE VI
Comparing D; with 5*
Case o D,
study J* X 1078 (count) (count)™?! D, x 10°° Jy* X 1079
1 0.808 28.00 0.300 0.359 0.359
2 0.935 26.50 0.353 1.080 1.080
3 0.977 30.00 0.292 0.623 0.623
4 0.739 31.87 0.286 0.677 0.672
5 0.926 33.10 0.267 0.638 0.638
CONCLUSION

In summary, it has been shown that the TBS method is a very powerful
method in providing a true molecular weight calibration curve. It has also
been shown that the method is applicable not only when the analytical
solutions of Hamielec and Ray® applies, but also when the ISF is in addition
symmetric in shape. In the present situation, however, it is difficult to obtain
the true MW averages of any sample, using the true MW calibration curve,
unless the form of the ISF of each single species is known. The shape of the
function will be the subject of the next investigation, subject to which the
method will be applied.
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