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Column Fractionation of Polymers. VIL

Computer Program for Determination of

Molecular Weight Distributions from Gel
Permeation Chromatography*
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Synopsis

Gel permeation chromatography produces a type of differential molecular weight dis-
tribution directly and rapidly. Conversion of these data to conventional molecular
weight distributions and plots of distributions is time-consuming. A computer program
is described to perform these operations readily. Input data from the automated chro-
matograph, elution volume, and recorder deflection are converted to unit sensitivity and
base line corrections applied. The curve is then numerically integrated and a calibration
curve used to convert elution volumes into molecular weights. Various calibration
curves can readily be introduced into the program. The output, in addition to tabula-
tion of cumulative and differential molecular weight distributions, contains values of
M., M., My, M., and #M,+,. Importantly, a reduced absolute area, i.e., area computed
for unit sensitivity on a unit concentration basis, is tabulated. ~An additional time-saving
eature is the printing out of differential and cumulative molecular weight distribution
curves and of a differential histogram.

Introduction

Gel permeation ehromatography (GPC) affords a rapid method of ob-
taining differential molecular weight distributions.! The data from an
automated chromatograph? consist of a recording of polymer concentra-
tion C versus elution volume V. The concentration is given directly
provided that the difference in refractive index between solvent and solution
is linear with concentration, a valid assumption at the low concentrations
normally encountered. The elution volume is usually an approximately
logarithmic function of the chain length of the polymer molecule. It is
necessary, therefore, to transform these data into a concentration versus
molecular weight curve, to convert this to both cumulative and differential
distributions, to compute the various molecular weight averages, and to
plot the resulting data in some convenient form. The required computa-

* Based on a paper presented before the Division of Polymer Chemistry, American
Chemical Society Winter Meeting, Phoenix, Arizona, January 1966.
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tions are tedious. This paper describes a computer program to perform
these operations readily.

Input Data and Computations

The recorder tracing provides the input data, consisting of a tabulation
by pairs of peak counts, that is, elution volumes, versus recorder deflectjon.
Readings may be taken at any frequency desired and need not be at uni-
form intervals. Thus, readings may be more closely spaced in regions of
maxima and inflection points. The program will accept up to 200 pairs
of points. The initial and final recorder readings at zero concentration
define the base line. Other input information includes sample identifica-
tion, concentration, recorder sensitivity, specification of the lower and
upper molecular weight over which distributions are to be computed, the
polymer molecular weight per unit chain length, and the exponent ¢ in
an applicable Mark-Houwink molecular weight-intrinsic viscosity equa-
tion.

Thus, the basic data made available to the program consist of a con-
centration curve C(V) and a reference or calibration curve F(V), which
assumes the standard form log L versus V, where L is the projected chain
length of the polymer peaking at V. The program transforms these data
to the O-chart line and removes any sloping base line before making any
other computations on the data. Also, the calibration curve is replaced
by a curve G(V) = F(V) + log MO0, where M0 is the molecular weight
per Angstrom of projected chain length. Thus, G(V) has the form log
M versus V, where M is the polymer molecular weight. Provision is
made for reading G(V) in directly, in case a nonstandard calibration curve
is required.

We define the function

14 Vo
AV) = fV C(v)dv/fv C(v)dv o))

which is the relative amount of polymer contained in the volume V, — V.
This function is evaluated by a numerical integration subroutine. For
output purposes a change of coordinates from V to M is made. This is
given by

V = G(log M) | @)
where G! is the function inverse to G. The function printed and plotted
as output is

a(M) = A(V) = A[G~'(log M)] @)
This function gives the relative amount of polymer with molecular weights

between M, and M, i.e., from the lowest molecular weight up to M and
ranges from 0 to 1.
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The distribution of this function, i.e., da/dM, is also evaluated and plotted
versus M. By the chain rule for derivatives we have

da dA dG-1 dlog M
dM =~ dV|py dlog M dM
C(V) 1 log e 4
= Vo : :
CO)dv dG/dV)vy M
12

where V,, = G~'(log M). The derivative dG/dV of the standard ref-
erence curve was computed externally to the program. Values intermediate
to those stored in the program are obtained by linear interpolation. For
nonstandard reference curves, the derivative is computed numerically
within the program. For this reason, the nonstandard reference curves
must be given at equal increments of V.

The moment ratios #M,, M, M,, M, and M, and also the reduced
area « are computed from egs. (5)—(10).

M,
M, =1/ f A/M)(da/dM)dM 5)
Mo
_ M1 1/
M, = [ M‘(da/dM)dM] (6)
Mo
_ M1 ‘
M, =f M(da/dM)dM 7)
Ma
_ My M
M, = f M?2(da/dM)dM / M(da/dM)dM (8)
Mo Mo
_ My M
M, =f M3(da/dM)dM/f M2*(da/dM)dM 9)
Mo Mo
Vo
a = C(v)dv/(sensitivity-sample concentration) (10)
Vi
Data Presentation

Output from the computer program contains, on the first page, all of
the sample identification and the complete input data including the cali-
bration curve and its derivatives and the concentration data both as
read and as transformed. The second output sheet is shown in Figure 1.
Here in the top line are given the five molecular moment ratios and the re-
duced area, . The next two lines show a measure for the inhomogeneity
of the polymer under investigation proposed by Schulz:?

U, = (Muw/M,) — 1 (11)

U, and U, are defined correspondingly. In the following lines another
quantity is given which represents the absolute width of the polymer dis-
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tribution.* Sigma N is the standard deviation of the number distribution
of the sample; the other values are defined correspondingly. This is
followed by a tabulation of molecular weight, cumulative and differential
distributions. Initially, the program terminated at this point. It soon
became evident that the limiting step now was plotting the differential
and cumulative distribution curves. Therefore, an additional routine was
incorporated to produce approximate plots on the printer. A sample of
such a plot is shown in Figure 2. Both the cumulative and differential
curves are included on a single plot. The user can specify the plot limits.
The scales are chosen automatically as 1, 2, or 5 times a power of 10 so
as to obtain optimal resolution. The resolution is about 19, which is
adequate for most purposes. Additional plots of the lower ends of the
distributions are printed out automatically until sufficient detail is visible
around the maximum of the differential curve. The following output
pages show a differential histogram of the entire sample (or of at least 90%,
of it) (Fig. 3). The figure demonstrates that the program is able to com-
pute and plot bimodal distributions. A subsequent graph again shows the
details around the maximum of the histogram.

TABLE I
Influence of Number of Points upon Calculation

Calculated molecular weight averages

Number of Reduced
points Mn M, Mo M. Mz+1 area o
72 67,420 274,600 305,800 694,700 1,050,000 251.1

54 67,230 274,600 305,900 696,900 1,057,000 251.0

37 67,360 276,100 307,800 704,400 1,071,000 251.3

19 66,930 279,300 311,900 727,000 1,118,000 251.3

10 64,550 287,500 323,600 809,600 1,294,000 251.6

5 57,420 280,900 317,600 825,700 1,340,000 254.3

An important feature of the program is the computation of the viscosity-
average molecular weight. The Mark-Houwink exponent included in
the input data is that for a polymer-solvent system in which intrinsic
viscosity is determined in a separate experiment. This exponent is not
necessarily that for the eluting solvent used in the GPC. Agreement
between the calculated A7, and measured M, ensures proper column cali-
bration and the absence of degradation. A second important control is
afforded by the reduced specific area «. For a given polymer—solvent
fractionation system, this number should remain constant. By experience
it was found that a 109 fluctuation of the data for a polymer-homologous
series should be considered normal.

A test was carried out to determine the number of input pairs necessary
to define the recorder output sufficiently. The results are shown in Table 1.
It was found that as little as five pairs, placed properly along the output
curve, gave excellent results.



924 H. E. PICKETT, M. J. R. CANTOW, AND J. F. JOHNSON

This program was coded in Fortran II for the IBM 7094 computer.
Complete program instructions, source deck, and object deck are available
on request.
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Résumé

La chromatographie par perméation sur gel produit un type de distribution différenti-
elle de poids moléculaires directe et rapidé. La conversion de ces résultats en distribu-
tion conventionnelle de poids moléculaire et les diagrammes de distribution prennent
beaucoup de temps. Un programme est décrit en vue de faire ces opérations rapidement.
Les données a fournir au départ du chromatographe automatique, le volume d’élution et
la déflection de I’enrégistreur sont converties en vue de relier la sensibilité et les correc-
tions des lignes de base appliquées. La courbe est alors intégrée numériquement et la
courbe du calibrage utilisée en vue de convertir le volume d’élution en poids moléculaire.
Les différentes courbes de calibrage peuvent aisémant étre introduites dans le programme.
Le résultat, outre la tabulation de la distribution de poids moléculaire cumulatif et dif-
férentiel contient les valeurs de M, M, M, M, et M..,. Une surface absolue réduite,
¢’ést-a-dire, une surface pour une sensibilité unitaire par unité de base de concentration
est également tabulée. Un point important, permettant de réduire le temps est I'impres-
sion de courbes de distributions différentielle et cumulative des poids moléculaire et
d’obtenir un histogramme différentiel.

Zusammenfassung

Gelpermeationschromatographie liefert direkt uhd rasch einen Typ einer differentiellen
Molekulargewichtsverteilung. Die Umwandlung der Ergebnisse in die konventionellen
Molekulargewichtsverteilungen und Verteilungsdiagramme ist zeitraubend. Es wird
ein Computerprogramm zur raschen Durchfithrung dieser Operationen beschrieben. Die
Eingabedaten vom automatisierten Chifomatographen, das Elutionsvolumen und die
Recorderablenkung werden auf Einheitsempfindlichkeit ungewandelt und Basislinien-
korrekturen angebracht. Die Kurve wird dann numerisch integriert und eine Eichkurve
zur Umwandlung der Elutionsvolumina in Molekulargwichte verwendet. Verschieden-
artige Eichkurven kénnen leicht in das Programm eingefiihrt werden. Der Computer
liefert, neben einer Tabellierung der kumulativen und differentiellen Molekulargewichts-
verteilung, Werte fir M,, M,, M,, M, und M,;,. Als eine wichtige Grosse wird ein
reduzierte absolute Fliche, d.h. eine fiir Einheitsempfindlichkeit von einer Einheitskon-
zentrationsgrundlage berechnete Fliche tabelliert. Ein zusitzliches Zeit sparendes
Charakteristikum ist das Ausdrucken von differentiellen und knmulativen Molekularge-
wichtsverteilungskurven und eines Differentialhistogramms.
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