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SUMMARY 

Theoretical gel permeation chromatography curves have been derived for model 
polydisperse polymers having chosen molecular weight averages and a given degree 
of random trifunctional bmnching. Gel permeation chromatography traces had been 
treated on a computer using the method proposed by DROTT, and the molecular 
weight averages and a branching characteristic obtained were compared with those 
following directly from the model used (the STOCKMAYER type of distribution). The 
basic assumption of DROTT (the ratio of the number of branch points to the mo- 
lecular weight being constant) is discussed. 

INTRODUCTION 

Gel permeation chromatography provides an estremely convenient and rapid 
method for determination of the molecular weight distribution of polydisperse linear 
polymers. With polydisperse branched polymers, on the other hand, interpretation 
of the gel permeation chromatography (GPC) traces in terms of molecular weight 
averages and branching densities is considerably complicated by a distribution, not 
only of molecular weights, but of branch points. Two attempts1-4 have been made to 
analyse gel permeation chrornatograms of polydisperse branched polymers. Both 
methods assume, a $wiori, a branching distribution. Thus DROTT et al.l-3 assume that 
the number of branch points, ?zytM, per molecule is proportional to the molecular weight, 
M, while SE~ULTZ~ assigns a definite distribution of both branch points and molecular 
weights to the branched polymer. 

The branching model assumed by DROTT is likely to be in error, particularly 
at low molecular weights, for most real polymers. It is, however, difficult to predict 
how seriously this assumption affects the calculated molecular parameters. The va- 
lidity of DROTT’S method has been checked by calculating theoretical gel permeation 
chromatograms for a polydisperse branched polymer conforming to a distribution of 
12 and M first derived by STOCICMAYFRG and for which ?znf is not proportional to M 
over the whole molecular weight range. The theoretical GPC traces were analysed 
according to the method of DROTT and the molecular parameters obtained compared 
with those used to calculate the GPC trace. 
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THEORETICAL GEL PERMEATION CHROMATOGRAMS 

A gel permeation chrornatogram is, in effect, a plot of the weight fraction 
WV of polymer having an elution volume V against V. On the other hand, the mo- 
lecular weight distribution of as polydisperse branched polymer is usuallp+” more 
conveniently expressed in terms of the differential weight fraction W, of polymer 
having a relative molecular weight Z and having an average number 3z2 of branch 
points. Here Z is a reduced variable defined as Z = M/y,, where i?n is the number 
average molecular weight of the “primary” chains, i.e. the number average molecular 
weight which would be obtained if all the branches were severed. In order therefore 
to construct a theoretical GPC trace for a polydisperse branched polymer, WV must 
be written in terms of Wz, and the elution volume V corresponding to each %-mer 
calculated. 

The latter calculation requires knowledge of the ’ ‘universal” calibration curve 
for the particular GPC column set under its operating condition, i.e. the constants 
A, 23, C, etc. in the equation 

log [7jJM =,A + BV + CT’2 + *.* (1) 

must be known. ([q-j is the intrinsic viscosity.) As shown by SHULTZQ, the elution 
volume for each Z-mer is given by 

log ([?j]Z) = A’ + B’V + C’T’2 + I.. = 1ogK + (3) loggr + (I + a) IogZ (2) 

The constants n and K’ occur in the intrinsic viscosity-molecular weight relationship 
for the monodisperse linear polymer in the GPC solvent at its operating temperature, i.e. 

The branching parameter g, in eqn. z is a function of Us, being related to the in- 
trinsic viscosities of the branched and linear chains of the same molecular weight by” 

gc2 = f(n,) = Cdd[vlt (4) 

Expressions relating gz to n2 have been calculated lo-12 for various branching topol- 
ogies. If the dependence of qz2: on Z is known, the relationship between gz and Z can 
be calculated; hence V can be obtained for each Z-mer from eqn. 2. 

It follows from eqn. I that W, corresponds to the weight fraction Wroa[,~Jz of 
polymer having logarithm of the product intrinsic viscosity and molecular weight 
log [q,!Z. It is readily shown that 

Combining this equation with the relationship between Wlos~,~~z and W, derived by 
SHULTZ for a branched polymer (eqn. 7 of ref. 4) yields the desired dependence of 
WV on Wz, namely 

-1 

1 [ 
cl log ([7jJZ) ---- 

dV 1 

w 
E (6) 
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Conkruction of a theoretical gel permeation chromatogram from eqns. z and G 
requires knowledge of the functions JVz and gz. A model polydisperse polymer with 
trifunctional branch points distributed randomly was used for this purpose. The 
differential weight fraction distribution functions for such a polymer were first derived 
by STOCKMAYER 5; they apply to polymers formed by polycondensation of monomers 
of the type SA, + YA, + ZB, (where A reacts only with I3 and vice VEYSU, and all 
reacting groups have the same reactivity). We use the slightly modified distribution 
function of SHULTZ.~~~: 

wnz = [y%2/n(n + 2)]W,,.-1, Zr 12 2 I (7) 

and 

Here y is a branching indes, being zero for a linear chain and unity at the point of 
incipient gelation; y is related to the weight average number /it,! of brancll points per 
molecule and to the polydispersity factor M,,/i%,, = Q by&e” 

Y = &l(z -I- %o) = 3(Q - 2) /(39 - 2) (8) 

For this model polymer, ZIMM AND STOCICMAYISR~~~ calculated gz as a fullctioll of ~2.~: 

where 

SHULTZ~ has tabulated TVz and jzz for various values of % and for different values 
of y. Using these tabulated results and the simplified espressions” for gz and IVz at 
large (>xzo) % allows the gel permeation cllromatograpl~~~ trace to l.>e constructed 
from cqns. I, 2, G and g. An actual (non-linear) universal calibration curve was 
used for this purpose (Fig. I). This curve was obtained with colux~m combinations 
of 3 x roG, 3 x IO*), 3 x 10” and Go A using polystyrene fractions in r,2,4-trichloro- 
benzene at 135” with a flo~v rate of I ml/see. The constants I< and n in eqn, 2 were 
given values of 9.54 x IO-’ I cll/g and 0.64, respectively; tllese values were obtained 
in this laboratory for fractions of linear polyetllylenc in trichlorobenzene at 135”. 

Fig. 2 shows theoretically calculated curves of T,l;? Z~CI*S~LS V for polymers having 
a constant weight-average molecular wei&t MLU of 2 x IO6 but wit11 different values 
of tile branching indes y (0, 0.6 and 0.g). Obviously the molecular weight clistributiorl 
width increases tvith increasing degree of branching. Of more interest is Fig. 3, whicll 
shows the effect on the shape of the gel permeation chromatography trace of changing 
molecular wei&t at constant degree of branching (y = 0.0, fil,, = 18) and hence 
constant polydispersity Q. Despite the fact tllat the clistribution of M and 11 is identical 
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20 25 30 35 
v (counts) 

Fig. I. The universal calibration established experimentally and used throughout all calculations. 

Fig. 2. GPC curves for polyclispersc branched polymers with lvl, = 2 
of branching. (I) y c 0.0; (2) y = 0.6; (3) y = 0.9. 

x 10~ and different clcgrccs 

v (counts) 

Fig. 3. GlJC curves for polyclisperse branched polymers with the clegrcc of branching y = 0.9 :~IIC~ 

different molecular weights. (I) m,, = 6 X IO’; (2) mt, = 2 X IOO; (3) l?;z,bs = I.0 X 10”; (4) 
ii7 ,,, = 005 x 105. 
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for each of these curves, tlwrc are signilicant differences in the shapes of the GPC traces 
for the different Mz,,. In particular, tile appearance of sl~oulders at varying elution 
volumes is noteworthy. The actual differential distribution curves of Wz 7m2ms Z 
(Fig. 4) do not show such shoulders. In the GPC traces, the latter arise from the use 
of a non-linear universal calibration curve. For such a curve, the slope cl log ([q]%)/dV 

appearing in eqn. 0 is not a constant; tlxis fact alone accounts for the appearance of 
shoulders and the different shapes of tile cur\.es in Fig:. 3, Similar effects were found 
bv Y.4u et nl.13. This result has ELII important practical consequence : qualitative con- 
ciusions about tlwniolecular weight distribution (9x1~ as association of shoulders with 
an escess of a certain molecular xveight species) drawn from visual observation of 
a gel permeation c~~roriiatc-)grapli?~ trace can be niisleacling, particularly when a lxoad 
molecular weight distribution polymer (brancl~ccl or linear) is combined with a non- 
linear calibration curve. 

Tlie xxliclitj- of the calculatecl gel pernleation cllrolllatohrriln7s was checked by 
nssuming the polymers ww-c linear and anal>-sing the gel perniwtion cliromntogral>l~?: 
trace in tile usual tnnnncr for ;1 linear pol~*mc~-. 

(mcJll,,,> 

‘J’l~c molecular \wiglits (iW,,,)u,,,,, 

and (/i7JlrI,,, so obt:Linecl arc of c’ourse apparent values (ml?;. However, in 

a recent p:Lpcr, SIicTl.*rzI calculatecl tile ratios of tlw ;dxal to apparent molecular 

weights mid of tile actual to apparent Q ‘s for tllc same trifulictic’,nall~r lxuicl~ecl 

polyclisperse model polymer used here (l’nbles I mcl I I I of ref. 4). Table I sllo~vr~ the - 
results for tllree l)ol>*nlers, eacl~ having an actual A/I,,, of 2 x xo6 but wit11 y = 0.q 
(ii,c - 15.0), 0.6 (fi,,: - 3.0) ancl zero (fi,, = 0). ‘I’lw calculated Inolccular weights ancl 
Q values are in g3leral within 10 9,;) of tlw uctuxl ~xlues. Tlwse cliffcrences are con- 
siclerecl to lx \vith.in the error (arising mainI>* from clctcrniination uf slopes required 
in eqn. 6) of calculating tile tlleoretical gel permeation cllrotiiatoRr~~plly traces. 
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by a method proposed by DROT+-~ for polydisperse branched polymers. In this 
method, the various molecular weight averages and the branching density are cal- 
culated from the measured intrinsic viscosity < [~JB> of the whole branched polymer 
and the observed GPC trace by an iterative procedure. Such a procedure requires 
an a jwiori assumption about bmnch distribution function. DROTT assumes a model 
in which the number of branch points, VZnf, is proportional to the molecular weight 
of the chain, i.e. 

NM/M = constant = Al (10) 

With this assumption and using an initial trial value of the branching parameter il,, 
the GPC trace is used to compute the intrinsic viscosity of the whole polymer by use 
of the equation 

The procedure is repeated by incrementing or decrementing il, until the calculated 
intrinsic viscosity agrees with the measured value. 

Since the various molecular weight averages and the weight average number 
fit0 of branch points per molecule are known for the theoretically calculated GPC 
traces, comparison of the actual values with those calculated by the DROTT procedure 
allows the validity of the assumption that %r is constant and independent of Al to 
be checked. 

In the analysis of the theoretical GPC traces by this method, the value of s,J~J,, 
required in eqn. 11 was calculated from eqn. c) by replacing 12% by MA,. The intrinsic, 
viscosities of the whole polymers are required as input to DROTT’S programme. These, 
viscosities were computed from the ratios c [71]e>/< [o~]I,> calculated by BERGER ANDY 
SHULTZ~~ for the same model polymer as employed here. c [~JI,> is the intrinsic vis- 
cosity of a linear chain having the same _iV .*,, as the branched polymer but having 
the most probable molecular weight distribution (for which Q = 2). The value of 
c ~vJL> was computed by correcting the constant Ir’ in eqn. 3 for the effect of the poly- 
dispersity (since eqn. 3 applies to a monodisperse polymer). It can readily be shown 
for the most probable distribution that 

where I< = 9.54 x IO-~ dl/g and a = 0.64, as used for calculating the theoretical 
gel permeation chroniatograpliy traces. This value of _= [?]I,> was used to calculate 
c [qJ13> from the ratios c [rJ n>/c [~JL>, the latter being obtained from Table I of 
ref. 14 with a = o.GG and b = 0.50. 

Table II shows the actual molecular weight averages and those calculated by 
the DROTT procedure for three polymers having the same Mw (z x roe) but with dif- 
ferent degrees of branching, y values being between o (i.e. linear chain) and 0.90. 
The difference between the actual and calculated values is considered to be within 
the error involved in constructing the theoretical GPC traces. Also shown in Table II 
are the calculated values for Al. \Vith the linear polymer (y = o), a negative value for 
A1 is obtained. Since the iterative procedure ceases as soon as a negative value of 

J, Clrr~ot~rato~., 53 (1970) 55-93 



92 A. CERVENKA, T. W. BATES 

A1 is obtained, such a value indicates a linear cllain. The final column of Table II 
shows the weight average number, ii.ur, of branch points, the actual values being cal- 
culated from y via eqn. S and the calculated values from the product of ill and the 
calculated Mw. Good agreement is obtained between the actual and calculated values 
of n’w. 

We conclude therefore, tllat the DROTT procedure for analysing polydisperse 
branched polymers provides a reliable measurement of both molecular weight averages 
and of Ew, at least for polymers conforming to the STOCKMAYER distribution of mo- 
lecular weights and branch points. At first sight, such a conclusion may seem surprising 
since the assumption that A1 = ~LJ~/M is constant applies only approsimately to tlie 
STOCKMAYER distribution. Fig 5 shows a plot of lz,/Z against Z = M/y,l, for different 
values of y, Although at Iliglzer values of molecular weight, constancy of 7zz/Z is 
observed, it decreases with decreasin g molecular weight at low molecular weights. 

20 40 60 80 
z 

Fig. 5. Plot of the ratio PL,/% (the average xlumber of branch points per %-mm to the rcclucccl 1110.. 
lccular weight) VCYS~US % for three cliffcretlt clcgrccs of brmching. 

However, tlze DROTT procedure for determining molecular parameters is based on 
the use of ecln. II for c [‘~JI:,~P ; tllis equation involves a weight averaging and con- 
sequently is relatively insensitive to the characteristics of low molecular weight 
species. As a result, the calculated value of ill is determined mainly by the high 
molecular weigllt chains for which A1 is constant for tile STOCKMAYER distribution. 
This latter conclusion was confirmed by modifying tile DROTT method by replacing 
eqn. IO by an equation which more accurately represents the dependence of ?z on 
,iM for the STOCKMAYER distribution. The equation used wasa 

*tfir = (I + &2M2)1/‘2 - I (13) 

where ?~22 is a constant equal to r/S,,, 2. Thus A, is now the branching index (in place 
of 3,, in DROTT’S original method) which is determinecl by the iterative procedure. No 
significant difierence in the calculated average molecular weigllts and iizo’s was ob- 
tained by using the more accurate ecln. 13 in place of the approximate eqn. x0 
(see Table I I). 
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Thus we may conclude that the DROTT procedure for characterking polydis- 
pm-se branched polymers is fairly insensitive to tile characteristics of the low molecular 
weight chains ; reliable molecular weights and Ixanching densities will be obtained 
provided that the distribution of branch points in the real polymer is such that %, 
is constant at the higher molecular weights. 
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