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ABSTRACT: The effect of the chemical-composition heterogeneity of flexible-chain binary copolymers
on their separation in size-exclusion chromatography (SEC) was theoretically examined. The two-
parameter theory of polymer solutions was engaged to estimate the coil size. The variation in molecular
weight is shown for copolymer molecules which differ in the ratio of the two constituent monomeric units
but have the same coil size and, therefore, are eluted at the same elution volume. The result was applied
to a theoretical case of analysis of copolymers, the composition and molecular-weight distributions of
which are given by theoretical functions. If the refractive index increments of homopolymers whose units
constitute the copolymer are equal or close to each other, the influence of the chemical heterogeneity on
the experimental data is below the experimentally detectable limit. A significant error in the
determination of the molecular-weight averages can occur only if the difference in the refractive index
increments exceeds physically reasonable limits.

Introduction

The combination of size-exclusion chromatography
(SEC) with an absolute method for the molecular-weight
determination, e.g., light scattering (LS), brings new
possibilities to polymer analysis. On the other hand,
theoretical problems arise in the evaluation of experi-
mental data. This holds true especially in SEC of
copolymers, where questions of two kinds arise: first,
how a copolymer is separated and, second, how it is
detected and what kind of information may be drawn
from the raw detector data.
There is no unambiguous relation between the coil

structure and the elution volume of a particular polymer
species. It is believed that the separation process is
governed by the size-exclusion radius of the molecule,
RSEC, but there is no general agreement whether RSEC
corresponds to the theoretically founded mean projection
on a line, or to the viscosity radius or radius of
gyration.1,2 On the other hand, as pointed out by Dubin
et al.,3 if the SEC studies are confined to a single
structural type, virtually any dimensional parameter
will prove successful. Hence, the well-known universal
calibration concept4 based on the product of molecular
weight and intrinsic viscosity, [η]M, holds among poly-
mers of similar chain characteristics.
Our study is focused on the flexible-chain copolymers

of two comonomers, A and B, and the hydrodynamic
volume [η]Mwill be taken as a measure of the molecular
size.
With copolymers, the chain dimensions depend not

only on the molecular weight or chain length but also
on the composition, i.e., on the weight fraction wA (in
the following, the subscript will be dropped) of mono-
meric units A in the copolymer AB. It is obvious that
the two quantities may compensate each other in some
sense, i.e., that some molecules of different composition
and molecular weight may have the same coil dimen-
sions and, consequently, be eluted at the same elution
volume V. Due to this, polydispersity of fractions and
deteriorated separation according to molecular weight
(in addition to the well-known axial dispersion effect5)
have to be expected. In consequence of that, there is

uncertainty connected with the interpretation of experi-
mental data,6-12 which is a serious obstacle, e.g., to the
confirmation of theories that forecast the statistics of
copolymerization. Therefore, the effect of chemical
composition on the size separation should be analyzed
in order to estimate its influence on the precision of the
experimental data.
Generally, light scattering from copolymer solutions

yields only an apparent (weight-average) molecular
weight Mh H*, rather than its true value.13-15 Another
complication appears if LS is used in the dual-detection
arrangement: the correct value of concentration cannot
be computed from the differential refractometer (DR)
data unless w at every elution volume is known.
Based on the assumptions listed above, a SEC analy-

sis of a copolymer with the distribution of molecular
weightW(M) and chemical compositionW′(w) described
by theoretical functions was modeled. Our aim was to
find whether differences in the structure and properties
of comonomers influence the separation process and
whether, and how, the information provided by the
single DR detector or by the dual DR/LS detector
combination corresponds to the true distribution char-
acteristics of a particular copolymer.

Theory

Coil Dimensions. According to the two-parameter
theory of polymer solutions, the hydrodynamic volume
[η]M can be calculated from the intrinsic viscosity by
means of the equation16,17

where Φ0,∞ is the limiting value of the Flory viscosity
function for nondraining random coils and (〈R2〉0/M)∞ is
the random-coil value of the ratio of the unperturbed
mean-square end-to-end distance 〈R2〉0 and molecular
weight. This study is confined to copolymers of vinyl
monomers, i.e., with both monomeric units having
identical length; the value l ) 1.5 × 10-8 cm has beenX Abstract published in Advance ACS Abstracts, August 1, 1996.

[η] ) Φ0,∞(〈R
2〉0/M)∞
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used throughout the calculations. It is convenient to
write

wherem0 is the molecular weight of the monomeric unit,
l is the length of the main-chain bond, and C∞ is the
characteristic ratio

where n is the number of main-chain bonds in the chain.
The viscosity expansion factor, defined as16,17

where [η]0 is the intrinsic viscosity corresponding to the
unperturbed state, can be expressed as a function of the
excluded-volume parameter z18,19

where16

and the interaction parameter, B, is a function of the
binary cluster integral.
With copolymers, similar relations are valid, but the

chemical composition impacts on the chain dimensions.
The characteristic ratio of the copolymer molecule can

be written as20

where x is the molar fraction of A units in the copolymer
molecule and where the term δC∞,C corrects for the
population of unlike diads (AB and BA) of the mono-
meric units.20 For block copolymers and for copolymers
where C∞,A is close to C∞,B, the equation obeys the
approximation proposed previously by Stockmayer,13
i.e., δC∞,C ) 0.
Similarly for the interaction parameter of a copoly-

mer, we have9

where BAB is the term expressing the interaction of
monomeric units A and B.
Chemical-Composition Distributions. The dis-

tribution of chemical composition and molecular weight
of a copolymer is characterized by a two-dimensional
distribution function, which gives the probability den-
sity of the presence of a molecule of a given composition
(e.g., molar fraction x or weight fraction w of component
A in the copolymer molecule AB) and molecular weight
M in the sample. For the sake of simplicity, it is usually
assumed that this function may be expressed as a
product of two marginal distribution functions, that of
the chemical composition, W′(w), and the other of
molecular weight, W(M).21-27 In other words, it is
assumed thatW′(w) is the same for molecules with any
specific value of molecular weight, andW(M) is the same
for molecules with any specific composition. This as-
sumption is generally not fulfilled. Its potential effect

on the results of SEC analysis of copolymers is being
investigated by the authors.
Three types of W′(w) are employed in the calcula-

tions: W′(w) due to the conversion heterogeneity (which
is generated by the change of ratio of monomer concen-
trations during the polymerization), W′(w) due to the
statistical heterogeneity (caused by the statistical na-
ture of the chain-growth reaction), and, as a case of an
extremely broad W′(w), the rectangular distribution
where the probability density is uniform throughout the
whole span of w, i.e., from unity to zero.

Results and Discussion
In accordance with the principle of universal calibra-

tion, the molecules eluted at a fixed elution volume V
should have identical hydrodynamic volumes, i.e., the
values of the product [η]M.4 As a starting point to the
modeling of SEC experiments, the variation in molec-
ular weight and composition of copolymer molecules at
a constant [η]M will be discussed.
Molecular Weight and Composition at Constant

[η]M. Combining eqs 1-6, one gets

where

and the average molecular weight per monomeric unit
mj 0 is

It follows from eq 9 that the molecular weight of
copolymer molecules eluted at a fixed V, denoted
hereinafter byMh V, depends on several variables specific
to the system: characteristic ratios, interaction param-
eters, copolymer composition, and molecular weight of
monomeric units. In practice, the effects of these factors
overlap and may be cooperative or antagonistic. (The
molecular weight MV and the corresponding degree of
polymerization PV should not be confused with the
viscosity-average values.)
In order to evaluate the weight- and number-average

molecular weights, Mh w,V and Mh n,V, of molecules eluted
at a fixed elution volume V, it is necessary to take into
consideration all possible chemical compositions (0 < x
< 1) and to calculate, according to the dual molecular
weight-composition distribution, the fraction of the
particular polymer species characterized by x and M.
To illustrate the role of the characteristic ratio, reflect-
ing the chain stiffness, we calculate the MV values for
molecules of different compositions and the Mh w,V/Mh n,V
ratio assuming a vinyl-type copolymer andm0,A ) m0,B,
BA ) BB ) BAB ) 0 (i.e., G2 ) 0 and Rη

3 ) 1). It follows
from eqs 1, 2, and 7 for δC∞,C ) 0 that, in this case,

where

(〈R2〉0/M)∞ ) 2l2

m0
C∞ (2)

C∞ ) (〈R2〉0/nl
2)∞ (3)

Rη
3 ) [η]/[η]0 (4)

Rη
3 ) (1 + 1.9z)3/5 (5)

z ) ( 32π)3/2(〈R2〉0
M )

∞

-3/2

BM1/2 (6)

C∞,C ) xC∞,A + (1 - x)C∞,B + δC∞,C (7)

BC ) xBA + (1 - x)BB + 2x(1 - x)BAB (8)

[η]M/Φ0,∞ ) G1M
3/2(1 + G2M

1/2)3/5 (9)

G1 ) (2l2/mj 0)
3/2C∞,C

3/2 (10)

G2 ) 1.9( 3mj 0

4πlC∞,C
)3/2BC (11)

mj 0 ) xm0,A + (1 - x)m0,B (12)

〈R2〉0,C ) 2C∞,Al
2Pq (13)

q ) p - (p - 1)x (14)

p ) C∞,B/C∞,A (15)
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and P is the degree of polymerization (P ) n/2). To
fulfill the condition of equal hydrodynamic volumes of
molecules eluted at a constant V, the Pi,V values must
satisfy the relation

where subscript i refers to copolymer molecules char-
acterized by the molar fraction x of monomeric units A.
The constant in eq 16 is obtained by choosing homopoly-
mer A (x ) 1) as a reference composition, where Pi,V )
PA,V and qi ) 1. Figure 1 presents the dependences of
Pi,V/PA,V on x for several values of p. The increasing
trend of the dependences is a consequence of p > 1 (C∞,A
< C∞,B).
The differences in M (or P) of the polymer molecules

eluted at a fixed elution volume, V, lead to the poly-
molecularity of fractions, Phw,V /Phn,V, where the weight-
and number-average degrees of polymerization are
defined

W̃′(x) is the distribution of chemical composition at the
elution volume V. The Phw,V/Phn,V ratio will now be
assessed. Assuming further, for the sake of simplicity,
the rectangular frequency distribution of chemical
composition (each composition with the same frequency,
ni,V ) const) and assuming m0,A ) m0,B, the weight
fraction of molecules of composition xmay be expressed
as

Substituting for Pi,V from eq 16 and replacing sums by
integrals (in limits 0 e xi e 1), we obtain

By substituting into eqs 17 and 18 for PV(x) from eq 16

and for W̃′(x) from eq 20, we obtain

The results of these calculations for 1 e p e 10 are
presented in Figure 2. The Phw,V/Phn,V ratio of fractions
increases with increasing p (Figure 2a), which is due to
the fact that Phn,V/PA,V decreases more rapidly than Phw,V/
PA,V (Figure 2b). The plot of Phw,V/Phn,V vs p is almost
linear, particularly at p > 2.
While, under ideal conditions, the polymolecularity

index of fractions of homopolymers eluted in an SEC
experiment should be equal to unity, it may be signifi-
cantly increased above this value with copolymers, if
the characteristic ratios C∞,A and C∞,B are different.
The range of p values considered in the present

calculations is broad, whereas the C∞ values of most
vinyl-type polymers are between 5 and 25. For the
range 1 e p e 5, the values of Phw,V/PA,V and Phn,V/PA,V
decrease from 1 to 0.5 and from 1 to 0.4, respectively.
Hence the Phw,V/Phn,V ratio increases from unity to 1.25.
Unlike the effect of the characteristic ratio, the effect

of the values of the interaction parameters B cannot be
expressed in general terms, and eq 9 has to be solved
forM numerically; the Newton method of tangents was
used. To show this influence, we present an example,
assuming the rectangular distribution of chemical com-
position, letting C∞,A ) C∞,B ) 10, BA ) 0.1 × 10-26, BAB
) 0 and varying BB in the range 0.1 e BB × 10-26 e 3;
m0,A ) m0,B ) 100 was assumed in these calculations.
The dependences on BB of the Phw,V/Phn,V ratio calculated
for [η]M/Φ0,∞ × 10-15 ) 18, 2, and 0.8 (corresponding to
M × 10-6 ) 5.6, 1.3, and 0.7 and [η]/(mL/g) ) 827, 398,
and 110, respectively) are depicted in Figure 3. It can
be seen that the polymolecularity of copolymer fractions
eluted at a fixed elution volume becomes pronounced
only at very high, rather improbable differences in the
interaction parameters of homopolymers. The role of

Figure 1. Dependence of the ratio of the degree of polymer-
ization of the copolymer to that of the homopolymer A, Pi,V/
PA,V, eluted at fixed elution volume, V, on the composition, xB,
calculated according to eq 16 for p ≡ C∞,A/C∞,B ) 2, 3, 5, and
10 (curves from top to bottom).

Figure 2. Dependence on the ratio p ≡ C∞,B/C∞,A for the
copolymer AB eluted at a fixed elution volume, V, of the Phw,V/
Phn,V ratio (a) and the ratios Phw,V/PA,V (upper curve) and Phn,V/
PA,V (lower curve) (b).

Phw,V ) (p - 1)/p ln p (21)

Phn,V ) ln p/(p - 1) (22)

Pi,Vqi ) const (16)

Phn,V ) [∫01W̃′(x)/PV(x) dx]
-1 (17)

Phw,V ) ∫01W̃′(x)PV(x) dx (18)

W̃′i ) Pi,V/∑
i
Pi,V (19)

W̃′(x) ) (p - 1)[p - (p - 1)x]-1/ln p (20)
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the polymer-solvent interaction turns out to be less
important than that of the chain stiffness.
To illustrate these considerations by a typical pair of

comonomers, viz., methyl methacrylate and styrene, we
repeat the calculations using data (cf. Table 1) taken
from the literature and setting [η]M/Φ0,∞ ) 3 × 10-18, a
value giving M in a reasonable range. The result
obtained for several solvents by numerically solving eq
9 for M is depicted in Figure 4 as a function of the
weight fraction of methacrylate units. The hypothetical
case where BA ) BB ) BAB ) 0 is also included. The
difference in molecular weights MV eluted under the
given conditions may amount to as much as 30%, but
the Mh w,V/Mh n,V ratio is still less than 1.01. This is
probably due to a low value of 1.47 of the parameter p.
Molecular-Weight-Distribution Analysis of Co-

polymers by SEC. The question arises to what extent
the facts demonstrated in the preceding part are re-
flected in the results of the molecular-weight-distribu-
tion analyses carried out by SEC with copolymer
samples which are polydisperse in molecular weight and
heterogeneous in composition. To answer this question,
the weight- and number-average molecular weights
obtained by model calculation (“experimental values”)
will be confronted with the “true” ones. To reflect only
the polydispersity in chemical composition and molec-
ular weight and to exclude trivial effects such as
changes of molecular weight with the variation of m0,A
or m0,B, the results of modeled analyses of two species
will be compared: that of a copolymer of givenMh n,Mh w,
etc., with a homopolymer of identical average molecular
weights and molecular characteristics, i.e., monomer
molecular weight (eq 12), characteristic ratio (eq 7), and
parameter of interaction (eq 8).

The discussion of the problem is divided into two
parts, depending on the conditions of detection in the
SEC experiment. In the former, identity of the refrac-
tive index increments of the parent homopolymers, νA
) νB, and thus true concentration detection will be
assumed. In the latter, a real situation will be modeled
where νA * νB.
True Concentration Detection. We now calculate

the normalized chromatogram heights F(V) at elution
volume V for copolymers. We assume that the concen-
tration detector is capable of detecting the mass of
polymer in solvent regardless of the refractive index
increment of its constituents. Let the contribution of
the copolymer species with composition w to the chro-
matogram at elution volume V be f(w,V). The integrals
both of the normalized chromatogram over the composi-
tion and elution volume and of the normalized dual-
composition molecular-weight distribution should be
unity. This condition may be written in the differential
form

(where the subscript V indicates M at a fixed V) or

The differential term can be expressed as

where MH,V is the molecular weight of homopolymer
eluted at V. The last differential can be evaluated from
the well-known calibration relation for homopolymers

as

Figure 3. Dependence on the interaction parameter BB of the
calculated Phw,V/Phn,V ratio of the copolymer eluted at elution
volume V. Calculation with BA ) 1 × 10-27, BAB ) 0, C∞,,A )
C∞,B ) 10, and m0,A ) m0,B ) 100 for [η]M/Φ0,∞ × 10-3 ) 50,
10, and 5 (curves from top to bottom).

Table 1. Values of the Interaction Parameter (B), Partial
Specific Volume (vj), Molar Volume of the Solvent (VS),

and Characteristic Ratio (C∞), Taken from Ref 16 for the
Model Calculation (cf. Figure 4) for Polystyrene (PS) and
Poly(methyl methacrylate) (PMMA) in Various Solvents

PS (C∞ ) 9.85) PMMA (C∞ ) 6.7)

solvent
temp
(°C)

VS
(mL/g)

vj
(mL/g)

1029B
(cm3)

vj
(mL/g)

1029B
(cm3)

THFa 25.05 82.3 0.9102 6.15 0.8085 4.21
toluene 30.0 107.4 0.917 6.25 0.807 2.38
MEKb 30.0 90.8 0.9078 1.07 0.7993 2.83

a Tetrahydrofuran. b 2-Butanone.

Figure 4. Dependence on the copolymer composition wH
(weight fraction of methyl methacrylate units) of the ratio of
molecular weight of poly(styrene-co-methyl methacrylate),MC,
to molecular weight of styrene homopolymer, MS, eluted at
constant elution volume, V, in 2-butanone, hypothetical Θ
solvent, tetrahydrofuran, and toluene (curves 1 to 4, respec-
tively from top to bottom). Parameter values from Table 1 were
used for computation.

f(w,V) dw dV ) W′(w)W(MV(w)) dw dMV(w) (23)

f(w,V) ) W′(w)W(MV(w))
dMV(w)
dV

(24)

dMV(w)
dV

) MV

d logMV(w)
d logMH,V

d logMH,V

dV
(25)

logMH,V ) D1 - D2V (26)

d logMH,V

dV
) -D2 (27)
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The result is

From eqs 25 and 28 we obtain

For the chromatogram height we have

If M is independent of w (i.e., MV(w) ≡ MV), which also
is the case for homopolymers, combining eqs 29 and 30
leads to the well-known equation for the chromatogram
heights31

The normalized chromatogram of the hypothetical ho-
mopolymer is generated using eqs 30 and 26 with the
values of the calibration constants (D1 ) 10.00 and D2
) 0.20) corresponding to real systems. The Schulz-
Zimmmodel distribution function30 of molecular weight
in the form

where Γ is the gamma function, and

was used in the calculations. The calculation for the
copolymers was performed using eq 29 for three model
chemical-composition distributions, W′(w), which are
depicted in Figure 5. The differential factor d log MV-
(w)/d log MH,V is evaluated numerically as the ratio of
differences log MV+∆V(w) - log MV(w) and log MH,V+∆V
- log MH,V, where ∆V is the increment of the elution
volume in each step of the computation (usually ∆V )

1). An example of this factor as a function of the
composition for a sample of the average composition wj
) 0.5 is shown in Figure 6.
The molecular-weight averages of fractions eluted at

constant elution volume (cross-sections of the chromato-
gram) as well as the total apparent average molecular
weights of the copolymer are calculated in the standard
way. The molecular weight at a given elution volume
is assumed to be either determined by a molecular-
weight-sensitive detector, such as the light-scattering
detector, or read from the calibration for a homopolymer.
The latter procedure is methodically wrong but is often
used in practice, because calibrations for copolymers
with different compositions are not available. The
results summarized in Table 2 are divided into three
parts according to the function W′(w) used. We first
discuss the most unfavorable case, the broad rectangu-
lar distribution function. It is seen that, using the light-
scattering detector, the differences between the “true”
and “experimental” values of the average molecular
weights are within the experimental error (LSa, LSc)
unless the ratio p ) C∞,B/C∞,A is large (LSb). On the
contrary, large differences in the interaction parameter
(LSc) have a minor effect. The values obtained accord-
ing to the calibration curve (C) for the homopolymer are
more influenced than the values obtained with the light-
scattering detector; this is obviously due to the discor-
dance between the molecular weight of the copolymer
and that of the homopolymer for which the calibration
holds. The data in Table 2, in particular the nonrigor-
ous evaluation of the copolymer chromatogram accord-
ing to the calibration for the homopolymer (case C), may
deserve a few more comments. When the input param-
eters have common values (case Ca), the deviations from
the true molecular weights are negligible. When,
however, the difference in unperturbed dimensions of
the constituents are larger (case Cb), the apparent
polydispersity may change severely but only in the most
inconvenient case of the rectangular chemical-composi-
tion distribution function. The effect can also be seen
in the light-scattering data (case LSb). The broadening
of the apparent molecular-weight distribution calculated
according to the given calibration and simultaneous
narrowing of the distribution calculated from the dual-
detector data were generally demonstrated to be the
consequence of deteriorated column separation.32 Here
it is obviously due to mixing of fractions of polymer of

Figure 5. Example of chemical-composition distribution
functions W′(w) used in the model calculations: (a) rectangu-
lar; (b) conversional with wj ) 0.75 (rA ) 0.48, rB ) 0.46; the
polymer composition was w ) 0.68 and w ) 0.88 at the
beginning and at the end of the copolymerization; degree of
conversion was æ ) 0.91); (c) statistical (rArB ) 0.25 and Mh w
) 105).

dMV(w)
dV

) -MV(w)D2

d logMV(w)
d logMH,V

(28)

f(w,V) ) -MV(w)D2

d logMV(w)
d logMH,V

W′(w)W(MV(w)) (29)

F(V) ) ∫01f(w,V) dw (30)

F(V) ) -MVD2W(M) (31)

W(M) ) ab+1Mb

Γ(b + 1)
e-aM (32)

a )
b

Mh n

b )
Mh n

Mh w - Mh n

(33)

Figure 6. Example of the differential factor d log MV(w)/d
log MH,V as a function of log MH,V, calculated according to eq
26 for a sample with average composition wj A ) 0.5, C∞,A ) 5,
C∞,B ) 10, m0,A ) 100, m0,B ) 50; curves (from top to bottom)
for wA ) 0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.
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the same dimensions but different molecular weight. On
the other hand, with large differences in polymer-
solvent interaction parameters (case C), the molecular
weights change without notable change in polydispersity
(Mh w/Mh n or Mh z/Mh w). This may be interpreted as a shift
of the chromatogram along the elution volume axis
without radically changing its broadness. As expected,
the molecular weights calculated from the light-scat-
tering data are not influenced in this case at all.
With realistic W′(w) functions (conversional and

statistical composition distribution), there are no ob-
servable differences between the chromatograms of a
chemically heterogeneous copolymer and a parent,
chemically homogeneous homopolymer even in the case
of high p values (LSb). Thus the influence of the
chemical heterogeneity may be neglected in practice,
provided the conditions of true concentration and mo-
lecular-weight detection are fulfilled.
Copolymers of Nonisorefractive Components.

The excess Rayleigh ratio (normalized ratio of the
contribution of the polymer solute to the intensity of the
scattered light to the intensity of the incident beam,
measured on a copolymer eluent and extrapolated to
zero angle of observation) is13,14

where ci is the concentration of species i,

is the optical constant where ñ0 is the refractive index
of the solvent, λ0 is the wavelength of the light in vacuo,

and N is the Avogadro constant, and

is the refractive index increment of a copolymer species
i with weight fraction wi of monomeric units of type A.
Its value is not known and therefore the excess Rayleigh
ratio (cf. eq 3 in ref 14) can be written in terms of the
instant apparent molecular weight Mi* of species i as

where

is the macroscopic refractive index increment measured
on the unfractioned sample with average weight fraction
wj of monomeric units of type A, and the apparent
molecular weight of species i, Mi*, is defined as

Mi* is related to the well-known apparent weight-
average molecular weight14 as

Equations 34-40 apply only if the concentration-
detector signal is proportional to the mass of the
polymer in the eluent and, consequently, the concentra-
tion is determined correctly. For nonisorefractive com-
ponents of the copolymer, i.e., νA * νB, this can be
achieved, e.g., by the combination of the ultraviolet (UV)
and DR detection. For instance, in the case of copoly-
mers of styrene and methyl methacrylate, the UV
detector is sensitive to the concentration of styrene units
and the DR detector to those of both. This enables us
to determine the concentration and composition of the
copolymer eluted.
If only the DR detection is employed, the apparent

concentration

rather than the true concentration is recorded because
the contribution of species i to the DR signal is propor-
tional to ciνi.
The apparent concentration detected by the DR detec-

tor is the sum of the contributions ci* of individual
species i. Then, the excess Rayleigh ratio measured can
be expressed as

The sums in eqs 34, 37, and 42 are identical because
the contribution of the individual copolymer species to
the experimental RΘ does not depend on the way of
determination of concentration. Comparing eqs 37 and
42, the apparent molecular weight of the polymer
species i in the SEC experiment with the on-line LS/
DR detection is obtained as

Similarly to Mi*, Mi** also is related to the apparent

Table 2. Results of the Modeled SEC Analyses
Evaluating the Dual DR/LS Record (LS) and the DR

Record and the Calibration Dependence (C) Assuming
Ideal Detection (νA ) νB)

computed
as Mh n × 10-6 Mh w × 10-6 Mh z × 10-6 Mh w/Mh n Mh z/Mh n

True Values
5.00 10.00 15.00 2.00 1.50

Rectangular Chemical-Composition Distribution
LSa 4.96 10.13 15.51 2.04 1.53
LSb 6.67 9.99 12.88 1.50 1.28
LSc 4.94 9.91 14.89 2.01 1.50
Ca 4.98 10.10 15.35 2.03 1.52
Cb 6.47 18.76 35.58 2.90 1.89
Cc 11.00 22.01 33.00 2.00 1.50

Conversion Chemical-Composition Distribution
LSa 4.99 10.00 15.02 2.00 1.50
LSb 5.04 10.00 14.83 1.98 1.48
LSc 4.99 9.98 14.98 2.00 1.50
Ca 4.99 10.00 15.01 2.00 1.50
Cb 9.69 19.58 29.72 2.02 1.52
Cc 11.11 22.18 33.22 1.99 1.50

Statistical Chemical-Composition Distribution
LSa 4.99 9.98 14.98 2.00 1.50
LSb 5.00 9.99 14.99 1.99 1.50
LSc 4.93 9.91 14.89 2.01 1.50
Ca 4.99 9.98 14.98 2.00 1.50
Cb 8.65 17.32 25.99 2.00 1.50
Cc 11.00 22.00 32.99 2.00 1.50
a C∞,A ) 9.85, C∞,B ) 6.7, m0,A ) 104, m0,B ) 100, BAA) 6 ×

10-29 cm2, BBB ) 4 × 10-29 cm2. b C∞,A ) 1, C∞,B ) 5, m0,A ) 100,
m0,B ) 100, BAA) 10 × 10-29 cm2, BBB ) 0 cm2. c C∞,A ) 5, C∞,B )
5, m0,A ) 100, m0,B ) 100, BAA) 6 × 10-29 cm2, BBB ) 0 cm2.

RΘ ) K∑ciMiνi
2 (34)

K )
2π2ñ0

2

Nλ0
4

(35)

νi ) wiνA + (1 - wi)νB (36)

RΘ ) Kν2∑ciMi* (37)

ν ) wj νA + (1 - wj )νB (38)

Mi* ) Mi(νi/ν)
2 (39)

Mw* ) ∑ciMi*

∑ci
(40)

ci* ) ci(νi/ν) (41)

RΘ ) Kν2∑ci*Mi** (42)

Mi** ) Mi(νi/ν) (43)
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weight-average molecular weight as

According to eqs 40 and 44, the apparent SEC-LS
weight-average molecular weight of a sample does not
depend on whether the polymer concentration is deter-
mined by DR or mass-sensitive detection. (Clearly, the
mass of the polymer is introduced into the calculation
in both cases with the concentration of the injected
sample. The concentration at a given elution volume
may, however, differ from the true one in the case of
the DR detection.)
Now the results of the numerical simulations of the

SEC analysis for νA * νB will be discussed. TheMh w/Mh n
) 1.2 ratio was chosen rather low to make the effect of
chemical heterogeneity pronounced. The results pre-
sented in Figure 7 refer to a copolymer with the
molecular-weight distributionW(M) given by the Schulz-
Zimm model distribution function (eq 32) and three
types of the compositional distribution W′(w). The
values of C∞, m0, and B used correspond to those for
poly(styrene-co-methyl methacrylate) but the results are
not sensitive to the values of these parameters.
The broad rectangular distribution function,W′(w) ≡

1, was chosen as the most unfavorable one (Figure 7).
In this case, the impact of the νA/νB ratio on the
experimentally obtained W(M) is most pronounced. In
spite of that, theM averages deviate from the true ones
only if νA and νB differ considerably. In the realistic
range of 0.05 < ν/(mL/g) < 0.2, the molecular weights
determined are essentially correct.
The calculation was also performed assuming the

correct (mass-sensitive) detection of concentration (cf.
discussion of eq 37). As shown in Figure 7, the Mh w*
values thus obtained are identical with those obtained
for the DR detection whereas theMh n* values are slightly
different.
Calculations with narrow W′(w) distributions due to

statistical as well as conversional heterogeneity (Figure
7) showed an even smaller effect. The same can be said
about broader molecular-weight distribution. The ap-
parent molecular weights deviated from the true ones
only when the refractive index increments had opposite
signs, νA * -νB.
The impact of the difference in the refractive index

increments of the components on the experimentally
obtained dependences of log M* vs V is demonstrated
in Figure 8. The curvature as well as the change of the
slope in the region of the peak maximum also appears
only for large differences in the refractive index incre-
ments.
To the extent that the conversional heterogeneity,

which is the main source of the heterogeneity of statisti-
cal copolymers, is independent of the average molecular
weight, similar results may be expected throughout the
whole span of molecular weights. Only a negligible
change of the ratio Mh k*/Mh k due to the increase in the
viscosity expansion factor (cf. eqs 5 and 6) was observed.
The statistical heterogeneity is known to be less pro-
nounced as compared to the conversional one and
practically disappears with increasingM. Considering
this, the effect of statistical heterogeneity on M* may
be neglected totally.

Conclusions
(i) The molecular weight of a chemically heteroge-

neous copolymer excluded at an elution volume V may

vary with the chemical composition (weight fraction of
component A in copolymer AB) to a considerable extent,
e.g., for poly(styrene-co-methyl methacrylate) by about
30%.
(ii) In the case of correct detection, i.e., with DR

detectors for equal refractive index increments of both
constituents, the error due to chemical heterogeneity
in the experimentally obtained molecular-weight aver-
ages is within the experimental error and may be
neglected. A larger error appears at highly different
values of the characteristic ratio of the constituents or
of the interaction parameters.

Mh w* ) ∑ci*Mi**

∑ci*
(44)

a

b

c

Figure 7. Apparent number- and weight-average molecular
weights, Mh n* and Mh w*, vs the ratio of the refractive index
increments of the components, νA/νB (lower scale), or vs νA
(upper scale) with fixed νB ) 0.2. Result of the model SEC
analysis assuming the mass-sensitive detection of concentra-
tion withMh n ) 8 × 104,Mh w ) 1 × 105, C∞,A ) 9.85, C∞,B ) 6.7,
m0,A ) 104, m0,B ) 100, BAA) 6 × 10-29, and BBB ) 4 × 10-29

(parameters corresponding to poly(styrene-co-methyl meth-
acrylate)) for various composition distribution functions W′-
(w): (a) rectangular distribution function and both mass-
sensitive (M) and DR detections (for Mh w the curves are
identical); (b) due to conversion heterogeneity, rA ) rB ) 0.5,
wj ) 0.38; (c) due to statistical heterogeneity, rArB ) 1.00, wj )
0.5.
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(iii) Significant deviations of experimental molecular-
weight averages from the true ones due to the effect of
composition heterogeneity may be expected for largely
different refractive index increments of both constitu-
ents (νA f -νB).
(iv) It is necessary to investigate the separation of

copolymer in the case where the distributions of molec-
ular weight and composition are not independent.
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Figure 8. Comparison of the normalized experimental chro-
matogram F (lower part) and the ratio M/M* calculated with
C∞,A ) 10, C∞,B ) 5, m0,A ) 100, m0,B ) 105, and wj ) 0.5 for a
copolymer differing in the ratio of the refractive index incre-
ments of the constituent homolopymers, νA/νB ) -0.75, -0.5,
-0.25, 0.05, 0.5, and 1 (true detection) (curves in the upper
part from top to bottom, respectively).
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