
Journal of Chromatography A, 1064 (2005) 169–181

Theory of chromatographic separation of linear and
star-shaped binary block-copolymers
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Abstract

Equations for the distribution coefficient of heteroarm stars are derived by using a model of an ideal chain in a slit-like pore; these equations
together with those previously reported for linear block-copolymers are applied to describe chromatography of such copolymers. According
to the theory, the retention generally depends on molar mass, composition, and architecture (microstructure and topology) of copolymers, on
pore size and on adsorption interaction of chain unitsA andB. Three special modes of chromatography are studied in detail. (i) If interactions
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or A andB are close to the critical point of adsorption (CPA), the retention practically does not depend on architecture, and high m
opolymers can be separated by composition. (ii) At SEC condition forBand strong adsorption forA, copolymers in principle can be separa
y architecture; better separation is expected in wide pores. Retention of linear block-copolymers decreases with increasing of
f blocks; for heteroarm stars the theory predicts retention decreasing as:AB>StarAAB>StarABB; StarAAAB>StarABBB>StarAABB;
tarAAAAB>StarABBBB>StarAAABB>StarAABBB. (iii) At the CPA forB copolymersAB,BABand heteroarm stars regardless molar m
f B,MB, can be separated byMA. The same is true forABAandABAB. . .A in narrow pores. While the retention ofAB,BAB,Star AB. . .Band
tar AAB. . .B is the same, copolymersAB,ABAand linear multiblock-copolymers can be separated, as well as symmetric and very asy

riblock-copolymersABA.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Block-copolymers are constituents of many practically
mportant materials. Properties of copolymers depend not
nly on average molar mass and polydispersity, but also on
verage chemical composition and compositional hetero-
eneity. Generally, the heterogeneity of a diblock-copolymer
Bmay be characterized by a two-dimensional distribution

unction (which can be a distribution either by molar mass
nd composition or by molar mass of blocksA andB). The
etermination of two-dimensional molar mass–composition
istribution is, therefore, an important step in the copolymer
haracterization.

∗ Corresponding author. Tel.: +7 812 2307863; fax: +7 812 2304948.
E-mail address:zero@ag1152.spb.edu (A.A. Gorbunov).

Both size-exclusion and adsorption chromatography
proven itself as useful tools for analysis and separatio
copolymers. It turned, however, to be a matter of diffic
that chromatographic retention is generally influenced
both molar mass and composition of copolymers. There
in order to succeed in the analysis of copolymers by c
matography, it is important to find such conditions at wh
retention is mainly governed by only one of these fac
If such conditions are available, stage-by-stage strat
of analysis of copolymers become possible. For exam
one can first separate diblock-copolymers by compos
and then subject fractions to the second chromatogra
process at changed conditions, thus further separating
with respect to molar mass. Another possibility is to sepa
diblock-copolymers according first to the length of blockB,
and then, to the length of the other blockA. Both scheme
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result in getting two-dimensional function of a distribution
on composition and molar mass. Many reports on experi-
mental studies were published demonstrating a wonderful
potential of chromatography in the analysis of copolymers
[1–29].

Along with molar mass and composition of importance
is the molecular architecture (microstructure and topology)
of copolymers. Therefore, such goals are challenging as, for
example, separation of di- and triblock-copolymers; linear
and branched copolymers; block- and statistical copolymers.
The question is whether these separations can be achieved by
chromatography. For all that of special interest are regimes
of chromatography which allow separation of copolymers
of the same molar mass and composition, but of different
architecture.

Experimental selection of optimum regimes for separa-
tion of copolymers is very laborious, material- and time-
consuming way; generally, it requires sets of well-defined
copolymeric standards. A theory could provide a more effi-
cient way to the goals of optimization.

A molecular-statistical theory of interactive chromatog-
raphy of copolymers has been originated by Skvortsov and
Gorbunov[30–32]; mostly the case of narrow-pore adsor-
bents and high molar mass diblock-copolymers was consid-
ered in those papers. Brun[33] and Brun and Alden[34] has
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tions are important because it is known that retention of linear
diblock-copolymersAB under such conditions becomes in-
dependent ofMB, and such copolymers can be separated by
molar mass of the other componentA,MA. We shall analyze
the behavior of binary copolymers of different architecture
under these special conditions.

Then, we shall proceed to another interesting situation
where interaction parameters forA andB, being of different
sign, are close to the CPA. As it will be shown, under these
conditions the chromatographic behavior of binary copoly-
mers practically does not depend on architecture.

Finally, we shall study the chromatographic behavior at
the SEC condition forB and strong adsorption forA. This
mode of chromatography has proven to be very convenient
for separating oligomeric block-copolymers[24–27,39–41].
We shall discuss the possibility for separation of binary linear
and star-shaped block-copolymers by architecture by using
this special mode of chromatography.

2. Distribution coefficient of linear and star-shaped
binary block-copolymers

In order to analyze the chromatographic behavior of block-
copolymers we use a theory for the distribution coefficient,
w oly-
m ck-
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pplied a theory to describe features of gradient chrom
raphic separation of statistical copolymers by composi
iMarzio et al.[35] and Guttman et al.[36] have develope
lattice-model-based theory and performed calculatio

he distribution coefficient of copolymers of various arc
ectures. Ennis and Jönsson[37] have derived equations f
he distribution coefficient of a linear multiblock-copolym
hese equations, however, were not used to analyze fe
f chromatography. Kosmas et al.[38] have obtained som

heoretical results, which are relevant to chromatograph
tar-block-copolymers on wide pore adsorbents. Altho
considerable progress in the theory of chromatogr

f copolymers was achieved, a problem of separatio
opolymers by architecture is far from being thoroug
nderstood.

The main objective of the present paper is a th
etical analysis of chromatographic behavior of bin
lock-copolymers of different architecture. We sh
onsider linear di-, tri- and multiblock-copolymers,
ell as star-shaped copolymers. By using a contin
odel of a macromolecule in a slit-like pore, we s
erive exact equations for the distribution coefficien
tar-shaped block-copolymers; we shall use also the
esults previously obtained for homopolymer and lin
lock-copolymers. Our analysis will be focused on
hromatographic behavior of binary block-copolymer
hree special modes of interactive chromatography.

We shall first revisit the situation which is relevant to
nalysis and separation of block-copolymers by liquid c
atography at the critical conditions (LCCC), where the C

s realized for one of the components,B. These special cond
hich is based on the continuum model of an ideal p
er chain in a slit-like pore. We shall consider binary blo

opolymers, which include chain fragments of two differ
ypes,A andB.

Fig. 1 shows two families of binary block-copolyme
nder the consideration: linear block-copolymers and
roarm stars. A diblock-copolymerABcan be considered

he simplest member of both series. Only the basic topo
cal structures are shown inFig. 1, but we shall distinguis
ome of the topological analogues, such as e.g.ABAandBAB
r StarABBandStarAAB, etc., since the blocksA andB are
ssumed as being chemically different, and one may e

hat such analogues would behave in chromatography
ifferent way.

Fig. 1. Two families of binary block-copolymers.
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2.1. Linear homopolymer and block-copolymers

An exact equation for the distribution coefficientK of a
linear homopolymer has a form[42,43]:

Klin =
∞∑
k=1

2λ2 exp(−α2
kg

2)

α2
k(λ+ λ2 + α2

k)
(1)

whereg=R/d is macromolecule-to-pore size ratio (R ∝ √
M

is the radius of gyration of a free ideal linear chain);λ=−cd;
andαk are the roots of the equation:

αktg(αk) = λ, k = 1,2, . . .∞ (2)

A parameterc serves in the theory as the adsorption in-
teraction parameter. The interaction is assumed to be short-
ranged. Negativec values correspond to effective repulsive
forces. The pointc= 0, at which the adsorption of an infinitely
long chain starts is usually referred to as an adsorption thresh-
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situations there can be a situation ofRA�d andRB	d. Of
course, all these situations are covered by the general Eq.(3).

An equation describing multi-block linear copolymers has
been derived by Ennis and Jönsson[37]. In particular, the
result for a binary triblock-copolymerABA can be written
down in a form:

KABA =
∞∑

k,l,m=1

8λ2
Aβ

2
l (λA − λB)2 exp(−α2

kg
2
A1

− β2
l g

2
B − α2

mg
2
A2

)

(λA + λ2
A + α2

k)(λB + λ2
B + β2

l )(λA + λ2
A + α2

m)(α2
k − β2

l )(α
2
m − β2

l )
(4)

whereαk andαm are thek-th and them-th roots of the Eq.(2)
with a parameterλA; and βl is the l-th root of this equa-
tion with the parameterλB; gA1 = RA1/d; gA2 = RA2/d;
gB=RB/d; λA=−cAd; λB=−cBd.

Equations for linear copolymers with four, five and more
blocks are rather complicated, but suitable for numerical cal-
culation.

2.2. Star-block-copolymers

The distribution coefficientKstar of a star-block-
copolymer withf arms of different length and chemical na-
ture, which is equal to the ratio of the partition functions for
this copolymer within a slit-like pore of a width 2d and in an
unrestricted space of the same volume, is equal

K
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ld point or as a critical point of adsorption. Positive val
f c correspond to adsorption. Atc> 0, a sufficiently long
acromolecule forms an adsorption layer on the surface

verage thickness of this layer is equal toc−1.
Simpler asymptotic equations describing chrom

raphic behavior of a homopolymer at bothR>d andR<d,
nd at various interaction conditions have been also rep

42].
In the theory for a diblock-copolymer[31], two interaction

arameterscA andcBwere introduced to account for differe
nteraction of blocksA andBwith pore walls. According t
31], an exact equation for the distribution coefficient o
inear diblock-copolymer has a form:

(A,B)
lin =

∞∑
k,l=1

4λAλB(λA − λB) exp(−α2
kg

2
A − β2

l g
2
B)

(λA + λ2
A + α2

k)(λB + λ2
B + β2

l )(α
2
k − β2

l )
(3)

hereαk, andβl are roots of the Eq.(2) with correspondin
arametersλA andλB;

i = Ri

d
; λi = −cid (i = A,B).

A set of simpler asymptotic equations for the narrow-p
ituation (RA, RB�d) at various interaction conditions w
resented in[31]. We have derived approximate formu

or the wide-pore situationRA, RB	d. These equations a
iven in theAppendix A. There can be even more regime
pecific chromatographic behavior of diblock-copolyme
A andRB are very different. For example, ifRA�RB, apar

rom narrow-pore(RA,RB�d) and wide-pore (RA,RB	d)
star = (2d)−1

−d
dx

f∏
i=1

Pi(x) (5)

herePi(x) is a sub-partition function of a polymer chaii
i-th arm of a star), having one end at the distancex from the
lane corresponding to the middle of the slit. Accordin

42], the expression forPi(x) has a form

i(x) =
∞∑
ki=1

2λi cos(αi,kix/d)sec(αiki )

λi + λ2
i + α2

i,ki

exp(−α2
i,ki
g2
i ) (6)

heregi =Ri /d, λi =−cid, and an eigenvalueαi,ki is theki-th
oot of Eq.(2).

After the substitution of functionsPi(x) as given by Eq
6) into the Eq.(5), one obtains the general formula for
istribution coefficient of a star-block-copolymer:

star = 2f
∞∑

k1,k2,...,kf=1

Ik1,k2,...,kf

f∏
i=1

λi sec(αi,ki )

λi + λ2
i + α2

i,ki

× exp


−

f∑
i=1

α2
i,ki
g2
i


 , (7)

here

k1,k2,...,kf =
1∫
0

cos(α1,k1ϕ) cos(α2,k2ϕ) . . . cos(αf,kf ϕ)dϕ

For specified number of arms (f= 1, 2, 3, etc.), the inte
ration can be completed. The integration withf= 1 and 2
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of course results in Eq.(1) for a homopolymer and in Eq.
(2) for a diblock-copolymer. The exact results obtained for
stars withf= 3 and 4 are presented inAppendix B. Even more
lengthy equations are obtained for star-copolymers with five
arms.

At some special values ofλ and at some eigenvalues the
denominators of the Eqs.(1), (3) and (4), (B.1) and (B.2)
turn zero; however, the numerators turn zero as well. Such
uncertainties always can be resolved by means of taking cor-
responding limits.

The theory describes stars generally having different arms.
Stars with arms of the same chemical nature and binary stars
that are shown inFig. 1 are important special cases, which
are covered by the theory.

We shall use the Eqs.(3)–(7) and(B.1), (B.2) to analyze
chromatographic behavior of binary block-copolymers and
to predict separation of these polymers by chromatography.

3. Analysis of the chromatographic behavior of
linear and star-shaped binary block-copolymers

Theory covers a variety of physically different regimes of
chromatography, those corresponding to various interactions
of componentsA andBwith the adsorbent, as well as to the
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extent from that of the copolymers of the first group (see
Fig. 2). The reason is in the difference in the distribution co-
efficients of linear and star-shaped homopolymers of equal
contour length.

At high values ofgB, the distribution coefficient of a
triblock-copolymerABAalso does not depend ongB, being
approximately equal[32]:

KA1BA2 ≈ KA1KA2, (9)

while for a linear copolymerABAB. . .Awith n blocks of the
typeA at the situation where allgBi � 1, the result is[32]:

KA1B1A2B2...An ≈ KA1KA2, . . . , KAn (10)

At small values ofgB the chromatographic behavior of
linear copolymersABAandABAB. . .A at the CPA condition
for B is different from that of a diblock-copolymer and of
the above mentioned star-block-copolymers.Fig. 2a and b

Fig. 2. Dependences ofK ongB =RB/d for several types of symmetric block-
copolymers at the critical interaction for (λB = 0). (a) Condition of SEC forA
(λA = 1000);gA = 0.2 (1–5) and 0.6 (6–10). (b) Condition of strong adsorption
for A (λA =−25); gA = 0.1. (1, 6) Block-copolymersAB, BAB, StarAB. . .B
andStarAAB. . .B; (2, 7):ABA; (3, 8):ABABA; (4, 9):StarAAAB. . .B; (5, 10):
StarAAAAB. . .B. Dotted lines represent approximate Eqs.(9)–(12).
arrow- and wide-pore situations. In the present study, w
specially interested in the conditions, at which the reten
ecomes practically independent of one of the param
f the structure of a copolymer (for example, of the len
f one of the blocks, of molar mass, or of architecture)
ur focus will be also the conditions, at which copolym
iffering only in architecture could be separated from e
thers.

.1. Critical interaction condition for one of the
omponents

It has been found previously[31,32]that for many types o
inary block-copolymers the separation by molar mass o
omponent can be achieved at the CPA condition for the
omponent. For example, at the CPA for a block (blockB
he retention of the copolymersAB,BAB, and heteroarm sta
tar AB. . .B andStar AAB. . .B (with f arms of the typeB)
ill be determined by the contour length of a chainA (that is
y MA) and will not depend onMb. For these copolymers

he CPA forB (atcB= 0) in both narrow and wide poresK is
qual:

copolymer= KA, (8)

hereKA is the distribution coefficient of a linear homopo
erAof the same contour length as the chains of a copoly
Eq. (8) stays also valid for block-copolymersStar
. . .AB. . .B. However, nowKA in Eq. (8) has a meaning o

hat of a star-homopolymerStar A. . .A. For these copoly
ers,K also does not depend onMB, but is different to som
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show the dependences ofK on gB for AB, ABAandABABA
copolymers at the CPA forB. Fig. 2a corresponds to the
SEC condition for blocksA; the case of strong adsorption
for A is shown inFig. 2b. In both cases symmetrical tri-
and multiblock-copolymers are considered (if there are sev-
eral blocks of the same type, these blocks are assumed of
equal length). InFig. 2, the distribution coefficient is plotted

versusgB =
√∑

R2
Bi
/d; we compare copolymers at fixed

gA =
√∑

R2
Ai
/d (that is at equalMA).

Fig. 2 shows that in wide pores or at lowMB (at gB< 1)
KABA depends ongB (being a decreasing function ofgB). A
similar dependence has been previously reported by Guttman
et al. in their lattice-model-based study[36]. A very similar
effect for polymers with adsorption-active end groups has
been predicted and was extensively discussed in[44–48].
This effect was really observed for difunctional oligomers
of PEG[46]. Recently, Park et al.[28] have observed a dif-
ference in the retention of di- and tri-blocks of polystyrene
(PS) and polybutadiene (PB). They found that at the CPA for
PB and at SEC condition for PS retention of SBS triblock-
copolymers is lower than that of SB and BSB copolymers,
which agrees well with the theory.

By using the analogy between the chromatographic be-
havior of a difunctional macromolecule and a copolymer
A ua-
t er
a

-
c mer
A

ck-
c t
o of
w
c i-
m
a ing
a

w√
qs.

( uite
r

Fig. 3. A chromatogram simulated for a model mixture ofAB, asymmetric
and symmetricABA copolymers at the CPA for polyoxyethylene blockB
and strong adsorption condition for hydrocarbon block(s)A. Components of
the mixture are copolymers of equal average molar mass and composition
(each consisting of monodisperse block(s)A of total M= 252 and block
B with Mw = 5000 andMw/Mn = 1.5): (1) diblock-copolymerAB; asym-
metric triblock-copolymersA1BA2 with (2) MA1 : MA2 = 1 : 17 and (3)
MA1 : MA2 = 3 : 15, (4) symmetric triblock-copolymerABA. Simulation
parameters:cA = 3; 2d= 12 nm; pore volume,Vp = 1 ml; interstitial volume,
Vi = 1 ml.

So, according to the theory, at the CPA condition for a
componentB linear copolymersAB,BABand heteroarm stars
Star AB. . .B andStar AAB. . .B regardless their molecular
architecture andMB can be separated byMA.

As it follows fromFig. 2and Eqs.(9)–(12), there is a dif-
ference in the retention ofAB, ABAand linear multiblock-
copolymers at the CPA forB. This difference is rather
small in the case of SEC condition forA (Fig. 2a), but be-
comes quite pronounced if blocksA are strongly adsorbable
(Fig. 2b). Therefore, one may expect that copolymersAB,
ABA and multiblock-copolymers having the sameMA but
polydisperse inMB can be efficiently separated from each
other at the latter conditions. The theory predicts that it
is even possible to separate symmetric and very asymmet-
ric copolymers, such as, e.g. symmetric and asymmetric
triblock-copolymers.

In order to visualize the expected separations of copoly-
mers we apply a ‘virtual chromatograph’[49], a special soft-
ware for the computer-assisted simulation of chromatograms
of polymers, which is based on the theory of the distribu-
tion coefficient. The virtual chromatography technique has
been already used to predict separations of polydisperse poly-
mers of various types[24,25,41]; in those studies, simulated
chromatograms have proven to be very similar to the real
ones. By using the exact Eqs.(3) and (4), we have simu-
l
s in
F ck-
c -
c o-
h ato-
BA[41], we have obtained the following approximate eq
ion for the distribution coefficient of a triblock-copolym
t cB = 0, cA � R−1

A ,andc−1
A 	 RB 	 d:

KA1BA2 ≈ 1 + (KA1 − 1) + (KA2 − 1)

+ (KA1 − 1)(KA2 − 1)√
πgB

(11)

At RB 	 c−1
A the distribution coefficient of a triblock

opolymer tends to that of a corresponding homopoly
1A2 asKA1BA2 ≈ KA1A2(1 − λ2

Ag
2
B).

According to the theory, the behavior of linear multiblo
opolymers at smallgB is qualitatively similar to tha
f a triblock-copolymer. In particular, in the situation
ide pores and strong adsorption ofA, the distribution
oefficient of a copolymerA1B1A2B2 can be approx
ated by the Eq.(11) with gB changed togB2, while for
pentablock-copolymer, we have obtained the follow

pproximation:

KA1B1A2B2A3 ≈ 1 + (q1 + q2 + q3)

+ 1√
π

(
q1q2

gB1

+ q2q3

gB2

+ q1q3

gB1A2B2

)
+ q1q2q3

πgB1gB2

(12)

here qi = KAi − 1, i = 1,2,3; and gB1A2B2 =
g2
B1

+ g2
A2

+ g2
B2

.

Dotted lines inFig. 2b correspond to the approximate E
9)–(12). As it can be seen, these approximations are q
easonable.
ated chromatograms for a mixture of copolymersABwith
ymmetric and asymmetricABA; one example is shown
ig. 3. Fig. 3presents a chromatogram simulated for blo
opolymers with poly(ethyleneoxide) blockB and hydro
arbon chain in block(s)A (copolymers such as fatty alc
ol ethoxylates or fatty acid polyglycolesters and chrom
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graphic conditions reported in the papers on the analysis of
these copolymers by LCCC[25,27,41]can be imagined for
a reference to real-life systems). As can be seen, quite good
separation may be expected for symmetric and very asymmet-
ric ABAcopolymers, even if they have a polydisperse block
B.

3.2. Interaction conditions for A and B are close to the
critical point

It has been shown previously[30,31] that in the situation
where the interaction parameterscA andcB are of different
sign it is possible to separate diblock-copolymers by com-
position. From the practical standpoint, the conditions are of
interest at which separation by composition is not affected
by architecture.

At |λA|, |λB| 	 1, Eq.(3) for a diblock-copolymer reduces
to the following approximate formula:

K ≈ exp(−λ̄g2) (13)

whereg2 = g2
A + g2

B, and

λ̄ = ξAλA + ξBλB
(
ξi =

R2
i

R2
; i = A,B

)
. (14)

-
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Fig. 4. Dependences ofK onR/d (whereR =
√
R2
A + R2

B) for copolymers
AB (solid lines),ABA(dash-dotted) andABABA(dashed) of various compo-
sition. Values of the parameterξA = R2

A/R
2 : 0 (1); 0.2 (2); 0.4 (3); 0.455

(4); 0.5 (5); 0.6 (6); 0.8 (7); and 1 (8).

This type of chromatographic behavior and its practical
independence on architecture of copolymers holds also good
in broader region of interaction conditions, namely, at|λA|,
|λB| < 1.

Fig. 4shows the dependences ofK on the ratioR/d calcu-
lated by using the exact equations of Section2 atλA=−0.5,
λB= 0.6.

Each curve inFig. 4corresponds to a copolymer of fixed
composition. One can see that at the threshold composition
ξ∗A ≈ λB(1 + λA/3)/(λB − λA) ≈ 0.455,K practically does
not depend on g, while atξA > ξ∗A or ξA < ξ∗A, there is either
increase of decrease ofK with g.

Solid lines inFig. 4correspond to a copolymerAB; dash-
dotted and dashed lines show the results for the copolymers
ABAandABABAat ξA≈ 0.4, ξA≈ 0.455 andξA≈ 0.6. The
calculated data for the other considered copolymers (these
curves are not shown inFig. 4) have turned to be even
closer to the results for a diblock-copolymer than those for
ABABA.

Sinceξ∗A depends onλA and λB, one can use gradient
chromatography in order to moveξ∗A by changing interaction
conditions, thus gradually separating diblock-copolymers ac-
cording to composition. As it follows from the theory, one
may expect that the separation of high molar mass copoly-
mers by composition in narrow pores will not depend on the
c

ly
c a-
p om-
p of
g mers
b

ep-
a olar
m s and
According to Eqs.(13) and (14), the distribution coef
cient depends on both molar mass and composition
opolymer.

Eq.(13)has the same form as that for a homopolymer
n effective interaction parameterλ̄ (at |λ̄| 	 1) [43]. It fol-

ows from Eq.(14), that ifλA andλB are of different sign, fo
xample, ifλA< 0,λB> 0 (this situation corresponds to we
dsorption interaction forA and pre-critical interaction fo
), then at some special composition of a copolymer, na
tξ∗A ≈ λB/(λB − λA), λ̄ turns zero, and the distribution c
fficient of a copolymer of this special composition beco

ndependent of both molar mass and pore size, being
nity, like it happens with a homopolymer at the CPA
= 0).
For all copolymers withξA > ξ∗A K> 1 and exponentiall

ncreases withM at highg=R/d. At g>1 (that is, at highM or
n narrow pores), all such copolymers are strongly retai
o the other hand, copolymers withξA < ξ∗A at highg pos-
ess exponentially small values of the distribution coeffic
hus, it follows from the theory that high molar mass cop
ers withξA > ξ∗A andξA < ξ∗A can be efficiently separat
y using the narrow-pore adsorbents.

An important theoretical result is that at|λA|,|λB| 	 1,K
f all considered copolymers is described by the same
13)with

¯ =
∑

ξiλi (15)

his implies that under such conditions the considered b
opolymers (regardless of architecture) have the same d
ence ofK on molar mass and composition.
-

opolymer molar mass.
It has been shown by Brun[33] that equations practical

oinciding with Eqs.(13)and(14)describe also chromatogr
hy of statistical copolymers at the interactions of the c
onents in the vicinity of the CPA. This allows the use
radient chromatography for separation of such copoly
y composition[33,34].

Thus, it follows from the theory, that it is possible to s
rate binary copolymers by composition regardless of m
ass and architecture by using narrow-pore adsorbent
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Fig. 5. Dependence of the threshold compositiong∗
A of high molar mass

binary block-copolymers on the interaction parametersλA andλB.

specially selected conditions corresponding to weak near-
critical interactions.

3.3. Separation diagram and chromatographic behavior
at very differentλA andλB

It follows from Eqs.(3) and(4), (B1) and (B2) that the
threshold compositionξ∗A for binary copolymers of consid-
ered types is determined by a general formula:

ξ∗A(λA, λB) = β2
1

β2
1 − α2

1

(16)

whereα1 =α1(λA) andβ1 =β1(λB) are the principal roots of
the Eq.(2);λAandλBare of different sign. Assuming negative
values ofλA (adsorption interaction forA) and positiveλB
(effective repulsion forB), we have calculatedξ∗A as a function
of λA andλB (Fig. 5).

Fig. 5represents a separation diagram for high molar mass
binary copolymers. At givenλA and λB copolymers with
ξA > ξ

∗
A(λA, λB) are strongly adsorbed and retained in the

column package, while those withξA < ξ∗A(λA, λB) are not
adsorbed and moving along the column.

It follows from Fig. 5 that separation of copolymers of
different composition is also possible, when componentsA
a w-
e rs at
v at
i

nt
λ of
v
A l
s

in
t r
o ger

Fig. 6. Dependences of the distribution coefficient of binary block-
copolymersAB (solid lines),StarAAB (dotted),ABA (dash-dotted) and
ABABA (dashed) on the parameterg=R/d. λA =−1.5, λB = 4; ξA = 0 (1),
0.25 (2), 0.378 (3), 0.5 (4), 0.7 (5) and 1 (6).

exactly equivalent to that of a homopolymer with some ef-
fective interaction parameter. However, as it can be seen in
Fig. 6at high values ofg features of chromatographic behav-
ior of diblock-copolymers at varying adsorption interaction
are still similar to some extent to that of homopolymers:K
exponentially increases or decreases withg at highg, de-
pending on whetherξA > ξ∗A or ξA < ξ∗A The distribution
coefficient of a diblock-copolymer of the threshold compo-
sitionξ∗A still stays independent onM at highM or in narrow
pores (atg> 1). The threshold value of the distribution co-
efficientK* is, however, less than unity now;K* decreases
with gatg< 1. According to the theory, this decrease is more
pronounced at big difference in interaction parameters of the
components.

Fig. 6 demonstrates that at very differentλA and λB
copolymers ofAB, ABA, ABABAandStarAABtypes behave
in a similar way, but some quantitative differences appear
now.

3.4. Condition of SEC for B and adsorption for A

Since the difference inK due to the molecular architecture
of copolymers increases with the increase of the difference
betweenλA andλB (Figs. 4 and 6), one may expect a con-
siderable separation of block-copolymers of different type
u for
o , for
t

-
c
c

K

ndB are very different in their adsorption properties. Ho
ver, the chromatographic behavior of block-copolyme
ery differentλA andλB becomes more complicated than
nteractions close to the CPA.

Fig. 6 is similar toFig. 4, but calculated at quite differe
A andλB. Solid lines correspond to diblock-copolymers
arious compositions. The behavior ofStarAAB, ABA and
BABAblock-copolymers is also shown inFig. 6 at severa
elected values of composition.

As it follows from the theory (see the results given
he Appendix A), at very differentλA andλB, the behavio
f a diblock-copolymer of a given composition is no lon
nder the conditions of size-exclusion chromatography
ne component of a copolymer and of strong adsorption

he other one.
At −λAgA=cARA� 1, λBgB� 1, the distribution coeffi

ient of a high molar mass diblock-copolymer withRB�d
an be approximated by the following equation:

AB ≈ 4

(
λ2
A + π2

4

)−1

exp

(
λ2
Ag

2
A − π2

4
g2
B

)
, (17)



176 A.A. Gorbunov, A.V. Vakhrushev / J. Chromatogr. A 1064 (2005) 169–181

while (as it follows from theAppendix A) for lower diblock-
copolymers atc−1

A 	 RB 	 1

KAB ≈ 1 − 2√
π
g+ 2√

π

exp(λ2
Ag

2
A)

λ2
AgB

≈ K(SEC)+ K
(ads)
A√

π(−λA)gB
≈ K

(ads)
A√
πcARB

(18)

where

K(SEC) ≈ 1 − 2√
π

R

d

and

K
(ads)
A ≈ K(SEC)

A + 2 exp(λ2
Ag

2
A)

−λA ≈ 2 exp(c2AR
2
A)

cAd

is the distribution coefficient of a homopolymerA in the
regime of adsorption.

Eq.(18)is not applicable to oligomers with very smallRB.
The theory results in another asymptote forKABatRB 	 c−1

A :

KAB ≈ K(ads)
A

(
1 − 2√

π
cARB

)
(19)

Eq.(19)gives a correct limit ofKAB → K
(ads)
A atRB→ 0. At

very strong adsorption of a blockA, the interval ofRB < c
−1
A

i t
t

o ock-
c a
g

K

w ar-
t

I
h
b

K

KABA ≈ KSEC+ 2K(ads)
A√

π(cARB)
+ K

(ads)
2A√

π(cARB)3
(22)

where the index B1 in Eq.(21)corresponds to one of two equal
blocks of typeB,K(ads)

A corresponds to a homopolymer which

is the same as blockA, andK(ads)
2A is that for a homopolymer

of typeAwith doubled contour length.
Analogous equations for symmetric star triblock-

copolymers are the following:

KStarAAB ≈ KSEC+ K
(ads)
A

2
√
π(cARB)

(23)

KStarABB ≈ KSEC + 4Kads
2A

π(cARB1)2
(24)

Eqs.(21)–(24) are applicable at RB1, RB � c−1
A . The distri-

bution coefficient of block-copolymers with shorter block(s)
B, of course, tends toK(ads)

A (for BABandStar ABB) or to

K
(ads)
2A (for ABAandStarAAB).
Fig. 7a and b shows the results of calculation by using

Eqs.(1)–(7) in the form of the dependences ofK ongB=RB/d
for various symmetric copolymers under the SEC condition

for B and strong adsorption forA. Here,RB = (
∑
R2
Bi

)
1/2

a
t
c also
s hese
a

c and
c at at
g s
f re or
l ers
r locks
( n in
F
S ers
c for
s r
a
t ve
a
S

s are
s o-
m ck-
c
p in
b e mo-
l bing
b

of
c tially
s, however, very narrow, and Eqs.(17)and(18)cover almos
he entire range ofRB.

Approximate equations that are similar to Eq.(17) are
btained also for some of the other considered bl
opolymers. At highgB, the result can be presented in
eneral form

block-copolymer≈ S exp

(
λ2
Ag

2
A − π2

4
g2
B

)
(20)

ith coefficientsSdepending on chain architecture. In p
icular, for triblock-copolymers

SABA ≈ 2π2
(
λ2
A + π2

4

)−2

;

SBAB ≈ 8(−λA)

(
λ2
A + π2

4

)−2

;

SStarAAB ≈ 2

(
λ2
A + π2

16

)−1

;

SStarABB ≈ 16(−λA)−1(λ2
A + π2)

−1
.

n the approximation which is similar to that of Eq.(18), we
ave obtained for copolymersBAB andABAwith terminal
locks of equal length the following formulae:

BAB ≈ 1 − 2√
π
g+ 4

π(−λA)3g2
B1

exp(λ2
Ag

2
A)

≈ KSEC+ 2K(ads)
A

π(cARB1)2
(21)
ndRA is defined in a similar way. ParametergA=RA/d is
aken constant, which means the sameMA in all considered
opolymers. Approximations (17), (18), (20)–(24) are
hown inFig. 7. As can be seen, at chosen conditions, t
pproximations work quite satisfactory.

In Fig. 7, the distribution coefficients at fixedgB
orrespond to copolymers of the same molar mass
omposition but of different architecture. One can see th
iven conditions and atgB in the interval of 0.1–0.5 curve

or many of the considered types of copolymers are mo
ess separated. In the family of linear multiblock-copolym
etention decreases with increasing the number of b
Fig. 7a). Some results for heteroarm stars are show
ig. 7b. While the retention ofStarAAB, StarAAABand
tarAAAAB is about the same, for other stars it diff
onsiderably. The theory predicts the order of retention
tars of three arms:StarAAB>StarABB; for stars of fou
rms the order is:StarAAAB>StarABBB>StarAABB;

he following order is obtained for stars of fi
rms: StarAAAAB>StarABBBB>StarAAABB>
tarAABBB.
Examples of expected chromatographic separation

hown inFigs. 8 and 9. Fig. 8 presents a simulated chr
atogram for a mixture of symmetrical oligomeric blo

opolymers ofABA, BAB, StarAAB and AB types with
oly(ethyleneoxide) block(s)B and hydrocarbon chain
lock(s)A. Copolymers are assumed of the same averag

ar mass and composition with polydisperse non-adsor
locksB and monodisperse adsorbing blocksA.

Four series of peaks inFig. 8correspond to four types
opolymers in the mixture. Each series consists of par
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Fig. 7. Dependences ofK on gB =RB/d for two families of binary copoly-
mers: (a) linear block-copolymersAB (1), BAB (2), ABA (3), ABAB (4),
BABAB(5) andABABA(6); (b) star-block-copolymersStarAAB, StarAAAB
and Star AAAAB(7), StarABB (8); StarABBB(9); StarAABB(10) and
StarAABBB(11). Interaction conditions: SEC forB, strong adsorption for
A; λA =−50; gA = 0.06. Dotted lines correspond to Eqs.(17), (18), and
(20)–(24).

separated individual oligomeric homologues; within the se-
ries retention decreases with increase in the number of EO
units.Fig. 8 shows a good expected chromatographic sepa-
ration of these four block-copolymers.

It follows from the theory, that even separation of sym-
metric and very asymmetric block-copolymers is possible, in
principle.Fig. 9a and b demonstrate expected patterns of sep-
aration of symmetric and asymmetric starsABB, and diblock-
copolymersAB. Here we model the mixture of PPO–PEO
copolymers of equal averageM and composition.Fig. 9
shows better separation in wider pores. According to the the-
ory (Fig. 7), better separation of block-copolymers by archi-
tecture in the SEC-adsorption mode is generally expected at
values ofRB/d of order of 0.1–0.5.

It should be noted, that in the SEC-adsorption mode sep-
aration of block-copolymers by architecture is possible if

Fig. 8. Simulated chromatogram for a mixture of copolymersABA(1),BAB
(2), StarAAB(3) andAB (4) under the condition of SEC for polyoxyethy-
lene block(s)B and strong adsorption for hydrocarbon block(s)A. Parame-
ters of simulation:MA = 280; (Mw)B = 600, (Mw/Mn)B = 1.03;cA = 4 nm−1;
Vp = 1 ml,Vi = 1 ml; 2d= 12 nm.

blocks are monodisperse or possess narrow molar mass distri-
butions. In simulations we achieved good separation results
for copolymers with monodisperse adsorbing blocks and non-
adsorbing blocks ofMw/Mn < 1.05.

4. Concluding remarks

We apply the molecular-statistical theory for studying pos-
sibilities of chromatography to analyze and to separate lin-
ear and star-shaped binary block-copolymers. The theory is
based on the model of an ideal chain in a slit-like pore, and
is developed in the similar manner for block-copolymers of
various structures.

Three special types of chromatographic conditions and
consequently three special modes of chromatography are in
the focus of our study.

According to the theory, at the CPA for one of the compo-
nents,B, the distribution coefficientK of linear copolymers
AB, BABand star-block-copolymers is independent ofMB,
and (at equalMA) coincides for most of these copolymers.
All these copolymers regardless their architecture andMB
can be separated byMA.

Under the same conditions the chromatographic behavior
of linear copolymersABAandABAB. . .A is considerably dif-
f at of
a
M m-
p own
t
m also
t

e
C rac-
erent in both qualitative and quantitative aspects from th
diblock-copolymer. While being independent ofMB at high
B,K increases at lowMB for these polymers. We gave si

le approximate equations to describe this effect. It is sh
hat at the CPA forB not only the separation ofAB, ABAand
ultiblock-copolymers can be possible, but the same is

rue for symmetric and very asymmetric copolymersABA.
If the interaction conditions forA andB are close to th

PA the retention of the considered binary copolymers p
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Fig. 9. Simulated chromatograms for a mixture ofAB with symmetric
and asymmetricStarABB copolymers under the condition of SEC for
polyoxyethylene block(s)B and strong adsorption for polyoxypropylene
block A. Components of the mixture are copolymers of equal average
molar mass and composition (each consisting of monodisperse blockA
of M= 1000 and block(s)B of total Mw = 40× 103 with Mw/Mn = 1.03):
(1) diblock-copolymer AB; triblock-copolymers StarAB1B2 with (2)
MB1:MB2 = 39.8:0.2, (3)MB1: MB2 = 38.5:1.5 and (4)MB1: MB2 = 20:20.
Simulation parameters:cA = 3.1; Vp = 1 ml, Vi = 1 ml. Pore dimension:
2d= 18 nm (a); 2d= 50 nm (b).

tically does not depend on their architecture and is the same
as that of a homopolymer with an effective interaction pa-
rameterλ̄ = ξAλA + ξBλB. At weak adsorption interaction
for A and pre-critical interaction forB, there is a threshold
composition of a copolymerξ∗A (the same for all considered
copolymers), at which the retention becomes independent of
M like it happens with a homopolymer atλ= 0. In the limit
of R/d� 1, K tends either to zero or to infinity, depending
on whetherξA < ξ∗A or ξA > ξ∗A. One can make use of this
fact by applying a gradient technique and narrow-pore ad-
sorbents in order to gradually separate high molar mass bi-
nary copolymers by composition. For the considered types
of copolymers, the result will not depend on architecture.

According to the theory, at SEC condition forB and
strong adsorption forA block-copolymers of equal average
molar mass and composition but of different architecture,
in principle, can be separated from each others; it seems

even possible to separate symmetric and very asymmetric
block-copolymers. The theory predicts better separation by
architecture in wide pores. Obviously, because of the strong
dependence ofK on bothMA andMB, separation by architec-
ture at these conditions will be only possible if blocksA and
B are monodisperse or have narrow MMD. It is also evident
that this approach can be mostly applied to oligomers with
functional groups or to copolymers with rather short adsorb-
ing blocks since copolymers with large enough blocks A will
be practically fully retained within a column.

Three-dimensional strategies based on combinations of
the above discussed modes of chromatography can be devel-
oped for the analysis and separation of binary copolymers.
According to the theory, in some cases full separation by mo-
lar mass, composition and architecture is possible, in princi-
ple. For example, polydisperse copolymersAB,StarAABand
StarABBcan be separated byMA at the CPA forB, then
by MB at the CPA forA, and then by architecture at the
SEC-adsorption mode. High molar mass copolymersABand
BAB, in principle, can be separated by composition by us-
ing narrow-pore adsorbents and gradient chromatography at
the close-to-critical interaction conditions, then byMA at the
CPA forB, and finally by architecture either at the CPA for
A or at the SEC-adsorption mode.

In the theory, it is assumed that both chainsA andB are
fl for
e
a ffer-
e cially
i

ter-
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r rdly
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a tant.
I the
a nd
c phy.
S tion
b f a
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o hain
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t

ck-
c om-
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B

exible (and of equal flexibility). If this is not the case (
xample, ifB is flexible, whileA is semiflexible, or if bothA
ndB are semiflexible), one may expect considerably di
nt chromatographic behavior of such copolymers (espe

n narrow pores).
An ideal chain model does not take into account in

ctions between chain units. We think that interaction
epulsive type with the short-ranged potential would ha
hange the features of chromatographic behavior of b
opolymers; deviations may be expected for stars with m
rms, for which the excluded volume effects are impor

f, however, the attraction takes place (for example,
ttraction of blocksA inABA), one may expect more rich a
omplicated behavior of such polymers in chromatogra
imilarly, one may expect some effect of the attrac
etweenA and B on the chromatographic behavior o
iblock-copolymerAB. Numerical studies of the behav
f block-copolymers in pores with a proper account of c
nit interactions (similar to those performed by Cifra
leha[50] for linear polymers) could help in understand

hese effects.
In many papers on chromatography of binary blo

opolymers at the conditions of CPA for one of the c
onents[7–10,12–17,28], experimental results were repor
hich are fully consistent with the theory. In particular, it w
hown that a block-copolymerABat the CPA forBbehaves a
homopolymer identical to a blockA. Some deviations from

his behavior were observed by Lee et al.[20] who found
omewhat higher retention ofABand its weak increase wi
olar mass ofB at the conditions of SEC forA and CPA for
; the reason of these deviations was not understood.
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End groups in polymers may differ considerably from
the repeating ones in the aspect of adsorption interaction.
This is the well-known fact that the presence of such groups
influences the chromatographic behavior of homopolymers
[44–48]; similar effects are expected in block-copolymers.
In particular, it is evident that the presence of an adsorbing
group on the end of the blockB of a copolymerABmay re-
sult in the chromatographic behavior which is typical for a
triblock-copolymer. At the CPA forB, the retention of such
copolymer will be different from that of a corresponding ho-
mopolymerAand will depend onMB. If blockA is adsorbing,
one may expect a triblock-like behavior ofFig. 2b. However,
as it follows from the theory, at SEC condition forAand CPA
for B the retention ofABwith an adsorbing group at the end
of B should be somewhat higher than that of a homopolymer
A; and one may expect for such copolymer the increase ofK
withMB in wide pores. Similarly, adsorbing end-groups may
also influence the chromatographic behavior of star-shaped
block-copolymers.

In this paper, we have focused mostly on the chro-
matographic behavior of block-copolymers with fixed reg-
ular structures under three special types of chromatographic
conditions. Of course, a more detailed analysis could be
done for other chromatographic regimes. Another interesting
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of bio-nanocomposites. A.A.G. thanks Bernd Trathnigg
(Graz) for many discussions on chromatography of
amphiphylic polymers.

Appendix A. Diblock-copolymer AB: wide-pore
approximation

In order to obtain the asymptotes atRA,RB	d, it is more
convenient to use as the functionP in Eq. (5) the Green’s
function for a semi-infinite space near one wall, which has a
form [43,51]:

P = 1 + exp(−η2)[Y (Γ + η) − Y (η)] (A.1)

whereη = z/2R, Γ =−cR, and

Y (x) = exp(x2)erfc(x) = 2√
π

∞∫
x

exp(x2 − t2)dt

By substitutingPA=P(cA, RA) andPB=P(cB, RB), as given
by Eq. (A.1) into Eq. (5) and by taking some of the inte-
grals, we obtain the following equation for the distribution
coefficient of a diblock-copolymer atRA, RB	d:

( √ √
)
)

−

w

Z

nc-
t

Y

ξ

π

2√
ξ

[

t

√
1

o num-
b e are
l

roblem is a chromatographic behavior of random
isordered heteropolymers which could serve as mo

or biomimetic polymers[52]. There are several phy
al approaches to describe adsorption of such hetero
ers [33,53–56]; these approaches may be useful

uture extensions of the theory of chromatography
opolymers.
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KAB ≈ 1 − 2√
π
g+ 2

π

arctg( ξA/ξB)

λA
+ arctg( ξB/ξA

λB

Z(ξ, t) ≈




√
t
√

2

π
arctg

(√
ξ

1 − ξ

)
− 2(1− √

1 − ξ)√
πξ

t +
π

2 exp(t2)Y

(
−

Y (ΓA)Y (ΓB) + (λB/λA)Z(ξA, ΓA) + (λA/λB)Z(ξB, ΓB)

λA + λB
(A.2)

here ξi = R2
i /R

2(i = A,B); R2 = R2
A + R2

B; and

(ξi, Γi) = 2
√
ξi/π

∞∫
0

exp(−t2)Y (t
√

1 − ξi + Γi)dt.
By making use of the asymptotic expansions for the fu

ionsYandZ

(t) ≈




1√
π

(
1

t
− 1

2t3
+ · · ·

)
t � 1

1 − 2√
π
t + t2 − · · · |t| 	 1

2 exp(t2) − t � 1

(A.3)

t � 1

arctg

(√
ξ

1 − ξ

)
−
√
ξ(1 − ξ)

]
t2 |t| 	 1

− ξ
ξ

)
−t � 1

(A.4)

ne can obtain more simple approximate equations for a
er of special chromatographic regimes. These formula

isted inTable 1.
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Table 1
Distribution coefficient of a diblock-copolymerKAB (wide-pore approximation)

Chromatographic regime, parameters Distribution coefficient

Size-exclusion type for A and B,Γ A� 1,Γ B� 1 1− 2√
π
g+ 2

π

[
λ−1
A arctg

(√
ξA
ξB

)
+ λ−1

B arctg
(√

ξB
ξA

)]
Critical type,|Γ A| 	 1, |Γ B| 	 1 1− g2(ξAλA + ξBλB)

Adsorption type,−Γ A� 1, −Γ B� 1 1− 2√
π
g+ 2√

π

(
1
λA

− 1
λB

) [
exp(Γ 2

A
)

λAgB
− exp(Γ 2

B)
λBgA

]
+ 4

exp(Γ 2
A

+Γ 2
B)

|λA|+|λB |

Critical type for A; SEC-type for B,|Γ A| 	 1, |Γ B| � 1 1− 2√
π
gB + 1

λB
− 2
π
g2λA

[
arctg

(√
ξA
ξB

)
− √

ξAξB

]
Adsorption for A; critical type for B,−Γ A� 1; Γ B	 1 1− 2√

π
gA + 2

|λA| exp(Γ 2
A) − 2

π
g2λB

[
arctg

(√
ξB
ξA

)
− √

ξAξB

]
Adsorption for A; SEC for B,−Γ A� 1; Γ B� 1 1− 2√

π
g+ 2

|λA| exp(Γ 2
A)Y

(
−ΓA

√
ξB
ξA

)

The equation in the last row of the table can be further simplified atcARB� 1 and atcARB	 1. This results in approximate
Eqs.(18)and(19).

Appendix B. Distribution coefficient of star-block-copolymers with f=3 and f=4

For a star-block-copolymer with three armsA, B andC (f= 3), we have obtained:

KstarABC =
∞∑

k,l,m=1

Sklm exp(−α2
kg

2
A − β2

l g
2
B − γmg2

C)

(B.1)

whereαk, βl , andγm are the roots of Eq.(2) with corresponding parametersλA, λB andλC;

Sklm = 8λAλBλC[2λAλBλC + λA(F − 2α2
k) + λB(F − 2β2

l ) + λC(F − 2γ2
m)]

(λA + λ2
A + α2

k)(λB + λ2
B + β2

l )(λC + λ2
C + γ2

m)(4E − F2)
;

F = α2
k + β2

l + γ2
m;E = α2

kβ
2
l + β2

l γ
2
m + γ2

mα
2
k

It turned out also possible to obtain an exact result for a star with four different arms:

KstarABCD

=
∞∑

k,l,m,n=1

Sklmn exp(−α2
kg

2
A − β2

l g
2
B − γmg2

C − δng2
D)

(B.2)

w

S

s

u

here eigenvaluesαk, βl , γm, andδn are the roots of the Eq.(2) with corresponding parametersλA, λB, λC andλD;

klmn = s[2(λAλBλCν4 + λBλCλDν1 + λCλDλAν2 + λDλAλBν3) + λAw1 + λBw2 + λCw3 + λDw4]

u2 − 64α2
kβ

2
l γ

2
mδ

2
n

= 16λAλBλCλD
(λA + λ2

A + α2
k)(λB + λ2

B + β2
l )(λC + λ2

C + γ2
m)(λD + λ2

D + δ2n)
;

= u1α
2
k + u2β

2
l + u3γ

2
m + u4δ

2
n;

u1 = −α2
k + β2

l + γ2
m + δ2n; ν1 = u− 4u1α

2
k; w1 = uu1 − 16β2

l γ
2
mδ

2
n;

u2 = +α2
k − β2

l + γ2
m + δ2n; ν2 = u− 4u2β

2
l ; w2 = uu2 − 16γ2

mδ
2
nα

2
k;

u3 = +α2
k + β2

l − γ2
m + δ2n; ν3 = u− 4u3γ

2
m; w3 = uu3 − 16δ2nα

2
kβ

2
l ;

u4 = +α2
k + β2

l + γ2
m − δ2n; ν4 = u− 4u4δ

2
n; w4 = uu4 − 16α2

kβ
2
l γ

2
m.
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