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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 ulhigsdB. Three special modes of chromatography are studied in detail. (i) If interactions
for AandB are close to the critical point of adsorption (CPA), the retention practically does not depend on architecture, and high molar mass
copolymers can be separated by composition. (ii) At SEC conditiod &mrd strong adsorption féy, copolymers in principle can be separated
by architecture; better separation is expected in wide pores. Retention of linear block-copolymers decreases with increasing of the number
of blocks; for heteroarm stars the theory predicts retention decreasirgBasStarAAB> StarABB StarAAAB> StarABBB> StarAABB
StarAAAAB> StarABBBB> StarAAABB> StarAABBB(iii) At the CPA for B copolymersAB, BABand heteroarm stars regardless molar mass
of B, Mg, can be separated . The same is true fokBAandABARB . .Ain narrow pores. While the retention AB, BAB, Star AB . .B and
Star AAB. .Bis the same, copolymeAB, ABAand linear multiblock-copolymers can be separated, as well as symmetric and very asymmetric
triblock-copolymersABA
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Both size-exclusion and adsorption chromatography has
proven itself as useful tools for analysis and separation of
Block-copolymers are constituents of many practically copolymers. It turned, however, to be a matter of difficulty
important materials. Properties of copolymers depend notthat chromatographic retention is generally influenced by
only on average molar mass and polydispersity, but also onboth molar mass and composition of copolymers. Therefore,
average chemical composition and compositional hetero-in order to succeed in the analysis of copolymers by chro-
geneity. Generally, the heterogeneity of a diblock-copolymer matography, it is important to find such conditions at which
AB may be characterized by a two-dimensional distribution retention is mainly governed by only one of these factors.
function (which can be a distribution either by molar mass If such conditions are available, stage-by-stage strategies
and composition or by molar mass of blocksandB). The of analysis of copolymers become possible. For example,
determination of two-dimensional molar mass—composition one can first separate diblock-copolymers by composition,
distribution is, therefore, an important step in the copolymer and then subject fractions to the second chromatographic
characterization. process at changed conditions, thus further separating these
with respect to molar mass. Another possibility is to separate
* Corresponding author. Tel.: +7 812 2307863; fax: +7 812 2304948,  diblock-copolymers according first to the length of bldgk
E-mail addresszero@ag1152.spb.edu (A.A. Gorbunov). and then, to the length of the other blodkBoth schemes
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result in getting two-dimensional function of a distribution tions are important because it is known that retention of linear
on composition and molar mass. Many reports on experi- diblock-copolymersAB under such conditions becomes in-
mental studies were published demonstrating a wonderful dependent oMg, and such copolymers can be separated by
potential of chromatography in the analysis of copolymers molar mass of the other componéqtMa. We shall analyze
[1-29] the behavior of binary copolymers of different architecture
Along with molar mass and composition of importance under these special conditions.
is the molecular architecture (microstructure and topology)  Then, we shall proceed to another interesting situation
of copolymers. Therefore, such goals are challenging as, forwhere interaction parameters f@randB, being of different
example, separation of di- and triblock-copolymers; linear sign, are close to the CPA. As it will be shown, under these
and branched copolymers; block- and statistical copolymers.conditions the chromatographic behavior of binary copoly-
The question is whether these separations can be achieved byners practically does not depend on architecture.
chromatography. For all that of special interest are regimes  Finally, we shall study the chromatographic behavior at
of chromatography which allow separation of copolymers the SEC condition foB and strong adsorption fak. This
of the same molar mass and composition, but of different mode of chromatography has proven to be very convenient
architecture. for separating oligomeric block-copolymgg?—27,39-41]
Experimental selection of optimum regimes for separa- We shall discuss the possibility for separation of binary linear
tion of copolymers is very laborious, material- and time- and star-shaped block-copolymers by architecture by using
consuming way; generally, it requires sets of well-defined this special mode of chromatography.
copolymeric standards. A theory could provide a more effi-
cient way to the goals of optimization.
A molecular-statistical theory of interactive chromatog- 2 pjstribution coefficient of linear and star-shaped
raphy of copolymers has been originated by Skvortsov and pinary block-copolymers
Gorbunov[30-32} mostly the case of narrow-pore adsor-
bents and high molar mass diblock-copolymers was consid-  |n order to analyze the chromatographic behavior of block-
ered in those papers. Brii3] and Brun and AldefB4] has  ¢opolymers we use a theory for the distribution coefficient,
applied a theory to describe features of gradient chromato-yhich is based on the continuum model of an ideal poly-
graphic separation of statistical copolymers by composition. mer chain in a slit-like pore. We shall consider binary block-
DiMarzio et al.[35] and Guttman et a[36] have developed  copolymers, which include chain fragments of two different
a lattice-model-based theory and performed calculations of yynes A andB.
the distribution coefficient of copolymers of various archi- Fig. 1 shows two families of binary block-copolymers
tectures. Ennis andbassor{37] have derived equations for  ynder the consideration: linear block-copolymers and het-
the distribution coefficient of a linear multiblock-copolymer;  eroarm stars. A diblock-copolym@B can be considered as
these equations, however, were not used to analyze featurege simplest member of both series. Only the basic topolog-
of chromatography. Kosmas et {8] have obtained some  ica) structures are shown Fig. 1, but we shall distinguish
theoretical results, which are relevant to chromatography of some of the topological analogues, such as&Bf\andBAB
star-block-copolymers on wide pore adsorbents. Although or StarABBandStarAAB etc., since the blocka andB are
a considerable progress in the theory of chromatography assumed as being chemically different, and one may expect

of copolymers was _achieved_, a problem O_f separation of that such analogues would behave in chromatography in a
copolymers by architecture is far from being thoroughly gitferent way.

understood.
The main objective of the present paper is a theo-
retical analysis of chromatographic behavior of binary

block-copolymers of different architecture. We shall

consider linear di-, tri- and multiblock-copolymers, as /\f - ? ) /{
well as star-shaped copolymers. By using a continuum

model of a macromolecule in a slit-like pore, we shall Diblock AB %
derive exact equations for the distribution coefficient of \' — Y

star-shaped block-copolymers; we shall use also the exact
results previously obtained for homopolymer and linear
block-copolymers. Our analysis will be focused on the
chromatographic behavior of binary block-copolymers at —
three special modes of interactive chromatography. ~ -
We shall first revisit the situation which is relevant to the
analysis and separation of block-copolymers by liquid chro-
matography at the critical conditions (LCCC), where the CPA
is realized for one of the componers,These special condi- Fig. 1. Two families of binary block-copolymers.

~ \/. Heteroarm Stars

Linear Multiblocks
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2.1. Linear homopolymer and block-copolymers situations there can be a situationRy>>> d andRg « d. Of
course, all these situations are covered by the generéBEq.
An exact equation for the distribution coefficietof a An equation describing multi-block linear copolymers has
linear homopolymer has a forfd2,43} been derived by Ennis an@ddsson[37]. In particular, the

result for a binary triblock-copolymefBA can be written
down in a form:

> 83 ,BZZ(AA - AB)z exp(- O‘kgAl ,31 gB - OlmgAz)
Kapa = Z

4
L QA+ 25 + 0D (s + 25 + B (ha + A5 + a2)(eZ — D)2, — BD) ®)

k,L,m
whereay andam are thek-th and them-th roots of the Eq(2)
with a parameteis; and g is thel-th root of this equa-
tion with the parameteig; g4, = Ra,/d; g4, = Ra,/d;

2

Kin — Z 20 exp(— Olkg ) 1) Os= RB/d- AA= _CAd; Ag=—cgd. - .
2(A + A2+ az) Equations for linear copolymers with four, five and more

blocks are rather complicated, but suitable for numerical cal-

whereg=R/d is macromolecule-to-pore size rati® (x vM culation.

is the radius of gyration of a free ideal linear chainy, —cd;

anday are the roots of the equation: 2.2. Star-block-copolymers

axtg(og) = A, k=12,...00 (2) The distribution coefficientKsiar of a star-block-

copolymer withf arms of different length and chemical na-
tlure, which is equal to the ratio of the partition functions for

this copolymer within a slit-like pore of a widttdzand in an

unrestricted space of the same volume, is equal

A parameterc serves in the theory as the adsorption in-
teraction parameter. The interaction is assumed to be shor
ranged. Negative values correspond to effective repulsive
forces. The point =0, at which the adsorption of an infinitely
long chain starts is usually referred to as an adsorption thresh-
old point or as a critical point of adsorption. Positive values Koar = (2d4)71 / dxl_[ P.(x) (5)
of ¢ correspond to adsorption. At>0, a sufficiently long
macromolecule forms an adsorption layer on the surface; the B

average thickness of this layer is equattd. whereP;(x) is a sub-partition function of a polymer chain
Simpler asymptotic equations describing chromato- (i-th arm of a star), having one end at the distaxfrem the
graphic behavior of a homopolymer at b&k» d andR<d, plane corresponding to the middle of the slit. According to

and at various interaction conditions have been also reported42], the expression fdp;(x) has a form
[42]. 00
In the theory for a diblock-copolymé1], two interaction Pix) = Z 2); COS@; i, x/d)secly;)
parametersp andcg were introduced to account for different A+ A2+ a?,
interaction of blockA andB with pore walls. According to

[31], an exact equation for the distribution coefficient of a Whereg =Ri/d, 1; = —c;d, and an eigenvalug; ; is thek;-th

exp-afy 8f)  (6)
ki=1

linear diblock-copolymer has a form: rootofEq.(2). _ .
After the substitution of functionB;(x) as given by Eq.

K48 _ i Aarp(ra — hp)eXp-aZgs — pig2 (6) into the Eq.(5), one obtains the general formula for the

lin S O+ )‘i + a,f)(kg + 22+ ﬁzz)(“k — 512) distribution coefficient of a star-block-copolymer:

3) 00 f
Ai sec
whereo i i Kyar =2/ Z Ty ko, b H @lk)
k, andp, are roots of the E((2) with corresponding rlly ,\2 +a? L

parameterg andig; kika,....kp=1 i,

S Ai=—cid(i=A, B) 2 2
8i = 4’ i = —Ci = A, b). x exp| — Zai»kigi , (7

A set of simpler asymptotic equations for the narrow-pore
situation Ra, Rs > d) at various interaction conditions was where
presented iff31]. We have derived approximate formulae 1
for the wide-pore situatioRa, Rg <« d. These equations are _ .
given in theAppendix A There can be even more regimes of Loy = / COS(1 k, ¢) COS@2 k) - - - COSke k. ) A
specific chromatographic behavior of diblock-copolymers if 0
Ra andRg are very different. For example,i > Rg, apart For specified number of arm$<1, 2, 3, etc.), the inte-
from narrow-porgRa, Rg >> d) and wide-poreRa, Rg « d) gration can be completed. The integration withl and 2
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of course results in Eq1) for a homopolymer and in Eq.  extent from that of the copolymers of the first group (see

(2) for a diblock-copolymer. The exact results obtained for Fig. 2). The reason is in the difference in the distribution co-

stars withf = 3 and 4 are presentedAppendix B Even more efficients of linear and star-shaped homopolymers of equal

lengthy equations are obtained for star-copolymers with five contour length.

arms. At high values ofgg, the distribution coefficient of a
At some special values of and at some eigenvalues the triblock-copolymerABA also does not depend @g, being

denominators of the Eq¢l), (3) and (4), (B.1) and (B.2) approximately equgB2]:

turn zero; however, the numerators turn zero as well. Such

uncertainties always can be resolved by means of taking cor-Ka1Ba; = Ka, Kay, (©)

responding limits. o while for a linear copolymeABAR . .A with n blocks of the
The theory describes stars generally having different arms.yne A at the situation where allz, > 1, the result i§32]:
Stars with arms of the same chemical nature and binary stars '

that are shown irFig. 1 are important special cases, which K4, 4,8,..4, ~ Ka,Ka,, ..

are covered by the theory. , .
We shall use the Eq€3)~(7) and(B.1), (B.2) to analyze . At small values ofgg the chromatographic behav.lqr of

chromatographic behavior of binary block-copolymers and linéar copolymerfABAandABAR . .A at the CPA condition

to predict separation of these polymers by chromatography. for B is different from that of a diblock-copolymer and of
the above mentioned star-block-copolymdtsy. 2a and b

., Ka (10)

n

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 component# andB with the adsorbent, as well as to the
narrow- and wide-pore situations. In the present study, we are
especially interested in the conditions, at which the retention
becomes practically independent of one of the parameters
of the structure of a copolymer (for example, of the length
of one of the blocks, of molar mass, or of architecture). At
our focus will be also the conditions, at which copolymers
differing only in architecture could be separated from each
others.

3.1. Critical interaction condition for one of the
components

It has been found previoud]$1,32]that for many types of
binary block-copolymers the separation by molar mass of one
component can be achieved at the CPA condition for the other
component. For example, at the CPA for a block (blodks)
the retention of the copolymeAd3, BAB, and heteroarm stars
Star AB . .B andStar AAB. .B (with f arms of the typeB)
will be determined by the contour length of a chAithat is
by M) and will not depend oM. For these copolymers at
the CPA forB (atcg = 0) in both narrow and wide porésis
equal:

Kcopolymer= Ka, (8)

whereKa is the distribution coefficient of a linear homopoly-

0.8
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0.6
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0.2 4

AR [ -l r=Y
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100 A

X 10 -

(b)

merA of the same contour length as the chains of a copolymer. Fig. 2. Dependences ifongs = Re/d for several types of symmetric block-
Eq (8) stays also valid for block-copolymerstar copolymers at the critical interaction forg = 0). (a) Condition of SEC foA
A . AB.. B. However. nowKa in E (8) has a meaning of (Aa=1000);9a =0.2(1-5)and 0.6 (6—10). (b) Condition of strong adsorption
th‘ t f' e t h ! | @At Aq.A For th gl for A (\a=—25); ga=0.1. (1, 6) Block-copolymeréB, BAB, StarAB..B
at of a star-homopolymes8tar A ..A. For these copoly-

andStarAAB. .B; (2, 7):ABA (3, 8):ABABA (4, 9):StarAAAB. .B; (5, 10):
mers,K also does not depend dfg, but is different to some  StarAAAAB. .B. Dotted lines represent approximate E@—(12).
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show the dependences l¢fon gg for AB, ABAandABABA 34
copolymers at the CPA foB. Fig. 2a corresponds to the
SEC condition for block#\; 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). IrFig. 2, the distribution coefficient is plotted

versusgg = ,/> R%i/d; we compare copolymers at fixed

2 4

a.u.

response

ga =/ R4 /d (thatis at equaMp).

Fig. 2 shows that in wide pores or at loMig (atgg<1)
Kaga depends ogs (being a decreasing function gg). A
similar dependence has been previously reported by Guttman 3 4 5 6 7 8 9
et al. in their lattice-model-based stuf86]. A very similar elution volume, ml
effect for polymers with adsorption-active end groups has
be.en predicted and was extensively _dISCUISSG[iMh-48] and symmetricABA copolymers at the CPA for polyoxyethylene bloBk
This effect was really observed for difunctional oligomers and strong adsorption condition for hydrocarbon block(g}omponents of
of PEG[46]. Recently, Park et a[28] have observed a dif- the mixture are copolymers of equal average molar mass and composition
ference in the retention of di- and tri-blocks of polystyrene (each consisting of monodisperse blockfspf total M =252 and block
(PS) and polybutadiene (PB). They found that at the CPA for B with My, =5000 andM,,/Mn =1.5): (1) diblock-copolymenB; asym-

PB and at SEC condition for PS retention of SBS triblock- Met"ic triblock-copolymerstuBAp with (2) Ma, : Ma, =1 :17 and (3)

. My, My, = 3:15, (4) symmetric triblock-copolymekBA Simulation
Copolymers is lower than that of SB and BSB copolymers, parametersca = 3; 2d =12 nm; pore volumey,, = 1 ml; interstitial volume,
which agrees well with the theory. Vi=1ml.

By using the analogy between the chromatographic be-
havior of a difunctional macromolecule and a copolymer
ABA[41], we have obtained the following approximate equa- ~ So, according to the theory, at the CPA condition for a
tion for the distribution coefficient of a triblock-copolymer componenB linear copolymer#&B, BABand heteroarm stars

o

Fig. 3. A chromatogram simulated for a model mixtureAd, asymmetric

atcg =0,c4 > R andc/:1 <L Rp K d: Star AB..B and Star AAB. .B regardless their molecular
architecture anlg can be separated bya.
Kapa, ¥ 1+ (Kay — 1)+ (Ka, — 1) As it follows fromFig. 2and Eqs(9)~(12), there is a dif-

(Ka, — 1)(Ka, — 1) ference in the retention G&B, ABA.and.Iinear mu_ltiblock-
+—=4 g (11) copolymers at the CPA foB. This difference is rather
VrgB small in the case of SEC condition fér(Fig. 2a), but be-
comes quite pronounced if blocksare strongly adsorbable
At Rp K cgl the distribution coefficient of a triblock-  (Fig. 2b). Therefore, one may expect that copolymAg;
copolymer tends to that of a corresponding homopolymer ABA and multiblock-copolymers having the sarivi but
A1A2 asK 4 pa, = Kaja,(1— Aig%). polydisperse irMg can be efficiently separated from each
According to the theory, the behavior of linear multiblock- other at the latter conditions. The theory predicts that it
copolymers at smallgg is qualitatively similar to that is even possible to separate symmetric and very asymmet-
of a triblock-copolymer. In particular, in the situation of ric copolymers, such as, e.g. symmetric and asymmetric
wide pores and strong adsorption A&f the distribution triblock-copolymers.

coefficient of a copolymerA;B1A2B, can be approxi- In order to visualize the expected separations of copoly-
mated by the Eq(11) with gg changed togp,, while for mers we apply a ‘virtual chromatograpgW9], a special soft-
a pentablock-copolymer, we have obtained the following ware for the computer-assisted simulation of chromatograms
approximation: of polymers, which is based on the theory of the distribu-
tion coefficient. The virtual chromatography technique has
K 41B1A>B243 ~ 14+ (q1+ q2 + ¢3) been already used to predict separations of polydisperse poly-
1 (qiq2  a2q3 4143 114203 mers of various typeR4,25,41] in those stuc_iie_s, simulated
— ( + + > + (12) chromatograms have proven to be very similar to the real
VA8 8B 8BiAsB T8B18B2 ones. By using the exact E¢&) and (4), we have simu-

lated chromatograms for a mixture of copolymé with

5 > 5 symmetric and asymmetri@BA one example is shown in

\/ 88, T 84, + 8B, Fig. 3. Fig. 3presents a chromatogram simulated for block-
Dotted lines irFig. 2b correspond to the approximate Egs. copolymers with poly(ethyleneoxide) blodk and hydro-

(91H12). As it can be seen, these approximations are quite carbon chain in block(sh (copolymers such as fatty alco-

reasonable. hol ethoxylates or fatty acid polyglycolesters and chromato-

where ¢ =K, —1,i=1,23; and  gp,A,B, =
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graphic conditions reported in the papers on the analysis of
these copolymers by LCC[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 previoud$0,31]that in the situation
where the interaction parameteyg andcg 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 |xal, 1AB| < 1, Eq.(3)for a diblock-copolymer reduces
to the following approximate formula:

K ~ exp(-i.g°) (13)
whereg? = g% + g2, and

_ RZ

A =E&aha +Eprp Ei=R—’2;i=A,B _ (14)

According to Egs(13) and (14), the distribution coef-
ficient depends on both molar mass and composition of a
copolymer.

Eq.(13)has the same form as that for a homopolymer with
an effective interaction paramete(at |A| « 1) [43]. It fol-
lows from Eq.(14), that if Lo andAg are of different sign, for
example, ifia <0, Ag > 0 (this situation corresponds to weak
adsorption interaction foA and pre-critical interaction for
B), then at some special composition of a copolymer, namely
at&y ~ Ap/(Ap — Aa), A turns zero, and the distribution co-
efficient of a copolymer of this special composition becomes
independent of both molar mass and pore size, being equa
unity, like it happens with a homopolymer at the CPA (at
A=0).

For all copolymers witl§4 > £% K> 1 and exponentially
increases wittM at highg=R/d. At g >1 (that is, at higiM or
in narrow pores), all such copolymers are strongly retained.
To the other hand, copolymers with < & at highg pos-
sess exponentially small values of the distribution coefficient.
Thus, it follows from the theory that high molar mass copoly-
mers withé4 > &} andé, < &7 can be efficiently separated
by using the narrow-pore adsorbents.

An important theoretical result is that jata|,|As| < 1, K
of all considered copolymers is described by the same Eq.
(13) with

A= Z&'ki

This implies that under such conditions the considered block-

(15)
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2.5 7

0.5 1

Fig. 4. Dependences &f on R/d (whereR = /R4 + R3) for copolymers
AB (solid lines), ABA (dash-dotted) anABABA(dashed) of various compo-
sition. Values of the parametéf = R3/R?: 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, namelyjat|,
[Agl<1.

Fig. 4shows the dependenceskobn the ratid=/d calcu-
lated by using the exact equations of Secatip=—-0.5,
Ag=0.6.

Each curve irFig. 4 corresponds to a copolymer of fixed
composition. One can see that at the threshold composition
&4 ~ Ap(1+1a/3)/(Ap — X 4) ~ 0.455,K practically does
notdepend on g, while gy > &} oré, < &}, there is either
increase of decrease Kfwith g.

Solid lines inFig. 4 correspond to a copolyméB; dash-
dotted and dashed lines show the results for the copolymers
ABAandABABAat o~ 0.4, 5~ 0.455 and:a~ 0.6. The
palculated data for the other considered copolymers (these
curves are not shown ifig. 4 have turned to be even
closer to the results for a diblock-copolymer than those for
ABABA

Since£’ depends orka and A, one can use gradient
chromatography in order to mog 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
copolymer molar mass.

It has been shown by BryB3] that equations practically
coinciding with Eqs(13)and(14)describe also chromatogra-
phy of statistical copolymers at the interactions of the com-
ponents in the vicinity of the CPA. This allows the use of
gradient chromatography for separation of such copolymers
by compositior{33,34]

Thus, it follows from the theory, that it is possible to sep-

copolymers (regardless of architecture) have the same depenarate binary copolymers by composition regardless of molar

dence oK on molar mass and composition.

mass and architecture by using narrow-pore adsorbents and
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Fig. 5. Dependence of the threshold compositignof high molar mass ) o o )
binary block-copolymers on the interaction parameigrandas. Fig. 6. Dependences of the distribution coefficient of binary block-
copolymersAB (solid lines), StarAAB (dotted), ABA (dash-dotted) and

ABABA (dashed) on the parametgrR/d. Aa=—1.5, A =4; £5=0 (1),
) N ) 0.25 (2), 0.378 (3), 0.5 (4), 0.7 (5) and 1 (6).
specially selected conditions corresponding to weak near-

critical interactions.

exactly equivalent to that of a homopolymer with some ef-
3.3. Separation diagram and chromatographic behavior fective interaction parameter. However, as it can be seen in
at very differen.a andig Fig. 6at high values ofj features of chromatographic behav-
ior of diblock-copolymers at varying adsorption interaction
It follows from Egs.(3) and(4), (B1) and (B2) that the  are still similar to some extent to that of homopolymes:
threshold compositiog for binary copolymers of consid-  exponentially increases or decreases wgtht highg, de-

ered types is determined by a general formula: pending on whetheg, > & or 4 < &} The distribution
5 coefficient of a diblock-copolymer of the threshold compo-

£4(ha, ) = % (16) sition& still stays independent dvi at highM or in narrow
BL— o pores (aty>1). The threshold value of the distribution co-

efficientK” is, however, less than unity now¢" 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 differehf, and Ag
copolymers ofAB, ABA ABABAandStarAABtypes behave
in a similar way, but some quantitative differences appear

wherew; =a1(ra) andp1 = B1(Ag) are the principal roots of
the Eq(2); Aa andig are of different sign. Assuming negative
values ofia (adsorption interaction foA) and positiverg
(effective repulsion foB), we have calculateg; as afunction
of Aa andig (Fig. 5).

Fig. Srepresents a separation diagram for high molar mass
binary copolymers. At given.po and Ag copolymers with

£x > &5 (Aa, Ap) are strongly adsorbed and retained in the NOW.
column package, while those with < &% (14, Ap) are not - _
adsorbed and moving along the column. 3.4. Condition of SEC for B and adsorption for A

It follows from Fig. 5 that separation of copolymers of ) . . ]
different composition is also possible, when compondnts Since the difference iK due to the molecular architecture

andB are very different in their adsorption properties. How- of copolymers increases with the increase of the difference

ever, the chromatographic behavior of block-copolymers at Pefweenia andag (Figs. 4 and § one may expect a con-
very differenti., andig becomes more complicated than at siderable separation of block-copolymers of different type
interactions close to the CPA. under the conditions of size-exclusion chromatography for

Fig. 6is similar toFig. 4, but calculated at quite different ©N€ component of a copolymer and of strong adsorption, for
a andig. Solid lines correspond to diblock-copolymers of ~the other one.

various compositions. The behavior 8farAAB ABA and At —2aga=caRa>1, 1ggs > 1, the distribution coeffi-
ABABAblock-copolymers is also shown Fig. 6at several ~ ¢iént of a high molar mass diblock-copolymer wig>>d
selected values of composition. can be approximated by the following equation:

As it follows from the theory (see the results given in oy -1 2
the Appendix A), at very differenti andag, the behavior g, ; ~ 4(;34 n ”_> exp(k%g% _ ”_g%> , 17)
of a diblock-copolymer of a given composition is no longer 4 4
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while (as it follows from theAppendix A) for lower diblock-
copolymers at;l <K Rpk1
2 2 expp?gl)
Kap #l1— —=g+—=—75""
VT VT Aigs
(ads)
~ K(SEO) Ky

(ads)
A Ka
V(—=ha)gp  +/mcaRp

(18)

where
KSEO 1 2 R
Jrd
and
£ (@ds)  ((SEC) 2 exp@4g3) _ 2 expEiRy)
A T B4 + ~
—AA cad

is the distribution coefficient of a homopolymérin the
regime of adsorption.

Eqg.(18)is not applicable to oligomers with very smgH.
The theory resultsin another asymptoteag atRp <« cgl:

2
——cAR
e B)
Eq.(19)gives a correct limit ok 45 — K@%atRg — 0. At

very strong adsorption of a bloék the interval ofRp < ch
is, however, very narrow, and Eq47)and(18)cover almost
the entire range dRg.

Approximate equations that are similar to E7) are
obtained also for some of the other considered block-
copolymers. At highggs, the result can be presented in a

general form
72 2
4 8B

with coefficientsS depending on chain architecture. In par-
ticular, for triblock-copolymers

2 72_
1 ;

2 -2
Spap ~ 8(—AA)<A3 + %) ;

7?2 _1_
16 '

_ _1
Ssiarans ~ 16(=14) 103 + 7).

In the approximation which is similar to that of EJ.8), we
have obtained for copolymeBAB and ABA with terminal
blocks of equal length the following formulae:

Kap ~ Kffds)<l - (19)

Kblock-copolymer™ S €Xp <Xig% - (20)

Sapa & 27'[2()\% +

SSiarAAB ~ 2<)»% +

2
Kpap ~1— —g+ ————exp343)
ﬁ ﬂ(_AA)Sg%]_ Asa
2K(ads)
~ Ksec+ A (21)

ﬂ(CARBl)Z
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2 sz(L\ads) Kgi‘ds)
Kapa =~ Ksec+ + (22)
V7(caRp)  /m(caRp)®

where the index Bin Eq.(21)corresponds to one of two equal
blocks of typeB, Kﬁf‘ds)corresponds to ahomopolymer which

is the same as blook, andk 2%is that for a homopolymer
of type A with doubled contour length.
Analogous equations for symmetric star triblock-

copolymers are the following:

K(ads)

K ~ K S S— 23

StarAAB SEC+ 27 (caRp) (23)
4Kads

Ksarass ~ Ksgc + ——22— (24)
7(ca RBl)

Egs.(21)«(24) are applicable at R, R > c,;*. The distri-
bution coefficient of block-copolymers with shorter block(s)
B, of course, tends t&@®) (for BAB and Star ABB or to

K9 (for ABAandStarAAB.

Fig. 7a and b shows the results of calculation by using
Egs.(1)H7) in the form of the dependenceskbngg = Rg/d
for various symmetric copolymers under the SEC condition

for B and strong adsorption fok. Here,Rg = (3 R%i)l/2
andRy is defined in a similar way. Parametgg = Ra/d is
taken constant, which means the saviig in all considered
copolymers. Approximations (17), (18), (20)—(24) are also
shown inFig. 7. As can be seen, at chosen conditions, these
approximations work quite satisfactory.

In Fig. 7, the distribution coefficients at fixeds
correspond to copolymers of the same molar mass and
composition but of different architecture. One can see that at
given conditions and ag in the interval of 0.1-0.5 curves
for many of the considered types of copolymers are more or
less separated. In the family of linear multiblock-copolymers
retention decreases with increasing the number of blocks
(Fig. 7a). Some results for heteroarm stars are shown in
Fig. 7. While the retention ofStarAAB StarAAABand
StarAAAABiIs about the same, for other stars it differs
considerably. The theory predicts the order of retention for
stars of three armsStarAAB> StarABB for stars of four
arms the order is:StarAAAB>StarABBB>StarAABB
the following order is obtained for stars of five
arms: StarAAAAB> StarABBBB> StarAAABB>
StarAABBB

Examples of expected chromatographic separations are
shown inFigs. 8 and 9Fig. 8 presents a simulated chro-
matogram for a mixture of symmetrical oligomeric block-
copolymers of ABA BAB, StarAAB and AB types with
poly(ethyleneoxide) block(sB and hydrocarbon chain in
block(s)A. Copolymers are assumed of the same average mo-
lar mass and composition with polydisperse non-adsorbing
blocksB and monodisperse adsorbing blogks

Four series of peaks iRig. 8 correspond to four types of
copolymers in the mixture. Each series consists of partially
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2 054
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4
0 L . \ T /./V\,\\‘.
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1.5 elution volume, ml

(a) Rp/d

Fig. 8. Simulated chromatogram for a mixture of copolyn#eB#\ (1), BAB
(2), StarAAB(3) andAB (4) under the condition of SEC for polyoxyethy-
lene block(sB and strong adsorption for hydrocarbon bloclgsParame-
ters of simulationMa =280; Mw)g =600, Mw/Mp)g =1.03;cA=4 nm1;
Vp=1ml,Vi=1ml; 2d=12nm.

20 1

15 1

blocks are monodisperse or possess narrow molar mass distri-

X 10 1 butions. In simulations we achieved good separation results
for copolymers with monodisperse adsorbing blocks and non-
adsorbing blocks ofl,,/M,, < 1.05.
5 -
. 4. Concluding remarks
0 - .
5 T We apply the molecular-statistical theory for studying pos-
(6) ? sibilities of chromatography to analyze and to separate lin-
Fig. 7. Dependences &f on gg =Rg/d for two families of binary copoly- ear and star-shaped bmar}_/ block-cc_)p(_)Iymers._The theory is
mers: (a) linear block-copolymersB (1), BAB (2), ABA (3), ABAB (4), based on the model of an ideal chain in a slit-like pore, and
BABAB(5) andABABA(6); (b) star-block-copolymerStarAAB StarAAAB is developed in the similar manner for block-copolymers of
and Star AAAAB(7), StarABB (8); StarABBB(9); StarAABB(10) and various structures.
StarAABBB(11). Interaction conditions: SEC f@, strong adsorption for Three special types of chromatographic conditions and

A; 2a=-50; ga=0.06. Dotted lines correspond to Eq47), (18), and

(20)424), 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-
separated individual oligomeric homologues; within the se- nents,B, the distribution coefficienk of linear copolymers
ries retention decreases with increase in the number of EOAB, BAB and star-block-copolymers is independenivii,
units. Fig. 8 shows a good expected chromatographic sepa-and (at equaM,) coincides for most of these copolymers.
ration of these four block-copolymers. All these copolymers regardless their architecture g

It follows from the theory, that even separation of sym- can be separated 4.
metric and very asymmetric block-copolymersis possible,in ~ Under the same conditions the chromatographic behavior
principle.Fig. 9a and b demonstrate expected patterns of sep-of linear copolymeré&\BAandABAR . .Ais considerably dif-
aration of symmetric and asymmetric stABB, and diblock- ferentin both qualitative and quantitative aspects from that of
copolymersAB. Here we model the mixture of PPO—PEO a diblock-copolymer. While being independenM at high
copolymers of equal averagd and compositionFig. 9 Mg, K increases at lowlg for these polymers. We gave sim-
shows better separation in wider pores. According to the the- ple approximate equations to describe this effect. It is shown
ory (Fig. 7), better separation of block-copolymers by archi- that at the CPA foB not only the separation &B, ABAand
tecture in the SEC-adsorption mode is generally expected atmultiblock-copolymers can be possible, but the same is also
values ofRg/d of order of 0.1-0.5. true for symmetric and very asymmetric copolymABA

It should be noted, that in the SEC-adsorption mode sep- If the interaction conditions foA andB are close to the
aration of block-copolymers by architecture is possible if CPA the retention of the considered binary copolymers prac-
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1.5 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 df on bothMa andMg, separation by architec-
ture at these conditions will be only possible if blogkand
B are monodisperse or have narrow MMD. It is also evident
that this approach can be mostly applied to oligomers with
051 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
0 5 10 15 20 the above discussed modes of chromatography can be devel-
(a) elution volume, ml 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 copolymag; StarAABand
StarABBcan be separated byla at the CPA forB, then
by Mg at the CPA forA, and then by architecture at the
SEC-adsorption mode. High molar mass copolynidsnd
BAB, in principle, can be separated by composition by us-
ing narrow-pore adsorbents and gradient chromatography at
the close-to-critical interaction conditions, thenMy at the
CPA for B, and finally by architecture either at the CPA for
A or at the SEC-adsorption mode.

In the theory, it is assumed that both chafandB are
flexible (and of equal flexibility). If this is not the case (for
example, ifB is flexible, whileA is semiflexible, or if bothA
(b) elution volume, ml andB are semiflexible), one may expect considerably differ-

entchromatographic behavior of such copolymers (especially

response, a.u.

response, a.u.

Fig. 9. Simulated chromatograms for a mixture AB with symmetric

; o in narrow pores).
and asymmetricStarABB copolymers under the condition of SEC for An ideal chai del d t take int tint
polyoxyethylene block(sp and strong adsorption for polyoxypropylene n ideal chain model does not take Into account Inter-

block A. Components of the mixture are copolymers of equal average actions between chain units. We think that interactions of
molar mass and composition (each consisting of monodisperse Block repulsive type with the short-ranged potential would hardly

of M=1000 and block(SP of total My =40 10° with Mu/My = 1.03): change the features of chromatographic behavior of block-
(1) diblock-copolymer AB; triblock-copolymers StarABB, with (2) copolymers; deviations may be expected for stars with many
Me1:Mep =39.8:0.2, (3Me1: Mgz =38.5:1.5 and (4Mew: M2 =20:20. oy s o \hich the excluded volume effects are important

Simulation parametersca=3.1; Vp=1ml, Vi=1ml. Pore dimension: ! . p )
2d=18nm (a); 2=50 nm (b). If, however, the attraction takes place (for example, the

attraction of block#\in ABA), one may expect more rich and

complicated behavior of such polymers in chromatography.
tically does not depend on their architecture and is the sameSimilarly, one may expect some effect of the attraction
as that of a homopolymer with an effective interaction pa- betweenA and B on the chromatographic behavior of a
rameterr = £414 + Epip. At weak adsorption interaction  diblock-copolymerAB. Numerical studies of the behavior
for A and pre-critical interaction foB, there is a threshold  of block-copolymers in pores with a proper account of chain
composition of a copolymey; (the same for all considered  unit interactions (similar to those performed by Cifra and
copolymers), at which the retention becomes independent ofBleha[50] for linear polymers) could help in understanding
M like it happens with a homopolymer at=0. In the limit these effects.
of R/d>> 1, K tends either to zero or to infinity, depending In many papers on chromatography of binary block-
on whethert4 < &} or &4 > &}. One can make use of this  copolymers at the conditions of CPA for one of the com-
fact by applying a gradient technique and narrow-pore ad- ponent§7-10,12-17,28lexperimental results were reported
sorbents in order to gradually separate high molar mass bi-which are fully consistent with the theory. In particular, it was
nary copolymers by composition. For the considered types shown that a block-copolyméBat the CPA foB behaves as
of copolymers, the result will not depend on architecture.  a homopolymer identical to a blogk Some deviations from

According to the theory, at SEC condition f& and this behavior were observed by Lee et[@0] who found

strong adsorption foA block-copolymers of equal average somewhat higher retention &B and its weak increase with
molar mass and composition but of different architecture, molar mass oB at the conditions of SEC fok and CPA for
in principle, can be separated from each others; it seemsB; the reason of these deviations was not understood.
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End groups in polymers may differ considerably from of bio-nanocomposites. A.A.G. thanks Bernd Trathnigg
the repeating ones in the aspect of adsorption interaction.(Graz) for many discussions on chromatography of
This is the well-known fact that the presence of such groups amphiphylic polymers.
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 Appendix A. Diblock-copolymer AB: wide-pore

group on the end of the blodk of a copolymelAB may re- approximation
sult in the chromatographic behavior which is typical for a
triblock-copolymer. At the CPA foB, the retention of such In order to obtain the asymptotesRyt, Rg « d, it is more

copolymer will be different from that of a corresponding ho- convenient to use as the functiéhin Eq. (5) the Green’s

mopolymerA and will depend oM. If block Ais adsorbing,  function for a semi-infinite space near one wall, which has a

one may expect a triblock-like behaviorkiy. 2b. However, form [43,51}

as it follows from the theory, at SEC condition fdaand CPA

for B the retention ofAB with an adsorbing group at the end P = 1+ expn?)[Y(I" +n) — ¥ ()] (A1)

of B should be somewhat higher than that of a homopolymer

A; and one may expect for such copolymer the increase of

with Mg in wide pores. Similarly, adsorbing end-groups may )

also influence the chromatographic behavior of star-shapedy () — expp?)erfc(x) = % / exp(? — 12)dr
b

wheren = z/2R, I' =—cR and

block-copolymers.

In this paper, we have focused mostly on the chro-
matographic behavior of block-copolymers with fixed reg- By substitutingPa =P(ca, Ra) andPg =P(cg, Rg), as given
ular structures under three special types of chromatographicby Eg. (A.1) into Eq. (5) and by taking some of the inte-
conditions. Of course, a more detailed analysis could be grals, we obtain the following equation for the distribution
done for other chromatographic regimes. Another interesting coefficient of a diblock-copolymer &4, R « d:

Kap~l——g+
& AA AB Aa+Ap

2 2 <afCtg(\/€A/$B) N afCtg(x/SB/EA)) _ Y(Ia)Y(I'p) + (AB/*4)Z(§a, T'a) + (Aa/AB)Z(§B. I'B)
JT 7

(A.2)

problem is a chromatographic behavior of random and yhere ¢ = R2/R%(i=A,B);, R?=R%+R3, and
disordered heteropolymers which could serve as models )

for biomimetic polymers[52]. There are several physi- Z(&. I7) = 2V& /7 [ exp(~t2)Y(1y/IT—& + I})dr.

cal approaches to describe adsorption of such heteropoly- 0

By making use of the asymptotic expansions for the func-
mers [33,53-56] these approaches may be useful for y ingu YmPIOtc expanst !

future extensions of the theory of chromatography of tions Y andz
copolymers. 1 /1 1
(= 4. 1
7 (; 55+ >
A 2
YO~11- 2o <t (A-3)
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one can obtain more simple approximate equations fora num-
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Table 1
Distribution coefficient of a diblock-copolymé&iag (wide-pore approximation)
Chromatographic regime, parameters Distribution coefficient

; ; -1 [€a (€8 )
Size-exclusion type for Aand Bja>1, g > 1 1- Tg + £ [A arctg( ) + g arctg( }
Critical type,|'al < 1, | I'g| < 1 1— g2(Eaha + Ephp)

. 1 1 exp("?)  exp(r3) exp(r2+13)
Adsorption type;—I'a>1, —I's >1 1- Tg+ f (H - H) [ Tags T Thagh ] + ATl
Critical type for A; SEC-type for B|I"a| < 1, |I'g| > 1 1— Zgp+ L — 262, [arctg(1 / s—A) - «/sAsg]

) , N B T ép
Adsorption for A; critical type for B—I'a> 1; I's < 1 1- ng + \M\ exp(?) — ;gZAB [arctg( S—B «/EASB]
Adsorption for A; SEC for B—I'a>1; I'g>>1 1- fg + 52 expr2)Y ( g—ﬂ

The equation in the last row of the table can be further simplified@g >> 1 and attaRg « 1. This results in approximate
Egs.(18)and(19).

Appendix B. Distribution coefficient of star-block-copolymers withf=3 andf=4

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

o0
KstaraBc = Z Skim EXp(—Ol/%gA ,3183 Vmg%)

k,l,m=1
(B.1)
whereay, Bi, andym, are the roots of E(2) with corresponding parameterg, Ag andic;
8harprc[2harphe + Aa(F — 202) + hp(F — 282) + Ac(F — 2y2)]
klm =
" (A + A2 +ad)(hp + 12 + B (hc + A2 + y2)(AE — F2)
F =i+ B+ v E = }B + Biv + vk
It turned out also possible to obtain an exact result for a star with four different arms:
KsaraBeD
Z Skimn X 0fkgA lg% - Vmg% - 6ngf))
k,l,m,n=1
(B.2)

where eigenvaluesy, 8|, ym, ands, are the roots of the E¢2) with corresponding parametexs, Ag, Ac andip;

s[2(arprcva + Agichprr + )»c)»D/\A V2 + ApAaAipva) + Aawi + Apw2 + Acws + Apwa]
40{2/31 282

Sklmn =

_ 16AaABAcAD
(ka + 23 +a2)(hp + A5+ B (ke + A2 + ¥2)(p + 25 + 32)

u = ur02 + upf? + ugy? + uad?;

up = —a,%+,3,2+)/3,+55. V1:M_4ula]%; 1—1,{141—16,31 Vm n’
Uz = +a,€ — /312 + y,i + 85; V) =u — 4u2/312; w2 = uup — 16ym ot,%,
Uz = +a,€ + /312 - y,% + 85; v3=1u — 4143)/3’; w3 = Uuz — 168,2105,%,312;

u4=+a,%+,312+y,% —55; v4=u—4u483; W4 = Ullg — 60(2;‘31 V-
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