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ABSTRACT: A theory of the equilibrium distribution of isolated, flexible polymer molecules between a binary
solvent mobile phase and a planar stationary phase surface is developed utilizing the Flory-Huggins lattice
model for the isolated polymer—associated solvent systems in both chromatographic phases. In the mobile
(stationary) phase the polymer molecule is considered to be a spherical (thin, cylindrical) gel of uniform segment
density which is penetrated by the solvents. Nearest-neighbor solvent-solvent, solvent-polymer segment,
polymer segment-segment, solvent-surface, and polymer segment—surface interactions are included using
the Bragg-Williams approximation. When only the less polar, more favorable polymer solvent (e.g., solvent
1) is appreciably adsorbed in the stationary phase, the capacity factor &5 is given to an excellent approximation
by k3 = exp[A;M(X,, — X1}, where M is the degree of polymerization, X, is the mobile phase composition
of solvent 1, X, is a critical mobile phase composition, which for a given temperature depends on M and
the various interaction energies, and 4, (A; < 0) depends primarily on the solvent-solvent and solvent—polymer
segment interchange energies and has only a weak M dependence, which vanishes as M — . The X;,~M
dependence arises from the molecular flexibility of the polymer, which enables it to change its configurational
geometry and size in response to its solvent and/or surface environment. For large M, &; is either extremely
large when 0 < X, < X, or extremely small when 1 =2 X, > X, and since X, increases monotonically
with M to an asymptotic limiting value X, .~ as M — =, fractionation of homopolymers of different M is
predicted to be feasible by chromatographic methods such as gradient elution HPLC or TLC, which sys-
tematically vary the mobile phase composition. Comparison of the retention times, ¢, for HPLC and R, values
for TLC obtained using the theoretical k3 is made with the experimental fractionation results obtained by
Armstrong and Bui for polystyrene homopolymers in a methylene chloride-methanol mixed mobile phase
used in conjunction with reversed-phase gradient elution HPLC and TLC. For reasonable selections of the

various interaction energy parameters, the theory successfully accounts for the observed trends.

I. Introduction

Recent successful fractionation experiments on high
molecular weight homopolymers have been reported which
employ either reversed-phase high-pressure liquid chro-
matography (HPLC) or thin-layer liquid chromatography
(TLC).! In particular, polystyrene homopolymers in a
molecular weight range 105 < MW < 107 have been frac-
tionated efficiently and rapidly by employing a chemically
bonded C-18 stationary phase and a binary solvent mobile
phase of methanol and methylene chloride in conjunction
with gradient elution HPLC or TLC.! The fractionation
studies indicate that the transition from complete retention
of polymer in the stationary phase to solution in the mobile
phase occurs very abruptly, especially for the higher mo-
lecular weight homopolymers, when the composition of
methylene chloride in the mobile phase is increased slightly
beyond a critical composition. The critical composition
depends on and in fact increases with the molecular weight
of polystyrene and this allows homopolymer fractionation.
The HPLC and TLC fractionation experiments! also
suggest that retention is primarily determined by unfa-
vorable methanol-polystyrene interactions, which promote
polymer precipitation into the stationary phase from a
mixed methanol-methylene chloride mobile phase defi-
cient in the latter component.

Investigation of the equilibrium distribution of isolated,
flexible polymer molecules between a mixed mobile phase
and a stationary phase composed of a homogeneous planar
surface should provide theoretical criteria for determining
the relative preference of a polymer molecule for each
chromatographic phase. The phase preference presumably
depends on the degree of polymerization, the solvent-
polymer segment, polymer segment-segment, and sol-
vent-solvent interactions, the solvent and polymer segment
interactions with the surface, and the solvent composition
in each chromatographic phase. The HPLC and TLC
experiments,! however, are not performed under conditions
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approaching infinite dilution of polymer so that an analysis
applied to the phase preference of isolated polymers cannot
be expected to provide an entirely meaningful and quan-
titative interpretation of the chromatographic results.
Nevertheless the present analysis ultimately concludes that
fractionation by molecular weight for isolated homo-
polymers can occur by either selective solution into or
precipitation out of a mixed mobile phase which is con-
tinuously enriched or depleted in the better polymer
solvent by gradient elution HPLC or TLC, respectively.
Furthermore, the analysis does account for the trends
observed in the HPLC and TLC polystyrene fractiona-
tions.

An isolated flexible polymer molecule precipitated on
a stationary phase surface should assume configurations
that minimize contact with an unfavorable mobile phase.
Thus the configurational behavior may closely resemble
that predicted from the strong-adsorption limit of various
theories?™!? of surface adsorption of isolated, flexible
chainlike molecules even though the actual polystyrene
C-18 bonded phase surface interactions themselves may
be relatively weak. We assume this correspondence in the
subsequent analysis.

In section II, we apply the McMillan-Mayer solution
theory!® to an isolated flexible chainlike polymer molecule
located in both a binary solvent mobile and stationary
phase. We assume a stationary phase consisting of a planar
adsorption surface and adsorbed solvents qualitatively
simulates the behavior of a chemically bonded C-18 sta-
tionary phase. In both chromatographic phases we treat
the polymer molecule and the incorporated solvents as a
thermodynamic system. We envision the polymer-solvent
system to be similar to a spherical (thin, cylindrical) gel
having a uniform polymer segment density in the mobile
(stationary) phase.'® Partition functions for the polymer
molecule—solvent systems in both phases are constructed
from the familiar Flory-Huggins theory'* applied to a
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singly connected polymer and the incorporated solvents.
Nearest-neighbor solvent-solvent, solvent—polymer seg-
ment, polymer segment—segment, surface-solvent, and
surface-polymer segment interactions are included through
the Bragg-Williams approximation.®!® From the partition
functions, the chemical potentials of a polymer molecule
in each phase can be obtained and by equating them, one
derives an explicit expression for the capacity factor, which
represents the ratio of the number of polymer molecules
in the stationary and mobile phases in the limit of infinite
dilution of polymer solute. The capacity factor, which is
essential for interpreting chromatographic data, depends
in general on the degree of polymerization M, the sol-
vent—solvent and solvent-polymer segment interchange
energies, the surface-polymer segment and solvent contact
interactions, the solvent compositions, and the average
dimensions of the polymer molecule in each phase, which,
in turn, are dependent upon solvent environment.

When only the less polar and better polymer solvent is
appreciably adsorbed in the stationary phase, the general
expression for the capacity factor reduces to a result that
generates a simple physical interpretation. When M is
large, the capacity factor is either extremely large or
vanishingly small when the mobile phase composition of
the less polar, more favorable solvent is below or above a
certain critical composition X,,,.. This composition de-
pends on the various interchange and surface contact en-
ergies and increases monotonically with M while ap-
proaching a limiting value X, .~ as M — «, The XM
dependence arises from the flexibility of the polymer,
which enables it to alter its configurational state in re-
sponse to its solvent and/or surface environment and is
absent for completely rigid polymer molecules.

The X,,—M dependence also suggests chromatographic
fractionation of high molecular weight homopolymers can
be achieved if a chromatographic method is selected where
the mobile phase composition can be systematically varied.
The capacity factor also simplifies when only a single
solvent is present, and the corresponding retention be-
havior is briefly discussed in section II. In section III, we
apply the theory developed in section II to gradient elution
HPLC and TLC and derive explicit expressions for the
HPLC retention time tg and the TLC R; value from the
capacity factor obtained in section II. Calculated tg and
R values using reasonable estimates for the energy pa-
rameters that appear in the analysis compare favorably
wi'ch1 the results and trends reported by Armstrong and
Bui.

I1I. Derivation of the Capacity Factor for Flexible
Homopolymers in Binary Solvent Mixtures

In this section we derive a general expression for the
capacity factor for a flexible, chainlike polymer solute of
degree of polymerization M distributed between a binary
solvent mobile phase and a stationary phase composed of
a planar adsorption surface and adsorbed solvent(s). The
polymer concentration is assumed to be infinitely dilute
so that interaction between different polymer molecules
is completely negligible. This assumption permits ad-
vantageous application of the McMillan-Mayer theory!?
of dilute solutions in the subsequent analysis. In both
mobile and stationary phases, the isolated single polymer
molecule and the solvent that penetrates is regarded as a
complete thermodynamic system which interacts only
weakly with those regions of each phase which are devoid
of polymer. The polymer—solvent system in the mobile and
stationary phases are, respectively, regarded as gels that
have spherical or thin cylindrical disk geometries and
uniform polymer segment densities.!*!4 The nearly two-
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dimensional cylindrical geometry of the retained polymer
is consistent with the manifestation of strong adsorption,
which can result from unfavorable mobile phase solvent-
polymer interaction rather than attractive surface—polymer
segment interaction. o

Let Nip, Ny, and Ny, (N, Ny, and Nj,) respectively
denote the number of solvent molecules of species 1 and
2 and solute polymer molecules (3) in the mobile (sta-
tionary) phase and let u;, (¢ = 1, 2, 3; a = m, s) represent
the chemical potentials of each species in each phase; then
the grand canonical partition functions are

Ea({/‘ia}s Va»ﬁ) = exp [ﬂ(pa + 7ra) Va] =
_ 2 _
_Z Z Z Qa(NlayN2a,N3a, Va’ﬂ) H >‘iaN“>‘3aNs‘ =
NyoNouNa i=1

de/Nan()\lay)\ZavVa,ﬁ)AaaN& a=m,s (1)

where V,, p,, and =, are the volume (or area), pressure, and
osmotic pressure associated with chromatographic phase
a, 8 = 1/kT, where T is the absolute temperature and k
is Boltzmann’s constant, Q,(N;;,N5s,N3.,V,,0) are the
canonical partition functions for each phase, A;, = exp(Gu;,)
(t=1,2, 3;a=m,s) are the corresponding activities, and

o 2
\bNS. = ZZQE(NlayNZa,NSayVa)B)HkiaNin as= m9 s (2)
NiNo i=1

The average number of polymer molecules in each phase
is

9
(Nsa) = Noszy—lln ( T ym2o™)] =

ZN3a‘//N3.>‘SaN3'/ Z¢N&}\33N3a (3)
Ny Na

For very dilute polymer solutions
(N3a) = explBusal¥ia/Vou

or
6[-"33 ~ In [(N33>¢0a/¢1a] a=m,s (4)
where
_ _ 2 _
1p()a = Z Z Qa(NlaJVZa’N.Ba:Ov Va’ﬁ) H AiaN" (53)
NieNo =1
and

_ _ 2 _
‘l/la = _Z _Z Qa(Nla’N2aJV3a= 1’Va’6) H xiEN“ (5b)
NiglNo, =1

where Q,(...N3,=0...) and Q,(...N3,=1...) are the canonical
partition functions for a pure binary solvent system and
a single polymer-binary solvent system, respectively. In
order to simplify eq 4 we approximate ¥, and ¥, by taking
the maximum term in the sums over Ny, and Ny,

o 2
Voo ~ QuVi NouliN3=0,V A LI (6a)
and
o 2 ,
wla ~ Qa(NlalJVZal’Nf:la:lsVaaﬂ).I:‘[lkiam’ (Gb)

where N;,° and N,;! (i = 1, 2) denote the values of N,, that
maximize the generic terms of the sums given in eq 5a,b.
In general, N, = N,! i =1,2;a=m,s).

An isolated polymer molecule and the associated N,, +
N,, solvent molecules are assumed to occupy the volumes

Vea=Nop=(M+N,+ Ny a=ms (7)

where v is the volume of a lattice site that can accommo-
date either a type 1 or 2 solvent molecule or a monomeric
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unit of the polymer and N, is the total number of sites
occupied by the polymer segments and the solvent mole-
cules. The volumes V,, (a = m, s) are considered to be
proportional to the volume occupied by either a spherical
or a thin cylindrical polymer coil in the mobile or the
stationary phase, respectively. We also assume that

Qa(NlaINZal’NSa= l:Va,ﬁ) _
Qa(Nlao,NZao,Nlia:O: Va,ﬁ)
Qa(Nla,NZa’NSa= 17me6)
Qa(NlaO’NZaO’N:ia:O!meﬁ)
Qa(Nlal_NlaNZal-NZayN3a=0’Va_meB)
Qa(NlaO_NlaovN%o-N%O’NSa=0,Va_Vpa’ﬁ)
and when N,,'! - N,, = N, -
Qa(Nla1N2aer3a=1’Va’6) _
Qa(NlaONZaOyN!ia:Or VayB)
_ Qa(NlayNZa,N(ia:l’V a!B)
> P(V,) —— = =
Vea Qa(Nla ,NZa yN33=0’Vpa,B)
Qa(Nla,N2a’M’B)

where V,/v = N, = M + N;, + Ny, = N, + N,,0 and the
P, (V ) represent the probability that the polymer coil and
assoc1ated solvent molecules occupy a volume V, in the1r
respective chromatographic phase and 2v,P ()

The separation of the canonical partition functlons for a
given V,, into a product of partition functions, which apply
to reglons of volume V, - V,, and V,,, corresponds to
decoupling the 1nteract10n between the regions and re-
garding them as independent systems. Provided the in-
termolecular interactions are short-ranged and V, » V,
this approximation should not be too severe.

It is again convenient to employ the maximum term
approximation §,(IVy,,N2,,M,8) in eq 8 by finding the value
of V. = V,, that maximizes the generic term of the sum
over Vp,:

%‘Pa( Vpa)

N2 (i =1, 2), we have

a=m,s (8)

O Neu N = PV, iw il o =L Voul)
a last ¥ 2ar»i¥ey a\ ¥ pa Qa(N1aoyN2a0’N3a=0’VpanB)
Qa(Nla’NZB’NSa=1’meB)
Qa(Nla’N2avN3a=O’ Vpa_MV,ﬁ)
Qa(NlayN2a7N3a=0yVpa_MV,B)
Qa(NlaO’NZAO’NSa=0!Vpa!ﬂ)
where the latter form proves convenient in the subsequent
analysis. The chemical potentials u3, (a = m, s) given by

eq 4 and 5a,b can now be expressed by using eq 6a,b, 8
and 9 as

Py(Via)

2
Blugs — M2 Xjaui0) = In Ny, —
=1

Qa(Nla’NZaaN3a= 1 ’ Vpa,,B)
n | P(V,,) -
Qa(Nla7N2a,N3a=01 Vpa_MVyB)
Qa(Nla’NZa!N35=O’ Vpa_MV’ﬁ)
Qa(Nlao:N%O’NSa:O, Vpans)

(10)

where we have introduced the solvent volume fractions
ta = la/(N M) NiaO/N (11)

to simplify the term involving the ratio of the activities,
-In [TT%,A;,NaNe"], and we have written (Ng,) B8 Ny,
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Utilization of eq 10 requires explicit expressions for the
canonical partition functions and P,(V,,,). We shall apply
the familiar Flory~Huggins lattice theory of polymer so-
lutions!¥ to a single isolated polymer molecule and a
binary solvent mixture to estimate Q,(IN14,Ny, N3, =1,V ,,8).
That is, one determines the number of ways a flexible
chainlike polymer molecule consisting of M connected
monomeric segments and Ny, and Nza solvent molecules
can be arranged on a lattice of N, = V. /v = M + TN,
sites with coordination number C, (a =m, s) (C,, = 6 and
C, = 5 for a cubic lattice) such that each lattice site is singly
occupied by either a polymer segment or a solvent mole-
cule. The configurational part of @,, @, is approximately

Qac = Naca(ca - 1)M_2N3_M(Na!/Nla!N25!) (12)

provided M « N,, which is satisfied when the polymer
molecule resides in a favorable solvent mixture. We also
assume that the solvent molecules and polymer segments
interact with themselves and each other through near-
est-neighbor pair interactions. The Bragg—-Williams ran-
dom-mixing approximation!® is employed to determine the
total interaction energies SE, (a = m, s)

2 Wi M Was
BE, = Bca[iglNia(? - (E)aia) + M? -

NlaN2a512/Na ] (13)

where the wyj =12 3;,j=1,2, 3) are the nearest-
neighbor pair interaction energies between solvent mole-
cules and/or polymer segments and

5,_, = (w,-i + w”)/2 = Wy l,] =1, 2, 3 (14)
is the interchange energy required to form an i~j near-
est-neighbor pair from an i— and a j—j nearest-neighbor
pair. Also we have expressed the polymer segment in-
teraction terms neglecting the contiguous nature of the
chain by employing C, rather than C, — 2 as the coordi-
nation number. This simplifies the energetics slightly
without altering the physics and is often done in polymer
solution theory.!314

In the stationary phase there are also surface—solvent
molecule and surface—polymer segment adhesion energies
€ =€5(T) (¢ = 1, 2, 3), which are actually temperature-
dependent adhesmn free energies since they incorporate
the differences in the logarithm of single solvent molecule
or polymer segment partition functions in the mobile and
stationary phases.’® The total surface—solvent and sur-
face—polymer segment interaction free energy is

2
65s(T) = B[ENiseis + M€3s] (15)

Combination of eq 12, 13, and 15 leads to

Qa(NlarNZa’N3a=17Na:6) = NaCa(Ca - 1)M_2 X
Na_M(Na!/Nla!Nh!) exp[_B(Ea + 65(7'))]
aBm,s (16)
where Be,(T) =0 and N, = V,/».
The canonical partition functions in the absence of
polymer are assumed to be given in the Bragg-Williams
approximation!® by

Qa(NlaO9N280’N3a=07Na$B) = (Na!/NlaO!N2ao!) X
2
exp[-BC.(N1.°"Np(=515) /N, + ENiaowii/z)] x

2
exp[—B(;lNiaoeia)] (17a)
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Qn(NlaJv2arN3a=0Jva_M,6) =
((Na - M)!/Nla!N2a!) eXp[‘ﬂca[NmNza(‘am)/(Na - M)

2 2
+ 2 N,w;;/2]] exp[-B2 Niueia] (17b)
i=1 i=1
where ¢, = ¢ = 0 and N, = X;,(N, - M) and N,;° =
XN, G =1, 2; a = m, s). Division of eq 17b by eq 17a

and evaluation of the logarithm of their quotient yield

In Qa(NlaJVZawaa:OJVa_Mrﬂ)
Qa(NlaO»NZaOJVSa=OJVa:ﬂ)

2
M[2 X, (In X;, + BCw;/2 + Be;) — BCX1.X04012) (18)
i=1

Note this result is independent of N, and provides an
explicit expression for the last term in eq 10.
Evaluation of B(us, — MY % X;u;) in eq 10 requires
P,(V,,) (a = m, s), where the V,, = N are the volumes
of the isolated polymer-binary solvent systems in each
chromatographic phase that minimize the free energy
difference between the polymer—solvent system and a pure
binary solvent mixture at the same composition. The
configurational entropy of the polymer in each chroma-
tographic phase is proportional to In P,(V,,) and is taken
explicitly into account in the minimization that leads to
Ve That an optimum value of V,,, is attained arises from
the realization that a favorable (unfavorable) solvent en-
vironment will generate an expansion (contraction) of the
polymer dimensions relative to its unperturbed dimensions
in the absence of solvent or in a © solvent.'* Such ex-
pansion or contraction cannot proceed indefinitely, how-
ever, because it is opposed by the corresponding decrease
in the configurational entropy of the flexible polymer coil.
In the mobile phase, the Gaussian approximation gives

Po(Vom) = (3/2rMb2)3/2% exp[-3R2/2Mb?]  (19)

where V,,, = Ny = 7R,3/6 = N,wb*/6. Here, R, repre-
sents the diameter of an equivalent spherical coil of uni-
form segment density and we have set » @ 7b%/6 to rep-
resent the volume of a single lattice site. The mean square
end-to-end distance of an unperturbed coil is (R2), =
47 (§dRy Ry*Pp(Vym) = Mb?, and the average volume of
the unperturbed polymer molecule is V,,,° = N,°rb%/6 =
m{Ry2)%%/6 = wM*?b%/6. Hence N,° = M3/ ig the
number of lattice sites associated with the unperturbed
polymer in the absence of solvent (or in a 0 solvent).
In the stationary phase, a polymer molecule is assumed
to have the conformational geometry of a thin cylindrical
disk, which is promoted by unfavorable mobile phase
solvent-polymer interactions and favorable solvent—
polymer interactions in the stationary phase. We further
assume that the normalized distribution function for an
isolated polymer molecule precipitated on the surface is

P(V,e) = P(Nyp) = (xMb%d)™! exp[-R,2/Mb?6(d - z)
(20)

where R, represents the diameter of an equivalent cylin-
drical disk of uniform segment density which lies flat on
the surface. The factor 8(d — z) denotes the Heaviside unit
step function:

0(d—z)=[

1 0<z<d
0 d<z< ®

where z denotes the distance normal to the surface and
represents the actual thickness of the polymer coil retained
on the surface. For a polymer molecule compactly de-
posited on a stationary phase surface either by unfavorable
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interaction with the mobile phase or by strong surface
adsorption,'? d should be independent of M and be com-
parable to the length b. The mean square end-to-end
distance of the polymer disk parallel to the surface is (R2),
= 2 f o°dz ["dR, R P,(V,,) = Mb% We expect V,,@ Ny
= 7R2d/4 while the average volume of the unperturbed
polymer at the surface is V> = #(R.?),d/4 = =Mbd/4
= NS%. Also N0 = M if » = 7b%/6 = 7b?d/4, which is
satisfied if d = (2/3)b. Of course, a polymer molecule
retained on a C-18-bonded stationary phase rather than
an idealized planar surface would probably penetrate into
the domain occupied by the C-18 chains and thus have a
thickness comparable to the thickness of the bonded phase
and perhaps a somewhat larger V.

The values of N, = V,,/v that maximize F, = P,(N,)
Qa(NlarNZarNSa=1)Narﬁ)/é(NlarNh,NSa=OJ\ra_M,6)’ WhiCh
is proportional to the generic term of eq 8 with the rear-
rangement introduced in eq 9, are obtained by solving
d1ln F,/dN, = 0. Employment of eq 16, 17b, 19, and 20
to evaluate 0 In F,/dN, = 0 leads to the following equations
for the three- and two-dimensional expansion factors ay,?®
= Np/Np® = NyM3/% and o 2= N,/N? = NM™:

am’ — g’ =

2
(o - .ZlXimem + X1 XomX1,®)MY? = g MV? (21a)
=
and
2
al-al=(h- gxiinss + X1 Xox12)M = g M (21Db)

where we have introduced

8a = ga(XlaJXija}) =
e = Xiax1s® —

with

(1- Xiaxas® + X1a(1 - Xiadx12® (22)

Xif* = —BCH; = —BC,[(wy + wy) /2 - wy]  (23)

Clearly, when X, = 1, g, = g,(1) = 1/, - x15® (a = m, s).
For a mixed-solvent system the expansion factors «,, and
ag depend on the solvent composition and the pair inter-
change energies {x;* = x12% X15% X23* (& = m, s). For good
polymer solvents x;5* < 0 (f = 1, 2) and, if g, > 0, the
expansion factors exceed unity and the polymer molecule
will expand beyond its unperturbed dimensions. The
expansion factors for high molecular weight polymers in
favorable solvent environments have the following M de-
pendences: a, ~ g,/5M*/10 and o, ~ g,l/*M*/%. Hence

Nm = amaMa/Z = gma/le'S (243)
and
N, = a2M ~ gl/2pL5 (24b)

where g, > 0 (a = m, s) for all compositions; otherwise eq
21a,b must be employed. Whenever a composition X,
exists such that 0 < X;, < 1 and

Xia = ((x12* + Xa23® = x15%) £ ((x12® + Xo3® — X132 +
4% = x23%)x129?) / 2x19°

when x,5* # 0 and X, = (*/5 — x5/ (x15® — X25*) when x,,*
= 0, then o, = 1 satisfies either eq 21a or eq 21b and the
polymer assumes its unperturbed dimensions and N, = N,°
(a = m, s). Thus at a given temperature (the x’s are tem-
perature dependent) a solvent composition (8 solvent) may
exist for a given solvent pair in which the molecular di-
mensions of the polymer are unperturbed by long-range
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interferences and the excluded volume (area) effect is
nullified.’®!* In a single solvent, eq 21a,b reduce, respec-
tively, to the familiar results derived by Flory!* for the
expansion factors for a three-dimensional and two-di-
mensional polymer coil in solution.

Equilibrium transfer at constant temperature of a
polymer molecule between the mobile and stationary
phases with the concomitant displacement of M solvent
molecules from the phase entered by the polymer requires
that

2 2
Mam T M(EXisﬂis) = g t M(._ZIXim/"im) (25)

This condition together with eq 10 generates an expression
for the capacity factor of the polymeric solute:
ky= i Nso/Nsw) = (P{(Ny) /Py (Ny)) X
3= g dim | (Nou/No) = (PN, /Pu(N)
Qs(le;N251N35= 1,Ns,ﬂ)

Qs(lerNstN35=0’Ns_M’ﬂ) X
Qm(Nlm,NZm’N{im:O,Nm_M;ﬂ)

Qm(Nlm,NQm,N3m=1)lenB)
2
exP[M{Z(X;‘s In Xis + BCinswii/z + BXiseis - Xim In
i=1
Xim - BCmXimwii/2) - B(CsXIsXZs - CmXImXZm)}] (26)

where we have also employed eq 18. Substitution of eq
11, 12, 16, 17b, 19, and 20 into eq 26 yields after some
simplification

27 M \1/2
kg = 3

exp[—(<R£> - §<Rm2>)/Mb2] X

C(C,-1) \M2 N, [ N,\¥N,! (N, - M)
(C,n(cm— 1)) (N_m(i) N 0N, - )] ) *
exp[Mix12° X1, X(2 - M/N,) -

X1 X1mXom(2 = M/Np) -

2
E(Xiasxis(l - M/Ns) - XiSmXim(l - M/Nm)) +

2
BLACX,;, - ConXimdwii/2 — B(Cs = Cwys /2 +
i=1

2
Z(Xis In Xis - Xim In Xim + 6Xiseis) - 6635}] (27)
i=1

where we have estimated exp[—(R.2 — (3/2)R,?) /Mb?] by

exp(~((R2) - (3/2)(Ry2))/Mb? = exp[~(a*(R:?), — (3/

2)an?(Ry?)o) /Mb?. We shall also employ eq 24a,b to

evaluate N, and N, in the subsequent analysis since we
usually consider large-M polymers in favorable solvent
environments. Hence

exp[_(<R52> - S/Z(Rm2))/Mb2] =

exp[-M(g,L/2M05 — g 2/5M-08)] (28)
where we have utilized (R.2) = o,2(R.2), = g,2/2M*/2b% and
(Rp?) = ap®(Rp?)o = gn¥/’MY202, If M/N, < 1 (a=m,
s), we can also approximate the factor

(Nm )MNE! (N - M)!

N,] N (N.-m)!
(1= M/NNM/(1 - M/NJ¥M ~ exp[M(N,," -
N1 = exp[M(g,*/SM ™8 — g 1/2M05)] (29)
where we have recalled eq 24a,b.
The mobile and stationary phase solvent compositions

in the region encompassed by a polymer molecule in each
chromatographic phase are dependent and the X, —X;,
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isotherm can be obtained from
6(ﬂ1m - “'Zm)p = ﬁ(#ls - “2s)p

where, in principle, these solvent chemical potential dif-
ferences should be evaluated in the presence of a polymer
solute molecule (hence the subscript p). The solvent
compositions X;, i =1, 2 a =m, s) (X%, X, = 1) ap-
pearing in eq 27 are, in general, different from the bulk
mobile and stationary phase compositions X;,, (i = 1, 2;
a =m, 8) in the absence of polymeric solute and the rela-
tionship between X, and X,,, can be obtained from

6(”1111 - “Zm)o = B(I-‘lm - “2m)p = ﬁ(“‘ls - #25);) =
Bluys — Has)o

When the binary solvent mixture provides a favorable
environment for a polymer molecule in both phases, M/N,
« 1 (a =m, s) and the compositions X;, and X;,c (i = 1,
2) should be approximately identical and the X,,—X,,
isotherms are then determined from

d1n Qm(Nlmo’Vm_Nlmo’anB) _
AN -
d1n Qs(leo’Vs_leO)Vs,ﬁ)
N, 0

B(ﬂlm - /‘2m)0 =-

B(/’Lls - ﬂzg)o =-

where

Qa(Nla()’Va_Nlao,Vasﬁ) = (Va!/Nlao!(Va - Nlao)!) X

- - B
exp [‘ X1V (Ve - N )Vt + éca(NIaO(wll -

Weo) + Vawao) + Blerg — ) N1,0 + r362ava}]

with Np,% = V, -~ N,,°, and ¢;,, = ¢5, = 0 (see eq 17a and
23). We thus obtain the isotherm

Bluim = uamdo = In [(X1n/ Xom) explx2™(1 - 2Xy) +
BCu(wyy — wap) /2]] = Blugs — pasdo = In [(X1e/Xyps) X
exp[x;*(1 - 2X;.) + BC(wq; — wag) /2 + Blegs — €39)]]
(30)

Also, in the stationary phase the distribution of adsorbed
solvent molecules at equilibrium is obtained from
31n Q,/aN,° = 0

Xu/(1-Xy) =

exp[~{x;2°(1 - 2X;.) + BC (wq; ~ wa9) /2 + Bleys — €30)]]
(31)

If 6(615 - 625) << 0, XlZs 2 O, and w1y < Wao, then Xls ~ 1,
and solvent 1 will be predominantly adsorbed. For C-
18-bonded phase surfaces we anticipate that the less polar
component solvent will be more strongly adsorbed in the
stationary phase.’® Equations 30 and 31 can be utilized
to give

2
e)(p[MZ(AXis In Xis - Xim In Xim)] =
i=1

{X1s exp[Xps(x12%(1 — 2X) + BC(wy — wee) /2 + Bleys
- 625)) - X2m(X12m(1 - 2X1m) + ﬁcm(wll - w22)/2)] +

Xops exp[X1(x12°(1 — 2X55) + BC(woy — wy1) /2 + Blegs ~
€16)) = Xim(x12™(1 = 2Xom) + BC(wyp — wyy) /2)]M (32)

Insertion of this result into eq 27 generates the following
alternate general expression for kj;:
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/2
k3 = (_213M)1 exp[_(<R32> - g<Rm2>)/Mb2] X
Cs(cs - 1) M-2
CaCa-1)

N, (No VNN =20
No\N, ) NN, - M)!
{%Xis exp[—ﬁAe(i,3;s) - Xis(]- - Xis) X
i=1
(M/Ns)Xms + Xim(]- - Xim)(M/Nm)X12m +

2 2
(M/Ns)gxiinBS -(M/Np) aXimXiam + (1 - X)) (x1o®

= X (012™ + Xis™ = Xjmiz™ M
(33)

where x;.;3* (a = m, s) means x,3® if { = 1 and x;5*if i =
2. Also BA€(1,3;8) = Bleg — €5 — Wiz + wy) (i = 1, 2) represents
the (free) energy change!® required for the adsorption of
a polymer segment on the surface with the concomitant
displacement of a type i solvent molecule from the sta-
tionary phase to a neat mobile phase of solvent ;. While
eq 33’ is general within the framework of the approxima-
tions already introduced, it is rather cumbersome and we
shall specialize it to high molecular weight polymers in
favorable solvents. In particular, we employ eq 24a,b, 28,
and 29 and approximate C,(C, - 1)#2/C(C, - )M by
((C, - 1)/(Cy - 1)) for large M to obtain

o0 1/2 i
ks =~ exp[M{M™ In [ 3 g.1/%g, M5 | +
M4/5(g%/5%(bgy, + 1) /2] - M7V [g 1 %(2g, + )] +

+ xis® — Xj=igh) — (1

In {%X,-s exp[-3(Ae(i,3;8) + kT In (C, - 1) /(C -
i=1

D)+ (1 - Xp)(xa2® + xis® = Xjmis) — (1 - Xi) (x12™ +
Xis™ — Xj=ig™ ] (33)

Two important special cases of eq 33 include a (i) single-

solvent (e.g., 1) system and (ii) a binary solvent mobile

phase but a single adsorbed solvent (e.g., 1) stationary
phase. For the neat solvent system, eq 33 reduces to

k3 = k3(1) =
exp[M{—B(Ae(l,&s) + kT In ((Cy -1)/(C,-1))) -

M_l/z[gs_lﬂ(l)(2gs(1) + 1/2)] +
M4/5g,,7/%(1) (5g(1) + 1) /2] +

27 Y172
M71In [(—3—) g51/2(1)gm"3/5(1)1\11/5]}] (34)

where g,(1) =1/, - x15* (a = m, s). For the binary mobile
and neat stationary phase with X, = 1 and X, = 0 (see
eq 31 and the subsequent comments)

k3 =
exp[M{—ﬁ(Ae(l,S;s) + kT In ((Cy-1)/(C,-1))) -

(1 - Xim)(x2™ + x13™ — x25™) ~
Mg VA1) [2g,(1) + %] +
M/5g,"3/5(5g,, + /2] +

(3 o]

exp[Mf(le’{Xijm},ﬂAf(]-»3;S)aM)] = eXp[Mf(le)] (35)
Clearly, when X, — 1, eq 35 reduces to eq 34, which is
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concisely expressed as k;M) = exp[Mf(X;,=1,x;5%84¢
(1,3;9),M)] = exp[Mf(1)]. The retention behavior for high
polymers predicted by eq 34 and 35 depends on the sign
of f(1) and f(Xyp). If f> 0 (f < 0), 3V and k4 are very
large (very small) and a transition from very high to very
low solute retention transpires as f passes through zero
from positive to negative values. For a neat solvent f(1)
can be altered only through temperature variation while
for a two-component mobile phase f(X,;,) varies with
composition at fixed 7. The critical temperature 7, and
critical composition for a given T, X, = X n(T), which
(if they exist) render f(1) = 0 and f(X,,.) = O satisfy

X13c2(A€(1,3;8))Cy 6457 = In ((Cp, — 1) /(C, - 1)) -
MY = x158) V4%, — 2x13)] + M3[(Y, -

9 \1/2
X13™) (s = Yoxase™] + M_l[ln [(?ﬂ) (-
X132 — xlgcm)-s/SMi/S]] =0 (36)

where X13cm = (Cm/Cs)XISCS = —6ccm513, )(13cm < 1/2, and

f(lec){Xijm},ﬂAé(193;5),M) =
B(Ae(1,3;8) + kT In (C, - 1) /(C, - 1)) +
(1 = Xime) (x12™ + X13™ = X23™) +
M2, = x18) 7% - 2x159)] -
Mgy ™35 X o) (58w (Xime) + 1) /2] =

or 1/2
M1lln ‘3— (1/2 - X13s)1/2 m_a/s(lec)Ml/5 =0
(37
where

gm(lec) = 1/2 - X1ch13m - (1 - lec)X23m +
lec(l - lec)X12m

In the limit M — «, eq 36 and 37 lead to the limiting
values T, — T, and X, — X"

T, =-Ae(1,3;8) /(k In ((C, - 1 /(C, - 1))) (38)

and
Xime™ =1+ B(Ae(1,3;8) + BT In ((Cp, - 1) /(C, — 1)) X
(x12™ + x13™ — x25™)7" (39)

where x;o™ + x13™ ~ x23™ # 0. Clearly, Ae(1,3;8) < 0 if
meaningful values of 7" are to result. For a cubic lattice
Cn=6,C, =5, and Ae(1,3;8) /T, = In*/5 = —0.2231 and
when Ae(1,3;8)/kT,” is less (greater) than In 4/; adsorption
(no adsorption) of the polymer occurs at the surface.
DiMarzio and McCrackin® have obtained ¢/kT, = ln 1/,,
where ¢ is the polymer segment—surface adhesion energy
for the adsorption of a completely isolated, flexible one-
dimensional polymer chain in the limit M — «. The factor
1/, corresponds to the relative number of ways, 1 or 2, an
individual internal polymer segment can be placed on a
one-dimensional lattice if the adjacent segment is in con-
tact or not in contact with the surface. The corresponding
result for a polymer chain on a three-dimensional cubic
lattice is */; since a polymer segment has four (five) options
if the adjacent segment is adsorbed (not adsorbed) and the
site occupied by the adjacent segment is excluded.
Clearly, the last term on the right-hand side of eq 39
must be negative in order to obtain a physically meaningful
result for X%, which obeys 0 < X,,..° < 1. For favorable
(unfavorable) polymer solvents x;3™ < 0 (x;3™ > 0) (I = 1,
2) and if solvents 1 and 2 are respectively favorable and
unfavorable, while solvents 1 and 2 are miscible, x;,® <
2 (x12™ = 2 is the critical value for miscibility of two sol-
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vents of similar molecular size in the Bragg-Williams ap-
proximation!®), then we anticipate that x;;™ + X135 — X25™
< 0. The numerator 8(Ae(1,3;8) + 2T In [(C, - 1) /(C, —
1)]) of the last term on the right-hand side of eq 39 is
positive provided -84¢(1,3;s) < In [(Cp - 1)/(C, - 1)] =
0.223 for a cubic lattice, and this condition should be
satisfied for compatible adsorbed solvent 1-polymer sur-
face layers. It is, of course, also possible to obtain mean-
ingful X~ values when x5® + x13™ = x23® > 0 and §-
(Ae(1,3;8) + BT In [(Cy - 1)/(C, - 1)]) < 0 although this
situation does not correspond to the methylene chloride-
methanol-polystyrene system to be discussed in section
IIL

It proves convenient in the subsequent analysis to re-
write eq 34 and 35 as

kyV) = eXP[M-ZlAJ‘(l)(XBm - x13.=)] (40)
j=
and
ky = exp[leAj(le - lec)j] (41)
j=
where f(1,x13.™ = 0, f(X 1) = 0, and
¥f '
Ajm'-'l ) Aj=l of J=12 ., =
J! Ox13.™ TV oXnd
(42)
with
af(1) - A0 =
aX13cm

Ae(1,3;8) / Crabya + M7V2g, (1) — Y158,.7%/%(1) /6 +
MA5[0.3 = gne(1)18mc 8/5(1) + M %8 (1) — Yogee(1)]

and

&f(1) g ¥ 4
T = e —— 1 1 _1
P axlacmj_1[5gsc (D[8e(1) - /21 /6] +
-1
M/ —{[0.3 = Ze(1))gme ¥/3(1)} +
x13c™ !
-1
M —[%8me(1) ~ V(D] j 22 (43)
aXlScmj

where gpc(1) = gn(D)]y may e = /2 = X13™ and gy (1) =
gs(l)lxl3'=(5/6)xm“ = 1/2 - 5X13."/6. Also
a _ ., _
a){lmc - Al -
X19™ + X15™ = X25™ + [M /58,785 X 1100) @ m(X 1) — 0.3)
= Mg U X 1 lix12™ + X25™ = X18™ — 2X 1meX12™}

and
¥f o1
alecj a‘lemcj_1

3
@m(xlmc) - 03) - gM_lgm_l(lec)) ]{X12m + X23m -
X153 = 2X1mex12™ 7 Z 2 (44)

The higher order coefficients AV (j = 2) and 4, (j = 2)
vary as inverse powers of M and |A;V| < |4,%| and |4/| <
|4,] for j = 2 and sufficiently large M provided Ae(1,3;s)
# 0 and x15™ + X15™ — X25™ # 0. Also if x33™ ~ x5 and
Xim ~ Xime and when M is large, only the leading terms
of the expansions 3" j=;"A4;® (x15™ - x13™) and ;-1 A{( X
- Ximc) contribute significantly and
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kam =~ eXp[MAx(l)(Xlsm - X13c™] =
exp[M(B.A¢(1,3;s))(1 - T,/ il +
(Cd134;V(Ae(1,3;8))7 - 1)}] (45)

where T, = ~Cp63/kx1a.™ and T = —C 6,3/ kx1s™; and

ky ~ exp[MA (X — Ximd] = exp[M(xs™ + x15™ -

X25™) (X 1m = Ximfl + (A1(x22™ + x13™ — X25™ 7 = D]
(46)

In the limit M — «, eq 45 and 46, respectively, reduce to
kgD = }{im kW = exp[M(In ((C, - 1) /(C, - 1))) X
(T,=/T - 1)] = exp[0.223M(T.,> /T - 1)] (47)

and
ks, = lim kg =

exp[M(x15™ + x13™ — X25™) (X1m = Xim™)] (48)

where the latter form of eq 47 applies to a cubic lattice and
T.” and X, ~ are given by eq 38 and 39, respectively.
Clearly, if x15™ + x15™ — x25™ = 0 and x12™ = x15™ = X25™
= 0, which represents an ideal ternary mixture, the ex-
pansion of f(X,,) defined by eq 41 and 42 does not exist
and eq 46 and 48 do not apply since f(Xpy,{x;™=0},84¢-
(1,3;s),M) is independent of X, (see eq 37).

Equations 45 and 46 and/or eq 47 and 48 reveal that
kY and ks and/or their limiting forms k3" and k;.
change abruptly from very large to very small values as
T and X, approach and pass through T, and X, and/or
T,” and X,,,.”. The transition from retained to unretained
polymer becomes increasingly abrupt as M increases but
becomes discontinuous only in the limit M — « at T =
T.® and/or X .. Since we anticipate 5.A¢(1,3;8) < 0 and
X12™ + x13™ — x25® < 0, k¥ and k; should be very large
(small) if T< T, and Xy < Xime (T> T, X1 > Ximo)-
Since both T, and X, depend on M (recall eq 36 and 37),
the transition from large to small values of k3" and kg,
respectively, occurs at different temperatures and mobile
phase compositions (at constant temperature) and this is
the essential feature that, in principle, permits homo-
polymer separation by molecular weight with temperature
or composition gradient HPLC and/or TLC. The mo-
lecular-weight dependence of T, and X, ultimately arises
from the molecular flexibility of a chainlike polymer
molecule, which enables it to alter its configurational ge-
ometry and dimensions in response to its environment.

Comparison of eq 36 and 37 and eq 45 and 46 indicates
an important advantage of employing a mixed solvent
rather than a neat mobile phase since the transition from
high to low solute retention and ultimately homopolymer
fractionation can be monitored by systematically adjusting
the mobile phase composition rather than the temperature,
which is of considerable practical importance in HPLC and
TLC. Separation of polystyrene homopolymers in meth-
ylene chloride-methanol mixed solvents by gradient elu-
tion HPLC and TLC is discussed in the next section.
Separation of homopolymers by molecular weight in sin-
gle-solvent HPLC or TLC by temperature variation is
probably not feasible because a large operational tem-
perature range would be necessary to cover a broad mo-
lecular weight range. In Table I, x 3.2/ x13™ = T/ T."~M
results determined from solving eq 36 with Ae(1,3;s)/0:3
= —1 are presented. We have assumed the temperature
dependence of Ae(1,3;s) is negligible in performing the
calculations. The results suggest that temperature varia-
tion methods used in conjunction with HPLC might have
limited applicability for homopolymers within a narrow
molecular weight range and might be suitable for con-
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Table 1
X130 Ix13e™ = To/T.™ Values as a Function of M
Calculated from Eq 36 Using —Ae(1,355)/6,, =1

M T/ T~ M To/T.™
22.38 0.329 3714.3 0.832
166.67 0.531 35238 0.937
333.33 0.610 95238 0.960
1047.6 0.729 o 1.000

venient separation of high molecular weight homopolymers
in a single solvent, which provides a convenient operational
value of T

In Table II, X,,,.—M results determined from eq 37 are
presented for a few selections of {x;} and BA«(1,3;s) con-
sistent with x5 + x15® — x23® < 0 and §(Ae(1,3;8) + T
In [(Cy, - 1)/(C, - 1)]) > 0. The values of X, increase
monotonically with increasing M and asymptotically ap-
proach X, °. The difference of successive X, values
decreases with increasing M and X" — Xime ~ M™Y/2 for
large M. This suggests that homopolymer fractionation
might become more difficult as M increases.

For comparison, application of the preceding analysis
to rigid-rodlike solute molecules in binary monomeric
solvents on a cubic lattice produces the capacity factor

ksp = (n3/1)[ X1, exp[-BlAe(1,3;8) +
(5X5 — 6Xom) Wy — wyg) + [(4 + 2M )X, -
(3 + 2M ™) X, ) (w3 — wex}] +
Xy exp[-B{Ae(2,3;8) + (5X, — 6 X)Wy, — wyy) +
[(4 + 2M Y X, — 3 + 2M )X, J(weg — wi}1]¥ (49)

where n,/7,, represents the ratio of the total number of
allowed rigid-rod orientations in the stationary and mobile
phases. In the derivation we have explicitly considered
the connectivity of the internal segments comprising a
solute molecule in determining the solute-solvent inter-
actions. Also we have assumed that M/V,~> 0 (a=m,s),
where V,, and V, are the volumes of the mobile and sta-
tionary phases, which is consistent with the limit of infinite
solute dilution. In a neat solvent (e.g., 1), X1 = Xy, =
1, Xom = X5 = 0, and

kor®® = exp[-MB(Ae(1,358) + ATM In (1/n))]  (50)
High (low) retention occurs for large M when 3(Ae(1,3;s)
+ kTM™ In (n,/7,)) is negative (positive). When there is

a binary solvent mobile phase but only a single adsorbed
solvent (e.g., 1), then X,, = 1, X,, = 0, and

kSR = exp[ARM(lecR - le)] (51)
where

Xime? = 1+ B(Ae(1,3;8) + RTM™ In (ng /n)){x1s™ +

X13™ — Xg3™ +
(1 = MY Yalxas™ = x15™) + Blwgg — wi))}? (52)
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and

Ag = X25™ = x12™ — x15™ +
(1 = M) (ls™ = x23™) + Bwyy — wyy)) (53)

If 0 < X, R < 1, then a transition from high to low re-
tention occurs abruptly for large M as the mobile phase
composition of solvent 1 is increased beyond X, .X. The
critical composition X;,.* depends only weakly on M for
rigid-rod solutes of large M and the M dependence arises
from the contiguous nature of the molecular segments
comprising a solute molecule, which allows only 4M + 2
(3M + 2) rather than 6M (5M) nearest-neighbor interac-
tions with the solvents in the mobile (stationary) phase.
This dependence, in fact, was suppressed in the analysis
of flexible homopolymer solutes. The M dependence as-
sociated with the term involving In (n,/7,) appears because
we have chosen to set ksg = 1 rather than kgg = n,/7, when
Xime 8 X F and for large M contributes insignificantly
to the value of X;,.F. The weak X,,.F-M dependence
predicted for rigid-rodlike polymeric solutes suggests that
fractionation by molecular weight should be very difficult
by gradient elution HPLC or TLC methods. For example,
if the polystyrene homopolymer solutes were regarded as
rigid-rodlike polymers (same M values), then for the se-
lections BAe(1,3;8) = 0.1, x35™ = x15™ = 0, X23™ = !/, Blwyy
- wy) = 0, and np/n, = 8/4, X" ranges from 0.694 to
0.700 as M increases from 167 to 95000, and for M = 224,
XimE = 0.653. Thus apparently only the lowest molecular
weight solute would be separable from the other “rigid-
rodlike” homopolymers. The selection /79, = 3/, corre-
sponds to assuming that the rigid-rod solutes on a simple
cubic lattice have three (two) allowed mutually orthogonal
orientations in the mobile (stationary) phase.!®

II1. Possible Extensions of the Analysis and
Comparison between Theory and Experiment

In this section we briefly consider whether eq 37 and 46
can qualitatively account for the trends observed by
Armstrong and Bui! in their recent successful polystyrene
homopolymer fractionation experiments performed with
a methylene chloride-methanol mobile phase in conjunc-
tion with reversed-phase HPLC and TLC using a chemi-
cally bonded C-18 stationary phase. Separation over a
molecular weight range of 105 (polystyrene monomer) to
107 daltons was achieved over a narrow range of mobile
phase composition enriched in methylene chloride.
Achievement of fractionation required gradient elution
HPLC or a naturally occurring mobile phase composition
gradient, which is inherent in most TLC plate develop-
ments with binary solvents. The TLC gradient was ver-
ified experimentally! starting from a 50:50 methylene
chloride-methanol mobile phase and revealed a depletion
of methylene chloride in the mobile phase with increasing
solvent-front migration distance even though a constant
mobile phase composition was maintained in the solvent
reservoir. This suggests selective stationary phase ad-

Table I1
X mc and A, Values as a Function of M Calculated Respectively from Eq 37 and 44 for the Following Reduced Energy
Parameter Sets (x,,™, x,.™, x,.™, 84¢€(1,3;5)): (1) (0, 0, 0.5, -0.102); (2) (0.05, 0, 0.5, -0.115); (3) (0, 0.1, 0.5, -0.075);

(4) (0.1, 0, 0.5, -0.1275)

M X:mc -A 1 lec ‘Ax lec -A 1 Xxmc -A 1
22.38 0.2740 0.5998 0.2275 0.5674 0.3303 0.6830 0.1761 0.5498
166.67 0.5181 0.5071 0.4934 0.4571 0.5476 0.6064 0.4612 0.4073
333.33 0.5773 0.5031 0.5593 0.4531 0.5984 0.6028 0.5355 0.4030
1047.6 0.6478 0.5009 0.6376 0.4508 0.6588 0.6007 0.6236 0.4008
3714.3 0.6958 0.5002 0.6910 0.4502 0.7000 0.6002 0.6836 0.4002
35238 0.7364 0.5000 0.7360 0.4500 0.7348 0.6000 0.7342 0.4000
95238 0.7445 0.5000 0.7450 0.4500 0.7418 0.6000 0.7444 0.4000
oo 0.7577 0.5000 0.7597 0.4500 0.7531 0.6000 0.7609 0.4000
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sorption of the less polar component—methylene
chloride—occurs.

Equations 37 and 46 can only be expected to apply to
an idealized liquid chromatographic situation involving
isolated polymer molecules, which may not be achieved
especially in the stationary phase under any experimentally
accessible conditions. Hence an analysis that includes
interactions between different polymer molecules may
ultimately be required to obtain a meaningful quantitative
interpretation of the liquid chromatographic results, 119
The analysis would also benefit from a more sophisticated
description of the configurational behavior of a polymer
molecule retained in the stationary phase. A two-dimen-
sional distribution of polymer configurations may become
inaccurate (especially for the lower molecular weight
polymers) near the critical composition X;,.. In this re-
gime a precipitated polymer molecule may possess loops
that extend well into the mobile phase and a substantial
polymer segment concentration profile may develop.™°

The stationary phase has been approximated by an im-
penetrable planar surface, which is a considerable over-
simplification to the actual structure of a chemically
bonded C-18 phase, which depends on the extent of surface
coverage and the solvent environment.?®?! For high cov-
erages and a favorable solvent environment (i.e., nonpolar
solvents) the bonded phase should be densely packed with
the chains in a rather extended configuration in order to
facilitate solvent uptake. On the other hand, highly polar
solvents probably do not penetrate into the bonded phase
appreciably and the chains may assume overlapping con-
figurations, which tend to exclude such solvents. The
actual configurations of an isolated polymer chain in a
chemically bonded stationary phase may also be less re-
stricted than those confined to the monolayer directly
above a planar surface and a possible extension of the
present analysis would be a more detailed treatment of the
statistical behavior of an adsorbed chain in a bonded
phase.

The assumption of uniform solvent composition within
the domain of the polymer coil and the bulk solvent is
subject to improvement since one anticipates that the
solvent composition within the coil should be enriched in
the better solvent. Thus a solvent composition gradient
and an associated surface free energy at the boundary
between regions occupied by the polymer and the bulk
solvent devoid of polymer should be included in the
analysis. The present analysis was applied to a system
where only the less polar solvent was adsorbed appreciably
in the stationary phase; hence neglect of this surface energy
may not be too severe, especially when the mobile phase
is also relatively rich in the less polar solvent.

Despite these shortcomings eq 37 and 46, which at best
should only apply to idealized HPLC or TLC situations
involving an isolated polymer molecule, can nevertheless
qualitatively account for the experimentally observed
trends provided reasonable estimates of x 5™, X135, X235,
and BAe(1,3;s) at constant temperature which conform to
the experimental system are introduced. The TLC ex-
periments of Armstrong and Bui revealed that polystyrene
migrated with the advancing solvent front with neat
methylene chloride while migration did not occur in neat
methanol. Thus methylene chloride (methanol) is a good
(poor) solvent and if we label methylene chloride (meth-
anol) as solvent 1 (2), then we anticipate that x ;3™ « */,
and x;5@ < x93® < /5. The upper limit, x,5° = 1/,
guarantees that the methanol-polystyrene system is com-
pletely miscible even if M — «, at least within the
framework of the Flory—Huggins lattice theory of polymer

B lem(O,O)+B(tR—tm)
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solutions.!®!* The entries in Table II are for xys™ = 1/,,
x13™ = 0 or x13™ = 0.1, and x;5,™ = 0, 0.05, or 0.1, and these
selections are consistent with x;,™ + x13™ — x95™ < 0 and
that solvents 1 and 2 are completely miscible.!® The re-
quirement that 8Ae(1,3;8) > In 4/, = —0.223 is also satisfied
for the entries in Table II in order that physically mean-
ingful solutions of eq 37 result. The lower bound imposed
on BAe(1,3;s) is also consistent with a polymer segment and
a solvent 1 molecule possessing comparable affinities for
the C-18-bonded stationary phase surface and being com-
patible in solution. No attempt is made here to select
values of the energy parameters which correlate with ex-
perimental solution and adsorption data. Rather we are
content to demonstrate that reasonable selections of these
parameters in eq 37 and 46 can predict the experimental
trends.

The migration velocity of a solute at a given position Z
and time ¢ in a HPLC column is given by?

v(Zt) = u/(1 + ky(X1n(Z,)) = dZ/d¢ (54)

where u is the flow velocity of the mobile phase and un-
retained solute. If the mobile phase solvent mole fraction
composition varies linearly with time

le(Zyt) = le(oyo) + B(t - Z/u) (55)

where B is a positive constant and X,,,(0,0) is the initial
composition at the column entrance at Z = 0, then eq 54
may be integrated using eq 55 to eliminate the time ¢ to
obtain

L
AXin b (K1) = ) dZ/u =
L/u = t, (56)

where ty, is the solute retention time and ¢, = L/u is the
time required for unretained solute to flow through a
column of length L. When eq 46 is employed for k3, then
eq 56 may be easily integrated and rearranged to

tp = tm + (|AJMB)™ X
In [1 + |4;|MBt,, exp[|A;|M(X ne = X1m(0,00]] (57')

and this reduces to
tR o~ tm + B-I(lec - le(0,0)) +
(|A|MB)™ In [|A;|MBt,] (57)

whenever |A;|MBt, expl|A(M(X n - X1x(0,0))] > 1.
Clearly, when M — « and X,,(0,0) < Xy, tg >t +
(X1me — X1(0,0))/B = t, + t,, where ¢, is the time required
for the mobile phase composition at the inlet (Z = 0) to
develop to X;,. when a linear composition gradient is
maintained. Equations 57 and 37 provide the relationship
between tg and M and predict that a very dilute homo-
polymer mixture can be separated by gradient elution
HPLC. Operationally the composition gradient should
progressively enrich the mobile phase with the better
polymer solvent and X,,(0,0) should be less than the
critical composition for the lowest molecular weight hom-
opolymer present. The order of elution then proceeds
successively from the lowest to the highest molecular
weight constituent. If X,.(0,0) > X ,.(M)), where X
(M) is the critical composition obtained from eq 37 for
some intermediate M = M, then eq 57’ reduces to

tR &~ z‘:m(l + exp[_lAllM(le(O’O) - lec)]) = tm

for all polymer components with M < M;. Thus separation
for all components with M < M; should be difficult, if not
impossible, since they proceed essentially unretained
through the column provided their molecular weights are
sufficiently high to render exp[-|A;|M(X4(0,0) - X15J)]
very small. If X,.(0,0) = X~ then tg < t (1 + exp-
(HAIM (X 1™ = X1me))) and tg = t,, for all but the lowest

le(0,0)



Macromolecules, Vol. 16, No. 3, 1983

Table III
Retention Times tg (min) Calculated from Eq 57 Using
the X .. and —A, Values Given in Table II for the Listed
Sets of Energy Parameters?
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Table IV
TLC Ry Values Calculated from Eq 53 Using the X ;.
and —A, Values Given in Table II for the Listed Sets of
Energy Values and X,,,(0) = 0.829 and « = 0.455¢

tr- Rf’
M tr(l) tr(2) fr(3) tr(4) (exptl) M R{1) RA2) RA3) R{4) (exptl)
22.38 3.1 3.0 3.3 2.9 3.2 22.38 0.965 0.976 0.948 0.986 0.715
166.67 6.8 6.0 7.6 5.0 8.3 166.67 0.742 0.793 0.676 0.856 0.568
333.33 8.5 8.0 9.0 7.2 8.8 333.33 0.597 0.639 0.547 0.692 0.507
1047.6 10.4 10.1 10.8 9.7 10.1 1047.6 0.418 0.442 0.391 0475 0.429
3714.3 11.8 11.7 12.0 11.5 11.6 3714.3 0.300 0.311 0.289 0.328 0.358
35238 13.1 13.0 13.0 13.0 12.7 35238 0.204 0.205 0.207 0.209 0.244
95238 13.3 13.3 13.2 13.3 13.3 95238 0.185 0.184 0.191 0.185 0.185
oo 13.7 13.8 13.5 13.8

¢ The experimental g values obtained by Armstrong
and Bui are included for comparison. The values of
84e(1,3;8) in each energy parameter set were selected so
that the tg calculated from eq 57 for M = 95 238 matched
the experimental value, 13.3 min. The temporal variation
of the composition was chosen to be X ,,(¢) = 0.4163 +
0.081¢, where ¢t is in minutes and ¢, = 2.72 min.

molecular weight polymers. Thus under these operating
conditions the higher molecular weight homopolymers will
elute first, probably without separation. The lowest mo-
lecular weight component will elute last and may be re-
solved from the higher molecular weight components.
Retention times, tg, calculated from eq 57 appear in
Table III for the (x15™,x13™ x2s™,84¢(1,3;8)) sets given in
Table II with X,,,(0,0) = 0.4163, B = 0.031 (min™), t, =
2.72 min, and M values corresponding to the polystyrene
homopolymers investigated by Armstrong and Bui. Their
experimentally measured ty values obtained from gradient
elution HPLC are included for comparison. The compo-
sition gradient X,(Z,t) = 0.4163 + 0.031(¢t — Z/u), where
X refers to methylene chloride, and ¢, = 2.72 min were
selected to duplicate the experimental conditions as closely
as possible. Armstrong and Bui actually employed an
initial 53:47 methylene chloride-methanol mixture by
volume and increased the volume percentage of methylene
chloride linearly so that after 18.8 min the mobile phase
was neat in that solvent. The linear composition gradient
employed here reproduces the experimental gradient
provided there is no volume change upon mixing. The
comparison reveals that for entirely reasonable selections
of the energy parameters, the experimental trends can be
reproduced and the experimental results semiquantita-
tively predicted, especially for the large-M homopolymers
(especially with sets (1) and (2)). In particular, the trend
that the resolution should diminish with increasing M as
Xime = Xim” appears to be observed experimentally.
Isocratic HPLC was observed to be unsuccessful for
polystyrene fractionation.! This is consistent with the
present analysis since for a fixed mobile phase composition,
eq 54 indicates that for large M either v(Z,t) ~ u or v(Z,t)
~ 0, depending upon whether X, > X  or X;, < X,
Thus the polymeric solutes either move along with the
mobile phase or are very strongly retained and separation
only between unretained and retained components de-
velops. When X, > X, .* and isocratic HPLC prevails,
the higher molecular weight solutes elute together with ¢ty
~ t, and precede the lowest molecular weight compo-
nent(s), which are weakly retained and have tg > t,. This
prediction is consistent with the experimental isocratic
HPLC results in a 77.5:22.5 methylene chloride-methanol
mobile phase (by volume), where the high molecular weight
polymers with M ranging from 167 to 95000 appeared
together unresolved in the chromatogram while the lowest
molecular weight polymer with M = 22.4 possessed the
longest tg and was separable from the other components.

@ The experimental Ry values obtained by Armstrong
and Bui are included for comparison. The composition
X,m(0) = 0.829 corresponds to that obtained from X, (¢)
=0.416 + 0.031¢ for the longest retention time observed,
tgp = 13.3 min, in the HPLC experiments. The value of «
was chosen to match the experimental Ry value for the
highest molecular weight polymer.

In TLC whenever the composition of the better solvent
X1m(Z,t) drops below X, the polymeric solute will pre-
cipitate onto the stationary phase. If X,,(Z,t) is available
as a function of Z along the TLC plate at time ¢, then eq
54 may be integrated using eq 46 for k; to obtain the ratio
of the solute migration distance d(r) at time 7 to the
distance L = ur advanced by the solvent front. The ratio
d(r)/L = R;is the relevant measure of retention in TLC.
If we assume X (Z,t) = X,,(0) - x;.Z/u (t > Z/u), then

R, = (JAJMx)™ In [1 + (1A Mx) exp[|AM(X,(0) -
X1ma)](1 = Rp)]

where « = kL /u. For selected values of X;,(0) and «, R,
can be determined as a function of M and the values of
Ximc and JA,|, which depend on the energy parameters and
M. Results for R—M calculated from eq 58 when X;,,(0)
= (.829 and « = 0.455 are listed in Table IV. The com-
position X;(0) = 0.829 is obtained from X, (¢) = 0.416
+ 0.031¢ for the longest retention time observed, tg = 13.3
min, in the HPLC experiments and « was selected to fit
the experimental R; value for the highest molecular weight
polymer. The monotonic decrease of R; with M is con-
sistent with experiment but the calculated R; values only
qualitatively correlate with observation. The discrepancy
may partially reflect uncertainty about the precise nature
of the composition gradient that actually prevails in the
TLC experiments.

If Xin™ £ Xim(0) <1 and « ~ 0 (1), fractionation is
predicted from eq 58. However, if X,,(0) < X,,.(M), then
only partial separation of the homopolymer solutes with
M < M is achieved and these predictions are consistent
with observation. When X;,(0) — 1, the composition
gradient must vanish, x — 0, and eq 58 predicts that R;
— 1 irrespective of M in this limit and all the homopolymer
solutes elute with the mobile phase without retention and
fractionation, which is consistent with observation.!
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ABSTRACT: A conformational energy study has been carried out with the program ECEPP on the two blocked
diastereomeric dipeptides MeCO-L-Ala-L-Ala-NHMe and MeCO-L-Ala-D-Ala-NHMe as models of stereoco-
polypeptide dyads (CHR-CO-NH-CHR). The results are reported in the form of maps of the space defined
by the two internal torsion angles ¥, and ¢,, whereby only conformers whose energies have been minimized
with respect to the other pair of torsion angles (¢, and ;) are taken into account. A comparison with the
low-energy local minima, obtained using all torsion angles as independent variables, indicates the validity
of these maps as an approximate representation of the conformational space allowed to the dipeptides. These
maps are used to illustrate the conformational preferences of the relevant dyads. An analysis of the periodic
conformations so far proposed on the basis of theoretical or experimental evidence for regular stereoco-
polypeptides shows that the ¢ and ¢ values of the component dyads do indeed fall into the low-energy regions

of these maps.

Introduction

In recent years various copolypeptides with specific re-
peating sequences of enantiomeric D and L residues (regular
stereocopolypeptides) have been the object of experimental
conformational investigations in different laboratories.!™
For stereocopolypeptides with the repeating configura-
tional sequences -LD—,'!* -LLDD-,'® and -LDLL-,? theo-
retical studies have also been carried out, whereby the
feasibility of specific periodic conformations has been
examined by stereochemical or energetic criteria.

In conformity with the procedure used by other au-
thors!® for vinyl polymers, a different and more general
approach to the conformational analysis of regular ster-
eocopolypeptides appears to be a systematic conforma-
tional energy study of appropriate models for the config-
urationally different dyads!” CHR-CO-NH-CHR (R =
substituent) present in these polymers. Since
interactions—especially hydrogen bonding—between the
dyad peptide group and one or both of its adjacent peptide
groups, as well as interactions of the adjacent peptide
groups with one another, are important in determining the
conformational preferences of a dyad, models that can take
into account such interactions are desirable. Blocked
diastereomeric dipeptides of the type MeCO-L-X-L-X-
NHMe (or MeCO-p-X-p-X-NHMe) and MeCO-L-X-D-X-
NHMe (or MeCO-p-X-L-X-NHMe) (X = amino acid res-

idue) fulfill these requirements.

In view of our own interest in the conformational
properties of regular stereocooligo-¥2° and -copolypeptides
we have decided to apply this approach, and we have ex-
amined two diastereomeric dipeptides of the simplest
a-substituted amino acid, namely, MeCO-L-Ala-L-Ala-
NHMe and MeCO-L-Ala-D-Ala-NHMe, by using a cur-
rently available program® to compute conformational
energy. In light of the aim of the study, we focused our
attention on the dependence of the conformational energy
of a dipeptide on the torsion angles ¥, and ¢,, which de-
scribe rotations around the bonds directly connecting the
C, atoms to the central peptide group (the indexes 1 and
2 refer to the first and second residue, respectively, of the
dipeptides) (Figure 1). Our results are presented in
two-dimensional diagrams where the energy and geometry
of those conformers that have locally minimal energy are
depicted as functions of these angles. In order to obtain
these diagrams we minimized the molecular conforma-
tional energy with respect to the two torsion angles ¢; and
¥, at fixed, sufficiently close values of ¥; and ¢,. The
validity of these diagrams as an approximative repre-
sentation of the low-energy region of the four-dimensional
conformational energy surface is assessed in a comparison
with sets of unconstrained, local low-energy minima for
MeCO-L-Ala-L-Ala-NHMe, as obtained by other au-
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