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Title: Conformational behavior of branched polymers

Annotation: This PhD thesis is devoted to the study of the conformational

behavior of branched polymers in confined volumes. This behavior depends not

only on polymer architecture and composition but also on steric confinement and

on interaction of polymer segments with the confining wall. Better understanding

of complex entropy-to-enthalpy interplay can elucidate the mechanism of the

chromatographic separation at the microscopic level. An unambiguous size-

exclusion chromatography (SEC) analysis of mixtures containing different

polymer architectures is difficult because the sizes of polymer coils, which

determine the separation, depend not only on molar mass but also on the polymer

architecture. Modern chromatographic methods combine the SEC with the

interaction chromatography (IC). They exploit the fact that polymer interactions

with pore walls, which are the prerequisite for efficient IC separation, depend

strongly on polymer architecture. The knowledge of the conformational behavior

of linear and branched polymers in confined volumes and of their interactions

with confining medium enables to find optimum conditions either for enhancing

or for suppressing the role of individual factors that influence the separation.

We have shown that the complex entropy-to-enthalpy interplay in polymer

solutions in confined volumes is more intricate than that in bulk solutions,

because it includes the entropy loss induced by confinement and the entropy and

enthalpy contributions due to polymer surface interactions. Because of different

deformability and adsorption of H-shaped and linear chains, the partition

coefficient of both chains (which generally differ) become equal at specific

conditions called the “branching compensation adsorption strength” (BCAS). We

have found that BCAS is a universal phenomenon and it does not depend on the

composition of the mixture. This finding is important not only from the theoretical

point of view but also for experiment and applications. On the one hand, it means

that the improper choice of experimental conditions could worsen the efficiency

of chromatographic analysis. On the other hand, it suggests the possibility of

exploiting the compensation effect to get information on polymer architectures.

Keywords: computer simulation, Monte Carlo, dissipative particle dynamics,

chromatographic separation, H-shaped polymer, linear polymer, mixtures
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Název: Konformační chování rozvětvených polymerů

Anotace: Dizertační práce se zabývá studiem konformačního chování větvených

polymerů v prostorově omezených prostředích. Konformační chování polymerů v

omezeném prostředí závisí nejenom na jejich složení a architektuře, ale také na

sterickém omezení a na interakci polymerních segmentů s ohraničující stěnou.

Lepší porozumění komplexní souhře entropických a entalpických efektů pomáhá

vysvětlit chromatografickou separaci z mikroskopického hlediska. Protože

velikost polymerního klubka závisí na jeho architektuře, samotná rozměrově

vylučovací chromatografie (SEC) často neumožňuje separaci vzorku obsahujícího

polymery různých architektur, dokonce ani v případě homopolymerů. Vzhledem

k tomu že interakce polymerů se stěnami pórů závisí silně na jeho architektuře,

moderní chromatografické metody často kombinují SEC s interakční

chromatografií. Detailní znalost konformačního chování větvených polymerů

nabízí možnost využití komplikujících dějů v nových speciálních

chromatografických aplikacích.

Bylo ukázáno, že souhra entalpických a entropických vlivů v prostorově

omezených prostředích je mnohem složitější než v samotném roztoku, protože

dochází ke snížení entropie v důsledku prostorového omezení a ke změnám

entropie a entalpie v důsledku interakce polymeru s povrchem. V důsledku

rozdílné deformovatelnosti lineárních a H-polymerů lze najít podmínky nazývané

“branching compensation adsorption strength”, BCAS, za kterých mají lineární a

H-polymery stejný rozdělovací koeficient. Bylo prokázáno, že se jedná o obecný

jev, který nezávisí na složení směsí. Tento poznatek je důležitý nejenom z

teoretického ale i z praktického hlediska. Na jedné straně to znamená, že

nevhodný výběr experimentálních podmínek, může zhoršit účinnost

chromatografické separace. Na straně druhé, kombinace výsledků rozměrové

vylučovací chromatografie s výsledky interakční chromatografie může poskytnout

cenné informace o architektuře polymerů.

Klíčová slova: počítačové simulace, Monte Carlo, disipativní částicová dynamika,

chromatografická separace, polymery ve tvaru písmene H, lineární polymery,

směsi
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m mass

MC Monte Carlo method

MD molecular dynamics method

n number of molecules

N length of a molecule

ν scaling exponent

ω weight function

PBC periodic boundary conditions

PERM pruned-enriched Rosenbluth method

Π osmotic pressure

r distance

r position vector
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Rg radius of gyration
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Chapter 1 Introduction

Conformational variability is one of the most characteristic features of polymers

and copolymers. High numbers of potential conformations and tunable

microstructures of polymer chains (chemical composition and arrangement of

building units) are responsible for their fascinating properties. A polymer

conformation is defined by relative locations of all monomeric units in space. The

number of possible conformations of flexible polymers resulting from rotations

around single bonds is enormous and therefore polymer shape can be described

only statistically. Computer simulations are very useful tools in the investigation

of polymer systems. This work is devoted to the conformational behavior of linear

and branched polymers under geometric confinements, which is relevant for size-

exclusion chromatography (SEC) and interaction chromatography (IC). Monte

Carlo (MC) simulations of chromatographic separations were performed in order

to interpret the results of experiments at the molecular level.

Since its invention in the beginning of the 20th century, liquid

chromatography (LC) has significantly contributed to the development of polymer

chemistry [1]. After more than 100 years of the research and optimization of

experimental techniques, a number of advanced chromatographic variants have

been developed and have become powerful tools for the characterization and

separation of macromolecular components from their mixtures. In LC, a solution

containing a mixture of macromolecular compounds (mobile phase) slowly travels

through the porous column packing in order to separate individual species. A

chromatographic separation occurs due to the interactions of analytes with the

stationary phase. SEC is probable the most important method, which has been

used in polymer chemistry, purification and separation of macromolecular

compounds since the 1950s [2]. The SEC separation is based only on the ability of

polymer chains to enter confined pore volumes. The entering of polymers into the

pore is directly linked with the conformational behavior of polymers

(hydrodynamic volume and the deformability of polymer chains). In the past few

decades, several chromatography techniques combining SEC with other types of
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separation mechanisms have been designed and successfully employed in polymer

research [3-11]. The development and optimization of these chromatography

methods, based e.g. on temperature-induced change of the sorption strength [3, 4],

the interaction of polymers with hydrophobically modified stationary phase [5, 6],

the transient variation of the sorption strength [11], opened new dimensions for

the characterization and separation of polymer compounds.

As the expansion of polymer coils and consequently their hydrodynamic

volume are results of the interplay of many factors (especially the architecture),

the SEC separation of mixtures of macromolecular compounds is complex and

provides ambiguous information. Therefore, other kinds of separation

mechanisms are combined with steric exclusion to handle difficult

chromatographic tasks. At present, interaction chromatography becomes the

commonly used complementary method to the ideal SEC. In particular, liquid

chromatography at the critical condition (LCCC), which requires that the entropy-

controlled steric exclusion is completely compensated by enthalpic interactions,

has received growing interests in recent years [12-26].

The interpretation of real chromatographic experiments is a difficult task,

since one cannot directly observe individual types of macromolecules in porous

media, and the information of each polymer chain (e.g. size, position, momentum,

and energy) cannot be obtained by existing experimental techniques. Fortunately,

the problems can be solved by computer simulations, e.g., by Monte Carlo and

molecular dynamics (MD) which have become regular methods of polymer

research thanks to the widespread computer technology and advanced physical

models used for describing the macromolecular systems. The properties ranging

from the macroscopic to microscopic level can be obtained from the multiscale

simulation methods. The attempts of studying the partitioning of polymers in

chromatographic columns by MC simulations emerged in the 1980s [27], and

noticeable progress have been made by the scientists during the past 30 years [16,

17, 20-23, 27-49].

The dependence of partition coefficient K on concentration, has been

discussed in detail by the computer studies [27, 29, 32, 41]. Wang and co-workers
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[41-43] performed lattice MC simulations in a wide range of concentration. Their

studies of the retention behavior of polymers in high concentration (semidilute

solutions) are closely related to the technique of high osmotic pressure

chromatography (HOPC) which was developed by Luo and Teraoka [50]. Cifra

[39], Škrinárová [38] and Ziebarth [48] investigated the partitioning of polymers

in a θ-solvent for both the SEC and IC modes. Lattice MC simulations have also

been applied to the separation and characterization of copolymers by LCCC [16,

17, 20, 49], which have been used as an efficient method of separation with

respect to the chemical composition of macromolecules.

Separation and characterization of polymers according to their

architectures are other important applications of liquid chromatography [10].

Branched polymers, e.g., stars or combs, can be theoretically separated from

linear chains with the same molar mass by SEC because the branched ones

usually have smaller hydrodynamic volumes. However, the topological separation

of polymers is still a challenge for both chromatographic experiments and

computer simulations. The common porous media used for SEC cannot afford

high resolution because of the slight differences in volume. On the other hand,

real polymer samples are characterized by complicated distributions of molar

mass, chemical composition, architecture and so on, and the case of absolute

topological separation does not exist. Despite the above-mentioned difficulties, a

few publications related to the topological separation of polymer components by

several non-SEC (or non-conventional SEC) approaches have been seen [51-61].

Notably, the separation process of star-shaped chains has been simulated by Wang

et al. at various conditions [21], and their simulation data of LCCC have well

supported the experimental results from Im et al. [15].

This work presents an overview of computer simulations performed by the

author of the thesis. Solutions containing H-shaped polymers and their linear

analogues are chosen for our study, since H-shaped polymers have attracted

increasing attentions due to their potential applications [62-64], and computer

simulation studies of these systems are rarely seen. Our simulations deal with the

conformational behavior of H-shaped and linear polymers in confined geometries

to elucidate the effect of their conformational behavior on their chromatographic
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separation from the microscopic point of view. This task is very important,

because SEC and IC or their combination are widely used for the purification and

characterization of polymers. Despite great efforts made by theoreticians and

experimentalists, the present understanding is not satisfactory. For instance, in IC

separation, the response of each architecture to the interaction strength, is still

ambiguous. We focus on the case of “pure” topological separation, which means

the polymers have different architecture but the same total length (molar mass).

The following chapters will discuss new findings from our simulations, e.g., the

preferable method for separation of H-shaped and corresponding linear polymers,

the conformational characteristics of polymers in narrow pores and the impact of

solvent quality on chromatographic separation of each macromolecular species in

solutions of architecture mixture.
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Chapter 2 Aims of this thesis

The work involved in this thesis is targeted at better understanding the

conformational behavior of polymer chains and at the relationship between the

conformational behavior under confinement and the chromatographic separation

of polymer chains of different architectures. This thesis is aimed at elucidation of

the complicated mechanisms of chromatographic separation of branched and

linear polymers, including the effects of the entropy-controlled steric exclusion

and the enthalpic interactions between the polymers and the pore walls, and at

obtaining results important for practical chromatographic experiments.
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Chapter 3 Theories and models

3.1 Separation mechanisms of liquid chromatography

Since the theory of liquid chromatography has been described many times and is

known and understood, in this section we briefly introduce only the basic

concepts and the separation mechanisms which are relevant for our simulations.

As previously mentioned, the most important feature of LC is a slow transport of

the solution containing a mixture of macromolecular compounds through porous

media (see Figure 3.1a). The ideal SEC mechanism does not involve enthalpic

interactions of the solute with the stationary phase, and the separation of polymer

compounds differing in molar mass is based on steric effects only; it is controlled

by differences in the conformational entropy of polymer chains in the pores and in

the bulk solvent [65].

Figure 3.1: Schematic illustrations of (a) the chromatographic column and (b) the bulk-pore model
used for computer simulations.

The word “retention” is commonly used in chromatography and means the

slow-down of polymer molecules in the chromatographic column during

separation process. The retention time tR is defined as the time between sample

injection and the time when the corresponding peak is detected. The retention of

macromolecular species is generally described by the retention factor (or capacity

factor) k’, ′ = = , (3.1)
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where tM denotes the time necessary for the passage of the mobile phase through

the entire column. The value of k’ can be either negative or positive, depending on

the specific mode of LC [66]. In the last expression of equation (3.1), VS and VM

represent the volumes of stationary and mobile phases in the column, respectively.

The partition coefficient K, which is used for characterizing the partitioning of

polymers in the column (porous medium), is defined as the ratio of equilibrium

concentrations of a particular component in the stationary phase and the mobile

phase, and can be expressed as a function of the Gibbs free energy:= = exp − ∆ = exp − ∆ + ∆ , (3.2)

where cS and cM are the equilibrium concentrations of the solute in the stationary

and mobile phases, respectively, kb is the Boltzmann constant, T is the

temperature and ΔG is the change in the Gibbs function accompanying the

transfer of one molecule from the bulk mobile phase into the pore, containing the

enthalpic (ΔH) and the entropic (ΔS) contributions. The retention mechanism of

SEC was originally explained as a loss of conformational entropy (ΔS < 0) of

macromolecules by Casassa [67-70]. In pure SEC, the contribution of the enthalpy

term (−ΔH / kbT) in equation (3.2) is approximately zero and small polymer

chains usually exhibit longer retention time than the larger ones, because the

molecules with small hydrodynamic volumes can enter small pores and high

molar mass polymers are mostly rejected due to the steric confinement. The

macromolecular components are separated according to the coil-to-pore size ratio

λ, defined as = , , (3.3)

where Rg,bulk is the radius of gyration of a polymer chain in the bulk solution and

D represents the pore size. The mechanism of IC method, in which the enthalpic

contribution to retention is essential, is more complicated. Its net effect depends

(besides other factors) also on the size of the solute, i.e., on the number of

interaction sites between the solute and the stationary phase. This means that the

attractive interaction promotes the retention of high molar mass polymers more

than that of low molar mass polymers and competes with the SEC separation
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mechanism; i.e., both effects can mutually compensate. Because the interactions

depend on the chemical nature of polymeric units, the IC mechanism is sensitive

to the chemical composition of polymers [10, 71, 72] and also to their architecture

[10, 73].

Once the two competing forces (the loss of conformational entropy and the

enthalpic interaction) in IC mechanism exactly compensate each other, the

chromatographic separation mode turns to LCCC [12-26]. The adsorption strength

between polymer beads and the pore wall, which ensures that SEC separation is

completely offset by the enthalpic attraction, is called as the “critical adsorption

point” (CAP) [23, 49]. The partition coefficient K of ideal linear homopolymers at

the CAP becomes 1 and is independent of the molecular weight (chain length) [20,

21, 25]. For real chains at the LCCC condition, K slightly deviates from the

theoretical value (K = 1) and depends weakly on the chain length [18, 23, 24], and

the CAP of branched polymers accordingly varies for different architectures [15,

26].

The methods of SEC, IC and LCCC, which are the most important LC

tools for studying polymers, have been successfully employed and made

tremendous progress in the characterization of complex polymers such as

branched polymers and copolymers. Notably, if the attractive interaction between

a polymer bead and the porous stationary phase is higher than the CAP, the

separation process is dominated by the adsorption of chains on the column

packing and approaches the standard interaction chromatography regime.

However, the enthalpic interactions in confined volumes can generate new

features of the separation process because short chains entering the small pores

are more strongly influenced than long chains [74]. In this thesis, we only focus

on the SEC mechanism and IC with moderate adsorption (up to CAP), and

investigate the retention behavior of polymer chains with various architectures.
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3.2 Models of liquid chromatography for computer

simulations

A good model together with an appropriate method of data analysis play the vital

role for computer simulations. Several models have been proposed to simulate the

partitioning of polymer chains in chromatographic process. Radke [75] used the

average accessible fraction of the spherical pore volume to determine the partition

coefficient for particular conformations. The model consisting of a bulk solution

and a geometrically confined porous stationary phase, e.g. a slit or a square pore,

is wildly employed in MC simulations of SEC and other types of chromatography.

The partition coefficient, K, can be obtained directly from the ratio of polymer

concentrations (volume fraction) in these two phases according to equation (3.2).

Different LC processes can be modeled by varying the value of the interaction

parameter between the polymer and the pore wall εw, e.g., εw = 0, εw < 0 and εw =

εw
CAP represent the SEC, IC and LCCC modes respectively.

Our model for mimicking the LC column (see Figure 3.1a) is illustrated in

Figure 3.1b, where the square pore represents the porous stationary phase. It

considerably simplifies the geometry of real porous column packing materials,

which have a complicated topology and which, besides pores (usually of a conical

shape), contain a non-negligible convex (slightly curved) surface. In our model,

we do not try to minimize the noninteracting impermeable flat surface either.

The simulations of the partitioning between the bulk region and pore

inevitably involve the study of properties of polymers confined in the pore. For

geometrically constrained molecules (trapped in a slit or a pore), numerous studies

have identified three regimes of the conformational behavior of chains depending

on the coil-to-size ratio, λ (see equation (3.3)). In the wide pores (λ < 1), the

chains are almost unaffected by the walls and their sizes (radii of gyration <Rg
2>)

as functions of the number of segments obey the scaling laws for chains in a bulk

solvent, i.e., the scaling exponents ν are ca. 0.6 and 0.5 for good and θ-solvents,

respectively. The values λ > 1 characterize the chains that are confined in narrow

pores and are appreciably affected by impenetrable walls. For λ >> 1, the chains
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are significantly stretched and preferentially oriented along the pore axis and the

scaling exponent approaches 1, irrespectively of the solvent quality. The observed

typical “pancake” conformations of linear polymers confined in a slit and cigar-

like conformations of chains trapped in a pore (or a tube), confirm the effects of

strong confinement with different geometries [76-78]. The behavior of chains in

the pores with λ ≈ 1, in which the chains start to feel geometrical constrains, is

very interesting and this regime is important for interpretation of chromatographic

elution curves. The simulations indicate that the chains are slightly contracted and

their shapes become surprisingly more spherical than those in the bulk solvent.

In the thesis, we mainly concentrate on the scaling behavior of polymer

chains submitted to a mild confinement and on their partitioning between a square

pore and bulk solvent with λ ≈ 1, although the study is more general and we have

systematically studied the partitioning equilibrium and the behavior of chains in a

wide range of parameters.

3.3 Lattice model and scaling laws

Molecular simulations of polymer systems require the investigation of the

behavior of long chains, and the atomistic simulations are too slow and cannot be

easily performed. The explicit solvent molecules in a polymer solution also make

the simulation rather time-consuming. Lattice models reduce the complexity of

polymeric systems and enable the simulations to run in a reasonable CPU time. In

this case, all occupied lattice sites stand for monomeric units and solvent

molecules are represented by empty sites. A schematic of 2D lattice model of a

polymer confined in a pore is illustrated in Figure 3.2.
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Figure 3.2: A schematic diagram of 2D lattice model of a polymer in a pore.

One of the most distinguishing features of real macromolecules is the

excluded-volume effect; hence a real chain is modeled by a self-avoiding walk

(SAW) on a cubic lattice, whereas a random walk (RW) is used to describe an

ideal chain which has no interaction between monomers. For the SAW chain, a

lattice site can be occupied by one monomer only and self-reversals of the walk

are forbidden. However, overlap and crossing are allowed for RW conformations

due to the existence of multiple occupancy of a lattice site.

The SAW model has been confirmed as an excellent method by extensive

studies, as it reflects universal properties of real chains such as scaling behavior

[77, 79], which can be expressed as = , (3.4)

where Rg stands for the radius of gyration of a polymer chain consisting of N

monomers, b is a constant. The scaling exponent, ν, which describes how the

dimensions of coils scale with N, is related to the solvent quality [80], the

architecture of polymers [81] and the geometric confinement [77]. For

unconstrained linear polymers in a good solvent, ν can be estimated from the

dimensionality, d [77]: = , (3.5)

hence ν which is called the scaling exponent [82], equals 3/5 in the three-

dimensional case and shows a good agreement with the results from experimental

measurements.
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The scaling of severely constrained linear chains in a good solvent was

studied on a cubic lattice by de Gennes et al. [76, 77]. The radius of gyration

parallel to the slit, Rg||, in which the coils show typical two-dimensional

conformations, scales as

|| ≅ / /
, (3.6)

where D refers to the distance between two parallel walls of the slit.

If linear molecules are confined in a fairly narrow pore, they will be

severely squeezed along the pore axis as chains with quasi-1-dimensional

conformations, whose dimensions scale according to

|| ≅ /
, (3.7)

where D is the diameter of the pore and Rg|| is the radius of gyration along the pore

axis.

Under a specific condition named θ-condition, real chains can behave as

ideal chains e.g., Rg is proportional to N1/2 [83] and the second viral coefficient A2

is zero [84]. The corresponding solvent and temperature are called θ-solvent and

θ-temperature, respectively. For the θ-chains trapped in a very small pore, the

scaling law was found as follows [85]

|| ≅ . (3.8)

For simplicity, all the coefficients are omitted from equation (3.6) to (3.8) and the

mesh size of the cubic lattice is assumed to be 1.

The scaling laws of branched polymers become more complicated due to

the diversity of branched architectures. For instance, the scaling exponent for

randomly branched polymers [81] in a good solvent can be estimated as follows= ( ) , (3.9)

where the subscript B stands for branching.



Chapter 3 Theories and models 13

The setting of interaction parameters plays a key role in modeling the

polymer behavior in solvents differing in thermodynamic quality. The parameters

used in simulations should correspond to the Flory-Huggins (FH) parameter χ

which compares polymer-solvent interactions with the average of polymer-

polymer and solvent-solvent interactions, and serves as a measure of the

thermodynamic quality of the solvent. Good solvents (with χ < 1/2) dissolve the

polymer and poor solvents (with χ > 1/2) are actually nonsolvents of long polymer

chains. In the so-called θ-solvent (χ = 1/2), slightly unfavorable polymer-solvent

interactions compensate for the effect of the excluded volume of monomeric units;

hence, the polymer chains in θ-solvents behave as ideal intersecting random walks.

For a polymer chain grown on a cubic lattice, χ is defined as= − + 2⁄ , (3.10)

where Z is the coordination number, e.g. Z = 6 for a 3D cubic lattice model, and

the subscript s and p of the pairwise interaction ε (has been reduced by kbT),

denote the solvent and polymer, respectively. An athermal solution (χ = 0) is used

to represent a good solvent condition, where εsp = εss = εpp = 0. The θ-condition

was found by means of MC simulations as εpp = −0.2693 [86], while εsp = εss = 0.

If a lattice site is a part of the pore wall as shown in Figure 3.2, polymer

segments cannot visit it. The probability to occupy the empty sites of the nearest-

neighbor layer of the wall depends on the interactions between polymer beads and

the pore surface. It means that the interaction parameter, εw, controls the

chromatographic separation, e.g., εw = 0 represents the entropy-governed

mechanism (SEC) and εw < 0 models the IC process.

3.4 H-shaped polymers

The H-shaped polymer, where two arms join together at each end of its backbone,

is an important member of branched polymers. Various types of H-shaped

homopolymers [62, 87-89] and copolymers [90] have been successfully

synthesized and great attention has been paid to their studies in recent 30 years

due to their interesting properties [91]. Like other branched architectures, an H-
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shaped molecule exhibits a smaller volume compared with its linear analogue, and

its contraction factor, g, containing the information about the size reduction

caused by branching, is given by

= 〈 , 〉〈 , 〉 , (3.11)

where <Rg,bulk
2> is the radius of gyration, and the subscripts H and L stand for the

H-shaped polymer and the corresponding linear architecture, respectively.

The conformational behavior of H-shaped molecules depends (besides

other factors) on both the length of its backbone and each arm. The theoretical

value of g of H-shaped chains was derived by Pearson et al. [92] as follows,= + 3 (1 − ) + (1 − ) + (1 − ) , (3.12)

where α is the weight fraction of the backbone in the polymer molecule. The H-

shaped polystyrene prepared by Roovers and Toporowski [87] may be regarded as

a prototype of the regular H-shaped polymer concerned in our MC simulations,

which has four equal arms connected by a backbone with the same length (g =

0.712 calculated according to equation (3.12)). A sketch of the regular H-shaped

architecture is shown in Figure 3.3.

Figure 3.3: A schematic diagram of the regular H-shaped polymer.
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Chapter 4 Simulation methods

4.1 Static and dynamic Monte Carlo methods

Monte Carlo (MC) is an important and highly efficient computational algorithm

based on the principles of mathematical statistics and statistical thermodynamics.

Strictly speaking, MC does not refer to a particular technique, but represents a

group of stochastic methods which have been successfully applied to the

investigation of atomistic and molecular systems since the 1940s. In spite of the

great diversity in MC techniques, they are generally classified as static MC and

dynamic MC.

The static MC method generates a series of independent samples with a

particular probability distribution in order to obtain the numerical results of

desired quantities. The dynamic approach creates a sequence of correlated

configurations in the phase space according to a certain stochastic process, e.g. a

Markov process, and it must satisfy the ergodicity and the detailed balance.

Briefly, the ergodicity requires that all possible configurations can be created

during the simulation.

Then let us consider two successive configurations in a Markov chain, i.e.

the old (denoted by o) and the new state (denoted by n), generated under

equilibrium conditions. The corresponding MC move (from old state to new state)

can be mathematically described as α(o → n) × pacc(o → n), where α is the

transition matrix between the old and new configuration, and pacc is the

probability of accepting a trial move [93]. The detailed balance refers to(o) × (o → n) × (o → n) = (n) × (n → o) × (n → o) , (4.1)

where P(o) and (P(n)) denotes the probability of the old (new) configuration

occurs in the entire phase space. For a symmetric matrix α (α(o → n) = α(n → o)),

the acceptance probability of new configuration pacc(o → n) is given by

Metropolis et al. [94],
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(o → n) = (n) (o)⁄1 ifif (n) < (o)(n) ≥ (o) , (4.2)

where (n) (o)⁄ = exp{− [ (n) − (o)]} . (4.3)

Practically the Metropolis criterion works by generating a random number

uniformly distributed in the interval [0, 1]. If the value of random number is lower

than P(n)/P(o), we accepted the new configuration, and otherwise it should be

rejected.

4.2 Rosenbluth sampling for polymer chains

The scheme of sampling chain-like molecules, which are inserted segment by

segment into a simulation box, was developed by Rosenbluth and Rosenbluth in

1955 [95]. The original version of this method was elaborated for an athermal 2D

lattice system to in order to study the conformational behavior of polymers, and it

has been extended to 3D lattice and off-lattice systems later [93]. The basic

feature of the Rosenbluth sampling is the biased growth of each monomer of a

chain. For a lattice model, the first monomer (or bead) of a SAW chain is inserted

at a random position of the lattice sites, and its Rosenbluth weight, W(1), is given

by (1) = = exp(− ) , (4.4)

where u1 accounts for the energy of monomer 1. The i-th (i = 2, 3, …) monomer is

added to one of the k empty neighbor sites of monomer i−1 with a probability= [ ] , (4.5)

where wi is defined as = ∑ exp[− ( )] . (4.6)

The Rosenbluth factor of the entire chain consisting of N segments, is calculated

as
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W( ) = ∏ , (4.7)

and the probability of creation of this conformation, P(N), is given by

( ) = ∏ = ∑∏ = ( )( ) , (4.8)

where U(N) is the energy of whole polymer chain generated on the cubic lattice.

The expectation value of any conformational property A can be estimated

by averaging the values of M sampled conformations:

〈 〉 = ∑ ( )∑ ( ) . (4.9)

The statistical error is obtained from

〈 〉 = 〈 〉〈 〉 , (4.10)

where σA
2 is the variance of A [96].

However, it is not difficult to find out a few drawbacks of the original

Rosenbluth method in simulations for long chains. First of all, the biased growth

of chains has to be terminated if no free neighbor sites exist and this so-called

“attrition” causes fast decrease of efficiency with polymer length [97]. On the

other hand, each chain usually has a very broad distribution (or huge fluctuation)

of Rosenbluth factor W, which implies the results of <A>M in equation (4.9) may

be dominated by some conformations with extremely high or low Rosenbluth

factors. Grassberger [96] introduced the pruned-enriched Rosenbluth method

(PERM) to overcome the above-mentioned problems. A lower threshold W< and

upper threshold W> are employed in the Rosenbluth sampling to reduce the

fluctuation of W. The core steps of PERM are summarized as follows:

1. If the current value of Rosenbluth factor of monomer i during the biased

growth of a chain, W(i), is lower than W<(i), it should be doubled and the creation

of chain will proceed with a probability 1/2.
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2. If W(i) exceeds the upper threshold of current step, W>(i), we create k (k

≥ 2) different conformations from monomer i+1, i.e., call the subroutine k times at

the i-th step of chain growth. Of course for each conformation,( + 1) = ( )⁄ , (4.11)

where wi has the same meaning as that in equation (4.6).

The two thresholds for each step are estimated from the partition sum as

Grassberger suggested [96], and notably the number of clones, k, is taken as 2 ≤ k

≤ kfree [98], where kfree accounts for the number of free neighbors.

4.3 Configurational-bias Monte Carlo

The configurational-bias Monte Carlo (CBMC) was first introduced by Siepmann

and Frenkel [99]. A new polymer generated after the deletion of a randomly

selected chain, is accepted (or rejected) according to its Rosenbluth factor.

Compared with local MC moves, CBMC enables a large change of configuration

in a single trial move due to the deletion and insertion of the entire chain or a

large proportion of the chain [100]; hence the CBMC is an appropriate method for

simulations of dilute solutions of relatively long polymers, e.g., for studies of

chromatographic separation. Here we only introduce the CBMC algorithm

working on a cubic lattice. Of course this method can be also applied to a

continuous case by generating a series of random orientations [93, 101]. The key

steps of CBMC can be described as follows:

1. Select a random chain from the simulation box, find its Rosenbluth

factor W(o) and delete the selected (old) chain from the lattice.

2. Grow a new chain and determine its Rosenbluth factor W(n).

3. Accept or reject the new conformation with a probability(o → n) = min 1, ( )( ) . (4.12)

Although CBMC is more efficient than the simple MC method, its

drawbacks, especially for SAW on a lattice, are obvious, e.g., severely slow
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growth of very long chains due to the attrition, and low acceptance rate caused by

chain length and increasing density of systems. Nevertheless, the studied systems

in this thesis do not involve these extreme cases. Moreover, several

complementary MC approaches have been reported [93, 102] to overcome the

above-mentioned difficulties for the conventional CBMC method.

Appendix 4.1 Estimates of statistical errors

The ensemble average and the corresponding statistical error given by equation

(4.9) and (4.10) are limited only for a single chain sampled by the Rosenbluth

method (including PERM). More generally, assuming the simulation is ergodic

and all configurations are taken after equilibration, the average value of an

arbitrary observable A, can be directly obtained by an unbiased estimate,〈 〉 = ∑ , (4.13)

where M is the total number of configurations. The variance σA
2 is given by= ∑ ( − 〈 〉) = 〈 〉 − 〈 〉 . (4.14)

For M independent measurements, the statistical error is simply estimated as

〈 〉 = = √ , (4.15)

where σA represents the standard deviation of quantity A.

The method of “block averages” [93, 103] is widely employed in analysis

of correlated data because it is computationally rather simple. The entire tape of

simulation results consisting of M configurations is divided into Mb consecutive

blocks and each block contains τb data points. The average value of A in block j, is

calculated as 〈 〉 = ∑ , (4.16)

where the subscript b represents “block”. The variance in <A>b is obtained from
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〈 〉 = ∑ 〈 〉 , − 〈 〉 , (4.17)

and the statistical error is given by

〈 〉 = 〈 〉 = 〈 〉 . (4.18)

The proper size of each block τb, can be estimated by plotting the statistical

inefficiency (si) [103-105],

si = lim→ 〈 〉 . (4.19)
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Chapter 5 Results and discussion

5.1 Scaling behavior of linear and H-shaped polymers

We investigate the partitioning of chains of different architectures in pores with

inert and interacting walls. In the first part, some properties of pure components

that are necessary for deeper understanding of the observed behavior are studied

by Monte Carlo (MC) simulations. The behavior of polymer chains in bulk

solutions generally differs from that confined in narrow pores, and the effects of

confinements are relevant to the interpretation of chromatography. The effects of

architecture (H-shaped and linear chains), pore size, and solvent quality are

discussed in detail.

5.1.1 Simulation details

All MC simulations are performed in square pores with dimensions of 500 (x-axis)

× D (y-axis) × D (z-axis), where pore size D varies from 6 to 60. Pore walls

confining polymers in the y- and z-directions, are noninteracting and impermeable;

thus periodic boundary conditions (PBC) are only applied in the x-direction, i.e.

the symmetry axis. The box size for simulations of dilute bulk solution is 500 (x-

axis) × 500 (y-axis) × 500 (z-axis) and PBC are imposed to all directions. Each

simulation system only contains a single chain with a length N ranging from 50 to

250. Polymer chain are modeled as self-avoiding walks (SAW) on a simple cubic

lattice and the pruned-enriched Rosenbluth method (PERM) [96, 97], which has

been introduced in Section 4.2, is employed. The expectation value of any

conformational characteristic was calculated with as many as 106 PERM tours and

the statistical error was estimated according to equation (4.10).

The interaction between two neighbor polymer beads, εpp, is utilized to

model various solvent qualities, which has been introduced in Section 3.3. In our

simulations, εpp = 0 and εpp = −0.2693 are applied to represent good and θ-solvents

respectively [38, 39, 48].
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5.1.2 Measured characteristics

1. The radius of gyration of a polymer coil, <Rg
2>, is defined as〈 〉 = 〈 ∑ [( − ) + ( − ) + ( − ) ]〉 , (5.1)

where the subscript cm represents the center of mass.

2. The radius of gyration parallel to the pore axis (x-direction), <Rgx
2>, is

calculated as 〈 〉 = 〈 ∑ ( − ) 〉 . (5.2)

5.1.3 Scaling behavior of linear and H-shaped polymers in bulk
solutions and under steric confinements

The scaling laws for infinitely long polymer chains have been given in Section 3.3.

We pay special attention to the detailed study of chains with finite lengths in

medium pores (λ ≈ 1), which are the systems relevant for practical

chromatography.

We use the PERM algorithm and study the log (<Rg
2>) (and log (<Rgx

2>))

as a function of log (N) for both linear and H-shaped SAW chains in pores with

inert walls. The relationships are linear and the obtained slopes are for the sake of

brevity denoted as the “local scaling” exponents (see Figure 5.1 and Figure 5.2)

and their dependences on pore size D are shown in Figure 5.3.

In bulk solutions in good and in θ-solvents, the scaling coefficients are 0.6

and 0.5, respectively. They do not increase monotonously as one would expect

taking into account the fact that they should reach their theoretical limit of ν = 1

for (1/D) → ∞, irrespective of the solvent quality. The subscripts LG and LT

mean local scaling in a good solvent and in a θ-solvent, respectively. Contrary to

expectations, their evolution is non-monotonous and they pass through minima in

the mild confinement region. Taking into account the already known fact that

chains become slightly compressed in the intermediate region of λ ≈ 1 [76, 77,

106], this strange scaling behavior is understandable because it reflects the
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contraction of chains, more precisely the contraction of the longest principal

component of the gyration tensor.

Figure 5.1: Double logarithmic plot of the radius of gyration <Rg
2> of polymer chains confined in

a square pore (D is the diameter of pore), against the polymer length N: (a) linear polymers in a
good solvent; (b) linear polymers in a θ-solvent; (c) H-shaped polymers in a good solvent; (d) H-
shaped polymers in a θ-solvent.
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Figure 5.2: Double logarithmic plot of the radius of gyration parallel with the pore axis <Rgx
2> of

polymer chains confined in a square pore (D is the diameter of pore), against the polymer length N:
(a) linear polymers in a good solvent; (b) linear polymers in a θ-solvent; (c) H-shaped polymers in
a good solvent; (d) H-shaped polymers in a θ-solvent.

In the good solvent, the minimum scaling exponent of linear chains, νLG =

0.518 is reached for D = 22 and then it increases again quite rapidly, reaching νLG

= 0.583 for D = 14 and νLG = 0.916 for D = 6. Because the scaling exponent

characterizes the easiness of expansion of chains with increasing length, which is

influenced by interactions of polymer beads with the solvent and with each other

and by weak steric confinement, we can conclude that, in relatively wide pores,

the chains effectively feel a worse surrounding medium, i.e., they behave as if

they were dissolved in a worse “effective solvent” than in the bulk solvent. In

terms of the Flory-Huggins mean-field theory, this scaling exponent actually

means that the “effective interaction parameter” χ for sterically confined chains in

a good solvent would be larger than 0. The plot of νLG vs. 1/D for linear polymers

in Figure 5.3a shows that the quality of an “effective solvent” which is good in

bulk, temporarily deteriorates in the pore, but it is never worse than that of a θ-

solvent.
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The chains both in pores and in bulk are more contracted in a θ-solvent

and the scaling coefficients νLT are lower than those in a good solvent. The curve

passes through a broad and a shallow minimum which shifts towards higher 1/D

compared to that in a good solvent. The minimum value νLT = 0.367 for D = 14

(close to 1/3) indicates quite compact conformations of chains in pores. Later the

curve starts to grow, but the positive slope is lower than that for a good solvent

and νLT = 0.513 for D = 8 is still around 1/2. The highest value, νLT = 0.684, only

occurs in the strongest confinement of D = 6. Exponent 1/3 actually describes the

scaling of trivial 3D fractal objects with a constant average density of beads (i.e.,

not depending on the chain length). We can conclude that the chains in pores

behave as chains dissolved in a fairly “poor effective solvent” (much worse than a

θ-solvent). However, the “effective solvent quality” does not reflect the enthalpic,

but the entropic effects.

The log-log plot of the radius of gyration parallel to the pore axis <Rgx
2>

vs. N yields monotonously increasing dependences of scaling exponents on 1/D

for linear polymers, irrespective of the solvent quality (see the curves of νLXG and

νLXT representing linear chains in Figure 5.3b). The difference between the scaling

of log <Rgx
2> and log <Rg

2> vs. log N reflects (i) slight preferential orientation of

the chains along the pore axis and (ii) the fact that shortening of the long axis of

the gyration tensor occurs for chains whose gyration ellipsoid is oriented across

the pore, which will be presented in the discussion of partitioning of chains

between two phases (see Section 5.2.4). The scaling exponents of chains in pores

in a good solvent are quite high and increase significantly with 1/D, while those in

a θ-solvent are close to ν = 1/2, remain almost constant and start to grow only in

relative narrow pores with D = 12.
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Figure 5.3: (a) A plot of the scaling exponents νLG and νLT vs. 1/D for both linear (circles
connected by dotted lines) and H-shaped (squares connected by solid lines) polymers in a good
solvent (black color) and a θ-solvent (red color), obtained by plotting log <Rg

2> vs. log N. (b) The
dependence of the scaling exponents νLXG and νLXT vs. 1/D for both linear (circles connected by
dotted lines) and H-shaped polymers in a good solvent (black color) and a θ-solvent (red color),
obtained by plotting log <Rgx

2> vs. log N. Reprinted from [107]. Copyright 2016 Elsevier.
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5.2 Chromatographic separation of H-shaped and linear

polymers in good solvent

The partitioning of linear and H-shaped polymers between bulk solvent and

narrow pores and the conformational behavior of chains in pores are studied by

configurational-bias Monte Carlo (CBMC) simulations. The chains are modeled

as self-avoiding walks (SAW) in a good solvent. The concentration profiles in

pores, partition coefficients KH and KL, and various structural characteristics are

studied as functions of pore size D and the polymer-wall interaction parameter εw.

5.2.1 Simulation details

Two types of SAW chains are simulated on a cubic lattice: linear chains

consisting of 125 monomeric units and regular H-shaped chains (the length ratio

of an arm to the backbone is one to one). The schematic representation of a

regular H-shaped chain is shown in Figure 3.3. The concentration of polymer

beads (ratio of occupied-to-all lattice sites), c, is 0.00115. Chain lengths N vary

from 100 to 250 only for the investigation of length dependence. Simulated

systems contain only one type of chains and the simulations of the mixtures will

be discussed in Section 5.3.

The porous medium is modeled as a twin-box (see Figure 3.1b in Section

3.2), where the bulk region and the square pore represent the mobile and

stationary phases, respectively. The dimensions of the unconfined bulk section are

200 × 100 × 100 (in lattice units) along the x-, y- and z-directions, respectively.

The square pore has the same x-axial length and its size D varies from 16 to 60.

The interaction between the polymer and the impenetrable pore walls, εw, ranges

from 0 to −0.26. We set the pairwise interaction between the neighbor polymer

beads, εpp, as zero to simulate a good solvent. Periodic boundary conditions (PBC)

are applied to all three directions except the impenetrable walls.

The conventional configurational-bias Monte Carlo (CBMC) algorithm

was employed in our simulations, and 5 × 1010 CBMC steps were performed for

each simulation run after the equilibration period consisting of 5 × 109 steps. Each
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simulation run was divided into 20 sub-batches, and the statistical errors were

estimated by the “block average method” [93, 103].

5.2.2 Measured characteristics

Here we list the conformational characteristics used in the analysis of

conformational behavior of chains:

1. The radius of gyration, <Rg
2>, is calculated according to equation (5.1).

2. The radius of gyration parallel to the pore axis (x-direction), <Rgx
2>, is obtained

from equation (5.2).

3. The components of gyration tensor, ga, gb and gc, are obtained as follows [108]:

The tensor of inertia of a polymer coil is first obtained from the positions

of all monomers:

= ∑ [( − ) + ( − ) ] −∑ ( − ) ( − ) −∑ ( − ) ( − )−∑ ( − ) ( − ) ∑ [( − ) + ( − ) ] −∑ ( − ) ( − )−∑ ( − ) ( − ) −∑ ( − ) ( − ) ∑ [( − ) + ( − ) ] , (5.3)

where the subscript cm denotes the center of mass. The values of principal

moments of inertia Ia > Ib > Ic are obtained by the diagonalization of the tensor of

inertia using the Jacobi method [109]:

= 0 00 00 0 . (5.4)

The principal half-axes, ιa, ιb, and ιc, of so-called equivalent ellipsoid (ellipsoid

with the same values of principal moments of inertia as polymer) can be

expressed as

= ( ) , = ( ) , = ( ) , (5.5)

where m is the mass of an individual bead. The square radius of gyration Rg
2

equals the sum of (square) components of the gyration tensor ga, gb, and gc:= + + , (5.6)
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where = √ , = √ , = √ . (5.7)

5.2.3 Retention behavior of H-shaped and linear polymers

The radii of gyration <Rg,bulk> of a regular H-shaped chain (6.173 ± 0.001)

consisting of 125 beads and the corresponding linear polymer (7.362 ± 0.002) in a

bulk good solvent, were obtained by the CBMC method. The results are in a good

agreement with those obtained by the pruned-enriched Rosenbluth method

(PERM) presented in Section 5.1.3. The differences between individual radii of

polymers are the prerequisite for their separation by SEC.

The left column of Figure 5.4 shows the r-averaged concentration profiles

(both in the pore and in the bulk) as functions of x. As expected, the concentration

of polymer beads in the bulk is essentially constant. Only in a narrow region close

to the wall, the concentration of polymer beads decreases non-negligibly due to

the depletion effect of the flat noninteracting wall. The equilibrium concentration

of polymer beads inside the pore corresponds to the flat region of the

concentration profile, and it differs from that in the bulk and depends sensitively

on the ratio of Rg to D (or the coil-to-pore size ratio λ) and on the attractive

interaction between the polymer and the pore wall, εw. For ideal SEC (εw = 0), it

increases with pore size and such D-dependent effect applies for both H-shaped

and linear chains. In the pore, the concentrations of both chain architectures

generally increase with increasing |εw|, but non-negligible differences between the

concentrations of the H-shaped and linear chains can be clearly seen. The

concentration of H-shaped chains in the pore ΦH(x) is higher than that of linear

chains for ideal SEC and for pores with weak adsorption (|εw| < 0.20), since the

loss of conformational entropy due to the geometrical confinement for smaller

coils (H-shaped polymers) is lower while the steric exclusion dominates the

separation process. Nevertheless, the situation reverses when the adsorption of

chains on the walls becomes important. Flexible linear chains are more

deformable and can be more easily adsorbed, and ΦL(x) grows faster with

increasing |εw| than ΦH(x), and at a certain adsorption strength (around εw = −0.20),
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which we call the “branching-compensation adsorption strength” (BCAS), the

concentrations of both types of polymers in the pore become approximately the

same. For a strong adsorption (|εw| > 0.20), the concentrations of linear chains,

ΦL(x), are always higher than those of H-shaped chains.

The right column of Figure 5.4 shows the radial, i.e., x-averaged

concentration profiles Φ(r) in the plateau region of Φ(x) of the pore. Besides a

pronounced depletion effect caused by the impermeable pore wall in all studied

systems, the concentration generally decreases from the center of pore to the wall,

especially for the systems with D = 16 and D = 30, where the depletion layer is

thicker than D/2. The thickness of depletion layer in the pore with D = 60 could

be roughly estimated from Figure 5.4f. Moreover, the concentration of polymer

beads reaches maximum at distances corresponding roughly to the radius of

gyration of the studied chains and a shallow local minimum appears in the middle

part of the pore (D = 60) with strong adsorption. Due to the attractive interaction,

the chains concentrate, deform, and partially orient close to the wall. Both

contributions, i.e., (i) increase in concentration of beads due to interaction with the

wall and (ii) concentration decrease due to decreased conformational entropy,

decay with the distance from the wall, but due to chain connectivity, the resulting

effect on the bead concentration propagates to the distance from the wall

corresponding approximately to Rg.

The effect of the pore size D on the partition coefficients K, which were

determined from concentrations in the pore plateau (subscript p(pl)) and bulk

plateau (subscript b(pl)) regions, = ( )( ) , (5.8)

is summarized in Figure 5.5a. Both partition coefficients increase with the pore

size, and for pure SEC (εw = 0), KH is always higher than KL. They increase with

the increasing |εw|, and it is obvious that for εw = −0.20 the dependences of KH and

KL vs D overlap in the whole region of studied D, which indicates that the so-

called BCAS almost does not depend on D. In pores with strongly interacting

walls, i.e., for |εw| > 0.20, KL becomes higher than KH.
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Figure 5.4: Concentration profiles of H-shaped and linear chains for different interactions: εw = 0
(black), −0.10 (blue), −0.15 (brown), −0.18 (green), −0.20 (red), −0.22 (magenta), −0.24 (cyan)
and −0.26 (orange). The solid and dotted lines represent the H-shaped and linear chains,
respectively. The left column: the concentration profiles of polymer beads along the x-axis across
the whole simulation box: (a) D = 16, (c) D = 30, and (e) D = 60. The right column: the radial
concentration profiles of polymer beads in the plateau region of the pore: (b) D = 16 (d) D = 30,
and (f) D = 60. Reprinted from [106]. Copyright 2016 American Chemical Society.

The change of Helmholtz free energy ΔA was calculated according to

equation (3.2), where ΔG was replaced by ΔA due to the NVT ensemble used in
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the simulations. The differences of free energy change between H-shaped and

linear chains due to the transfer of the chain from bulk into the pore,∆(∆ ) = ∆ − ∆ , (5.9)

are depicted in Figure 5.5b. The theoretical value of this difference is zero for

very small pores, where both polymers are excluded. For pore sizes comparable

with 2(Rg,bulk)H, the difference TΔ(ΔS) due to entropy changes between the H-

shaped and linear chains in the pores and the bulk increases with the pore size

because H-shaped chains can enter the pore more easily. For a pore size larger

than 2(Rg,bulk)L, both polymer chains can enter the pore without major limitations.

For pure SEC, the difference stems only from steric confinement, and the absolute

value of the difference between the entropy changes decreases with increasing

pore size because the importance of confinement and the depletion effects also

decreases.

Figure 5.5: (a) Partition coefficient K as a function of pore size D for regular H-shaped (squares
connected by solid lines) and linear chains (circles connected by dotted lines) for different
interactions: εw = 0 (black), −0.10 (blue), −0.15 (brown), −0.18 (green), −0.20 (red), −0.22
(magenta), −0.24 (cyan) and −0.26 (orange). (b) The double difference (A) = (A)H − (A)L
between the free energy of systems of H-shaped and linear chains accompanying the transfer of
one chain from the bulk into the pore as functions of D (for the same set of interaction parameters
εw as in Figure 5.5a). Note that the first operator describes the difference between chains of
different architecture, while the second symbol designates the difference between the pore and
the bulkReprinted from [106]. Copyright 2016 American Chemical Society.

The most efficient separation for pure SEC occurs approximately in the

pore with D = 17, where |Δ(ΔA)| reaches the maximum. The strong adsorption to

the pore wall not only increases the value of K, but also shifts the maximum
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difference between KH and KL towards lower D. For this reason, the monotonous

decrease of |Δ(ΔA)| with increasing D can be seen in pores with higher |εw|.

Another important information is that the value of BCAS (ε*) at a constant

(low) polymer concentration does not depend on polymer length (see the overlap

of curves of KH and KL vs. N in Figure 5.6). The concentration and solvent

condition dependences will be discussed in Section 5.3.

Figure 5.6: Partition coefficient K as a function of polymer length N for regular H-shaped (squares
connected by solid lines) and linear (circles connected by dotted lines) chains at εw = −0.20
(approx. ε*) for different pore size D = 16 (black), 20 (blue), 30 (brown), 40 (green), 50 (red), and
60 (magenta). Reprinted from [106]. Copyright 2016 American Chemical Society.

5.2.4 Chain conformations in pores and in bulk

The analysis of concentration profiles indicates that the interplay of confinement

effects with interactions is complex: In large pores with relatively weakly

adsorbing walls, the branched chains interact more strongly with the wall than

linear ones, but the preferential adsorption of more deformed linear chains

prevails at high adsorption strengths. To elucidate the conformational behavior of

chains in the pores and substantiate this observation at the molecular level, we

performed a detailed analysis of chain conformations. We evaluated the

characteristics of their equivalent ellipsoids of gyration and their orientation with

respect to the geometry of the system.

The average shape and size characteristics <Rg
2>, <ga

2>, <Rgx
2>, <gb

2> and

<gc
2>, which have been previously defined, are shown in Figure 5.7 as functions

of the pore size. The shapes and sizes of both H-shaped and linear chains are
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almost unchanged in wide pores. However, appreciable changes occur in narrow

pores; for H-shaped chains they start at D = 30 and for linear chains at D = 40.

The latter changes are more pronounced than the former. The longest component

of the gyration radius, ga, is the most affected and decreases appreciably with

decreasing pore size. As a consequence, the radius of gyration, Rg, also decreases

with decreasing pore size. The chain becomes effectively more spherical in pores

with λ ca. 1, since the middle and smallest components (gb and gc) are almost

unchanged.

The orientation of chains in narrow pores is also revealed by the curves

shown in Figure 5.7. The facts that the radius of gyration parallel to the pore axis

(x-direction), <Rgx
2>, increases with a decreasing pore size and simultaneously

<(gc
2 + gb

2) / 2> remains almost constant and <ga
2> decreases indicate preferential

orientation of both linear and H-shaped chains parallel to the pore axis in pores for

λ equal or smaller than 1.

Figure 5.7: The shape and size characteristics as a function of pore size D for two values of
interaction parameter εw = 0 (black) and −0.20 (red). The left figure (a) corresponds to the H-
shaped chains and the right one (b) to the linear chains. The individual size characteristics are
designated by the following symbols: <Rg

2> (□), <ga
2> (●), <Rgx

2> (○), <gb
2> (■), and <gc

2> (▲).
Reprinted from [106]. Copyright 2016 American Chemical Society.

The curves shown in the insets of Figure 5.8 confirm the above-mentioned

observation that the longest gyration component, ga, is the most influenced chain

characteristics in fairly narrow pores. Furthermore, increasing attraction

appreciably affects ga and shifts its entire distribution to larger distances, whereas

gb and gc are not obviously influenced. The comparison of the behaviors of H-
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shaped and linear chains and their detailed analysis indicate that the more

conformationally variable linear chains are more expanded and more ellipsoidal

than H-shaped chains not only in the bulk but also in medium narrow pores (λ ca.

1) with attractive walls due to the interaction with them.

Figure 5.8: Distribution functions of components of the gyration radius, ga, gb and gc, in a pore
with D = 16. The solid lines represent the H-shaped chains and the dotted lines represent the linear
chains in the pore, respectively. Different colors represent different values of interaction parameter:
εw = 0 (black), −0.15 (blue), −0.20 (red) and −0.26 (green). In the insets, solid lines represent the
distributions in the pore and the dotted lines represent the distributions in the bulk. Inset (a) stands
for H-shaped chains and inset (b) for linear chains. Reprinted from [106]. Copyright 2016
American Chemical Society.

The detailed analysis of conformations elucidates the conformational

behavior of polymer chains during the separation process, especially the

deformation and orientation of coils with different architectures in pores with

adsorbing walls. Conformations of both H-shaped and linear chains are

appreciably affected by the confinement only for λ approaching 1. The study

shows that the linear chains are effectively more deformable than the H-shaped

chains because the density of beads in the linear chain domains is lower and the

excluded volume plays a less important role. The higher conformational

variability of the linear chains explains their more important adsorption on

strongly adsorbing walls compared with the H-shaped chains.
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5.3 Chromatographic separation of mixtures of H-

shaped and linear polymers in good and θ-solvents

We have already discussed the retention behavior of pure H-shaped and linear

homopolymers in a good solvent in Section 5.2. Here, we first focus on the impact

of solvent quality on the partitioning by using nonzero values of εpp. In view of the

purpose of chromatography, we simulate the separation of polymer chains of

different architectures (H-shaped and linear) in mixture solutions differing in

solvent quality and in pores differing in adsorption strength. The studied systems

are relevant for the conditions of practical chromatography experiments, i.e., mild

geometrical confinements (λ ca. 1) and very dilute concentrations.

5.3.1 Simulation details

All the simulations were performed on a simple cubic lattice with coordination

number Z = 6. The dimensions of the simulation box consisting of a big cuboid

(bulk solution) and a square pore channel (stationary phase) are the same as those

described in Section 5.2.1. We set D = 30, since the dependence on the pore size

has been discussed and the partition coefficient K should acquire reasonable

values in order to separate the studied chains effectively. Both H-shaped and

linear polymers with chain length N = 125, were modeled as self-avoiding walks

(SAW). We adjusted the solvent quality by varying εpp, which accounts for the

interaction of nonbonded polymer (bead) contacts. In an athermal system (good

solvent), εpp = 0. The negative εpp values model the solvent condition worse than a

good solvent. The θ-solvent, in which the excluded volume effect is canceled by

the attractive force between nonbonded beads, is described by εpp = −0.2693

according to the above cited references [38, 39, 48, 86]. Both εw and εpp are

normalized by kbT. We performed 1010 CBMC steps for each simulation run after

the equilibration period consisting of (5 ~ 10) × 109 steps. Each simulation run

was divided into 20 sub-batches, and the statistical errors were estimated by the

“block average method” [93, 103].
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5.3.2 Measured characteristics

The determination of concentration profiles of polymer beads, Φ(r), and those of

centers of mass of polymer chains, Φcm(r), is illustrated in Figure 5.9. The

evaluation secures that the volumes of the incomplete cylindrical layers in the

pore corners (r > D/2) are properly taken into account. Analogously, other

conformational characteristics including Rg, Rgx, ga, gb and gc, whose definition

have been described in Section 5.2.2, were studied as functions of distance from

the pore center as well.

Figure 5.9: A schematic diagram of the cylindrical layers with thickness Δr = 1 used for the
determination of the radial concentration profiles.

5.3.3 Effects of solvent quality on partitioning

In this part, we study the concentration dependence of the partition coefficients, K,

of linear and H-shaped chains in solvents with different quality. The simulation

results for linear polymers partitioning in pure SEC mode (εw = 0), are

summarized in Figure 5.10a and the comparison of linear and H-shaped chains is

shown in Figure 5.10b. In the region of good solvents (εpp from 0 to ca. −0.20),

the partition coefficients K increase with concentration, which is in agreement

with theoretical expectations and with the results of other authors [31, 32, 35].

However, the slopes of the concentration dependences are negative in the θ-

solvent and in the poor solvents. Typical snapshots of the simulation box for

different bulk concentrations of polymer chains in good and θ-solvents are shown

in Figure 5.11. For very dilute systems (c = 2.3 × 10−3, see Figure 5.11a and b),
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the number of chains inside the pore in a good solvent is lower than that in a θ-

solvent, and KG < Kθ, where the subscript G and θ represents a good and a θ-

solvent, respectively. Both numbers increase with the increasing concentration,

but the number of chains in the pore grows much faster in a good solvent. For the

highest concentration (c = 3.4 × 10−2, see Figure 5.11e and f), there are obviously

more chains migrating from the bulk to pore in a good solvent, which imply KG >

Kθ. Comparing the left-hand (good solvent) and right-hand (θ-solvent) columns of

the snapshots, one may qualitatively observe the different trends of K with respect

to c in good and θ-solvents given by Figure 5.10. The simulation snapshots in

bulk θ-solvent simultaneously indicate important fluctuations in the spatial density

of chains and a high tendency of the chains towards “clustering”. The fluctuations

are clearly seen in the region of medium concentrations.

Recalling the discussion in Section 5.1.3, the above-mentioned impact of

solvent quality may be explained by the mean-field theory. The partitioning of

polymer chains (regardless of the architecture) between the bulk solution and the

pores at low concentration is controlled by the conformational entropy of confined

chains in the pores and by the entropy of unrestricted chains in the bulk. At

increasing concentrations, repulsive interactions of closely located SAW chains

generate osmotic pressure Π, which can be expressed in a limited range of

concentrations, where the contribution of the third and higher virial coefficients

can be neglected, by the following simple expression,= + ( ) , (5.10)

where c is the polymer concentration (g/ml), Mn is the number average mass of

the polymer, R is the gas constant, T is the temperature and A2(T) is the

temperature-dependent second virial coefficient. In good solvents, the chains are

expanded, A2(T) is positive and, because the concentration of the polymer in bulk

is higher than that in the pore (and the bulk solvent is effectively a slightly better

medium for the chains than the pore, i.e., A2(T)bulk > A2(T)pore), increasing

concentration generates positive net osmotic pressure (Πbulk – Πpore) > 0, and

pushes the chains to enter the pore and the partition coefficient K increases with c.
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Analysis of the concentration dependence of K in a θ-solvent is more

complicated. In bulk, the geometrical effect of the excluded volume in a θ-solvent

is counterbalanced by favorable interactions between the polymer beads

(compared with polymer-solvent and solvent-solvent interactions). The chains

behave effectively as ideal interpenetrating chains, A2(T)bulk = 0, and increasing

the concentration in bulk does not produce an increase in (Π bulk/c) and does not

push the chains inside the pores as much as in a good solvent. According to the

results for the scaling behavior of constrained chains in a θ-solvent shown in

Figure 5.3a, ν approaches 1/3 for moderate confinements (λ ≈ 1), which indicates

poor “solvent quality” in the pores, resisting the penetration of the chains into the

pores.

Figure 5.10: (a) Partition coefficient K of linear chains in SEC as a function of concentration c for
different solvent qualities: εpp = 0 (black), εpp = −0.10 (green), εpp = −0.15 (brown), εpp = −0.22
(blue), εpp = −0.25 (orange), εpp = −0.2693 (red), εpp = −0.29 (magenta). (b) Comparison of H-
shaped (squares connected by dotted lines) and linear polymers (circles connected by solid lines)
for εpp = 0 (black), εpp = −0.22 (blue) and εpp = −0.2693 (red). Reprinted from [107]. Copyright
2016 Elsevier.
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Figure 5.11: Snapshots of the linear polymers partitioning between bulk and a pore without
attractive interactions to the pore walls (εw = 0) for various concentrations. The left-hand column,
i.e. Figs (a), (c) and (e) correspond to a good solvent and the right-hand column, i.e., Figs (b), (d)
and (f) correspond to a θ-solvent. Reprinted from [107]. Copyright 2016 Elsevier.

In order to elucidate the difference between the behavior of systems in a

good and in a θ-solvent, we analyzed radial concentration profiles (profiles across

the pore) in the axial plateau region in good and θ-solvents. The concentration

profiles Φ(r) are shown as functions of the distance from the pore center in Figure

5.12a for low and high polymer concentrations. Total concentrations of chains in

the simulation box are the same in good and in θ-solvents in both dilute and

concentrated systems, but the concentrations in the pores differ in systems with

different solvent quality because the partition coefficients K differ (the relevant K

values are given in the figure).
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Figure 5.12: (a) The radial concentration profiles (r) of linear polymer chain beads in the plateau
region of a pore in a good solvent (black curves) and in a θ-solvent (red curves) for two different
concentrations: c = 0.0023 (solid lines) and c = 0.0172 (dotted lines). The inset shows a close-up
of the normalized radial concentration profiles, *(r) = (r)/max(r) in the region close to the pore
wall. (b) Distribution of the components of the gyration tensor ga, gb and gc of the linear chain in a
good solvent for two concentrations: c = 0.023 (open squares connected by solid lines) and c =
0.0172 (× connected by dotted lines). The inset depicts the corresponding distribution in a θ-
solvent. The curves for different concentrations perfectly overlap and the dotted lines are hidden.
Reprinted from [107]. Copyright 2016 Elsevier.

Comparison of the concentration profiles and particularly the enlarged part

of the normalized curves close to the wall (inset in Figure 5.12a) indicate that the

depletion effect of the wall in a good solvent is more important at very low

concentrations and less important at slightly higher (still fairly low)

concentrations, in agreement with earlier observations [110]. However, the effect

of the concentration is completely the opposite in a θ-solvent, which can be

rationalized as follows. In good solvents, the chains are expanded, but they are

quite deformable. Individual coils can easily interpenetrate because the density of

the segments is fairly low in the expanded coils and the chains “feel” quite

comfortable under mild steric confinement. The chains in a θ-solvent are more

collapsed, and their deformation is more difficult and mutual interpenetration of

different chains is hindered. As explained above, the chains in pores and

particularly those close to the pore wall “feel” the combined effect of the

impermeable wall and the bulk θ-conditions as a severe worsening of the apparent

solvent quality (close to the pore wall they experience very unfavorable mean-

field interactions with the surrounding medium) and this hinders their approach to

the pore wall and restricts their overall concentration in pores at increased bulk
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concentrations. The interplay of the effects that control the behavior of chains in

pores in a θ-solvent can be characterized as follows: the repulsion between beads

and between different chains is fairly weak both in bulk and in pores and osmotic

pressure does not play such an important role as in a good solvent. The less

deformable (because more collapsed) chains “feel” the effect of the wall more

strongly than those in a good solvent and, in addition to entropic effects caused by

different conformational freedom in both media, the “extraction-like” mechanism

between effective solvents differing appreciably in effective thermodynamic

quality affects the partitioning of the chains.

We increase the concentration ten times to demonstrate more clearly the

effect of concentration on the chain conformations in pores, and the distributions

of the principal components of the gyration tensor are shown in Figure 5.12b. It is

obvious that all the distributions coincide and that increasing the concentration

does not have any impact on the conformations for both good and θ-solvents. The

simulations thus agree with the theoretically predicted fact (proven both by

experiments and by computer simulations) [111-114] that the dimensions and

shapes of chains in bulk do not change in the transition region between dilute and

semi-dilute solutions (only the chains start to interpenetrate) and confirm that this

feature of the conformational behavior also holds in restricted volumes under mild

confinement (i.e., in relatively wide pores).

Analogous behavior of regular H-shaped chains partitioning in pure SEC is

observed (see Figure 5.10b), and the concentration dependence is affected by the

solvent quality as well. For each concentration in SEC, KH is always higher than

KL regardless of the solvent quality (see Figure 5.10b), where the subscript H and

L stand for the H-shaped and linear chains, respectively, since the hydrodynamic

volume of a branched chain is always smaller than that of a corresponding linear

molecule.

The contraction factors of polymers under confinements, obtained from

equation (3.11), are shown in Figure 5.13. Each point represents the ratio of <Rg
2>

of an H-shaped chain to that of a linear molecule suffering the same spatial

constraint (same pore size, D). The earlier observed scaling behavior is confirmed
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by the two non-monotonous curves. The g-factor of absolutely unconstrained H-

shaped and linear chains (g = 0.707) in a good solvent has a fine agreement with

the result of theoretical calculation (g = 0.712). In a θ-solvent, all corresponding

values of g-factor are a relatively higher.

Under mild confinement, more deformable linear chains are contracted

more quickly than H-shaped chains and the g-factors are increasing function of

1/D in both solvents. The maximum value of g-factor occurs at D = 28 for

polymers in a good solvent (g = 0.784) and at D = 18 for a θ-condition (g = 0.846).

The g-factors show a sharp decrease in narrow pores, especially for the good

solvent due to more rapid expansion of linear chains in the direction of pore axis.

Figure 5.13: The contraction factors of constrained chains, g, vs. 1/D for good (× connected by a
black dotted line) and θ-solvents (triangles connected by a red dotted line). The blue dotted line
represents theoretical result for unconstrained chains, g = 0.712, calculated according to equation
(3.12).

Figure 5.14 shows the concentration dependences of K in pores with

attractive walls for linear chains (Figure 5.14a) and for H-shaped chains (Figure

5.14b). The slope of the curves is always positive in good solvents for the same

reasons as explained earlier. Increasing attraction of beads to the wall (increasing

w) promotes the penetration of chains into the pores, which is manifested by

increasing K values. In a -solvent, the partition coefficients, K, decrease with

increasing concentration. At low concentrations (ca. 0.02), the value for a -

solvent, K, is always higher than that for good solvent, KG.



Chapter 5 Results and discussion 44

In a pure SEC regime for w = 0, the fact that K  KG is a trivial

consequence of the difference in hydrodynamic volumes, even though the

behavior is slightly affected by different conformational freedom and different

deformability of the chains in the pores. However, the difference between K and

KG at low concentrations increases with increasing w and the cross point of

KG(c) and K(c) shifts to higher c, which is a rather surprising non-trivial

observation which will be discussed and elucidated later in the part devoted to

mixtures.

Figure 5.14: Partition coefficients K of linear (a) and H-shaped (b) polymers as a function of
concentration c for different attractive wall interactions: εw = 0 (black), εw = −0.10 (green), εw
= −0.20 (red) and εw = −0.24 (blue). The circles connected by solid lines represent a good solvent
and the squares connected by dotted lines represent a θ-solvent. Reprinted from [107]. Copyright
2016 Elsevier.

5.3.4 The pore-bulk partition equilibrium in mixtures of linear
and H-shaped chains

A series of simulations for the chromatographic separation of mixtures of regular

H-shaped molecules (N =125) and the equivalent linear chains, were performed.

We examined how the individual partition coefficients (KH and KL) depend on the

composition of the mixture, i.e., the molar ratio of H-shaped chains XH that is

defined as = , (5.11)
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where nH and nL are the numbers of H-shaped and linear chains, respectively. The

total number of molecules of two species (nH + nL) was 300 in all the simulations.

Figure 5.15 summarizes the dependences of the partition coefficients of

components of the mixture in good and θ-solvents for increasing attractive

interaction with the pore wall. It is obvious that the curves in both Figure 5.15a

and b describing KL and KH are almost constant, i.e., the partition coefficients do

not depend on XH. The difference ΔK between KH and KL is constant and

relatively small (independent of the composition of the mixture because both

curves are essentially parallel), but the good news is that ΔK in the mixture is

almost twice as large as the difference between the K values of the pure

components, which improves their SEC separation.

Figure 5.15: (a) Partition coefficients K of H-shaped (squares connected by dotted lines) and linear
(circles connected by solid lines) chains in a good solvent as a function of the fraction of H-shaped
polymers XH in the mixture for several values of the adsorption strength: εw = 0 (black), εw = ε* =
−0.175 (blue); εw = −0.24 (red). (b) Analogous plots for a -solvent. εw = 0 (black), εw = ε* = −0.18
(blue); εw = −0.24 (red). Note that ε* (BCAS) differs slightly in good and -solvents. Reprinted
from [107]. Copyright 2016 Elsevier.

The KH and KL curves for the branching-compensation adsorption strength

(BCAS), εw = ε* (blue curves), coincide quite well in the whole range of XH

values. The values of ε* of the mixtures differ slightly from those of the pure

components. For the strongest adsorption in our simulations (εw = −0.24), KL is

higher than KH (see the red curves) because linear chains are more deformable and

more sensitive to the increasing attractive interaction, as we previously explained.

This interaction parameter εw = −0.24 is very close to the critical adsorption point
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(CAP) [30]. Both KH and KL are high (close to 1), but the difference |KH – KL| in a

good solvent is approximately the same as in pure SEC and the separation

efficiency of combined SEC and IC is equal to that in pure SEC. In a θ-solvent,

both KH and KL are greater than 1 for εw = −0.24. In this case, the separation

mechanism is based mostly on different adsorption strength of linear and H-

shaped chains.

Further we analyzed the properties of a mixture of chains in pores as a

function of the distance from the pore center for systems differing in solvent

quality, interaction with the wall, concentration and composition of the mixture.

Figure 5.16 depicts the concentration profiles of gravity centers (centers of mass)

Φcm(r) (left column) and the concentration profiles of individual beads Φ(r) (right

column) in the pore of D = 30 for various interactions with the pore wall. Figure

5.16b (pure SEC regime with εw = 0) shows that the concentration of the beads of

H-shaped chains is higher than that of linear chains in a quite large central part of

the pore, and it corresponds to the previous observation that KH > KL. The Φ(r) of

linear chains close to the pore wall slightly exceeds that of the H-shaped chains

simply due to the easier deformability of linear polymers. With increasing pore

attraction, the concentrations of both types of chains increase, but the more

deformable linear chains are more adsorbed on the walls than the H-shaped chains

and the relative concentration of their beads increases not only close to the wall,

but also in the central part of the pore. For high adsorption strength, εw = −0.24,

the concentrations of the linear and H-shaped chains are approximately the same

in the central region of the pore. We also evaluated the concentration profiles in

Figure 5.16 using different thickness of the cylindrical layer, e.g., Δr = 1.25 and

1.5, and the discontinuity (hump) still exists, which reflects real differences in the

concentrations and conformations of chains in “corner parts” and in other parts

inside the pore. It proves that the hump is not caused by the evaluation, i.e., by a

sudden change of the number of lattice points in the individual layers. Compared

with Φ(r), the depletion layer close to the pore wall is more pronounced for Φcm(r)

simply because the centers of gravity of chains cannot come as close to the wall as

individual beads. The differences of shapes between Φcm(r) and Φ(r) with

increasing |εw|, inter alia, for εw = −0.24 (see the pronounced maxima of Φcm(r)
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near r = 12 and the flat curves of Φ(r) in a major part of the pore shown in Figure

5.16e and f) are inherent properties of the angularly averaged characteristics of

confined chains and they cannot be considered as artifacts of the evaluation

procedure. Figure 5.17 presents analogous data as Figure 5.16 for the θ-solvent,

and the comparison of the curves confirms the conclusions drawn from the

previous figures.
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Figure 5.16: Distribution of the gravity centers of chains, Φcm(r), in the plateau region of the pore
(the left column), and the radial concentration profiles of chain beads, Φ(r), in the plateau region
of the pore (the right column). All curves describe systems in a good solvent for the total bead
concentration c = 0.0172 and different fractions of H-shaped chains: XH = 0.25 (black), XH = 0.50
(blue) and XH = 0.75 (red) and different attraction strengths: the first row (a) and (b) for εw = 0
(SEC), the second row (c) and (d) for εw = ε* = −0.175 (BCAS), and the third row (e) and (f) for εw
= −0.24 (strong adsorption on the wall). Circles connected by solid lines represent linear polymers
and squares connected by dotted lines represent H-shaped polymers. Reprinted from [107].
Copyright 2016 Elsevier.
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Figure 5.17: Distribution of the gravity centers of chains, Φcm(r), in the plateau region of the pore
(the left-hand column), and the radial concentration profiles of the chain beads, Φ(r), in the plateau
region of the pore (the right-hand column). All curves describe systems in the -solvent for a total
bead concentration of c = 0.0172 and different fractions of H-shaped chains: XH = 0.25 (black), XH
= 0.50 (blue) and XH = 0.75 (red) and different attraction strengths: the first row (a) and (b) for εw
= 0 (pure SEC), the second row (c) and (d) for εw = ε*= −0.18 (BCAS), and the third row (e) and (f)
for and εw = −0.24 (strong adsorption on the wall). Circles connected by solid lines represent linear
polymers and squares connected by dotted lines represent H-shaped polymers. Reprinted from
[107]. Copyright 2016 Elsevier.
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The analysis of conformational characteristics as functions of rcm is

summarized in Figure 5.18, where rcm represents the distance between the center

of mass of a polymer chain and the pore axis. In a pure SEC system in a good

solvent (Figure 5.18a), Rg decreases slightly with rcm up to rcm ca. 13 for both

linear and H-shaped chains, and then both Rg increases (mainly linear chains for

rcm > 15), which indicates that the chains in the “corner region” are effectively

expanded. The dependence of the longest component ga on rcm is similar to that of

Rg, but ga increases more than Rg for rcm > 15, indicating that the chains affected

by two walls form more elongated ellipsoidal conformations than the chains in the

central part of the pore. The most important piece of information about the

orientation of chains at different positions rcm is provided by comparison of the

Rgx and ga values, which confirms that, compared with unconfined chains, most

molecules in mild confinement become slightly compressed and more spherical

except the chains close to the pore wall, which are preferentially oriented with

their long axes ga parallel to the pore axis (x-axis). The chains in the “corner parts”

of the pore, which are affected by the proximity of two walls, are stretched and

oriented parallel to the pore axis (x-axis). It is obvious from Figure 5.18c and e

that increasing interaction of polymer beads with the wall εw strongly affects the

conformation of chains close to the wall and particularly the conformation of

chains localized in the “corner part”. Figure 5.18e shows that, for εw = −0.24, all

Rg, ga and Rgx converge to the same value for rcm = 18 which means that the chains

in the pore corner are very stretched − essentially rod-like (because Rg ≈ ga,

components gb and gc are almost negligible) and all of them are oriented parallel

to the x-axis.

The behavior of H-shaped chains is similar to that of linear chains, but

because H-shaped polymers are inherently more spherical and less deformable,

the changes in their shape with increasing rcm are less pronounced, but both the

1D elongation and orientation of chains close to the wall (particularly in the

“corner part”) are obvious. The right-hand column (Figure 5.18b, d and f) depicts

the behavior of the same systems as in the left-hand column in the θ-solvent.

Compared with the behavior in a good solvent, the deformation of chains by

immediate wall proximity is suppressed (particularly in pure SEC). Nevertheless,
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the shapes of ga and Rgx and their mutual approach at rcm > 15 indicate a non-

negligible orientation of chains as a result of their interaction with the wall (even

in the pure SEC as a result of the confinement) and pronounced stretching and

strong orientation of chains in the “corner parts” (Figure 5.18f).



Chapter 5 Results and discussion 52

Figure 5.18: Conformational characteristics of polymer mixture where XH = XL = 0.5. The
distribution of the radii of gyration, Rg (red triangles), the longest component gyration tensor, ga
(black squares), and the component of the gyration tensor parallel with the pore axis, Rgx (black
circles) as function of the distance of center of mass from the pore center, rcm, for different
attraction strength: pure SEC εw = 0 (a) and (b), the BCAS compensation point εw = ε* (c) and (d)
and εw = −0.24 (e) and (f). The full symbols with the solid line correspond to linear chains; the
spaced symbols with dashed lines correspond to H shaped chains. The left-hand and the right-hand
column correspond to good solvent and θ-solvent respectively. Reprinted from [107]. Copyright
2016 Elsevier.
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Appendix 5.1 Dissipative particle dynamics study of

diffusion of H-shaped polymers

If one focuses on hydrodynamic properties of macromolecular solutions, Monte

Carlo (MC) methods become useless because numerical algorithms do not

reproduce real physical moves. Nonetheless, several alternative techniques, e.g.

molecular dynamics (MD) which gives the trajectory of particles (atoms or

molecules) (i.e. positions and the momenta that are not available in MC) by

solving Newton’s equation of motion, have been widely and successfully applied

to the investigation of hydrodynamic phenomena. However, for the hydrodynamic

simulations of complex fluids such as polymer solutions, amphiphilic systems or

colloidal suspensions, the time and length scales of MD intensively elevate the

requirements on computational resources.

Dissipative particle dynamics (DPD) that can be thought of as a coarse-

grained (CG) MD method, has been developed for investigation of a broad variety

of complex fluids and soft materials since it was first introduced by Hoogerbrugge

and Koelman [115, 116] and further developed by Español [117, 118]. The

atomistic description of studied systems is ignored and several atoms, molecules

and monomeric units are grouped into a course-grained bead that is “soft” and

interpenetratable.

The net force acting on the i-th DPD bead is given by the sum of

conservative (fij
C), dissipative (fij

D) and random (fij
R) forces:= ∑ + + , (5.12)

where mi is the mass of bead i, vi is its velocity and t denotes the time. The

conservative force exerting between bead i and j is described as a soft repulsion

that is linear up to a cutoff radius rc:

= 1 − ⁄ ȓ <0 ≥ , (5.13)
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where aij is the maximum repulsion strength mapped onto Flory-Huggins-type

models by Groot and Warren [119], rij is the distance between the center of beads

i and j, and ȓij is the corresponding unit vector. The dissipative force between two

beads is given by = − ȓ ∙ ȓ , (5.14)

where γ is the dissipation strength, vij is the relative velocity of beads i, j. The

random force can be expressed as= ȓ ∆ / , (5.15)

where δ is amplitude of noise, ζ is a random Gaussian number with zero mean and

unit variance and Δt is the time step. The weight function ω(rij) in equation (5.14)

and (5.15), is usually given by

= 1 − ⁄ , <0, ≥ . (5.16)

For simulations of polymeric systems, a polymer chain is modeled as a

high number (N) of DPD beads connected by (N – 1) springs representing the

bond interactions which can be expressed by the harmonic potential,= − , (5.17)

where rij denotes the distance between bead i and j, r0 is an equilibrium bond

(spring) length and κ is elastic coefficient of a spring.

Analogously to a MD approach, the equations of motion have to be

integrated; however, the standard velocity-Verlet integration algorithm does not

suit DPD, because the force between two DPD beads relies on their relative

velocity. A modified version of Verlet algorithm is employed in our DPD

simulations and the steps are listed as follows:( + ∆ ) = ( ) + ∆ ( ) + ∆ ( )( + ∆ ) = ( ) + ∆ ( )
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( + ∆ ) = ( + ∆ ), ( + ∆ )( + ∆ ) = ( ) + ∆ ( ) + ( + ∆ ) , (5.18)

where ṽ represents a prediction for the new velocity and ξ = 1/2 if the force was

independent of the relative velocity.

The diffusion of H-shaped polymers in solutions is studied by DPD

simulations where a coarse-grained model is applied to both polymers and solvent

molecules. The harmonic potential is utilized to describe the bond interaction and

the equations of motion are numerically integrated using the modified Verlet

algorithm. The values of DPD parameters are summarized in Table 5.1.

Parameter Definition DPD value

N length of polymer 28, 36, 44, 52, 60

Nbackbone length of backbone 12

Nlong length of long arm 12

Nshort length of short arm 4

rc cutoff radius 1

L size of simulation box 12, 15, 20, 25, 30

ρ density of beads 3

aij repulsion parameter 25

Δt time step 0.05

δ noise amplitude 3

γ friction coefficient 4.5

T temperature 1

m mass 1

Table 5.1: The values of parameters for DPD simulations.

The DPD module of the DL_MESO package [120] is employed and

relatively shorter H-shaped chains compared to the MC simulations are studied.

The contraction factor, g, is calculated according to equation (3.11) and the values

are listed in Table 5.2. The dimensional contraction of irregular H-shaped chains,

i.e., the chains that do not have uniform lengths of arms, is more complicated, and

it is mainly determined by the length of topological connection of the longest
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blocks (arms and backbones), which can be seen from the two chains of N = 44

differing from the architecture. For the regular H-shaped polymer chain of N = 60

with four equal length arms and a same backbone, its g-factor (0.711) has

excellent agreement with Pearson’s prediction (0.712) [92] obtained from

equation (3.12).

Table 5.2: Schematic diagrams of H-shaped architectures with results of contraction factor, g.

We only concentrated on the diffusivity of H-shaped polymers with

different molecular weights and architectures in a dilute bulk solution, since an

analogous DPD study of linear molecules has been reported by Jiang et al. [121].

The diffusion coefficient, Ddif, is obtained from the Einstein’s expression [122],= lim→ 〈∑ [ ( ) − (0)] 〉 , (5.19)

where the vectors ri(t) and ri(0) account for the positions of bead i at time t and

time 0, respectively. The dependences of Ddif on 1/L for several N, are presented

in the main graph of Figure 5.19. A set of parallel lines obtained by the linear-

fitting of the points for each individual length N, first reveals the consequence of

polymer length (molar mass) for diffusion. It can be seen that low-molar-mass

polymers move more rapidly than those with higher molecular weight. Due to the

overlapped Ddif for N = 44 (1) and N = 44 (2), these two chains with a slight

difference in hydrodynamic volume caused by the architecture, are

indistinguishable according to the diffusivity.

Our simulations (see Figure 5.19) are in agreement with published results

of diffusion of linear polymers and confirm the existence of box size dependence

even for larger boxes, e.g. L/Rg > 5 [121].

N 28 36 44 (1) 44 (2) 52 60

architecture

g 0.838 0.842 0.773 0.831 0.757 0.711
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Figure 5.19: Plot of the diffusion coefficient of H-shaped polymers, Ddif, as a function of the
reciprocal value of the box length, 1/L, for N = 28 (magenta), 36 (green), 44(1) (orange), 44(2)
(blue), 52 (red) and 60 (black). The inset gives the log-log plot of diffusion coefficient of a
polymer in an infinite dilute solution Ddif,∞, vs. N.

Let us return to the scaling laws of polymer chains in a dilute solution. The

diffusion coefficient of the H-shaped chain at infinite dilution, Ddif,∞, was obtained

by extrapolation of the values for a series of simulation boxes differing in size,

and the scaling behavior is shown in the inset of Figure 5.19. For linear chains

described by the Zimm model, the scaling of Ddif,∞ is defined by the relation

, ∝ , (5.20)

where the scaling exponent ν in good solvent equals 0.59. We obtained ν = 0.614

for H-shaped polymers in a good solvent and the slight difference is mainly

caused by the branched architecture.
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Chapter 6 Concluding remarks

The study shows that the conformational behavior of macromolecules confined in

square pores is a result of the interplay between the pore size D, solvent quality

and molecular architecture. In pores with medium sizes, polymer coils are

compressed and only partially oriented along the pore axis. The longest principal

component of the gyration tensor is shortened, so the compressed chains become

more spherical. For severe confinements, polymer chains undergo a severer

squeezing and exhibit quasi-1D conformations parallel to the pore. H-shaped

polymers are always smaller than linear chains with the same total length under

the same conditions. Linear chains are more deformable and hence they are more

sensitive to the spatial confinement. As compared with polymers in a good solvent,

the θ-chains shrink due to the relatively worse solvent quality and the higher bead

density makes them less deformable and less sensitive to the geometric

confinement.

For both SEC and IC modes, the concentration dependences of the

partition coefficient K, are considerably influenced by the solvent quality, e.g., the

partition coefficients of both H-shaped and linear polymers increase with

increasing bulk concentration in a good solvent, but the opposite phenomenon is

observed for the partitioning in a θ-solvent. The observed increase of K in good

solvent is mainly due to excluded volume effect of beads and to consequently

increased osmotic pressure at elevated concentrations (higher in bulk solution than

inside the pore). Polymer chains immersed in bulk θ-solvent, behave as ideal

chains, and thus the second virial coefficient is zero. However, the θ-chains in a

narrow pore deviate from ideal chains and a counteractive osmotic pressure

caused by a non-zero second virial coefficient appears, and the chains from the

bulk phase cannot be easily pushed into the pore by increasing the concentration.

However, it is necessary to bear in mind that the specific behavior is an indirect

result of entropy.

For both good and θ-solvent conditions, in pure SEC regime (i.e., the

interaction parameter εw = 0), the partition coefficient of H-shaped polymers, KH,
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is higher because their hydrodynamic volume is smaller than that of linear chains;

hence the linear component will elute from the column first. However, the

conformational variability of linear chains is higher than that of H-shaped chains

because the density of beads in the polymer coil is lower and the excluded volume

of beads plays a less important role. Therefore, the deformation of linear chains

due to attractive interaction with the wall is easier, KL increases faster with |εw|

than KH, and at a certain critical value ε* both partition coefficients equal, i.e.,

KH = KL. For the stronger adsorption (|εw| > |ε*|), KH < KL, which implies that the

order of elution is inverted.

The existence of critical value ε* named “branching-compensation

adsorption strength”, is a universal phenomenon, i.e., it can be found for both pure

components and their mixtures, and does not depend on the composition of the

mixture. For the partitioning of a mixture of linear and H-shaped polymers

between a bulk and a pore, the partition coefficient KH is higher than KL in pores

with non-attractive walls and the difference (KH − KL) in the mixture exceeds the

values in homogeneous systems, but it decreases with increasing εw. For εw ca.

−0.18, the partition coefficients equal (KH = KL) and later their sequence is

inverted. Evaluation of the concentration profiles and structural characteristics of

the chains at different distances from the wall reveals that more deformable linear

polymers preferentially accumulate close to the walls and orient parallel with the

wall (mainly in the case of attractive walls).

Our simulation results are relevant and important to the practical liquid

chromatography. The simulations of the partitioning of chains between the mobile

and stationary phases governed by different mechanisms (SEC and IC modes),

enable one to find conditions for the efficient separation of components differing

in architecture. The BCAS also reveals that an improper choice of experimental

conditions, which would promote undesirable interactions of polymers with pore

walls, could deteriorate the efficiency of chromatographic analysis. Furthermore,

it suggests a possibility to exploit the compensation effect in properly combined

SEC and IC chromatographic experiments, e.g., in studies of block copolymers

containing chemically different blocks differing in architecture. Last, but not least,

the comparison of results of pure SEC with those obtained under BCAS
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conditions could provide information on the branching and its impact on

chromatography results.
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Chapter 7 Summary

The computer study of the conformational behavior of linear and branched (H-

shaped) polymers presented in this thesis yields new information important from

both the theoretical and the practical points of view. The study describes the

behavior of both H-shaped and linear polymers as the result of the intricate

interplay of entropic and enthalpic forces. The analysis of polymer conformations

under different conditions elucidates the differences in their conformational

behavior at the molecular level and helps to explain principles of chromatographic

separation. The study focuses on the conditions relevant for experimental

chromatography (mild steric confinement and low concentration).

The polymers of both architectures are slightly compressed in pores with

comparable sizes to their diameters. They become effectively more spherical than

the chains in the bulk. This behavior results in a non-monotonous dependence of

the scaling exponent of geometrically confined chains on pore size with minimum

just for these pore sizes.

For interaction chromatography the “branching-compensation adsorption

strength” (BCAS) was found, at which the branched chains and their linear

analogues have the same values of the partition coefficient and so they cannot be

chromatographically separated. The value of BCAS does not depend on the

composition of the mixture; it depends only slightly on the chain length. This

universal phenomenon is important from a practical point of view, because it

enables suppression of the branching effect by proper combination of size-

exclusion and interaction chromatography.

For both size-exclusion and interaction chromatography, the concentration

dependences of partition coefficient K are affected considerably by the solvent

quality. The observed increase in a good solvent is mainly due to the excluded

volume effect of beads and consequently increased osmotic pressure at elevated

concentrations. The pronounced decrease of partition coefficient with

concentration in a θ-solvent is caused by the non-ideal behavior of confined θ-
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polymers, i.e., a counteractive osmotic pressure from the pore yielded by a non-

zero second viral coefficient.

Different behavior of linear and H-shaped polymers in mixtures was found

by evaluation of the concentration profiles and the structural characteristics of the

polymers at different distances from the pore axis. The more deformable linear

chains preferentially accumulate close to the walls and are oriented parallel to the

pore axis (mainly for attractive walls).
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