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Abstract 

 The individual and combined effects of 4-arm star branching and deuterium 

labeling on polystyrene (PS) influence its compatibility in upper critical solution 

temperature (UCST) and lower critical solution temperature (LCST) mixtures.  In this 

article, we use our Locally Correlated Lattice (LCL) model to characterize a set of PS 

samples in their pure states in order to predict miscibility trends for blends of PS with 

poly(vinyl methyl ether) (PVME) (LCST-type mixtures) and isotopic variants of PS 

(UCST-type mixtures).  We find that 4-arm star branching and/or deuterium labeling can 

shift the pure component properties of PS, such as its percent free volume or cohesive 

energy density, which affects how the properties of PS ‘match’ those of the other mixture 

component.  In another section of this article, we turn to modeling the blends, themselves, 

and provide fundamental thermodynamic insight about the PS/PVME mixtures by 

calculating the relative enthalpic and entropic contributions to the free energies of mixing.  

We observe trends in the values of the entropies and enthalpies of mixing for the PS/PVME 

blends that qualitatively match our pure component properties analysis of the pure PS 

samples.  
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1. Introduction 
Making a structural [1-24] or chemical [25-36] change to one component of a 

polymer mixture may cause a notable shift in its compatibility with the other component.  

In this work, we probe how a structural change (backbone branching) and a chemical 

change (deuterium labeling) influence the physical properties of polystyrene (PS) in its 

pure state and its compatibility in mixtures.  We analyze experimental data for a set of PS 

samples for which branching and deuterium labeling were systematically varied.  To our 

knowledge, this report contains the first theoretical study of the combined effects of 

deuterium labeling and 4-arm star branching on the pure component properties of PS, 

where these properties were calculated directly from experimental data for the pure state.  

We find that changes in the physical properties of PS caused by branching and/or deuterium 

labeling can lead to varying degrees of compatibility upon mixing with another component.  

The mixtures that we analyze in this work include both upper critical solution temperature 

(UCST)-type and lower critical solution temperature (LCST)-type blends involving PS, 

namely, isotopic mixtures of PS and PS/poly(vinyl methyl ether) (PVME) blends, 

respectively.  We find that the relative compatibility of the LCST-type and UCST-type 

mixtures track with different characteristic pure component properties of the PS samples.  

We believe that our theoretical study is the first of its kind to consider the combined effects 

of deuterium labeling and branching in LCST-type blends. 

 

Our approach utilizes information about the pure states to make predictions about 

their relative compatibilities in a mixture.  Using our Locally Correlated Latticle (LCL) 

theory equation of state (EOS), we have modeled the pressure-volume-temperature (PVT) 

behavior of linear and 4-arm star unlabeled PS (hPS), deuterium labeled linear and 4-arm 

star PS (dPS), and PVME.  The result of this modeling is a set of characteristic parameters 

that describe each of the pure components, and from which a number of important physical 

properties can be calculated, e.g. thermal expansion coefficients, % free volumes, and 

cohesive energy densities (CEDs).  Comparing the relative values of these properties leads 

us to draw conclusions about the relative compatibilities of linear hPS, star hPS, linear dPS, 

and star dPS, blended with PVME.  Following the same approach, we also predict the 

compatibilities of isotopic PS pairs, e.g. linear hPS paired with linear dPS.  Then we model 
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the PS/PVME blends themselves, using the characteristic molecular parameters we 

obtained from modeling the pure component experimental data and a single data point for 

the mixture, the LCST.  We explain the shifts in the PS/PVME LCST as a result of 

branching and/or deuterium labeling on the basis of thermodynamic quantities, in particular, 

the enthalpic and entropic contributions to the free energies of mixing.  We also test the 

application of a simple averaging approach to predict the LCST of the 4-arm star 

dPS/PVME blend, which utilizes only information about the other PS/PVME blends. 

 

First, consider only the possible implications of branching on mixed behavior.  In 

cases where the non-bonded mixed interactions between two components are energetically 

favorable, then increasing the degree to which one component is branched may screen these 

favorable interactions and thus reduce mixture compatibility [5,24,27].  Conversely, if the 

mixed interactions between components are energetically unfavorable, then increasing the 

degree to which one component is branched may reduce the number of unfavorable 

contacts, thus enhancing mixture compatibility [3,7,14,22,23].  In addition to the energetic 

implications of branching on mixing, the effect of branching on the entropy of mixing also 

plays a role in influencing mixture compatibility.  Due to its structure, a branched molecule 

is more sterically constrained than a chemically identical linear molecule; i.e., a branched 

molecule has fewer available molecular configurations from which it can sample.  For this 

reason, mixing branched molecules with a linear component may lead to an enrichment of 

the concentration of branched molecules in the region near the free surface, which reduces 

their entropic penalty of mixing [37-41].  This physical picture is consistent with 

experimental surface tension measurements which have indicated that a mixture of 

branched and linear molecules has a lower surface tension than that of the pure linear melt 

[38,39,42].  These results highlight the important role of the entropic contribution to the 

free energy of mixing for branched and linear molecule mixtures.  It has been suggested 

that the effects of branching on the mixture compatibility may be traceable to changes in 

the properties of the pure state, such as molecular packing efficiency and/or relative free 

volumes [14,19,43].  Using our Locally Correlated Lattice (LCL) theory equation of state 

(EOS), we are in a position to test this hypothesis by characterizing and then comparing 

the pure component physical properties of linear and branched molecules. 
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Here we examine one type of branched architecture, 4-arm star molecules, and how 

changing from a linear to a star shaped molecule affects physical properties and mixture 

compatibility.  Star molecules are of particular interest because they can yield unique and 

sometimes more useful macroscopic properties than a material comprised of chemically 

identical linear molecules.  Some examples include: the addition of star molecules into a 

polymer blend [1,14] or nanocomposite, [21] which can improve mixture compatibility 

and/or desirable mechanical properties.  Also, star shaped molecules have been found to 

be particularly useful in biomedical applications, as highlighted in a recent review by Wu 

et al. [44]. 

 

There are two fundamental characteristics of star molecules that influence their 

physical properties: the number of star arms and the molecular weight (MW) of each arm.  

Here we provide a brief overview of how changes in the number of star arms and/or the 

MW of each arm may affect a number of macroscopic properties.  First, consider star 

molecules which are comprised of low MW arms.  In this case, there are a number of 

reports in the literature [45-55] that the behavior of a star molecule may notably differ from 

that of a chemically identical linear molecule whose MW roughly matches that of each star 

arm.  For example, surface tension measurements reported by Qian and coworkers [39] 

showed that (MW = 7,000 g/mol) 4-arm and 11-arm star polystyrene (PS) melts have lower 

surface tensions than that of a linear PS melt.  For the 11-arm star PS melt, the surface 

tension was lower than that of linear PS by 15% [39].  In other recent work, McKenna and 

coworkers [42] reported that the surfaces of glassy 3-arm and 8-arm star PS samples were 

more compliant than that of their linear analog. 

 

Other differences between the properties of low MW star molecules and linear 

molecules that have been observed include: molecular packing [45,46] and the glass 

transition temperature (Tg) [45,46,49,56].  Molecular dynamics (MD) simulations 

performed by Chremos and coworkers [45] indicated that the number bead density 

increases by ~10% from a linear chain to a 12-arm star molecule, when the number of 

beads comprising an arm matched that of the linear chain, and was equal to 5.  Turning to 
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the glass transition, simulations [45,46] and experimental measurements [49] show that for 

low molecular weight species, the bulk Tg decreases as the number of arms increases; i.e. 

from a linear molecule to one with many arms.  In nanometrically thin films, however, 

Glynos and coworkers [49] have recently reported that low molecular weight star molecule 

films may exhibit a range of thickness-dependent Tg behavior, which is determined by the 

number of star arms.  For example, as the thickness of a 3-arm star PS (arm MW = 10,000 

g/mol) film decreased below 100 nm, its Tg was suppressed from that of the bulk value [49].  

The thickness-dependent Tg behavior observed for the 3-arm star PS film, is consistent with 

that reported for linear PS films [49].  In contrast, as the thickness of a 16-arm star PS (arm 

MW = 10,000 g/mol) film decreased below 100 nm, it exhibited Tg enhancement relative 

to the bulk value [49].  

 

In contrast to the results for low MW star molecules described above, there is some 

evidence that suggests that the physical properties of star molecules converge with those 

of their linear analog as the MW of each arm increases.  Chremos and coworkers [45] found 

that the number bead densities and bulk Tg values of 3 through 16 arm star molecules 

approach that of their linear counterpart as the length of the star arms reach ~40 beads.  

Experimental bulk Tg measurements reported by Glynos and coworkers [49] also show that 

increasing the MW of each arm brings the star Tg closer in value to that of the linear species.  

Further, the thickness-dependent Tg behavior of films also converges between star and 

linear molecules as the star arm MW increases [49].   

 

In cases such as these, where the physical properties of high MW star and linear 

molecules are similar in the pure state, one might expect that their behavior in the mixed 

state would also be comparable.  Experimental results for linear and star PS blends with 

poly(vinyl methyl ether) (PVME) support this conclusion.  Pavawongsak et al. [12] 

reported that the cloud point temperatures of linear PS (MW = 275,000 g/mol) blended 

with PVME (MW = 99,000 g/mol) was only 3 °C greater than that of a 3-arm star PS (MW 

= 255,000 g/mol) sample blended with the PVME.  In other work, Sremcich et al. [15] 

performed cloud point measurements on higher functionality star PS samples, including 14, 

18, and 22-arm star PS (MWs ranging from roughly 500,000 – 1,000,000 g/mol) blended 
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with PVME (MW = 99,000 g/mol), as well as the analogous linear PS/PVME blends for 

comparison.  From their measurements, Sremcich and coworkers [15] concluded that there 

was no observable difference between the miscibility of a high MW linear PS/PVME blend 

and a star PS/PVME blend.  Taken together, the results of both studies suggest that 

branching has a negligible effect on the miscibility of PS/PVME blends when the MW of 

PS is approximately greater than 200,000 g/mol.       

 

In addition to branching, a chemical change (e.g., isotopic labeling) may also 

influence mixture compatibility.  This is particularly relevant for Small Angle Neutron 

Scattering (SANS) studies.  SANS is an experimental technique that is able to characterize 

the compatibility of a mixture; it requires that one component be deuterium labeled.  The 

zero angle scattering intensity collected as a function of temperature from SANS 

measurements is directly related to the second derivative of the free energy of mixing as a 

function of composition, !∂2∆Gmix/∂ϕ2"
T,P [32].  These data are often interpreted in terms 

of the Flory-Huggins c parameter, for example, an increase (decrease) in the value of c 

upon physically or chemically changing one component of the mixture is taken to mean 

that there are more unfavorable (favorable) non-bonded interactions between the 

components [57].  One critical limitation of Flory-Huggins solution theory, and thus a c 

parameter-based analysis, is that it cannot predict LCST-type phase separation [57].  

Another potential limitation is that in some cases, c(T) for a mixture has been interpreted 

in order to provide insight about the compatibility of the unlabeled blend components.  

However, experimental cloud point measurements have shown that deuterium labeling can 

notably shift blend miscibility [25-36].  Therefore, an interpretation of c for the mixture 

may not always reliably reflect pure component behavior.  For example, the lower critical 

solution temperature (LCST) of an unlabeled linear PS (hPS)/PVME blend is shifted 

upward by ~40 K as a result of deuterium labeling the PS component (dPS) [32,35,36].  

Therefore, measurements performed on the labeled PS/PVME blend do not provide clear 

insight about the compatibility of the unlabeled blend.  Previous work by White et al. [32] 

using the LCL theory illustrated that the change in PS/PVME miscibility upon deuterium 

labeling is caused by changes in the pure component properties from hPS to dPS, 
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specifically, the thermal expansion coefficient and % free volume, which leads to different 

degrees of compatibility with PVME. 

 

In a study by Graessley and coworkers, [27] a set of polybutadiene (PB) 

homopolymer blends were characterized via SANS measurements and it was observed that 

the value of c increased when the more branched PB component was deuterium labeled 

versus when the less branched component was labeled.  These results led Graessley and 

coworkers to propose that deuterium labeling and branching may have opposite, or 

competing, effects on the strength of the intermolecular interactions [27].  Other results, 

such as those reported by Greenberg et al. [5,6] for PS homopolymer blends, are consistent 

with behavior of the PB blends described above; i.e., c is more unfavorable (increases) 

when the more branched component is deuterium labeled.  For example, Greenberg and 

coworkers observed that c is greater for a 4-arm star dPS/linear hPS blend than that of a 

linear dPS/linear hPS blend [5].   

 

One of the goals of this work to use the LCL theory to predict the compatibility of 

isotopic pairs of linear and 4-arm star PS based only on their pure component properties, 

and make connections with the experimental trends for the mixtures.  The paper is 

organized as follows.  In section 2, we provide background information on the LCL theory 

and describe its implementation for modeling pure components and mixtures. We also 

provide the LCL model definitions for CED and % free volume in this section. In section 

3.1, we report and discuss our results from modeling the pure component experimental 

PVT data using the LCL EOS and compare the effects of branching, of deuterium labeling, 

and the combined effects of both branching and deuterium labeling on the pure component 

properties of PS.  In section 3.2, we predict how the pure component properties, alone, may 

influence the compatibility of LCST-type PS/PVME blends.  We turn to UCST-type 

mixtures in section 3.3 and apply the same analyses of pure component properties to rank 

the compatibility of PS isotopic pairs.  In section 4.1, we shift from analyzing pure 

component data, alone, and apply our LCL model to the set of PS/PVME blends in order 

to study the effect of branching and deuterium labeling on the LCST value.  We examine 

the underlying effects of branching and deuterium labeling on blend miscibility in more 
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detail in section 4.2 by calculating and comparing the enthalpic and entropic contributions 

to the free energies of mixing.  In section 5, we summarize our findings and conclusions. 

 

2. Theory and Implementation 
 

2.1.  Model Equations and Molecular Parameters 

This section provides a brief explanation of our theory, the Locally Correlated 

Lattice (LCL) model, which is used to model the polymer melts and blends.  Our LCL 

model has been previously applied to a variety of polymer melts, solutions and blends, 

[32,58-63] as well as small molecule fluids and mixtures [64,65].  While we provide in this 

section an overview of the fundamentals we do not give detailed derivations, as those may 

be found in numerous earlier studies [58,63-66]. 

 

Our theoretical treatment is a lattice-based model for chain fluids that incorporates 

the effects of free volume (i.e. compressibility) and naturally accounts for the effects of 

nonrandom mixing.  A temperature dependent expression for the internal energy (U(T)) is 

obtained using results derived (via integral equation methods) [66] for the temperature 

dependent nearest neighbor segment-segment conditional probabilities; thus incorporating 

"local correlations" as opposed to being solely mean field-based.  Making use of the Gibbs-

Helmholtz relationship (U(T) = d(A/T)/d(1/T))Ni,Nj,V) and integrating U(T) from an athermal 

reference state (using Guggenheim's result [67]), the expression for the Helmholtz free 

energy (A) is derived.  Once we have derived an analytical expression for the free energy, 

all other thermodynamic quantities of interest can be obtained.  The Helmholtz free energy 

for a binary mixture of molecules types i and j is given by: 

 

																																							
𝐴
𝑘&𝑇

= 𝑁* ln𝜙* + 𝑁/ ln𝜙/ + 𝑁0 ln𝜙0 
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where:                                       𝑁0 = CD
E
F − 𝑁*𝑟* − 𝑁/𝑟/ 

										𝜙H =
𝑁H𝑟H

𝑁*𝑟* + 𝑁/𝑟/ + 𝑁0
=
𝑁H𝑟H𝑣
𝑉  

											𝜉H =
𝑁H𝑞H

𝑁*𝑞* + 𝑁/𝑞/ + 𝑁0
													 

   𝑞H = 𝑟H𝑧 − 2𝑟H + 2															 

 

A is expressed as a function of the independent variables Ni, Nj, V, and T, which are, 

respectively: the numbers of molecules of components i and j, the total volume of the 

mixture, and the absolute temperature. We work on the simple cubic lattice, thus the lattice 

coordination number, z, is fixed at z = 6; kB is the Boltzmann constant.  Each component is 

described by three model parameters: ri (rj) - the number of segments per molecule of type 

i (j), v - the volume per lattice site, and eii (ejj) - the non-bonded segment-segment 

interaction energy between nearest-neighbor segments of types i-i (j-j).  For mixtures, an 

additional parameter, eij, that characterizes the interaction between nearest-neighbor 

segments of type i and j is needed, and is discussed further below.  Nh represents the total 

number of unoccupied lattice sites (h stands for "holes"); this value is fixed by minimizing 

the system's Gibbs free energy (G = U - TS + PV) at a given composition and set of {T, P} 

conditions, which determines the free volume.  The total volume, V, is then the sum of the 

hard core volume of the molecules, Niriv + Njrjv, and the free volume Nhv.  The remaining 

definitions in equation 1 are as follows: fi is the volume fraction of sites of type i; xi is a 

concentration variable that defines the fraction of non-bonded contacts ascribed to 

component i out of the total number of non-bonded contacts in the system, where, due to 

local connectivity, a molecule of type i has qiz non-bonded contacts. 

 

Recall that each component of the mixture is described by its three pure component 

model parameters r, v, and e (note that in the following discussion, we have dropped the i 

or j subscript because we are discussing a component in the pure state).  Here we introduce 
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the route through which we characterize the pure component parameters, which is via the 

equation of state (EOS) derived from our LCL theory, given by:         

   

𝑃 = −4
𝜕𝐴
𝜕𝑉6M,O

= 4
𝑘&𝑇
𝑣 6 ln 4

1
𝜙0
6 +4

𝑘&𝑇𝑧
2𝑣 6 ln4

𝜙0
𝜉0
6 

																																																																				− 4
𝑘&𝑇𝑧𝜉
2𝑣 67

𝜉exp[−𝜀 𝑘&𝑇⁄ ] − 1
𝜉exp[−𝜀 𝑘&𝑇⁄ ] + 𝜉0

8																						(2) 

 

The expression for the EOS shown in equation 2 follows from the thermodynamic 

relationship (P = -(¶A/¶V)N,T where the Helmholtz free energy, A, is that of a single pure 

component.  Note that although P is expressed in terms of the independent variable V in 

equation 2, V cannot be directly expressed as a function of P (as is typical with many 

theoretical EOS's).  Therefore, in applying the model, we use numerical root finding to 

determine V in situations where P is the known input variable. 

 

In addition to the result for the EOS, the Helmholtz free energy given in equation 

1 leads to analytic expressions for the other thermodynamic properties of the mixture, 

including the internal energy (U = (¶(A/T)/¶(1/T))Ni,Nj,V) and entropy (S = -(¶A/¶T)Ni,Nj,V).  

It is often more convenient to define these functions in terms of intensive variables.  For 

example, the set of independent variables [Ni, Nj, V, T] can be reduced to the set [x, VS, T] 

where x is the mole fraction of component i, VS	= V/N is the intensive volume per molecule, 

and N = Ni + Nj is the total number of molecules.  Correspondingly, one then calculates the 

intensive properties: AS = A/N, ST = S/N, etc.  In this work, we define the intensive variables 

in a "per mass" basis, which is more convenient for polymers due to their high MW.  In 

this case, the over-bar notation signifies any quantity per total mass, and the composition 

variable x is thus the mass fraction. 

 

2.2.  Model Implementation 

The fit of the EOS (equation 2) to experimental PVT data is optimized in order to 

determine values for the parameters r, v, and e for each of the pure components.  It is 

important that we fit over a consistent temperature and pressure range for all of the pure 
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components of interest in order to compare properties between different samples.  As is 

true for other equation of state approaches, the best-fit parameters for the LCL theory also 

vary with respect to the midpoint of the fitting range, which is caused by the overly strong 

temperature dependence of the thermal expansion coefficient [60,61].  Therefore, by 

characterizing all of the samples over the same fitting ranges, we eliminate the influence 

of the temperature dependence on the best-fit parameters and can most accurately compare 

different samples relative to one another.  In this work, we used a T-range of 383 – 475 K 

and a pressure range of 0 – 100 MPa to maintain internal consistency for all of our samples.     

 

In some cases, we may be limited by the unavailability of PVT data for a particular 

MW polymer sample.  However, if PVT data are available for a different MW of the same 

polymer species, we can model it with the MW of interest because r scales linearly with 

MW, such that: rnew= MWnew(rold/MWold), which keeps the quantity r/MW constant and 

without changing v or e.  Although each pure component has three characteristic 

parameters, we describe mixtures using a single v throughout, such that all components fit 

the same lattice.  The mixture v is a "compromise" value, e.g. the arithmetic mean of the 

pure component v values, which best maintains the model agreement with the experimental 

pure component PVT behavior.  While we change v to model the mixture, the hard core 

volume, rv, obtained from the pure component modeling is kept constant, i.e. the r 

parameter is adjusted to account for the change in v such that: rnewvnew = roldvold (note that 

e remains unchanged). 

 

In order to work with mixtures we require a value for the interaction energy, eij, 

between non-bonded segments of type i and j.  This mixed interaction parameter can be 

expressed as the geometric mean of the pure component parameters eii and ejj scaled by a 

factor g. 

   

𝜀*/ = 𝑔!𝜀**𝜀//"
V W⁄
																																																													(3) 
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Just as pure component experimental PVT data are used to obtain values for r, v, and e, 

some information about the mixture must be known in order to quantify eij, or equivalently, 

g.  Examples include: a lower or upper critical solution temperature [58-61] or small angle 

neutron scattering data [32] (where, as noted above, the zero angle scattering intensity as a 

function of temperature is related to the second derivative of the free energy with respect 

to composition).  In this work, experimental LCSTs were available in the literature for the 

linear and 4-arm star hPS/PVME blends, and the linear dPS/PVME blend.  Using these 

data, the g-value for each blend was set such that it yielded the experimental blend LCST.                     

 

The mixed interaction energy and pure component parameters may then be used to 

model the mixture behavior and calculate the associated changes in thermodynamic 

quantities upon mixing.  Of course, the Gibbs free energy of mixing (DGmix) is required in 

order to predict the spinodal and/or binodal phase boundary, however, knowledge 

regarding the separate entropic (DSmix) and enthalpic (DHmix) contributions can also be very 

revealing. A theoretical route to these quantities is valuable, as they are typically not 

available experimentally. Here it is important to demonstrate that such predictions are 

likely to yield real physical insight; there are numerous theoretical examples in which 

cancellation of errors in the contributions to ∆Gmix work to produce a reasonable estimate 

of the overall sum, but not of its parts.  In previous studies we have tested the ability of our 

model in this area by showing that our predictions for the thermodynamic contributions to 

mixing compare well with experimental values determined via SANS data for a deuterium 

labeled polystyrene/poly(vinyl methyl ether) blend [32] and DHmix data for a 

polystyrene/polybutadiene blend [58].  We therefore include analogous results for the 

mixtures of interest here in the work we discuss below. 

 

2.3.  Cohesive Energy Density and Free Volume 

Two quantities that will prove illustrative in our analysis are ones that cannot be 

experimentally measured for polymers: the cohesive energy density (CED) and the Free 

Volume (FV; we will actually be interested in %FV values).  For small molecules, the CED 

is defined as the energy of vaporization per unit volume of fluid.  Experimentally, the CED 

can be calculated from enthalpy of vaporization measurements.  However, polymeric 
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species are non-volatile, and in these circumstances a theoretical route to U (and therefore 

the CED) is useful [because an analogous theoretical definition for the CED is the absolute 

value of the internal energy divided by the volume, |U|/V].   

 

We predict CED values for our polymers of interest by applying the analytical result 

for U, which is derived using our LCL theory via the thermodynamic relationship U = 

(¶(A/T)/¶(1/T))Ni,Nj,V).  This is given below:   

 

𝑈 = 7
𝜕(𝐴 𝑇)⁄
𝜕(1 𝑇)⁄ 8

M,D
= 4

𝑁𝑞𝑧
2 6 Z

𝜀𝜉exp[−𝜀 𝑘&𝑇⁄ ]
𝜉exp[−𝜀 𝑘&𝑇⁄ ] + 𝜉0

[																								(4) 

 

We have found that CED values can be useful as a guide to miscibility under certain 

circumstances [60,63].  However, its application in the literature has been extensive, 

mainly through its relationship to the solubility parameter, d, which is defined as the square 

root of the CED, d = (|U|/V)1/2.  There is a history in the literature of taking the difference 

between d values of two species to generate an approximation for the energy change upon 

mixing, DUmix µ (di - dj)1/2, which is then used to try and predict the mixture behavior.  Note 

that this approach will always lead to DUmix > 0 and thus does not predict an LCST [57].  

This strategy has had very limited success, mainly for some classes of small molecule 

mixtures; its success for polymer mixtures has largely been restricted to some of the 

polyolefin blends, as reported by Graessley and coworkers [68,69].  Even in that set, though, 

the solubility parameter approach fails to predict the LCST-type behavior observed 

experimentally for polyolefin blends containing poly(isobutylene) (PIB) [69].  Instead, it 

predicts the UCST-type behavior common to the other polyolefin blends.  In a previously-

published analysis of these systems we explain the result by showing that while the CED 

of PIB lies well within the range occupied by the set of polyolefins, its % free volume 

(defined just below) makes it an outlier in this group [60,63].  We therefore ascribe the 

'irregular' phase behavior to a mismatch in % free volume, noting that this quantity is truly 

distinct relative to the CED.   
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Turning to free volume, recall that in our model the total volume (V) at a chosen T 

and P is the sum of the hard core volume and free volume: V = Nrv + Nhv.  Thus the model 

definition of the free volume is: FV = V - Nrv, and it accounts for the portion of the total 

lattice volume that is made up of unoccupied sites. We have shown that the percent free 

volume predicted by the LCL theory to be present in a polymer species is correlated with 

the magnitude of its thermal expansion coefficient, however, it is not correlated with CED.  

Therefore, free volume and CED are properties that may both serve as useful metrics for 

predicting mixture behavior, depending on the situation. 

 

As mentioned above, it is necessary to characterize all components over the same 

temperature and pressure ranges in order to reasonably compare their properties, such 

as %FV and CED.  Further, these properties should always be calculated for the same 

temperature and pressure when making comparisons between different samples.  

Maintaining an internally consistent application of the LCL theory is important because 

choosing a different temperature or pressure can have a significant effect on %FV, while a 

change in the lattice size will impact the value of the CED [60].  In the former case, the 

change in %FV with temperature (pressure) can be traced to the thermal expansion 

(compressibility) of the sample.  Therefore, the %FV values reported in this work were all 

calculated at the same temperature and pressure (400 K and 1 atm) for each sample.  In the 

latter case, the lattice size (v) affects the CED because it controls the number of segments 

per overall volume, and thus is related to the available surface area for intermolecular 

interactions.  Because the v parameter is obtained by the LCL theory EOS fit to 

experimental PVT data, the influence of the v value on the CED underlines the importance 

of characterizing all samples over the same temperature and pressure ranges.           

 

3.  Pure Component Analysis 
 

3.1.  Analysis of Pure PS: Effects of Branching and Deuterium Labeling 

We begin our analysis with a comparison of the pure component properties 

calculated for the PS samples and PVME.  We modeled the PVT behavior of linear hPS 

(MW= 460,000 g/mol), 4-arm star hPS (MW= 520,000 g/mol), linear dPS (MW= 114,000 
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g/mol), 4-arm star dPS (MW= 400,000 g/mol), [70] and PVME (MW= 99,000 g/mol), [71] 

using our LCL theory EOS (equation 2); the results corresponding to the atmospheric 

pressure isobars are shown in Figure 1.  The characteristic model parameters obtained from 

the EOS modeling are tabulated in Table 1. 

 

 
Figure 1.  LCL EOS model fits (curves) to the experimental data (points) [70] for 1 atm isobars of 

the linear and star polymers. 

 

 
Table 1.  Characteristic model parameters obtained from LCL EOS model fitting and calculated 

physical properties of the pure components. 

 

The experimental PVT data for linear hPS (MW = 460,000 g/mol) and star hPS (520,000 

g/mol) shown in Figure 1 illustrate that 4-arm branching has a limited effect on the 
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macroscopic behavior of high MW PS.  Note that for these samples, the total MWs of the 

linear and star hPS samples are comparable and relatively large, thus we would expect that 

their PVT behavior would not significantly differ, for the reasons outlined in section 1.  The 

model parameters for linear and star hPS listed in Table 1 also reflect the similarities 

between samples.  For example, we find that this degree of branching has a negligible effect 

on | e |, which decreases by only 6.4 J/mol from linear to star hPS.  In previous work 

characterizing a large number of polymeric systems White and Lipson have shown that        

| e | values are strongly correlated to the thermal expansion coefficient (a = (1/V)(dV/dT)P) 

[60,63].  One can visually observe from Figure 1 that the slopes of the LCL EOS model 

fits to the experimental PVT data, (dV/dT)P, for linear and star hPS are roughly parallel.  

Further, our calculations of the a values for linear and star hPS listed in Table 1, which are 

5.60 and 5.63 (×10-4 K-1), respectively, indicate that branching also has a negligible effect 

on the thermal expansion of hPS.  Our conclusion is consistent with experimental 

measurements by Simon et al., which indicated essentially no difference between the a 

values for linear and 3-arm star hPS samples [72].   

 

Turning to the effect of deuterium labeling, the experimental PVT data shown in 

Figure 1 illustrate that deuterium labeling produces a notable shift in the specific volume, 

V(T), over this temperature range: linear dPS has a much smaller specific volume (in units 

of mL/g) than linear hPS.  The LCL model parameters listed in Table 1 also reflect the 

observable difference in the PVT data, indicating that deuterium labeling increases the 

number of theoretical segments per mass (r/MW) and notably weakens intermolecular 

interactions (| e |) relative to linear hPS.  The reduction in  | e | caused by deuterium labeling 

yields an increase in the thermal expansion coefficient (a) compared to that of linear hPS, 

which can affect its mixture compatibility [32,61].  One factor that influences this shift in 

V(T) is the exchange of hydrogen atoms for heavier deuterium atoms, which increases the 

mass per segment.  To account for the effect of deuterium labeling on the mass per segment 

of PS, White and Lipson [32] compared the volumes of linear hPS and linear dPS per mole 

of repeat units, finding that the shift in the PVT behavior of PS upon deuterium labeling 

cannot simply be explained by the change in mass per segment.  They found that linear 

dPS has a larger volume per mole of repeat units than linear hPS, [32] and the data shown 
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in Figure 1 are consistent with their findings when compared on this basis.  In addition to 

increasing the mass per segment, a deuterium labeled C-D bond is shorter than an unlabeled 

C-H bond, which may reduce the hard core volume of PS [73].  However, a reduction in 

bond length also reduces polarizability, thus weakening the intermolecular interactions and 

increasing the hard core volume [73].  These competing effects of deuterium labeling may 

be further complicated by molecular architecture, i.e. in the case of star dPS, which we will 

discuss below.   

 

While previous reports have covered the independent effects of star topology 

[6,11,12,15,16,24] and deuterium labeling [25,26,32,35,36,61] in comparison to linear hPS, 

here we present the first results which reflect the combined effects of branching and 

deuterium labeling.  A distinct shift in the experimental PVT data is evident, and is shown 

in Figure 1.  These data indicate a larger shift in the specific volume as a result of deuterium 

labeling star PS than by deuterium labeling linear PS.  Note that for linear and star dPS, 

the MW of each star dPS arm is closer to that of the total MW of linear dPS.  However, the 

star dPS arm MW and total MW of the linear dPS are sufficiently large such that these 

samples may be compared fairly, as outlined in section 1.  Subsequently, the difference in 

PVT behavior between linear and star dPS is also reflected in the LCL model parameters 

listed in Table 1.  In particular, we find that rv/MW is slightly more reduced and that | e | 

is less strongly reduced upon deuterium labeling star PS than by deuterium labeling linear 

PS.  Further, we predict a 50.2 J/mol increase in | e | going from linear to star dPS, and 

calculate a ~5% difference in their a values.  Therefore, both the experimental PVT data 

and our theoretical calculations indicate that the strength of the effect of deuterium labeling 

on pure component properties is not the same for linear and star architectures of PS.  One 

possible physical interpretation of our results is that some of the weakening effect caused 

by deuterium labeling on the interaction strength is mitigated by the close proximity of 

segments near the star core of star dPS. 

 

3.2.  Comparisons of Pure PS Samples with PVME        

Because we are interested in the blends of the PS samples with PVME, we will 

compare how their pure component properties ‘match’ or ‘mismatch’ with those of PVME.  
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Most recently, we have noted that some miscibility trends for LCST-type systems correlate 

with our LCL predictions for percent free volume (%FV), [60,62,63] the calculation of 

which was described in the previous section.  Mismatches between pure component %FV 

values are associated with the strength of the entropic penalty of mixing, thus they track 

well with LCST-type miscibility trends.  We have also found that %FV is inversely 

correlated with both | ε | and α, i.e. % free volume increases as | ε | and α decrease [60,63].

Therefore, %FV, | ε |, and α together, provide insight about the relative miscibility of 

LCST-type mixtures.  In Figure 2, we illustrate the relationship between the percent free 

volumes %FVs (calculated for all species at 400 K and 1 atm) and | ε | for the set of PS 

samples and PVME. 

 

 
Figure 2.  Correlation between %FV and | ε |.  All % free volumes were calculated for T = 400 K 

and P = 1 atm.  Dashed line serves as guide to the reader’s eye. 

 

The closest %FV match with PVME (at 13.8%) is linear dPS (at 13.0%), which suggests 

that PVME/linear-dPS would be the most compatible blend, according to this criterion.  

Next, is is star dPS, for which we calculate a %FV of 12.5%, followed by linear and star 

hPS, which have 11.9%FV and 12.0%FV, respectively. We would therefore predict that 

linear and star hPS are essentially equivalent and the least miscible with PVME, within this 
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comparison group.  This trend also allows us to draw some conclusions regarding the 

individual and combined effects of branching and deuterium labeling on %FV, and these 

are discussed below.     

 

First consider the effect of branching on the hPS samples, where we find that going 

from linear to star hPS yields a negligible increase in %FV of about 0.1%.  Simulations of 

chemically identical linear and branched polymers in their melt state, such as the work of 

Chremos and Douglas, [45] and others, [46-55] indicate that the segment density of a low 

functionality star (e.g., fewer than 6 arms) approaches that of a linear chain, as the arm 

molecular weight increases.  Their results suggest that the free volume of a high molecular 

weight linear polymer and a low functionality, high molecular weight star polymer should 

be roughly equivalent.  The %FVs that we calculated for linear and star hPS support this 

hypothesis. 

 

We find the greatest impact on %FV to be when linear PS is deuterium labeled, 

where the percent free volume increases by about 1.1% from linear hPS to linear dPS.  It 

is important to verify that the difference in the MWs of the linear hPS and linear dPS 

samples that we are comparing is not the underlying factor responsible for their differences 

in %FV or the other pure component properties.  In previous work, White and Lipson [60] 

characterized a MW = 110,000 g/mol linear hPS sample using the LCL model over nearly 

the same T and P ranges as the MW = 460,000 g/mol linear hPS sample used in this work.  

The MW of that 110,000 g/mol linear hPS sample is more comparable with that of the 

linear dPS (MW = 114,000 g/mol) characterized here, making it a useful benchmark for 

comparison.  Using their parameterization of the 110,000 g/mol linear hPS sample, we 

calculate that its %FV is equal to 12.2%, which is reasonably close to the 11.9% FV of our 

460,000 g/mol linear hPS sample.  Therefore, we do not observe a notable difference in 

our pure component characterizations of PS samples when the MWs are greater than 

100,000 g/mol and compared over the same T and P ranges [note: MW does affect LCL 

model characterizations as the sample MW approaches the oligomeric regime, where chain 

ends play an increasingly important role in influencing microscopic behavior].   
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When PS is branched, however, deuterium labeling has a weaker effect on %FV, 

which increases by about 0.5% from star hPS to star dPS.  These results suggest that for 

star PS, deuterium labeling enhances the degree of intermolecular penetration into the 

densely populated region of segments near the star core, thus facilitating more efficient 

molecular packing and reducing the %FV of star dPS in comparison to linear dPS.  To our 

knowledge, we are reporting for the first time that the effect of deuterium labeling on the 

pure component properties (e.g. % free volume, thermal expansion coefficient) is 

diminished in the case of star dPS, relative to its linear analog.  Note that our conclusions 

are drawn directly from analyses of experimental data for the pure states, whereas other 

studies in the literature have focused on measurements of the mixed state. 

 

Having compared the pure component properties of the linear and star PS samples 

with PVME, in the next section, we analyze the pure linear and star isotopic PS samples.  

 

3.3.  Comparisons of Pure Isotopic Linear and Star PS Samples 

Once again, our route to understanding mixtures begins with an analysis of pure 

component properties.  Here we compare pairs of linear and star isotopic PS samples, 

which consist of both an unlabeled and a deuterium labeled PS component; e.g., linear 

hPS/linear dPS.  These mixtures are distinct from the LCST-type PS/PVME blends 

described in the previous section, because isotopic PS mixtures undergo UCST-type phase 

separation.  Correspondingly, we find that a different pure component property analysis 

provides insight about UCST-type isotopic PS mixture compatibility.  Below we will 

comment on the relative compatibility of the isotopic PS pairs using the LCL theory, 

however, it is useful to begin by summarizing the experimental and simulation results.  

 

SANS measurements performed by Bates and Wignall [25] on a linear hPS/linear 

dPS blend, where the MWs of both species were ~1,000,000 g/mol, indicated UCST-type 

phase separation at a temperature of ~433 K.  Further investigation of isotopic PS blends 

by Greenberg and coworkers [5] included SANS measurements of blends containing 4-arm 

star hPS and dPS.  In their work, comparisons of the Flory-Huggins c-parameters as a 

function of temperature suggested the following order of compatibility (from least to most 
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compatible): star dPS/linear hPS, star hPS/linear dPS, linear hPS/linear dPS [there were no 

measurements reported for a star hPS/star dPS blend] [5].  Furthermore, they reported that 

c decreases with increasing T for all of the isotopic blends.  These results suggest UCST-

type behavior, which support the observations of Bates and Wignall described above, 

although no phase separation of the star mixtures was observed due to the low MWs 

(~100,000 g/mol) of the polymers.   

 

In a simulation study by Theodorakis and coworkers, [16] the relative compatibility 

of mixtures of linear and star branched chains were probed via a Monte Carlo/bond 

fluctuation model (BFM) based approach.  They considered a general category of chain 

mixtures in which the interaction energies between beads on chains of the same ‘type’ were 

neutral (i.e., eAA = eBB = 0) and where heterocontacts were repulsive (i.e., eAB > 0) [16].  

Although their results are not intended to map to a specific experimental system, and do 

not account for the effects of deuterium labeling, the relative compatibilities of the 

simulated linear/linear, linear/branched, and branched/branched mixtures show the same 

ordering as the experimental results for isotopic PS blends reported by Greenberg and 

coworkers [5]. 

 

We have found that a comparison of the pure component %FVs for UCST-type 

blends does not serve as a useful predictor of miscibility.  This is because differences in 

pure component %FVs are associated with an unfavorable contribution to the excess 

entropy of mixing, thus they track well with trends in LCST behavior.  UCST-type blends, 

however, have an unfavorable enthalpic contribution to the free energy of mixing.  White 

and Lipson [32,63] have proposed that a comparison of the cohesive energy densities 

(CEDs) serves as a better guide for predicting pure component compatibility in these cases 

[we refer the reader to section 2.3 for more detail].  We also point out that LCL model 

calculations indicate that %FV is not correlated with CED; thus the CED serves as a 

separate metric for making predictions about pure component compatibility.  In Figure 3, 

we rank the CEDs of the PS samples to illustrate the best ‘matches’ between isotopic pairs. 
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Figure 3.  Ranking of the linear PS and star PS CEDs calculated for T = 400 K and P = 1 atm. 

 

Figure 3 indicates that branching has a weak effect on CED (8 J/mL increase) when 

comparing between linear hPS and star hPS, while deuterium labeling yields a notable 

change in CED, which increases by 53 J/mL from linear hPS to linear dPS.  The value of 

the CED is primarily influenced by two factors: the number of theoretical segments per 

mass (r/MW) and the strength of the non-bonded segmental interactions (| e |) (see Section 

2.3), such that the product of r/MW and | e | is proportional to the CED.  Deuterium labeling 

increases the CED of PS because the number of theoretical segments per mass increases 

from linear hPS to dPS, which overcomes the reduction in the strength of the non-bonded 

segmental interactions caused by deuterium labeling.   

 

When combined with branching, the results shown in Figure 3 suggest that 

deuterium labeling and branching have an additive effect on the CED, which increases by 

23 J/mL from linear to star dPS.  In this case, there is small increase in the number of 

theoretical segments per mass from linear to star dPS, in addition to a ~50 J/mol increase 

in the non-bonded interaction energy (see Table 1).  Therefore, our analysis indicates that 

the combined effect of branching and deuterium labeling has a stronger effect on CED than 

deuterium labeling, alone.  In fact, this conclusion is consistent with c based analyses of 

branched and deuterium labeled systems of PB [27] and PS [5], which reported that the 
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combined effects of branching and deuterium labeling induced a stronger shift in c than 

the isolated effect of deuterium labeling. 

  

There are four possible pure component pairs in which one component is deuterated, 

and therefore accessible to SANS experiments.  The pure component pairs in order of 

decreasing CED difference, which should track from least to most compatible, are as 

follows: star dPS and linear hPS (70 J/mL), star hPS and star dPS (62 J/mL), linear hPS 

and linear dPS (53 J/mL), star hPS and linear dPS (45 J/mL).  If we identify the least 

compatible pair as the one for which we find the greatest CED difference then that would 

be star dPS and linear hPS (70 J/mL) and, indeed,  the experimental SANS data yielded the 

most unfavorable c-parameter values for the star dPS/linear hPS blend.  Next would come 

star hPS and star dPS (62 J/mL), however, there are no experimental measurements for the 

star hPS/star dPS blend.  Finally, we would predict the star hPS/linear dPS blend (45 J/mL) 

to be the most compatible of the isotopic blends, having a CED difference slightly smaller 

than that for linear hPS/linear dPS (53 J/mL).  In fact, experimental observations would 

reverse this last ranking on the basis of the experimentally derived estimates for c.  While 

not a perfect match with c estimates, our miscibility predictions based on pure component 

CEDs suggests a qualitative trend that agrees fairly well with the experimental observations 

of Greenberg and coworkers [5].   

 

4.  Blend Modeling 
 

4.1.  Blend Miscibility 

 Here we distinguish between predicting blend miscibility trends using pure 

component analysis, and modeling the blend, itself.  When modeling a blend, we use a v 

value that is the arithmetic average of the pure component v values; the r parameter is then 

adjusted such that the pure component hard core volumes, rv, are unchanged for the 

molecular weight associated with the experimental PVT data that were analyzed.  In 

addition, as described at the start of Section 2.2, if the molecular weight of a blend 

constituent differs from that of the pure component analysis, then the r parameter is 
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appropriately scaled without any changes in v.  The final parameter to be fixed when 

modeling the blend is g, which characterizes the strength of the mixed interactions, eij, by 

scaling the geometric mean of the pure component e values (eij = g(eiiejj)1/2) so as to match 

some experimental data associated with blend behavior.  In this work we fixed g in each 

case for which experimental LCST data were available so that the value calculated using 

the LCL theory matched the experimental result.   

 

The parameters used to model the linear and star PS blends with PVME are 

tabulated in Table 2, which is divided into two major sections: the upper section of Table 

2 lists the parameters for modeling the linear and star hPS blends with PVME, and the 

lower section of Table 2 gives the parameters for modeling the linear and star dPS blends 

with PVME.  Each major section is further divided by the MW of the PS blend component: 

high MW PS (MW » 275,000 g/mol) and low MW PS (MW » 120,000 g/mol).   

 

Also, note that all of the g parameter values listed in Table 2 are greater than unity, 

which means that the mixed interaction strength needed to capture the experimental phase 

separation behavior is stronger than would be found using the geometric mean 

approximation; this is characteristic of all LCST blends we have studied [59]. 

 

 

Blend MW of PS
(g/mol) r (PS)/r (PVME) v

(mL/mol)
| εPS - εPVME |

(J/mol)
Experimental LCST

(K) g

Linear hPS/PVME 275,000 25177.6/9279.5 9.4984 175.8 386a 1.00097

Star hPS/PVME 255,000 23663.7/9445.5 9.3314 169.4 383a 1.00089

Linear hPS/PVME 120,000 10986.6/9279.5 9.4984 175.8 394b 1.00096

Star hPS/PVME 120,000 11135.8/9445.5 9.3314 169.4 --- ---

Linear dPS/PVME 255,000 24051.2/10469.7 8.4186 68.1 427c 1.000123

Star dPS/PVME 255,000 24091.5/10515.2 8.3822 118.3 --- ---

Linear dPS/PVME 119,000 11223.9/10469.7 8.4186 68.1 439b 1.000099

Star dPS/PVME 119,000 11242.7/10515.2 8.3822 118.3 --- ---
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Table 2.  Molecular weights and corresponding molecular parameters for modeling the PS/PVME 

blends.  For each blend, the experimental LCST and g parameter value fit to the experimental 

LCST is also listed.  The experimental LCSTs can be found in refs. [12], [74], and [35] for 

superscripts a, b, and c, respectively    

 

As summarized in the hPS/PVME (upper) section of Table 2, blends of linear hPS and star 

hPS with PVME exhibit essentially the same LCST values (386 K and 383 K, respectively) 

[12] and thus require g values that are roughly equivalent to model the blends (g = 1.00097 

and 1.00089, respectively).  This behavior is consistent with the results shown in Figure 1, 

where the temperature dependence of the experimentally determined specific volumes of 

the two polymers are extremely close; correspondingly, so are the LCL predictions for their 

pure component properties, e.g. their %FV values calculated at 400 K and 1 atm.  Therefore, 

linear and star hPS behave similarly in their pure states and upon mixing with PVME.   

 

Now consider the effect of decreasing the MW of the PS component.  The 

experimentally measured LCST [74] listed for the lower MW linear hPS/PVME blend is 

394 K, ~8 K greater than the higher MW blend (386 K); i.e., reducing the MW of linear 

hPS from 275,000 g/mol to 120,000 g/mol slightly enhances its miscibility with PVME.  

This behavior can be attributed to a favorable increase in the ideal (or combinatorial) 

entropic contribution to the free energy of mixing upon lowering the MW, which is 

reflected in the smaller r parameter value listed in Table 2 for the lower MW linear hPS 

blend constituent, relative to the corresponding value for the higher MW linear hPS blend.  

Also note that approximately the same g value (g = 1.00096) can be used to model both the 

high and low MW linear hPS blends [in fact, using the g value for the higher MW linear 

hPS blend (g = 1.00097) would predict an LCST = 398 K for the lower MW linear hPS 

blend].  There is no experimentally measured LCST for the remaining blend in this section, 

i.e. the lower MW star hPS/PVME blend.  We will return to this blend shortly and provide 

a prediction for its LCST.      

 

 Next we to turn to the results listed in the dPS/PVME (lower) section of Table 2, 

which illustrate the effect of going from linear hPS to linear dPS on the LCST value of the 

blend with PVME.  Experimental cloud point data indicate that deuterium labeling raises 
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the LCST by ~40 K from that of the corresponding linear hPS/PVME blend [35,36].  Also 

note that the low MW linear dPS/PVME blend is ~12 K more miscible than the high MW 

linear dPS/PVME blend, which again can be rationalized by the favorable increase in the 

ideal (or combinatorial) entropic contribution to the free energy of mixing by lowering the 

MW of dPS.  The experimentally observed change in blend miscibility upon deuterium 

labeling is consistent with the results shown in Figure 1 and described section 3.1; i.e., 

there is a notable shift in the PVT behavior of linear dPS relative to linear hPS.  As a result, 

the LCL model predictions for the pure component properties of linear dPS, such as %FV 

and the thermal expansion coefficient, are larger than those of linear hPS at 400 K and 1 

atm, and closer in value to those of PVME.   

 

The results tabulated in Table 2 indicate that the change in the pure component 

properties upon deuterium labeling also manifests in the blends, where we find that a 

smaller g value (g = 1.000123) captures the experimental LCST of linear dPS/PVME than 

the g value needed to model the linear hPS/PVME blend (g = 1.00097).  White and Lipson 

[59] have illustrated in previous work that g values are linearly correlated with | eii - ejj | for 

LCST-type blends.  Consistent with their observation, we find in this work that the unique 

g values needed to model linear hPS/PVME versus linear dPS/PVME are connected to the 

distinct | eii - ejj | values for these blends, which are 175.8 J/mol and 68.1 J/mol, respectively.  

The implications of the different | eii - ejj | and g values on the relative thermodynamics of 

mixing for these blends are described in detail in section 4.2.      

 

The remaining blends listed in the lower section of Table 2 are star dPS/PVME 

blends, and our goal in the following paragraphs is to summarize the available experimental 

information about the combined effects of deuterium labeling and branching on blend 

miscibility from the literature.  We begin by highlighting the limited experimental evidence 

that suggests the miscibility of star dPS/PVME is enhanced relative to that of linear 

hPS/PVME.  In a study by Gomez-Elvira and coworkers, [26] they concluded from cloud 

point measurements that the LCST of a partially deuterium labeled 6-arm star PS sample 

(MW = 1,500,000 g/mol) blended with PVME was ~6 K greater than that of an analogous 

linear hPS/PVME blend.  In their case, only a partially deuterium labeled star molecule 



 27	

was available, which consisted of a 6-arm star PS sample for which a ‘block’ region at the 

chain end of each star arm was deuterium labeled [26].  The deuterium labeled blocks 

comprised ~16% of the total mass of the star polymer [26].   

 

To our knowledge, work published by Russell et al. [36] is the only example in the 

literature for which the miscibility of a fully deuterium labeled 4-arm star PS/PVME blend 

was measured.  First, to isolate the effect of branching, they performed cloud point 

measurements on an unlabeled 4-arm star hPS(MW = 221,000 g/mol)/PVME(MW = 

149,000 g/mol) blend and found that its LCST was ~10 K greater than that of an analogous 

linear hPS/PVME blend [36].  In contrast, the measurements reported by Pavawongsak et 

al.12 for a comparable 4-arm star hPS/PVME blend indicated that its LCST was essentially 

the same as that of an analogous linear hPS/PVME blend.  It is possible that the heating 

rates used by Russell and coworkers (1 – 10 K/min), which were an order of magnitude 

faster than those used by Pavawongsak et al. (0.01 – 0.5 K/min), may have contributed to 

this difference.  In fact, there is some evidence in the literature that suggests that faster 

heating rates tend to yield higher cloud point temperatures measurements [75].  However, 

the set of measurements performed by Russell and coworkers is internally consistent, and 

thus still insightful.  Their investigation of the combined effects of branching and 

deuterium labeling indicated that the LCST for 4-arm star dPS (MW = 211,000 

g/mol)/PVME (MW = 149,000 g/mol) was ~20 K greater than that of an analogous linear 

hPS/PVME blend [36].  Therefore, their results suggest that the combination of branching 

and deuterium labeling may produce a noticeable shift in miscibility.  

 

 Graessley and coworkers [27] also considered the combined effect of branching 

and deuterium labeling; they studied a series of polybutadiene (PB) homopolymer blends 

where the extent of branching and the component that was deuterium labeled were 

systematically varied.  Using SANS measurements of these blends, they observed 

consistent behavior in the Flory-Huggins c-parameter value, i.e. shifts that depended on 

whether the more, or less, branched component was deuterium labeled.  They found c 

increased (reduced miscibility) when the more branched component was deuterium labeled 

and decreased (enhanced miscibility) when the less branched component was deuterium 
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labeled.  Furthermore, they found that the arithmetic average of the c values of these blends 

was approximately equal to the c value of the blend in which both components were 

unlabeled; i.e. the c values of the differently labeled blends "bracketed" the c value of the 

unlabeled blend.   

 

As discussed in Section 3.2, the pure component properties of star dPS are 

‘bracketed’ by those of linear dPS and star hPS.  Using the LCL theory, we can determine 

if this bracketing behavior extends to the star dPS/PVME blend, and see the consequences 

on the thermodynamics of mixing. 

 

4.2.  Thermodynamics of Mixing 

We now turn from miscibility predictions to the underlying thermodynamics of the 

PS/PVME mixtures, such as the enthalpic and entropic contributions to the free energies 

of mixing.  In previous work, White and Lipson [61] demonstrated that for LCST mixtures 

the magnitude of the enthalpic contribution to the free energy of mixing is controlled by 

the g parameter. On the other hand, the difference in the pure component component e 

values, | eii - ejj |, controls the excess (non-combinatorial) entropic contribution, which for 

high MW blends accounts for almost all of the total entropy change upon mixing [61].  We 

have used our LCL theory to gain further insight about the underlying thermodynamic 

behavior of mixtures by calculating DHmix and TDSmix for a number of polymer solutions 

and blends [32,58,61,62].   

 

In this work, we have applied the same approach for the linear and star PS/PVME 

blends of interest here.  Figure 4 illustrates our predictions for the combined effect of 

branching and deuterium labeling on DHmix and TDSmix for the high MW PS/PVME blends.  

Note that our calculations for the star dPS/PVME blend use values of g that were fit to the 

experimental LCSTs of the other PS/PVME blends.  In the absence of an experimental 

measurement of the star dPS/PVME blend LCST, we provide predictions for the star 

dPS/PVME blend in Figure 4 by assuming that its miscibility is in the range of the other 

PS/PVME blends.  This assumption is supported by our pure component based analysis 
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described in Section 3.2, as well as the experimental evidence from the literature [27,36] 

that was summarized in the previous section. 

 

 
Figure 4.  Enthalpic and entropic contributions to the free energies of mixing for PS (MW = 

255,000 g/mol) blends with PVME, calculated for 380 K and 1 atm.  In both a) and b), g values 

correspond to those that yield the experimental blend LCSTs for star hPS/PVME and linear 

dPS/PVME, respectively.  In c) and d), the g values correspond to those that yield LCSTs for star 

dPS/PVME which, match those of star hPS/PVME and linear dPS/PVME, respectively.  Curves: 

DHmix – red and TDSmix – blue. [* - the values of DHmix and TDSmix for linear hPS/PVME are 

approximately the same as those for star hPS/PVME, thus the calculations for linear hPS/PVME 

are not shown in a) for the purpose of clarity].  

 

First, we consider the effect of deuterium labeling on the values of DHmix and TDSmix for 

PS/PVME by comparing the LCL model predictions for the star hPS/PVME (Figure 4a) 

and linear dPS/PVME (Figure 4b) blends.  We have chosen to use the star hPS/PVME 

blend calculations for this analysis, because the values of DHmix and TDSmix for the star 

hPS/PVME blend are essentially equal to those of the linear hPS/PVME blend [the results 

for the linear hPS/PVME blend are omitted from Figure 4 for the sake of clarity].  This 
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behavior is consistent with the g and | eii - ejj | values for the linear and star hPS/PVME 

blends, which are approximately equal for these blends (see Table 2).  Another reason for 

providing the LCL model calculations for the star hPS/PVME blend in Figure 4 is that they 

will be used to make comparisons with our predictions for the star dPS/PVME blend, which 

will be addressed shortly. 

 

A comparison of the results shown in Figures 4a and 4b indicates that the entropic 

penalty of mixing is less unfavorable for linear dPS/PVME than star hPS/PVME, and the 

enthalpy of mixing is less favorable for linear dPS/PVME than star hPS/PVME.  As 

described above, the value of | eii - ejj | is proportional to the magnitude of the unfavorable 

entropic contribution to the free energy of mixing for LCST-type mixtures [61,62].  Recall 

that in Section 3.2, we concluded that deuterium labeling reduced the value of | e | and 

increased the %FV of linear dPS in comparison to the unlabeled linear and star hPS samples.  

In other words, deuterium labeling shifts the pure component properties closer to those of 

PVME, making the linear dPS sample a better match with PVME than the unlabeled linear 

and star molecules.  In ref. [61], White et al. explored the effect of a hypothetical 25% 

reduction in the value of | eii - ejj | on TDSmix for hPS/PVME, and found that it yielded a 

~30% reduction in the entropic penalty of mixing.  In this work, we find a ~60% shift in 

the value of | eii - ejj | upon deuterium labeling, which suggests that the entropic penalty of 

mixing is notably reduced for linear dPS/PVME in comparison to star hPS/PVME.  Finally, 

the value of g, which controls the magnitude of DHmix, was fit to the experimental LCST 

for each blend.  The value of g which yields the experimental LCST for linear dPS/PVME 

is smaller than the g value that yields the experimental LCST for star hPS/PVME, thus the 

mixed interactions are weaker in the linear dPS/PVME blend and its enthalpy of mixing is 

less favorable than that of star hPS/PVME.    

  

 Turning to Figures 4c and 4d, two sets of predictions for the values of DHmix and 

TDSmix for the star dPS/PVME blend are illustrated.  In Figure 4c, we model the star 

dPS/PVME blend such that its LCST matches that of the star hPS/PVME blend (383 K), 

while in Figure 4d, we model the star dPS/PVME blend such that its LCST matches that 

of the linear dPS/PVME blend (427 K).  These two scenarios represent predictions for the 
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star dPS/PVME blend under the condition that its miscibility is equivalent to either the 

least miscible (star hPS/PVME) or most miscible (linear dPS/PVME) blend of the set of 

PS/PVME blends.   

 

Note that between Figures 4c and 4d, TDSmix does not change because it is 

controlled by the value of | eii - ejj |, which is determined by fitting the LCL EOS to the 

pure component PVT data.  Our predictions for the star dPS/PVME blend indicate that 

TDSmix is less unfavorable than that of star hPS/PVME (Figure 4a) and more unfavorable 

than that for linear dPS/PVME; i.e., TDSmix for star dPS/PVME is ‘bracketed’ by the values 

of TDSmix for the star hPS/PVME and linear dPS/PVME blends.  This is consistent with our 

calculations of the pure component properties of star dPS relative to star hPS and linear 

dPS (see Section 3.2).  For example, Figure 2 showed that our calculated %FV for star dPS 

was 0.5% more than that of star hPS and 0.5% less than that of linear dPS.  The relative 

TDSmix for the star dPS/PVME blend in comparison to the star hPS/PVME and linear 

dPS/PVME blends can be rationalized in terms of the pure component %FVs (or 

equivalently, thermal expansion coefficients): the combination of branching and deuterium 

labeling reduces the %FV of star dPS relative to linear dPS, which is a shift in %FV away 

from that of PVME (and toward that of star hPS).  Thus star dPS is more of a mismatch 

with PVME in terms of %FV than linear dPS, but a better match than star hPS, which 

results in the ‘bracketing’ of its TDSmix.   

 

The only change that occurs between Figures 4c and 4d is our prediction of DHmix 

for star dPS/PVME.  Recall that the magnitude of DHmix is controlled by the value of g, 

which was adjusted in each case to yield an LCST for the star dPS/PVME blend that 

matched that of the star hPS/PVME blend (Figure 4c) and linear dPS/PVME (Figure 4d) 

blend.  Both sets of predictions for the star dPS/PVME blend indicate that DHmix for the 

star dPS/PVME blend is less favorable than star hPS/PVME (Figure 4a) and more 

favorable than linear dPS/PVME (Figure 4b).  We tested the robustness of our predictions 

for DHmix of the star dPS/PVME blend by determining the values of g that yield enthalpy 

changes upon mixing that match those of the star hPS/PVME and linear dPS/PVME blends.  
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The DHmix of star dPS/PVME matches that of star hPS/PVME (linear dPS/PVME) for g » 

1.00080 (g » 1.00003), which predicts an LCST = 580 K (181 K) using the LCL theory.  

Under these criteria, the LCL theory predicts that the LCST of star dPS/PVME must lie 

~200 K away from the LCSTs of the other PS/PVME blends.  This is unlikely given our 

pure component property based analysis for the set of the PS samples, which tracks well 

with the experimental miscibility trends.  Therefore, we predict that DHmix for star 

dPS/PVME is ‘bracketed’ by the values of DHmix for the star hPS/PVME and linear 

dPS/PVME blends. 

 

In summary, we find that the differences in the pure component properties of star 

dPS relative to those of star hPS and linear dPS, yield a notable difference in the 

thermodynamics of mixing with PVME.  Our results suggest that branching reduces the 

effect of deuterium labeling on DHmix and TDSmix when compared with a chemically 

identical linear molecule analog, such that DHmix and TDSmix for star dPS/PVME are 

bracketed by the corresponding values for the star hPS/PVME and linear dPS/PVME 

blends.  

 

5.  Conclusions 
We have used the Locally Correlated Lattice (LCL) theory to study the individual 

and combined effects of branching and deuteration on the properties and miscibility of 

polystyrene (PS).  We believe that this is the first time that a theoretical study has calculated 

such properties directly from experimental data for the pure states.  Our finding is that the 

combination of 4-arm star branching and deuterium labeling yields a detectable change in 

the properties of pure PS, which affects its compatibility with PVME (an LCST-type 

mixture) and isotopic variants of PS (an UCST-type mixture).  We used two independent 

metrics to predict LCST-type vs. UCST-type mixture compatibility: percent free volumes 

(%FVs) and cohesive energy densities (CEDs), respectively.  Using these approaches, our 

predicted miscibility trends tracked well with experimental measurements available in the 

literature. 
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We have recently been energetic in testing the extent to which the LCL theory could 

be used in correlating pure component properties, alone, to predict miscibility.  Thus, one 

route we used here began with fitting our LCL equation of state (EOS) to experimental 

PVT data for PS samples that were branched, deuterated, or both, as well as linear samples.  

These data reflected some interesting differences between samples, for example a shift in 

V(T) at atmospheric pressure between linear and 4-arm star dPS that was not present 

between linear and 4-arm star hPS.  This behavior was reflected in our calculations for the 

pure component cohesive energy densities (CED) and our predictions for the percent free 

volumes (%FV). We found differences in each property between linear and star dPS, while 

the values for linear and star hPS were essentially equal.  

 

Our recent work on different polymeric systems leads us conclude that CED 

and %FV can be useful tools, but under different circumstances.  For example, %FV is a 

useful metric for LCST-type mixtures because of its connection with the unfavorable 

entropic contribution to the free energy of mixing [60-62].  In addition to %FV, other pure 

component properties such as the non-bonded nearest neighbor interaction energy (| e |) 

and the thermal expansion coefficient (a), which are correlated with %FV, also influence 

LCST-type miscibility.  We predict that the %FV, | e |, and a of star dPS are more of a 

mismatch with those of PVME relative to those of a linear dPS sample with comparable 

molecular weight, which indicates that star dPS is less compatible with PVME than linear 

dPS. 

 

We next turned to the isotopic mixture of hPS and dPS.  For UCST-type mixtures 

such as these CED values are a better a guide for predicting compatibility because of their 

connection with the unfavorable enthalpic contribution to the free energy of mixing [60].  

We calculated that the CED of star dPS is more of a mismatch with that of linear hPS than 

with linear dPS, which suggests that star dPS is less compatible with its linear hydrogenated 

counterpart than with the analogous h-star.  This shift in CED upon deuterium labeling and 

branching is driven by changes in the number of segments per mass and the non-bonded 

interaction energy, the product of which tracks with CED.  The trend in mixture 
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compatibility that we have reported in this work is in good agreement with available 

experimental/simulation information from the literature [5].   

 

A more common route to understanding the underlying origins of miscibility is to 

model the mixtures, themselves.  We applied our LCL theory to a series of PS/PVME 

blends in order to gain insight about how the key contributions to the thermodynamics of 

mixing are influenced by the combination of 4-arm star branching and deuterium labeling.  

For the star dPS/PVME blend, we calculated its enthalpy and entropy change upon mixing 

based on the prediction from our pure component analysis that its miscibility is in the range 

of the other PS/PVME blends.  One conclusion is that the enthalpy of mixing is more 

favorable, but the entropic penalty leads to the entropy of mixing to be more unfavorable 

for star dPS/PVME than for linear dPS/PVME.  Further, the values of these thermodynamic 

quantities for the star dPS/PVME blend lie roughly between those for the linear dPS/PVME 

and star hPS/PVME blends.  These bounds are consistent with our pure component 

property based analysis, where we found that the non-bonded interaction energy and %FV 

values for star dPS are approximately the arithmetic average of the values for linear dPS 

and star hPS.  Thus, the shifts in the thermodynamics of mixing for star dPS/PVME relative 

to the other PS/PVME blends are driven by the differences in the pure component 

properties of star dPS in comparison to the other PS samples. 
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