Simple and Accurate Calibration of the

Flory-Huggins Interaction Parameter

J. D. Willis,F T. M. Beardsley,T and M. W. Matsen* T+

T Department of Physics € Astronomy, University of Waterloo, Waterloo, Ontario, Canada
IDepartment of Chemical Engineering, University of Waterloo, Waterloo, Ontario, Canada
§ Waterloo Institute for Nanotechnology, University of Waterloo, Waterloo, Ontario,
Canada N2L 3G1

E-mail: mwmatsen@uwaterloo.ca

04 PLA-PI
03k PCHE-PMMA -
PLPEO
X02F PLA-PS 1
PE-PDMS —__
0.1 /&/—

—
00 PCHE-PE PE-PEP
0.0016 0.0020 1 0.0024 0.0028



Abstract

This paper improves upon a standard method of determining the Flory-Huggins
X parameter, whereby experimental order-disorder transitions (ODTs) of symmetric
diblock polymer melts are fit to the mean-field prediction, (xN)opt = 10.495. The im-
provement is achieved by switching to an accurate prediction of (yN)opt from Morse
and coworkers, supplemented with corrections for the small degrees of polydispersity
and compositional asymmetry that inevitably exist in real diblock polymers. The first
correction is evaluated by simulating polydisperse diblocks over a wide range of in-
variant polymerization indices, and the second correction is extracted from analogous
simulations for compositionally asymmetric diblocks by Ghasimakbari and Morse. The
resulting calibration method is then demonstrated on 19 different chemical pairs, using
previously published experimental data. It provides a considerable increase in accuracy,

but yet is nearly as simple to apply as the original version.

Introduction

The behavior of block polymer melts is understood to be universal,! which implies that all
systems can be represented by the standard Gaussian-chain model (GCM)? in the limit of
high molecular weight. The GCM is a minimal model that treats a melt as an incompressible
system of elastic threads interacting by pairwise contact forces. Its mean-field behavior for
monodisperse AB diblock polymers, as predicted by self-consistent field theory (SCFT),?
is controlled by just three quantities: the composition f, the ratio of segment lengths a4/ag,
and the product yN, where N is the number of segments of volume p,* per molecule and
x is the Flory-Huggins interaction parameter. Fluctuation corrections to the mean-field
behavior are then controlled by one additional parameter: the invariant polymerization
index N = ap2N, where a = [fa% + (1 — f)a%]'/? is the average segment length.” To
exploit this universality, one needs to map the parameters of a given system onto those of

the standard GCM. The mapping of molecular compositions (e.g., f) is trivial given their



straightforward definition in terms of volume fraction. Segment lengths are also clearly
defined by the fact that the radius of gyration of a linear polymer in an athermal melt
reduces to R, = a(N/6)'/? in the limit of large N. The only nontrivial part of the mapping
is determining the y parameter.

The determination of y has been a longstanding problem to which numerous strategies
have been applied.® 2 Unfortunately, the different methods generally result in different values
of x,® 13 leading many to conclude that y depends on architecture, composition, molecular
weight, polydispersity, or basically all the details of the system. Others question whether
or not there even exists a consistent definition for y. The problem stems from the way y is
determined, which always involves measuring some quantity by experiment (or simulation)
and then fitting to a prediction of the standard GCM. For y to be accurate, not only does the
measurement need to be accurate but so does the prediction. In most cases, the prediction
is based on mean-field theory, which, in effect, buries fluctuation corrections into y. Thus,
it should be of no surprise that the x values derived from different quantities are themselves
different, since the quantities possess distinct fluctuation corrections. Furthermore, fluctu-
ation effects depend on all the parameters of the system, and thus the resulting y will also
depend on all the parameters.

Morse and coworkers? have made great progress in remedying this shortcoming by in-
stead fitting the peak of the disordered-state structure function, S(q*), of symmetric diblocks
to renormalized one-loop (ROL) predictions,?*?® arguably the most accurate calculation
available. The improvement in y is evident from the fact that it nicely reveals the univer-
sality of block polymer behavior among different systems. Glaser et al.?® demonstrated this
by comparing the order-disorder transition (ODT) of symmetric diblock polymer melts from
five distinct models. When expressed in terms of the calibrated parameters, the ODTs from

all five models collapsed onto a universal curve,

(YV)ideat. — 10.495 + 41.0N /3 4 123.0N 0 0



The equivalence between models has since been illustrated for a number of other quantities
of symmetric diblocks.?” More recently, the universality has been confirmed for asymmetric
diblock polymer melts. 2?82

Gillard et al.?? have also applied the Morse calibration to an experimental system, specif-
ically polylactide-polyisoprene (PLA-PI) diblock polymer melts. Using the calibration, they
compared the experimental ODT, its latent heat, and the peak position of S(q) to simu-
lations. The agreement was reasonable, but not particularly impressive. They suggested
a number of potential explanations, including the fact that the Morse calibration assumes
monodisperse molecules, whereas the experiments involved a modest degree of polydisper-
sity, D = 1.10. Indeed, when Beardsley and Matsen®! later accounted for the polydispersity,
the discrepancies disappeared.

Although the Morse calibration is easily applied to simulation models, the same is not true
of experimental systems because it requires the absolute scattering intensity. Furthermore, as
of yet, there are no ROL predictions of S(gq) for polydisperse melts. Beardsley and Matsen
dealt with this by simulating S(q) for polydisperse melts, using a model that had been
previously calibrated against ROL predictions for monodisperse melts.

One of the common methods 132739 of calibrating y has been to fit the ODTs of sym-
metric diblock polymers of varying molecular weights, M,,, to the mean-field prediction,
(xN)opt = 10.495. The merits of this method are that the experimental Topt can be mea-
sured accurately and it has a strong dependence on y, but the method suffers from the fact
that the mean-field prediction is seriously inaccurate, particularly for short molecules. To
improve the accuracy, a few studies!»*° have fit the ODTs to the Fredrickson-Helfand predic-

tion, (xN)opr = 10.495 + 41.0N~'/3 and for even better accuracy, some studies 4142

are
now fitting to eq 1. However, this still assumes that the diblock polymers are monodisperse

and perfectly symmetric.



In order to account for deviations from this ideal, we write

(XN)opr =T x (xN)ideal (2)

where the correction factor, I, depends on f, D, a4/ap, and N. Provided that the deviations
from b =1and f = % are small, the correction factor can be approximated by a truncated
Taylor series,

Frel1+mB-1)+%(f-3)? (3)

For now, we continue to assume a4 = ag, and therefore the linear term, f— %, vanishes due to
symmetry. The coeflicients, v, and 7», will both depend on the remaining parameter, N. We
determine the dependence for v; by performing simulations of polydisperse diblocks and for v,
by referring to previous simulations of compositionally asymmetric diblocks by Ghasimakbari
and Morse.? Equations 2 and 3 are then used to obtain more accurate predictions for x by
reanalyzing previous fits to (x/V)opr = 10.495, which is possible thanks to the common

experimental practise of reporting b and f values.

Lattice Model Simulations

To determine the polydispersity correction, 7, over a wide range of N values, we simulate
polydisperse melts using a multiple-occupancy lattice model.*® In particular, the polymer-
izations of the A and B blocks, Ny and Npg, are each approximated by the same continuous

Schulz-Zimm distribution, 443
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where the polydispersity index and number-average polymerization of the v block are b, =

(k+1)/k and (N, ),, respectively. Reference 46 details our procedure for creating a discrete

distribution from eq 4. The diblocks are then formed by randomly pairing A and B blocks,



such that their total polydispersity index and number-average polymerization are given by
b=Db,/2 and N = 2(N,),, respectively.

The melt is modeled by placing the diblock polymers on an fcc lattice, with their
monomers constrained to the lattice sites and bonded monomers occupying nearest-neighbor
sites. The coordinates of each site ¢ assume the form r; = d(h, k,l), where h, k and [ take
on integers between 1 and L such that their sum, h + k£ + [, is even. Thus, the lattice has
a total of M = L?/2 sites and a nearest-neighbor distance of b = v/2d. The application of
periodic boundary conditions requires L to be even. The ability to cover a wide range of
N values is achieved by controling the occupancy of the lattice sites, Z. To allow room for
the polymers to move, 20% of the sites contain a single vacancy (i.e., a reduced monomer

occupancy of Z — 1), which leads to an average monomer density of
po =nN/V = (Z —0.2)V2/b® (5)

where n is the total number of diblocks and V = (Ld)? = Mb*/+/2 is the volume of the
system.

The Hamiltonian of the melt is assigned the simple form

]{ZB_T = AN AR (6)

involving a dimensionless interaction parameter, «, times the total number of A-B contacts,

M
nap = E Aijnaing; (7)

1,j=1
where n.,; is the number of v-type monomers at site . For computational efficiency, it is
best to set A;; equal to the Kronecker delta function, d;;, so that monomers only interact
with others on the same lattice site.*® Of course, this requires there to be multiple monomers

per site. Therefore, for Z < 2, we increase the range of the interactions to include nearest



neighbors by setting A;; = 1 if |[r; —r;| < b and 0 otherwise.

The equilibrium behavior of this model is simulated in the canonical ensemble using the
Metropolis Monte Carlo algorithm, where the Monte Carlo steps (MCS) randomly select
among four different trial moves. The first is a slithering snake (or reptation) move. It
is performed by randomly choosing one of the chain ends, and moving it to a randomly
chosen nearest-neighbor site. The remaining monomers of the chain are then shifted one
site along its contour. The move is immediately rejected if it causes a violation in the
allowed number of monomers at any site, and otherwise its acceptance is determined by the
Metropolis criterion. The second is a crankshaft move, where one of the non-end monomers
is selected at random and moved while keeping its two bonded neighbors fixed. If the initial
site already has a vacancy or there are no potential sites with a vacancy, then the move
is rejected. Otherwise, one of the potential sites is selected at random and the Metropolis
criterion is applied. The third is a double-bridging move that swaps A-type (or B-type) tails
of equal length between two polymers. This move is performed by selecting a random site
and looking for pairs of A (or B) monomers equal distance from the A (or B) ends of their
respective chains. If no pairs of identical homopolymer tails exist, then the move is rejected.
Otherwise, we choose the longest pair of tails and swap them between the two molecules.
The last move is a chain reversal, where one of the diblock polymers is selected at random,

and a complete head-to-tail flip is attempted.

Morse Calibration of the Model

The relationship between the interaction parameter of the lattice model, «;, and the Flory-
Huggins interaction parameter of the GCM, ¥, is determined for Z = 1, 2, 3, and 5 following
the Morse calibration procedure detailed in ref 43. The procedure starts by simulating

monodisperse athermal melts (i.e., D = 1 and a = 0) for a series of polymerizations, N. The



segment length is first obtained by fitting the radius of gyration to*”

6 R? 1.42
A I (8)
a’N a’pgN1/2 N

where a and ~ serve as fitting parameters. The resulting segment lengths, a, are listed in
Table 1, and the quality of the fits is illustrated in Figure 1. Once a is known, the invariant

polymerization index can be evaluated using N = a®p2N.

Table 1: Calibration of the lattice model for different lattice site occupancies, Z.

Z a/b N/N Zo0 C2 3

1 1.233 4.51 490 336 -74

2 1.113 12.4 16.1 208 -63

3 1.075 24.2 148 0.68 -0.17

5 1.045 99.9 3.34 415 -85
1.00

0.84

N1/2

Figure 1: Radius of gyration squared, Rﬁ, in an athermal melt plotted in terms of poly-
merization, N, for different lattice site occupancies, Z. Simulation results are denoted by
symbols and fits to eq 8 are shown with solid curves.

For weak segregations, the Flory-Huggins parameter can be approximated by x ~ z,.q,
where z,, = limy_, 2(NN) is the long-chain limit of the average number of intermolecular

contacts per monomer, z(N), in an athermal melt. Therefore, statistics for (V) are collected



N1/2

Figure 2: Number of intermolecular contacts per monomer, z(N), in an athermal melt plotted
in terms of polymerization, N, for different lattice site occupancies, Z. Simulation results
are denoted by symbols and fits to eq 9 are shown with solid curves.

at the same time as those for R,. The results for different polymerizations, N, are fit to*’

z(N) (6/7)3/2 )
S 1+ BN - i (9)

where z,, and ¢ are the fitting parameters. The values of z,, are given in Table 1, and the
quality of the fits is shown in Figure 2. Note that the non-monotonic behavior with respect
to Z results because nearest-neighbor interactions are included for 7 < 2.

To calculate corrections to the linear y, the structure function of symmetric monodisperse
diblocks, S(q), is evaluated over the entire disordered phase for several different values of
N. The peak of the structure function, S(¢*), is then fit to renormalized one-loop (ROL)

predictions assuming the nonlinear relationship

X (@) = zooa + 20° + c30° (10)

The coefficients of the fits, ¢ and c3, are listed in Table 1, and the quality of the fits is
demonstrated in Figure 3. Again, non-monotonic behavior with respect to Z occurs because

of the change in the range of the interactions.
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Figure 3: Inverse of the structure function peak, S~!(¢*), for symmetric monodisperse diblock
melts plotted in terms of segregation, y/N. Simulation results for N = 30, 40, 50, and 60
are denoted by solid circles, open circles, closed triangles, and open triangles, respectively,
and fits to ROL are shown with solid curves. For clarity, the results for Z = 2, 3, and 5 are
shifted upwards by 5, 10, and 15 units, respectively.
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Symmetric Monodisperse Diblocks

Having calibrated the lattice model, we now illustrate that it adheres to the universality
hypothesis, by comparing the ODT for monodisperse diblock polymers of N = 50 to eq 1.
This is done by simulating multiple replicas of the system at a series of « values spanning the
expected ODT, all initialized with disordered configurations. Based on SCFT predictions,
the cubic simulation boxes are selected to be approximately three lamellar periods in size,
which is sufficiently large to suppress finite-size effects.*®*® The replicas are then run in
parallel, each following the usual MC algorithm for approximately 10° MCS per monomer.
The ODT is identified by evaluating the average number of A-B contacts, (nag), over the last
10* MCS per monomer. Past studies?®?® have demonstrated that (nap) changes abruptly
once the lamellar phase spontaneously forms.

During the simulations, highly metastable defects often nucleate impeding the formation
of a well-ordered morphology, particularly when « is large. To help remedy this problem, we
implement parallel tempering, whereby a swap between a random pair of replicas at neigh-
boring « values is attempted every 10> MCS per monomer (see ref 48 for details). In this
way, defect structures are shifted to lower segregation, which allows them to anneal out more
easily. By the end of our simulations, all the ordered replicas exhibited defect-free lamellae.
Even with parallel tempering, the metastability of the disordered phase may cause an over-
estimation of (x/V)opr. Therefore, we run a second set of parallel-tempering simulations,
starting from ordered lamellar configurations obtained from the first runs. The second runs
will tend to underestimate (xN)opr, thus allowing us to bracket the true equilibrium ODT
as shown in Figure 4.

Figure 5 compares the resulting ODTs to the universal prediction, eq 1. The error bars
denote the widths of the metastability intervals, where the disordered and ordered runs
remain in their initial phase over the duration of the simulation. The agreement in Figure 5
confirms that the model is well calibrated and that N = 50 is adequate to obtain universal

behavior. The inset compares the period, D, of the lamellar phase at the ODT with the
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Figure 4: Average number of A-B contacts, (nsp), for symmetric monodisperse diblock
polymers of N = 50, obtained from parallel-tempering simulations with different lattice
site occupancies, Z. Circles and crosses denote simulations initialized with disordered and
ordered configurations, respectively.
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Figure 5: ODTs for symmetric monodisperse diblock polymers obtained from Figure 4.
The solid curve denotes the universal prediction in eq 1,%° and the dashed curve shows the
Fredrickson-Helfand prediction.” The inset compares the lamellar periods, D, with the SCFT
prediction.3
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SCFT prediction® for the same value of y/N. The agreement is consistent with previous

findings that SCFT provides an accurate treatment of ordered phases.?"%

Corrections for Polydispersity and Compositional Asym-
metry

Now that the behavior of monodisperse diblocks has been established, the parallel-tempering
simulations are repeated for polydisperse melts with small indices, B = 1.05 and 1.10,
typical of experiments used to calibrate y, and a number-average polymerization of N =

46,5051 and so the

50. The polydispersity increases the periodicity of the lamellar phase,
simulation boxes are enlarged so that they continue to contain approximately three periods.
The simulation results for parallel-tempering runs starting from disorder and order are shown
in Figure 6, for the different lattice site occupancies, Z.

The ODTs for monodisperse and polydisperse melts are extracted from Figures 4 and 6,
respectively, and plotted in Figure 7 as a function of B. The plot also includes the ODT
from SCFT,* corresponding to infinite N. The mean-field ODT is reasonably linear even
up to B < 1.4, which justifies our approximation in eq 3. Therefore, the simulation ODTs in

Figure 7 are fit to straight lines, from which the coefficient v; is obtained for four different

N values. Figure 8 shows that the results are well described by the two-parameter fit
o~ —0.77 + 17.5N 04 (11)

where the N — oo limit is constrained to match the SCFT prediction. Interestingly, the
correction switches sign around N ~ 600.

The second correction in eq 3 requires analogous simulations for monodisperse diblocks of
asymmetric composition. Fortunately, Ghashimakbari and Morse?” have recently published

such simulations for N = 480 and 1920. Figure 9 plots their ODTs together with the SCFT
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Figure 6: Analogous plots to those of Figure 4, but for polydisperse melts with a number-

average polymerization of

N = 50.
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Figure 7: ODTs for monodisperse and polydisperse diblocks obtained from Figures 4 and 6,
respectively. Linear fits are shown with solid lines. The bottom curve shows the mean-field
ODT from SCFT.
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Figure 8: Coefficient for the polydispersity correction, =, in eq 3 obtained from Figure
7. The line shows the empirical fit in eq 11, which was constrained to match the SCFT
prediction denoted by a cross.
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Figure 9: ODTs for compositionally-asymmetric monodisperse diblocks obtained from ref
29. Linear fits are shown with solid lines. The bottom curve shows the mean-field ODT
from SCFT.
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3 corresponding to N — oo. The linearity of the SCFT curve suggests that

prediction,
the parabolic approximation in eq 3 is reasonably accurate over most of the lamellar phase.
Therefore, we again fit the simulation ODTs in Figure 9 to straight lines, which gives 7, = 17

and 11 for N = 480 and 1920, respectively. These results are fit to
Yo & 6.7 + 500N 003 (12)

where again the first coefficient is obtained from SCFT.

Fits to Experiment

Since experimentalists routinely report the composition, f, and polydispersity, D, of their
molecules, we are able to reanalyze previous calibrations based on ODT measurements,
Topr, of symmetric diblocks with different number-average molecular weights, M,,. For each
diblock, we evaluate N from M,,, which requires the mass density, p,, ., for each component
7. To evaluate N = a®p2 N, we require a, for each component, which is calculated from
the ratio R2/M,,, where Ry is the natural end-to-end length of a homopolymer of molecular
weight M,,. For simplicity, we use literature values of p,, , and R2/M,, at a fixed temperature
of T = 140°C.%?75* Once the required parameters are determined, the diblock ODTs are fit
to a prediction of (yN)opr, assuming the standard functional form

(T) =5 +B (13

where A and B are fitting parameters and T is expressed in terms of absolute temperature.
To illustrate the dependence on the choice of (xV)opr, fits are performed for four different
predictions: mean-field theory, Fredrickson-Helfand theory, eq 1, and eqs 2-3.

Figure 10 shows the four estimates of x(7) obtained from poly(ethylene)-poly(ethylenepropylene)

diblock polymers,*® which have exceptionally large invariant polymerization indices of N ~
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2.5 x 10%. Because of the large N, the estimate based on the simple mean-field prediction,
(xN)opr = 10.495, is reasonably accurate. Nevertheless, the Fredrickson-Helfand prediction
provides a ~ 5% improvement upwards and the ROL-based prediction in eq 1 increases this
by another ~ 2%. The correction for polydispersity decreases the estimate for x(7") given
that N > 600, while the correction for compositional asymmetry increases the estimate. In
this case, the correction for polydispersity dominates, and the net consequence is a ~ 2%
reduction in y.

0.008

0.006

X 0.004 |
A Mean-field
0.002 r Fredrickson-Helfand
¢ Eql
® Egs2and3
0.000 ' '
0.0023 0.0024 0.0025 0.0026

T—l

Figure 10: Flory-Huggins x parameter for PE-PEP, obtained by fitting to different predic-
tions of (xV)opr-

Figure 11 provides analogous results for poly(DL-lactide)-poly(isoprene) diblocks,3” but
this time for exceptionally small indices of N =~ 2.5 x 10%2. As such, fluctuation effects are
considerable, and consequently the estimate of x(7") based on the mean-field ODT is terribly
inaccurate. Even the estimate based on the Fredrickson-Helfand ODT is far from accurate
compared to the ROL-based prediction in eq 1. Given the small N, the additional corrections
due to polydispersity and compositional asymmetry both increase the estimate of x(7'), with
the former being significantly more important in this instance.

Our Supplementary Information summarizes the experimental data and details the calcu-
lations used to generate Figures 10 and 11 for the PE-PEP and PLA-PI diblocks, respectively,

as well as 17 other chemical pairs. Table 2 lists the fitting parameters for the most accurate
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Figure 11: Analogous plot to that of Figure 10, but for PLA-PI. The dotted line denotes a
previous estimate based on a Morse-type calibration modified for polydispersity. 3

Table 2: Interaction parameters, x(7') = A/T + B, for different chemical pairs, obtained by
fitting previously published ODT measurements to eqs 2-3. The calculations assume that T’

is expressed in units of Kelvin and that segments are defined based on a reference volume of
—1 3
po ! =118 A3,

chemical pair ref A B x 10°
PE-PEP 40 10.60 -19.68
PEP-PEE 40 5.40 0.72
PCHE-PEE 33 21.6 -19.2
PE-PEE 40 10.5 6.0
PCHE-PEP 33 33.7 -22.2
PEE-PDMS 34 86.0 -151.3
PCHE-PE 33 62.1 -60.0
PS-PI 9,13,55 79.3 -131.5
PLA-PS 36 125 -163
PE-PDMS 34 123 -97
PEP-PDMS 34 68 -2
PI-PEO 13,55 255 -314
PCHE-PMMA 38 543 =707
PLA-PEE 39 647 -931
PE-PEO 34 722 -1275
PLA-PEP 35 875 -1393
PLA-PI 37 669 -1227
PEO-PEP 34 416 -540
PEO-PEE 34 475 -649
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ROL-based prediction of (xN)opr using eqs 2-3. Note that these estimates of x(7) are
based on a segment volume of py* = 118A3. One can readily convert to other choices of the

reference volume using the fact that y o py*.

Discussion

Our calibration of x(7") based on eqs 2-3 is just about as easy to implement as the common
practice of using (xN)opr = 10.495, but far more accurate. The greatest improvement
comes from replacing the mean-field prediction by the accurate one in eq 1. This is, in
principle, equivalent to the Morse calibration, where experimental measurements of S(¢*)
are fit to ROL predictions, but avoids the need for measuring absolute scattering intensity.
Furthermore, our approach includes a correction factor, I', to account for the small degrees
of polydispersity and compositional asymmetry that always occur in real polymers.

13,56 previously compared the Morse calibration to that of fitting ODTs to eq 1

Arora et al.
for PS-PI and PS-PEO diblocks, and found reasonable agreement even without accounting for
polydispersity or compositional asymmetry. In Figure 11, the dotted line shows the Morse-
type calibration from ref 31 for PLA-PI diblocks, obtained by fitting S(¢*) from a single
diblock to simulations with an equivalent polydispersity of B = 1.10. This still neglects the
compositional asymmetry of f = 0.51, but this level of asymmetry is insufficient to explain
the difference with our new calibration method. Interestingly though, there is excellent
agreement for the data point at 7! = 0.00273, which in fact corresponds to the diblock
used in the Morse-type calibration. The fact that the Morse calibration uses just a single
molecule implies that it is more prone to experimental errors compared to the ODT-based
calibration, which in this case combines results from five different molecules.

The correction factor, I', in eq 3 will, in principle, depend on the detailed shape of the

polydispersity distribution,®”*® but this dependence will be negligible for values of P close

to one.?" It will also depend on the difference in A- and B-block polydispersities, which has
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not been accounted for. However, the effect due to polydispersity is already small and thus
the added correction will be tiny, since it will be proportional to (D5 — Dg)? due to the A-B
symmetry about which we are expanding.

Another correction that could be incorporated into I' is that of conformational asym-
metry, ax # ag. Our lattice model could easily handle this asymmetry by introducing a
small bending penalty for one of the components, but the Morse calibration of the revised
model would not be so straightforward. It would require new ROL calculations of S(g¢*) for

conformational asymmetry. Furthermore, the fit to S(¢*) would be less constrained, because

x(a) :Co+C1a+Cga2+c3a3+... (14)

would need to include a zeroth-order entropic contribution, ¢y, and the first-order coefficient
would no longer be given by ¢; = z,,. Although conformational asymmetry has a significant
effect on order-order transitions, its effect on the ODT is relatively small, certainly in mean-
field theory.®® Therefore, we leave this small refinement for future consideration.

Now that we have an improved theoretical prediction for (xN)opr, the accuracy of x(T)
will undoubtedly be limited by the experiments.'® The issue is the experimental uncertainties
in molecular weights, densities, segment lengths, polydispersities, and ODT measurements,
which have generally been ignored in the past. Given the analytical expressions in eqs 1, 2,
3, 11, and 12 for (xN)opr, researchers now have the opportunity to assess the inaccuracy in
X(T') by performing a rigorous error analysis. An advantage of the present approach is that
it uses the ODTs from multiple molecules, and thus random errors can be averaged out by
using more molecules. The fact that the ODT has a strong dependence on y(7') will also

10,22
h,

help, in contrast to fits based on other quantities such as interfacial widt interfacial

tension, ' or domain size. 10:36
As mentioned in the Introduction, the multitude of inaccurate calibration methods has

lead to the belief that x(7") has significant dependencies on parameters other than tempera-
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ture, such as molecular weight, polydispersity, composition, and even molecular architecture.
Hopefully, these dependences are not real, or at least not significant. If x did, indeed, de-
pend on all the details of the system, then theory would lose its ability to make meaningful

.11 when they found large

quantitative predictions. This concern was raised by Maurer et a
differences in the values of x(7") derived from diblock polymer melts as opposed to binary
homopolymer blends. However, with all the experimental uncertainties involved, it is vir-
tually impossible to ascertain the reason for this discrepancy. Simulations, arguably, offer
a more reliable test of universality, simply because they are free of such uncertainties. So
far, simulations have found excellent agreement between diblock melts and homopolymer
blends. 43:69

Hopefully, by using improved estimates of x, the experimental discrepancies between
different methods and different systems will largely vanish. Still, some dependencies are
likely to remain. Simulations may suggest otherwise, but they typically involve structurally
equivalent species (e.g., spherical beads of the same diameter and springs with the same
bonding potential), where diblocks transform into homopolymers in the athermal limit (i.e.,
a — 0). This symmetry is responsible for reducing the general expansion for x(«) in eq 14
to that of eq 10. Without the symmetry, a diblock polymer still possesses distinct blocks
in the athermal limit, each with different values of z.,. Miiller®! has investigated entropic
contributions resulting from differences in the monomer shape and chain stiffness, but it
would be useful to examine these further. The packing of structurally distinct polymers
will undoubtedly depend on composition, but hopefully these dependencies will prove to be
relatively minor for most experimental systems.

It is important to remember that the universality hypothesis relies on high molecular
weights, and thus it will gradually break down for short molecules. The value of N at which
this happens remains to be determined, and it will certainly be system dependent. For
instance, chain stiffness, long-range interactions, and anisotropic interactions will increase the

required threshold for universality. This is as true for simulation models as for experimental
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systems. In fact, our choice of N = 50 was motivated by evidence that deviations from
universality appear to emerge for N < 30.%3 For systems that do not adhere to universality,
it will be necessary to go beyond the standard Gaussian chain model and the assumption
that molecular interactions can be accounted for by a single xy parameter. For example,
we may need to consider liquid-crystalline interactions, the finite range of the interactions,

and /or separate interactions for chain-end groups. %2

Summary

We have improved upon one of the common methods of estimating the Flory-Huggins y
parameter, whereby the order-disorder transitions (ODTs) of symmetric diblock polymer
melts are fit to mean-field theory. The original method benefits from the fact that Topt can
be accurately measured and the fact that it has a strong dependence on x. However, the
method suffers from the serious drawback that the mean-field prediction, (x N)opr = 10.495,
is highly inaccurate due to fluctuations. Fortunately, this shortcoming is easily remedied by
switching to the accurate expression in eq 1. Three separate comparisons have now shown
that this produces comparable predictions to the more complicated Morse calibration, 30:31-63
where the peak of the disordered-state structure function, S(¢*), is fit to renormalized one-
loop (ROL) calculations.

The accuracy of our new method is further improved with the correction factor, I', in
eq 3, which accounts for small deviations from ideal molecules of B = 1 and f = % The
first correction (7, in eq 11) was obtained by calibrating a multiple-occupancy lattice model
and using it to evaluate the shift in (x/V)opr due to small degrees of polydispersity typical
of experiment for a wide range of invariant polymerization indices, N. The second correc-
tion for compositional asymmetry (72 in eq 12) was extracted from previous simulations by
29

Ghasimakbari and Morse.

The resulting calibration method was then applied to 19 different chemical pairs. The
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switch from (xNV)opr = 10.495 to eq 1 can increase the predicted value of x by more
than a factor of two, particularly for lower molecular-weight molecules. The correction for
polydispersity is smaller but still significant, reducing the predicted x for large molecules and
increasing it for small molecules. The final correction for compositional asymmetry causes a
slight increase in y for all values of N.

Other potential refinements to our method could account for distinct polydispersities
in each block, P, # Dg, and for conformational asymmetry, ax # ag. The first would
be relatively straightforward to evaluate, but is likely too small to justify the experimental
effort required to measure the individual polydispersities. The second is more challenging
to evaluate due to difficulties in calibrating models with structurally different blocks, but its
effect is nevertheless expected to be relatively minor.

Now that the estimate of (yN)opr has been improved, the next challenge is to reduce
experimental uncertainties. More precise synthesis and characterization measurements will
naturally help, as will using a greater number of molecules in the fits to reduce random
errors. The analytical expression for (xN)opr will make it possible to perform thorough
error analyses in order to assess the accuracy of x(7'). The increased rigor will undoubtedly
lead to better quantitative agreement between theory and experiment, which in turn will
help researchers investigate the finer details of block polymer behavior, such as for example

chain-end effects.®%62
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