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ABSTRACT: Hildebrand solubility parameters are pre-
dicted from molecular simulations using the transferable
potentials for phase equilibrium-united atom (TraPPE-
UA) and Dreiding force fields for the n-alkyl acrylate
and methacrylate esters (n < 10), as well as the 2-ethyl-
hexyl acrylate, 2-hydroxyethyl acrylate, isooctyl esters of
acrylic acid, and the 2-hydroxyethyl ester of methacrylic
acid. The TraPPE-UA force field yields very accurate sol-
ubility parameters (with a mean unsigned percent error
of 2% or 0.2 Hildebrand units), whereas the Dreiding
force field overpredicts the solubility parameter in every
case examined. Correlations based on the normal boiling
point or the refractive index do not yield satisfactory
results for this monomer set with the former overestimat-

ing the magnitude and the latter yielding the incorrect
sign for the decrease in the solubility parameter with
chain length. Simulations with the TraPPE-UA force field
yield solubility parameters for binary mixtures of methyl
methacrylate with 2-ethylhexyl or isooctyl acrylate, which
are very well described by a linear interpolation using
the pure compound cohesive energies and molar vol-
umes, whereas those for mixtures with 2-hydroxyethyl
acrylate or methacrylate small positive deviations due to
structural microheterogeneity. © 2009 Wiley Periodicals,
Inc. J Appl Polym Sci 116: 1-9, 2010
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INTRODUCTION

The solubility parameter, J, is widely used as a con-
venient means of predicting miscibility of com-
pounds in a variety of applications, ranging from
polymer blending'” to dye sorption in polymers.’
The concept was first introduced by Hildebrand and
Scott* and is defined as the square root of the cohe-

sive energy density (CED) *°
AE

0=/ 1

o M

where AE is the molar energy difference between a
molecule in the vapor phase (assuming ideality) and
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one in the liquid phase, and V,, is the molar volume.
Along the vapor-liquid coexistence line, it can be
expressed as a function of the enthalpy of vaporization

AHy,p, — RT

5:
Vi

)

which provides the most reliable experimental route
for the determination of the solubility parameter.
The solubility parameter idea was expanded by
Hansen to represent the geometric mean of addi-
tional parameters specific to dispersion (dq4), polariz-
ability /electrostatic (J,), and H-bonding interactions
(9y,), in the form

5t2 = 5d2 + 5p2 + 5112 3)

where §; is the “total” solubility parameter and is
equivalent to the Hildebrand solubility parame-
ter.”'%"3 Because the heat of vaporization of a poly-
mer cannot be measured experimentally, it is a
common practice to use the corresponding value of
the solubility parameter for its monomers as a
substitute.



Given the technological importance of the Hilde-
brand and Hansen solubility parameters for selecting
solvents and designing polymer blends, there exist a
number of compilations of solubility parameters for
industrially relevant chemicals and materials.”®"'31*
Because heats of vaporization for polymers cannot
be measured, the solubility tabulated in handbooks
sometimes do not reflect direct experimental meas-
urements but instead are based on group-additive or
other approximate methods. Often a molecule of in-
terest will have no reported value for its solubility
parameter, predicted or experimental. In such a case,
it would be very beneficial to be able to predict or
calculate a molecule’s solubility parameter with a
technique more accurate than a group-additive
scheme. Particle-based simulations with accurate
force fields offer a promising alternative. This strat-
egy has been pursued with success by Belmares
et al,'® Aminabhavi and co-workers % and this
research group'®?® for a large set of diverse small
molecules (solvents and monomers) and polymers
with known solubility parameter values. The current
work extends previous work into an area where sol-
ubility parameter data are scarce: the n-alkyl acrylate
and methacrylate monomer series, together with
other esters of branched chain and polar functional-
ities. Here, solubility parameters for the C1 to C10 n-
alkyl acrylates and methacrylates and for acrylates
with branched alkyl or 2-hydroxyethyl side chains
are computed using Monte Carlo (MC) simulations
and compared with experimental values (where
available) and correlations. A particle-based MC
simulation uses a sequence of stochastic moves to
construct a trajectory of the system of interest that is
subject to a set of thermodynamic constraints and
where the interactions between the particles are
described b;/ a force field (or potential energy
function).?!?

SIMULATION METHODOLOGY
Force fields

The transferable potentials for phase equilibria
(TraPPE) force field in its united atom (UA) repre-
sentation *>*” was used for all n-alkyl acrylate and
methacrylate monomers C1-C10, as well as for 2-
hydroxyethyl acrylate (HEA), 2-hydroxy methacry-
late (HEMA), 6-methylheptyl acrylate (often referred
to as isooctyl acrylate, IOA), and 2-ethylhexyl acry-
late (EHA). The TraPPE force field describes non-
bonded interactions with Lennard-Jones (L]) and
Coulomb potentials. All molecules were treated as
semiflexible to the extent possible: bond lengths are
rigid, whereas bending angles are described by har-
monic potentials, and torsional angles are described
by cosine series potentials. For HEA and HEMA the
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alcohol hydrogen atom is represented only by a
charge site. Full details of the TraPPE-UA acrylate
model are given in the original reference.”” Here, it
should be noted that only the vapor-liquid coexis-
tence curves of methyl acrylate and methyl metha-
crylate (MMA) were used in the parameterization of
the TraPPE-UA acrylate model, i.e., the solubility
parameters for these two compounds are indirectly
(via the heat of vaporization and the saturated liquid
density) considered in the parameterization, whereas
the solubility parameters computed for all other
compounds are predictions.

For comparison with the data computed for the
TraPPE-UA force field, solubility parameters calcu-
lated using the molecular dynamics CED method
developed by Belmares et al."® are also included.
The CED method uses the Dreiding force field and
charges computed from an electrostatic potential
constructed at the HF/6-31G(d,p) level of electronic
structure theory.” To our knowledge, neither acryl-
ates nor methacrylates were considered in the
parameterization of the Dreiding force field.

Simulation details

Solubility parameters at 298.15 K and 0.1 MPa were
computed using MC simulations in the isobaric-iso-
thermal (NPT) ensemble according to the equa-

tion!?20
Uiso — Uy
5= < 1soV lq> ( 4)
m NPT

where ¢ is the Hildebrand (total) solubility parame-
ter, Ui, is the molar potential energy of an isolated
molecule (computed separately from the bulk lig-
uid), Uyq is the total molar potential energy of the
bulk liquid phase, and V,, is the molar volume of
the liquid phase. The SI units of § are MPa'/?, but &
is commonly reported also in (Hildebrand) units of
(cal/cm®)'?; the conversion between the two is a
factor of ,/4.184.571013

For all simulations, the system size consisted of
301 molecules in a two-box set-up (300 liquid-phase
and 1-gas-phase molecules). A spherical potential
truncation of r. = 14 A was used for L] interac-
tions, with analytic tail corrections applied.”"** All
electrostatic interactions were computed by Ewald
summation with a real space cutoff of 14 A (Feut)
and the convergence parameter k set to 3.2/7q.> ">
Unlike L] interaction, parameters were determined
according to Lorentz-Berthelot combining rules.”
These are the standard long-range interaction treat-
ments and combining rules for the TraPPE-UA force
field.
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All systems were equilibrated for at least 250,000
MC cycles, where one cycle is made up of N moves,
N being the number of molecules. In addition to the
usual MC trial moves of center-of-mass translations
and rotations, coupled-decoupled configurational-
bias MC***°! moves (20% of trial moves) were
used to allow the system to reach thermal equilib-
rium, whereas volume exchanges with an external
pressure bath equilibrated the density. After the
equilibration period, production runs of at least
300,000 MC cycles, divided into five blocks, were
performed and data collected. Statistical uncertain-
ties are estimated from the block averages and are
reported as the standard error of the mean.

Mixtures

A selected number of mixtures were also investi-
gated using the TraPPE-UA force field. These were
chosen based on similar or dissimilar solubility pa-
rameters of the components, as well as potential
industrial relevance, to ascertain whether the mix-
ture solubility parameter can be well described by a
linear interpolation of the pure compound solubility
parameters or by using linear interpolations of the
pure compound data on the right-hand side of eq.
(4). Four types of mixtures (MMA/HEA, MMA/
HEMA, MMA/EHA, and MMA/IOA) were simu-
lated with the same method described above using
300 total liquid-phase molecules at five different
molfractions. To compute the mixture solubility pa-
rameter via eq. (4), Uyq and V, are taken directly
from the simulation of the specific mixture, and the
value of U, for the mixture is obtained by the sum
of each mixture component’s U, multiplied by its

molfraction (i.e., Ujso = X4 U{:O + XBUiBSO)-

Experimental data and correlations

Experimentally determined solubility parameters
were assembled for comparison with those com-
puted in this work and are listed in the Supporting
Information. These can be found in handbooks and
sometimes in the primary literature. However, the
term “experimental” is used advisedly; while some
portion of a solubility parameter’s value, such as
AH,,,, may be experimentally determined, other
components, such at the molar volume at 298.15 K,
may originate from group-additive methods. Many
compilations state this fact plainly although some do
not, nor is it always clear which part is experimen-
tally determined.®'*'* Moreover, the experimental
components are not always measured in the same
way, giving rise to multiple dissimilar values.!>1®
For the mn-alkyl acrylates and methacrylates, and
esters of these monomers in general, this problem is
compounded by the almost complete lack of solubil-

ity parameter values, or even much physical prop-
erty data, for linear chains longer than n-butyl (C4).

For n-alkyl acrylate and methacrylate esters, corre-
lations based on the normal boiling point or the re-
fractive index can be used to estimate the solubility
parameter. The normal boiling points (1 atm) of the
n-alkyl acrylates and the n-alkyl methacrylates can
be described according to the experimentally
derived equation®

Tp = Vax +b (5)

where Ty, is the normal boiling point in Kelvin and x
is the total number of carbon atoms in the molecule;
the values of the parameters for the acrylates (meth-
acrylates) are @ = 18,700 (18,400) and b = 44,000
(42,000).%* These relationships yield good agreement
with other available experimental boiling points.
These and available boiling points then can be used
to estimate AH,,, with the Hildebrand rule*>7”#

AHyop = —12,340 +99.2(Ty) + 0.084(T,%)  (6)

where AH,,,, is given in Joules per mole and T}, is in
Kelvin. Enthalpies of vaporization so computed
were used to determine Hildebrand solubility pa-
rameters using eq. (2), where molar volumes were
determined from experimental densities at 20°C (293
K). Experimentally derived molar volumes are listed
in the Supporting Information. It is worth noting
here that experimental densities are often reported
at 20°C, such as the majority of those in the CRC
Handbook.*® Moreover, as with other “experimen-
tal” solubility parameter data, it is not clear whether
the molar volume used in computing these values is
properly determined at 25°C (since solubility param-
eters are reported at this temperature), or if they are
in fact from densities at 20°C. Although the effect on
the solubility parameter will be small, this issue is
merely one of the many to consider when assessing
the relative accuracy or inaccuracy of a solubility
parameter’s purportedly experimental value.

Another popular approach is to estimate the solu-
bility parameters from measured refractive index
values, which are often available for the acrylate and
methacrylate esters. These correlations usually do
not include a dependence on the molar volume and,
hence, predict an increase in the solubility parameter
with increasing refractive index; one commonly used
correlation for the Hansen 64 parameter (in MPa'/?)
is

5d = 9.55np — 5.55 (7)

where np, is the refractive index.””** Another equa-
tion purporting to predict the total Hildebrand
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solubility parameter with the refractive index was fit
to the Lorentz-Lorenz function (as are many similar
methods) and is given by

2 _
5= /3045 (”5 1) ®)
ng +2

where 6 is the Hildebrand solubility parameter in
(cal/cm®)/? and 304.5 is an empirically determined
constant.’® A table with refractive indices and the
corresponding ¢ values calculated from eq. (8) is
provided in the Supporting Information.

RESULTS AND DISCUSSION
Comparison with the literature data

Figure 1 shows a comparison of the Hildebrand
(total) solubility parameters for the n-alkyl, 2-ethyl-
hexyl, and 2-hydroxyethyl acrylates and methacry-
lates computed using MC simulations with the
TraPPE-UA force field with those computed to the
CED method using the Dreiding force field,"” to-
gether with solubility parameters taken from the lit-
erature (based on the experimental data®®*'%%*% or
group additivity methods'*). Numerical values of
the simulation data (with statistical uncertainties for
the TraPPE-UA data) are listed in the Supporting In-
formation. In general, the TraPPE-UA force field
does very well, yielding a mean unsigned percent
error (MUPE) of 1.7 for the acrylates and 2.2 for the
methacrylates, versus the Dreiding force field that
gives MUPEs of 12 and 10 for the acrylates and
methacrylates, respectively. For six of the seven
acrylates and methacrylates for which multiple liter-
ature values could be found, the TraPPE-UA predic-
tion falls within the range of the literature data; the
exception is EHA where the literature values appear
somewhat small compared with those for the n-alkyl
acrylates (with shorter side chains). Larger devia-
tions between the TraPPE prediction and the single
literature value are also observed for n-hexyl acry-
late and n-propyl methacrylate. For the former, the
literature value is from Hoy’ and is of questionable
accuracy because it does not follow a regular trend
with the data for other n-alkyl acrylate from the
same source (C1: 9.38; C2: 8.81; C4: 8.63; C6: 8.69).
For n-propyl methacrylate, the single literature value
from Hansen'® falls significantly above the average
literature values for the ethyl and n-butyl methacry-
lates (see Supporting Information). In contrast to the
satisfactory predictions obtained with the TraPPE-
UA force field, the Dreiding results greatly overpre-
dict the solubility parameter value in every case and
the deviations are largest for acrylates with short
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side chains (i.e., those with the largest value of the
solubility parameter).

Dependence on side-chain length and comparison
with correlations

The MC simulations for the TraPPE-UA force field
yield a linear dependence of both the cohesive
energy and the molar volume [see eq. (4)] with the
side-chain length for the n-alkyl acrylates (AU(n)/
[k]/mol] = 4.298n + 26.31 with R* = 0.998; V(n)/
[cm®/mol] = 16.54n + 77.49 with R* = 0.999) and
methacrylates (AU(n)/[k]/mol] = 4.186n + 30.02
with R? = 0.997; V(n) [cm®/mol] = 16.59n + 93.98
with R? = 0.999). The similar coefficients (slopes)
obtained for the acrylates and methacrylates indicate
that fits of nearly the same quality can be obtained
by using the same methylene increments for both
homologous series. Here, it should be noted that the
molar volumes predicted by the TraPPE-UA force
field are in excellent agreement with the literature
data>®13143233:38-40 (with MUPEs of 1.0 and 1.2 for
acrylates and methacrylates, respectively), whereas
the Dreiding predictions are only of similar accuracy
for shorter side chains with one to four carbon
atoms but diverge with increasing side-chain length
greater than five carbons (for numerical values, see
Supporting Information). As a side note, this linear
behavior of the cohesive energy will likely disappear
when the length of the side chain is increased
beyond the persistence length for alkyl chains
because coiling allows the side chain to solvate itself,
thus reducing the number of intermolecular contacts
with other chains. Indeed, the vapor-liquid coexis-
tence curves for linear and branched alkanes with
more than 20 carbon atoms show significant devia-
tions from the principle of corresponding states.*!

Since the numerator and denominator in eq. (4)
are both linear functions of side-chain length, the
solubility parameter should converge to a limiting
value with increasing side-chain length. The data
presented in Figure 2 indicate that this is indeed the
case for the TraPPE-UA predictions for the n-alkyl
acrylates and methacrylates. The data for the Dreid-
ing force field show considerably more scatter, but it
should be noted that the CED method'® is based on
simulations much shorter than those used in this
work.

Figure 2 also shows a comparison with two com-
mon correlation approaches for the solubility param-
eter that are either based on the normal boiling point
and the Hildebrand rule [egs. (5) and (6)] or on the
refractive index [eq. (8)]. Neither of these correla-
tions yields a satisfactory description of the side-
chain length dependence of the solubility parameter.
The boiling-point correlation is fairly accurate for



HILDEBRAND PARAMETERS OF ACRYLATE AND METHACRYLATE MONOMERS 5

13 T T T T T K} T
12— —
d N .
. o]
g - e 1
=10 -
& e 4
E |_§.$
Mm 9 L -
" J
O TraPPE-UA
8 ¢ Dreiding N
7 1 | 1 | 1 | 1 | 1 | 1
7 8 9 10 11 12 13

5'" [(cal/cm 3) w]

Figure 1 Scatter plot showing computed Hildebrand sol-
ubility parameters versus the literature data.®®%!3143637
Data computed for the TraPPE-UA and Dreiding force
fields are shown as circles and diamonds, respectively.
The horizontal “error” bar indicates the range of literature
data with the symbol being placed at the location of the
unweighted average of the literature data.

short side chains (up to 4 carbon atoms), but overes-
timates the decrease in the Hildebrand solubility
parameter for the acrylates and methacrylates
with longer side chains. Because the boiling points
for n-octyl acrylate and n-octyl methacrylate pre-
dicted by eq. (5) are in excellent agreement with the
experimental data, it seems that the Hildebrand rule
[eq. (6)] is responsible for the deviations observed
for the larger acrylates. This does not come as a sur-
prise because the Hildebrand rule (and also the prin-
ciple of corresponding states) works best when
applied to nearly spherical molecules where the
interaction energy depends only on intermolecular
distance and not orientation.

For the n-alkyl esters of both the acrylates and
methacrylates, the refractive indices increase with
increasing chain length, and therefore the solubility
parameters predicted by eq. (8) also increase accord-
ingly, in contrast to experimental observation and
the values predicted from simulation in this work,
which decrease nonlinearly as a function of increas-
ing chain length (see Fig. 2). It seems that the refrac-
tive index does not correctly reflect the larger incre-
mental molar volume compared with the
incremental cohesive energy. As an aside, one
should note that eq. (8) yields solubility parameters
of HEA and HEMA that are underpredicted by
approximately 20% (see Supporting Information),
i.e., the difference between an ethyl and a hydrox-

yethyl side chain is vastly underestimated. Although
these and other correlative methods often represent
an average over many different chemical functional-
ities, and the scarcity of physical property data can
sometimes render such methods attractive, molecu-
lar simulation seems to hold greater promise with
physically meaningful results.

Dispersive and polar contributions to the
solubility parameter

Solubility parameters are often divided into three
contributions [see eq. (3)] and Table I lists the indi-
vidual contributions computed with the TraPPE-UA
and Dreiding force fields and those found in Han-
sen’s handbook.'® Of course, there is no direct way
to separate experimentally measured heats of vapori-
zation (or molar volumes) into individual contribu-
tions, and thus a multitude of different estimation
methods is used.”® It should be noted that the
TraPPE-UA force field does not contain any explicit
H-bonding terms (i.e., the H-bonding is described
through a balance of Coulombic and L] interactions)
and therefore the solubility parameter can only be
divided into the dispersive (d4) and polar/electro-
static (J,) solubility parameters. The TraPPE-UA and
Dreiding values for dJ4 and J, decrease fairly

NI T " T10 TraPPEUA
F < ) v eqns.5&6
10+ A eqn.8
| < Dreiding
9 ; A & A A T
o E i 5 g = . : 4
= @ S 8 8 ow g
i 8- VvV v %
E L I L I 1 I 'l l L
:g‘ T 1 T | T I T | T
g 10 5 =
0 I |
Sk é s X f e A
- @ ; o] 2 o % ]
LB VV v vy
7 L I 1 I A I 1 l L
0 2 4 6 8 10

Figure 2 Side-chain length dependence of the Hildebrand
solubility parameter for n-alkyl acrylates (top) and metha-
crylates (bottom). Red circles, green diamonds, blue down
triangles, and magenta up triangles denote predictions
based on the TraPPE-UA force field, the Dreidin: 3% force
field, the boiling-point correlation [egs. (2 and (6)™7], and
the refractlve index correlation [eq. (8) ®]. The vertical

“error” bar and the cross indicate the range of the litera-
ture data.>®%131%3%37 [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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TABLE 1
Dispersive (d4), Polar (6,), and H-Bonding (3;) Solubility Parameters of Selected Acrylates and Methacrylates
Computed With the TraPPE UA and Dreiding Force Fields and Determined by Hansen™ in Units of (cal/cm®)"?
TraPPE-UA Dreiding Hansen
ddq 0p dgq op o 04 op o

Acrylate esters

Methyl 8.79 2.71 8.31 6.53 0.00 7.48 3.28 4.60

Ethyl 8.53 2.15 8.51 6.17 0.00 7.58 3.47 2.69

n-Propyl 8.40 1.86 8.40 5.52 0.00

n-Butyl 8.36 1.69 8.27 4.62 0.00 7.63 3.03 2.40

n-Decyl 8.24 1.14 8.00 3.25 0.00

2-Ethylhexyl 8.11 1.22 7.85 3.33 0.00 7.24 2.30 1.66

2-Hydroxyethyl 8.76 8.49 8.30 9.03 3.81 7.82 6.45 6.55
Methacrylate esters

Methyl 8.64 2.37 8.34 5.38 0.00 7.72 3.18 2.64

Ethyl 8.39 1.93 8.38 4.72 0.00 7.72 3.52 3.67

n-Propyl 8.27 1.69 8.23 4.34 0.00 7.58 3.08 3.23

n-Butyl 8.23 1.57 8.31 3.94 0.00 7.63 3.13 3.23

smoothly with increasing chain length for n-alkyl
esters. This decrease in the 4 values with increasing
chain length is another interesting contrast to the
increase predicted using refractive index data [see
eq. (7)], i.e., the correlation also does not hold for 4
alone. The values of d4 computed for the TraPPE-
UA force field are slightly larger (on average by
approximately 3%) than those for the Dreiding force
field which, in turn, are about 8% larger than those
provided by Hansen."

In contrast, the 6, values differ significantly. The 9,
values determined with the Dreiding force field are
nearly three times larger than those computed with
TraPPE-UA and approximately 60% larger than the
Hansen 6, values, giving rise to the large overpredic-
tion of the total Hildebrand solubility parameters for
the Dreiding force field (see Fig. 1), which are, within
statistical uncertainties (for the simulations), the geo-
metric means of the individual solubility parameters.
The exception is HEA for which the Dreiding and
TraPPE-UA 6, are similar (see below). This large dif-
ference in the ¢, values is the result of the different
partial atomic charge descriptions used by the two
force fields: the TraPPE-UA acrylate model®” places
partial charges on only four atom centers and their
value is independent of the length of the side chain,
whereas the Dreiding model'>?® places partial charges
on every atom and the magnitude of the ester func-
tional group is more polarized for longer side chains
(see Supporting Information). Previously, it was al-
ready argued that the acrylate partial charges of the
TraPPE-UA force field might be slightly too small in
magnitude because the separation factor with alkanes
is underestimated.” For the most polarized portion of
the molecules, the carbonyl carbon, carbonyl oxygen,
and the ester oxygen the Dreiding partial charges are
larger by factors of about 2.5, 1.5, and 2, respectively,
than those for the TraPPE-UA force field. Because the
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Dreiding force field significantly overestimates the
Hildebrand (total) solubility parameters for the com-
pounds of interest, it seems likely that its partial
charges are too large in magnitude. To ascertain
whether the CED predictions with the Dreiding force
field could be improved by using a different charge
model, partial charges were also computed from an
electrostatic potential constructed at the B3LYP/6-
31G** level of electronic structure theory.* Indeed the
use of this level results in slightly reduced partial
charges and the CED predictions for J, decrease to
values of 5.88 and 4.83 for methyl acrylate and MMA,
respectively, and concomitantly the Hildebrand solu-
bility parameters for these compounds decrease by 3%
and 4%, respectively, but remain too large compared
with the literature averages by 12% and 7%, respectively.

HEA and HEMA are the only compounds studied
here that contain both H-bond acceptors and donors.
Hence, H-bonds cannot be present for pure phases
of the other alkyl esters and the Dreiding force field
yields ), values of zero for these compounds. In con-
trast, the Hansen 0, values are non-zero for com-
pounds that contain only acceptor or only donor
sites. Because of H-bond formation, the TraPPE-UA
force field predicts a large 6, value for HEA (about
four times larger than for ethyl acrylate). The Dreid-
ing force field yields a similar 6, value (as TraPPE-
UA) for HEA and a J,, value that is about a factor of
2.4 smaller than the 5p value. In contrast, the Hansen
0, and ¢y, values are close in magnitude, and their
geometric mean is about 9% smaller than that for
the Dreiding force field and 7% larger than ¢, for
the TraPPE-UA force field.

Mixtures

Molecular simulation can also be used to directly
determine the Hildebrand solubility parameter for a
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Figure 3 Composition dependence of the solubility pa-
rameter for four binary mixtures: HEA/MMA (black cirles
and lines), HEMA/MMA (red triangles and lines), EHA/
MMA (green squares and lines), and IOA/MMA (blue
diamonds and lines). The symbols denote the results of
explicit simulations with the TraPPE-UA force field for
these binary mixtures. The dotted and dashed lines show
a linear interpolation of the solubility parameters and an
estimation based on eq. (4) using separate linear interpola-
tions for the cohesive energy and molar volume. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

mixture. In principle, these mixture é can also be
determined from experimental measurements of the
pure-component J, and the excess heat and excess
volume of mixing. However, to our knowledge, ex-
perimental data are not available for acrylate mix-
tures. When explicit data for a mixture are not avail-
able, the Hildebrand solubility parameter is often
evaluated from a linear interpolation of the pure-
component parameters. Figure 3 shows a comparison
of the Hildebrand solubility parameters for four mix-
tures (HEA/MMA, HEMA/MMA, EHA/MMA, and
IOA/MMA) as a function of composition computed
directly from simulations against two linear interpo-
lations: (i) a simple linear interpolation of the solubil-
ity parameter based on the molfraction (sometimes,
the volume fraction is used for this interpolation, but
the molar volumes of HEA, HEMA, and MMA are
sufficiently close that the difference between molfrac-
tion and volume fraction interpolation would be very
small), and (ii) an estimation that uses separate linear
interpolations for the cohesive energy and the molar
volume in eq. (4). Both interpolations use the pure-
component properties obtained for the TraPPE-UA
force field, so that the focus is on deviations caused
by mixing. The data in Figure 3 indicate clearly that
the interpolation using eq. (4) is significantly more

accurate than the simple linear interpolation. The fact
that the former works quite well implies that the rela-
tive values of the excess heat and volume of mixing
are quite small for these mixtures.

The structural properties of these mixtures were
also examined, and this discussion focuses on the
50/50 (molfraction) mixtures. To examine the micro-
heterogeneity, the local molfraction enhancement
(LMFE)*?% was determined as a function of center-
of-mass distance from a chosen molecule. The local
molfraction is the average number of molecules of a
given type up to a distance r from the chosen mole-
cule divided by the total number of molecules of
any type, where the number of molecules of each
type is determined from the center-of-mass number
integral.*'** To obtain the local molfraction enhance-
ment, the local molfraction is divided by the bulk
mole fraction.”® The data depicted in Figure 4 indi-
cate a small LMFE for the 2-hydroxyethyl esters in
the HEA/MMA and HEMA/MMA mixtures.
Because the more polar esters have a slight tendency
to aggregate, the likelihood to find an MMA mole-
cule surrounded by a like species is also slightly
enhanced. The reason for this aggregation is that the
hydroxyl oxygen is a better acceptor site than the
carbonyl and ester oxygen atoms of the acrylate moi-
ety. This can be evaluated through an analysis of the
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Figure 4 Comparison of the local molfraction enhance-
ment (LMFE) for four binary mixtures with 50/50 bulk
molfraction: HEA/MMA (black lines), HEMA/MMA (red
lines), EHA/MMA (green lines), and IOA/MMA (blue
lines). The top part shows the LMFE of component I being
surrounded by other component I molecules (e.g.,, HEA
being surrounded by HEA for the black line), and the bot-
tom part shows the LMFE for MMA being surrounded by
MMA (i.e.,component II). [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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H-bonds formed in the mixture. Using an H-bond
criterion based on O—O and O—H distances and the
bond angle,44 one finds that on average each HEA
or HEMA molecule forms 0.85 H-bonds in the 50/50
mixture (only a 5% decrease compared with pure
HEA or HEMA) and that about 84% of these H-
bonds involve a hydroxyl oxygen as acceptor site,
whereas the HEA/HEMA or MMA carbonyl oxygen
atoms each account for approximately 6% of the H-
bonds. Given the large number of competing
acceptor sites, the microheterogeneity of these acry-
late mixtures is very small compared with mixtures
of primary alcohols and #n-alkanes (e.g., 1-hexanol
and n-hexane®*®). The reason for the depletion in
the EHA/EHA and IOA/IOA LMEE is one of size,
i.e., the van-der-Waals volumes of these molecules
are significantly larger than that of MMA and,
hence, the first solvation shell around EHA or IOA
is slightly enriched by MMA (or depleted by EHA
or IOA).

CONCLUSIONS

Hildebrand solubility parameters for a variety of ac-
rylate and methacrylate esters can be predicted with
very good accuracy using the TraPPE-UA force field
and less so with the CED method using the Dreiding
force field. The TraPPE-UA predictions show a
mean unsigned percent error of 2% (or 0.2 Hilde-
brand units) to the average of multiple literature
data and usually fall within the range (typically,
about 0.6 Hildebrand units) of the available data. In
contrast, the Dreiding force field greatly overpredicts
the solubility parameters for every molecule studied
in this work, mainly because of its large values for
the Hansen polar/electrostatic parameter J,, which
is about three times larger than that computed with
the TraPPE force field.

Correlations based on either the normal boiling
point or the refractive index fail to predict the cor-
rect dependence of the Hildebrand solubility param-
eters of acrylate and methacrylate esters on the
length of the n-alkyl chain, but the boiling-point cor-
relation yields acceptable predictions for short side
chains including the hydroxyethyl esters.

The solubility parameter of mixtures of MMA and
other nonpolar monomers (EHA and IOA) can be
well approximated from knowledge of the cohesive
energy and molar volume of the individual compo-
nents, whereas those for mixtures with HEA and
HEMA show small positive deviations from a linear
interpolation using the pure compound cohesive
energies and molar volumes. Structural analysis
demonstrates local mole fraction enhancements of
the 2-hydroxyethyl ester compounds for the latter
mixtures because the hydroxyl oxygen is the pre-
ferred hydrogen-bond acceptor site.

Journal of Applied Polymer Science DOI 10.1002/app

LEWIN ET AL.

In the absence of experimental solubility parame-
ters or relevant physical property data, such as
AH,,, and densities, solubility parameters can be
predicted with high accuracy with the TraPPE force
field, and such values are likely to be more accurate
than group-additive methods or even calculations
from piece-wise experimental data, as all simulated
results are indeed determined at the proper temper-
ature and pressure.
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