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Abstract

The cohesive properties of many engineering plastics are difficult to determine experimentally, as the polymers are frequently
insoluble, have high T,s, and are sometimes poorly characterized. For difficult polymers such as these, molecular modeling can provide
useful information of higher quality than might be obtained by other methods. Ultem® is a polyether imide having a very large and
relatively stiff repeat unit. We have performed a series of simulations on Ultem and related molecules so as to evaluate the cohesive
energy density of the polymer. Small molecular fragments (N-phenylphthalimide, 2,2-diphenylpropane, and diphenylether) of the repeat
unit were studied to get approximate bounds to be expected for values of the solubility parameter for the polymer. Oligomers up to
4-mers were directly simulated, and the results were used to estimate the properties of the high polymer. These methods yield a value near
22.0 MPa'” for the solubility parameter of the polymer, lower than has been estimated from group additivity. The interfacial interactions
between Ultem and a variety of low molecular liquids have also been evaluated in an effort to identify functional groups that might interact
most favorably with the polymer for adhesive applications. These calculations are in good agreement with expectations from solubility
parameters. Most significantly, the calculations are fully compatible with experimental observations. © 2001 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

Molecular modeling of bulk materials has advanced to the
point where several properties can be reliably computed
with an accuracy that rivals experiment [1]. This is espe-
cially helpful for those systems that are inherently difficult
to study experimentally, and for which experimental data is
therefore not available or is of uncertain quality. Foremost
amongst difficult systems are the engineering plastics,
which are often only soluble in extremely aggressive
solvents, have high T,s, and may be poorly characterized.
While these systems are difficult to study experimentally,
they also pose challenges to simulations. The structural
complexity and rigidity of this class of molecules causes
them to relax very slowly, which makes them very difficult
to equilibrate in the computer. However, by study of oli-
gomers and related small molecules, with extrapolation to
high MW [2], one can partially circumvent many of these
problems.

To execute this plan clearly requires a high-quality
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force field that has been validated for molecules that are
structurally homologous to the polymer of interest. We
use Compass for this purpose, as it has been specifically
optimized to provide accurate condensed phase equation
of state and cohesive properties for molecules containing
a wide range of functional groups [1].

The primary purpose of this research has been to
identify potential adhesives or adhesion promoters that
might be used with Ultem®. On building a structural
model of the surface of the polyether imide polymer, it
appeared that the best opportunity for strong physisorp-
tion would be provided by H-bond or electrostatic inter-
actions with the imide groups. Structural homology
recommended benzyl alcohol as a candidate group that
might fulfill these requirements. Furthermore, the
published solubility parameters for the polymer [3]
(23.7 MPa'%) and benzyl alcohol [4] (24.8 MPa'?) are
very similar, suggesting that they should be compatible.
To determine whether or not simulations might shed
further light on these considerations, we have undertaken
a study of the interactions of a range of low molecular
liquids with a model for the surface of Ultem. If correct,
benzyl alcohol should have the most favorable interac-
tions, while molecules with solubility parameters either
higher or lower than benzyl alcohol should be less
attracted to the polymer.
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The strategy that we chose to adopt for these calcula-
tions avoids the direct computation of surface tensions as
required by the Dupré equation. This was done to avoid
having to calculate the surface tension for the polymer
directly, which we considered to be extremely difficult.
Instead, we opted to use software to calculate the energy
of interaction between the polymer and fluid phases
directly, without having to subtract out the polymer—
polymer and fluid—fluid contributions. A part of what we
will show here is that the method is relatively simple yet
very informative.

2. Methods

Simulations were performed with the Discover molecular
mechanics and dynamics simulation module from Accelrys.
Periodic cells containing from about 1500 to 5000 atoms
were built with Amorphous Cell. The constructs were subse-
quently refined to provide input for production runs. The
smaller cells were used for homogeneous systems and
the larger for the heterogeneous (interfacial) systems. The
homogeneous systems were built with 3D periodicity, and
were equilibrated in the NPT ensemble at 298 K and
zero applied pressure using the Berendsen [5] barostat.
This equilibration was usually done for 5ps with
dynamics, and this was followed by a data accumulation
run lasting at least 100 ps, with configurations being saved
every 5 ps. Sun and Rigby [6] have shown that this gives
statistically independent energies for systems of small
molecules.

Group-based cutoffs were used (the molecules having
been subdivided into neutral charge groups), with explicit
atom sums being calculated out to 9.5 A. A “tail correc-
tion’ was applied to evaluate the compressive effect on the
cell arising from the dispersion interaction between mole-
cules in the cell and all others in the shell from 9.5 A to
infinity. The temperature in all of the simulations was
equilibrated with the Andersen algorithm [7], with the
velocities being randomized to a Boltzmann distribution
every 400-800 fs, depending on the size of the system.
The velocity Verlet algorithm [8] was used for integration
of the equations of motion. The forces were calculated
with the Compass forcefield, using parameters given in
Appendix A.

Pristine surfaces of organic materials are readily
studied with simulations. Methods for constructing poly-
mer surfaces have been described by Mansfield and Theo-
dorou [9] as well as by Mattice and co-workers [10—12].
The method used in the Amorphous Cell module of
Materials Studio [13] is similar to the Mansfield and
Theodorou method. A ‘glass wall’ potential is applied to
two plane faces (conventionally taken to be orthogonal to
the c-axis of the cell) separated by a specified distance of
an otherwise periodic box containing the growing poly-
mer. A segment of any molecule that approaches either

wall experiences a strong inverse power repulsive force
with a singularity outside the box, and this biases the
Metropolis ballot criterion encouraging the growing
molecule to stay within the box. These slabs or films are
then equilibrated to the point where their energy is within
the bounds that minimizers can easily handle when the
potential is removed or the cells are assembled with
other surfaces.

For our studies, 2D boxes of the small molecules
were also built using the algorithm described above,
whereupon the two slabs were merged and the box
extended by 100 A in the c-direction. The fluids were
constructed with 1500—-2000 atoms each. The glass wall
potential between the two interfaces was removed and the
surfaces allowed to equilibrate naturally against the
vacuum for approximately 2 ps, following which 250-ps
production runs were executed. Neutral charge group
cutoffs of 9.5 A were used for propagating the dynamics,
with a tail correction being applied to the films in an effort
to mimic bulk conditions, as described in more detail
below.

This super-cell was treated as a 3D periodic system for
the dynamics simulations (overall dimensions ca. 37 A x
37 Ax 150 A). The same initial polymer configuration
was used for all solvents, and no attempt was made to
average over polymer configurations apart from what is
realized during the run for any one of the solvents. The
thickness of the polymer layer in the equilibrated systems
was about 28 A. The repeat unit is about 21 A long. If one
makes use of the results of Mattice [10—12] on more
flexible systems, one concludes that this cell is too thin,
relative to the repeat unit length, to have an accurate
representation of the configuration statistics of the poly-
mer at the interface. However, to make a good sample of
the configuration space of the polymer, or to better repre-
sent the surface structure by building a cell with a thick-
ness of several persistence lengths, would have been
prohibitively costly. We believe that by using the same
initial structure, albeit relatively thin for the polymer,
relative differences between the various solvents are
meaningful. A representative structure (Ultem plus benzyl
alcohol) is shown in Fig. 1.

Simulations on the heterogeneous systems were run in
the NVT ensemble at 298 K, with a tail correction
applied outside the cutoff of 9.5 A. This is not an accu-
rate procedure, but was used to ensure that the relatively
thin fluid layer would feel an effective pressure equiva-
lent to that in the bulk. Because the system contains a
vacuum space, the polymer and solvent are free to
expand even though the ensemble is one at constant
volume. A pictorial representation of the interactions
included and excluded during propagation of the
dynamics and evaluation of interaction energies is
provided in Fig. 2. During dynamics all interactions,
P-P, P-S, and S-S were explicitly evaluated, whereas
the interaction energy entailed only the P—S interactions.
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Fig. 1. A representative structure of Ultem interacting with benzyl alcohol. The figure on the left shows the parent molecules superimposed on the cell, while

on the right the molecules are packed into the cell with their periodic images.

Every 500 fs the energy of interaction between P (poly-
mer) and S (fluid) layers was evaluated using an 18 A
cutoff without tail correction. Exploration of the depen-
dence of computed interaction energies on this cutoff
distance showed that there was no advantage to using a
larger cutoff, but a smaller one would have omitted
significant contributions to the energy evaluation. This
gives a consistent and reasonably accurate measure of
the total energy of interaction of the two layers. One

S-S

P-S P-P

Fig. 2. Pictorial representation of the matrix of intermolecular interactions
that was evaluated during the simulation and interfacial energy evaluation.
During dynamics, all interactions (P = polymer and S = solvent) were
used, as represented by the lower triangular half of the matrix. The inter-
facial interaction energy was evaluated every 0.50 ps of dynamics from the
P-S block of interactions only.

run with 225 ethylene glycol molecules gave results
essentially identical to that obtained with 150 molecules.
A total of 500 energy evaluations were performed for
each system (250 ps total simulation time). Visual
inspection of the energy as a function of time generally
revealed plateaus where the energy fluctuated about a
reasonably stationary mean value, and averages over
these time intervals were taken. Relatively large excur-
sions of the energy were often seen, and these are asso-
ciated with diffusion of one or two solvent molecules
into the polymer. The polymer film was usually very
rough when equilibrated against each of the fluids, and
probably had significant voids that allowed diffusion.
(This is another aspect of the difficulty in relaxing a
bulky molecule below its T,.) No attempt was made to
correct for molecules that had diffused into the polymer
matrix; they were included in the calculation of the
interactions between polymer and solvent. Since each
solvent diffused to some extent, it is probable that the
trends in the results are not significantly influenced by
this phenomenon.

3. Results

The repeat unit [3] of Ultem is shown in structure I.
Rather than leave a phenolic group at the chain end, the
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oligomers used in calculations were terminated with phenyl
groups. That is, oligomers with the structure II were used in
the simulations. Neutral charge groups for the phenyl ter-
minated chains were easily assigned.

Owing to the cited difficulties in equilibrating the
polymers, it was deemed essential to survey smaller
fragments of the repeat unit to establish bounds to be
expected for the polymer. To this end, bulk amorphous
phases of N-phenylphthalimide, 2,2-diphenylpropane,
and diphenyl ether were studied. The results are given
in Table 1 along with the results for the Ultem oli-
gomers. The solubility parameter for N-phenyl-phthalimide,
23.78 MPa'”, provides an upper bound on the solubility
parameter for the polymer. This is expected since the less
polar units in the backbone will surely cause the solubility
parameter to decrease. This contention is verified in Table 1,
where it is seen that the 2,2-diphenylpropane unit has a
solubility parameter approximately 5 units smaller than
the imide moiety. Similarly, the solubility parameter for
the diphenyl ether group is smaller by about 2.6 units. A
crude estimate for the solubility parameter for the polymer
is provided by a weighted average of the values for the two

Table 2

Table 1

Densities and solubility parameters for Ultem® oligomers and related
molecules

Molecule p (g cm™?) Sim. p (g em®) Lit. 8 (MPa'?) Sim.
N-phenylphthalimide 1.213(0.041)* - 23.78(0.10)
2,2-Diphenylpropane 0.984(0.010) 0.9943° 18.82(0.16)
Diphenyl ether 1.093(0.006) 1.075° 21.13(0.13)
Ultem 1-mer 1.177(0.013) - 20.7(0.3)

Ultem 2-mer 1.201(0.006) - 21.3(0.1)

Ultem 4-mer 1.182(0.008) 1.27¢ 19.0(0.1)

* Standard deviations in parentheses.

® Ref. [14, p. a-3420]; this value is for the under-cooled liquid.

¢ Ref. [16, p. 1158]; density at 20°C.

¢ value for Ultem® 1000 from General Electric website: http:/
www.geplastics.com/products/ultem.html.

imide and ether groups and one diphenylpropane: & =
[2(23.78 + 21.13) + 18.82]/5 = 21.7 MPa>.  However,
the polymer is denser than the average of these structural
units, and an additional correction to increase the solubility
parameter by about 10% to account for this effect makes
the solubility parameter very near the literature value
23.7 MPa'”. The values computed for the Ultem oligomers
can be likewise corrected to the experimental density; this
gives values of approximately 21.5 for the 1-mer, 21.9 for
the 2-mer, and 19.7 for the 4-mer. The average over the
oligomers is about 21.0 MPa'?. We conclude that the best
estimate of the solubility parameter for the polymer is about
22.0 MPa'”.

4. Sorption studies

Solubility parameters of the small molecules used in
these studies — iso-amyl acetate, n-amyl acetate,
toluene, benzyl alcohol, and ethylene glycol — were
evaluated so as to validate the CompAss force field. The

Densities and solubility parameters for solvents and their interactions with Ultem®

5 (MPa'?) Sim. 5 (MPa'?) Lit. EX10° Jem ™)

Solvent p (gem ™) Sim. p (gem ™) Lit.
iso-Amyl acetate 0.856(0.009) 0.8719%
n-Amyl acetate 0.865(0.008) 0.8719°
Toluene 0.870(0.008) 0.8622°
Benzyl alcohol 1.035(0.008) 1.04168
Ethylene glycol 1.103(0.010) 1.1100"

16.88(0.20) 16.0° —2.10(0.03)
17.63(0.22) 17.65,17.1¢ —2.23(0.01)
18.35(0.19) 18.23" - 2.36(0.02)
24.81(0.19) 24.8° — 2.66(0.02)
35.00(0.20) 33.891, 29.9) — 1.49(0.01)

S

Ref. [15, p. a-5560].
Ref. [4, p. VII/688].
Ref. [15, p. m-5550].
Ref. [17, p. 135].
Ref. [15, p. a-3290].
T Ref. [14, p. m-3290].
¢ Ref. [16, p. 176].
Ref. [15, p. a-5180].
Ref. [15, p. m-5230].
Ref. [17, p. 253].
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Fig. 3. The energy of interaction between an Ultem® model surface and
several low molecular liquids plotted as a function of the solubility para-
meter. Tabulated results are contained in Table 2.

results of these simulations are shown in Table 2. The
table also contains data allowing comparison of densities
of the fluids obtained from the NPT simulations with the
available literature values. On average, densities agree
with the literature to slightly better than 1%, with the
largest deviation being for iso-amyl acetate. However,
there is some doubt as to the reliability of the literature
value for this compound, as it is reported to be the same
as for the unbranched isomer. Solubility parameters agree
with the literature values to within an average of about
1.8%, with the largest deviations (for iso-amyl acetate
and ethylene glycol) being for fluids having the most
uncertain literature values. As previously pointed out
by us [2], the experimental values for ethylene glycol
are highly scattered. For the other three liquids, solubility
parameters from simulations are on average within 0.3%
of the reported experimental values.

The interaction energies of the five fluids with the Ultem
surface model are contained in the last column of Table 2. A
plot of the energies against the solubility parameters of the
fluids is shown in Fig. 3. It is seen that the energy appears to
have a minimum near 6 = 24 MPa1/2, i.e. near the value for
benzyl alcohol. Qualitative experiments show that benzyl
alcohol wets the surface of an Ultem sample, as do the

Table Al
Definitions of atom types and equivalences

other solvents reported here that have solubility parameters
smaller than benzyl alcohol. However, using the same experi-
mental protocols, ethylene glycol is found not to wet Ultem.
The simulations are compatible with the experiments.

5. Conclusions

Simulations on Ultem and related compounds suggest
that the solubility parameter for the polymer is approxi-
mately 22.0 MPa'?, a value that is slightly lower than
that estimated from group additivity methods. Models
of interfaces of Ultem in interaction with a variety of
low molecular liquids having a range of solubility
parameters show that the relatively simple determination
of the molecular interaction energies advocated here
suffices to identify molecules that interact most favor-
ably with the polymer surface. A good correlation is
obtained between the solubility parameters for the liquids
and the interface interaction energy, showing that this
energy is approximately quadratic in the difference
between the solubility parameters for the polymer and
the fluids. Simple experiments confirm that all the
solvents except ethylene glycol will spread on Ultem.
From the range of solvents considered here, simulations
suggest that there is a respectably wide window of solu-
bility parameters that are consistent with interfacial
compatibility with Ultem. Densities and solubility para-
meters for a range of low molecular liquids have been
obtained from simulations with use of the Compass force
field, and these are shown to compare very favorably
with the literature data.
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Appendix A

The parameters from the Compass force field that have been
assigned to the molecules studied here are provided in Tables
Al and A2. Parameters not listed in these tables will be
found elsewhere [1,2]. The nomenclature is consistent

Type Definition Equivalences, if any

Non-bond Bond Angle Torsion Out-of-plane
c3’ Carbonyl carbon c3’ c3’ c3’ 3’ c3’
c3a Aromatic carbon with three c3a c3a c3a c3a c3a

bonds
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Table Al (continued)

Type Definition Equivalences, if any
Non-bond Bond Angle Torsion Out-of-plane
c4 Generic sp3 carbon with four c4 c4 c4 c4 c4
bonds
c43 sp3 carbon with three attached c43 c4 c4 c4 c4
heavy atoms
c44 sp3 carbon with four attached c44 c4 c4 c4 c4
heavy atoms
cdo sp3 carbon bonded to oxygen cdo cdo c4 c4 c4
hl Generic hydrogen hl hl hl hl hl
hlo Strongly polar hydrogen hlo hl hl hl hl
bonded to O, F
n3m sp3 nitrogen in amides without n3m n3m n3m n3m n3m
hydrogen
ol= sp2 oxygen in carbonyl group ol= ol= ol= ol= ol=
02e Ether oxygen 02e 02e 02 02 02
02h Hydroxyl oxygen 02h 02h 02 02 02
02s Ester oxygen 02s 02e 02 02 02
Table A2

Parameters (units: bond lengths in A angles in grad, except f, in degrees; energies in kcal mol ')

Bond dipole increments (in fractions of the charge on the electron)
Atomi  Atom Charge

J
3’ 02e 0.112
c3’ c4 0.000
c3’ ol= 0.450
3’ c3a 0.035
3’ n3m 0.000
c4o hl —0.053
c4o 0o2h 0.160
c4o 02e 0.160
c4o c4 0.000
c3a cdo 0.000
c3a n3m 0.095
Quartic-bond stretch
i J o ky ks ky
c3’ 02e 1.3750 368.7309 —832.4784 1274.0231
c3’ c4 1.5140 312.3719 —465.8290 473.8300
c3’ ol= 1.2160 823.7948  —1878.7939  2303.5310
c3’ c3a 1.4890 339.3574 —655.7236 670.2362
c3’ n3m 1.3850 359.1591 —558.4730 1146.3810
c4o hl 1.1010 345.0000 —691.8900 844.6000
cdo 02h 1.4200 400.3954 —835.1951 1313.0142
c4o 02e 1.4200 400.3954 —835.1951 1313.0142
cdo c4 1.5300 299.6700 —501.7700 679.8100
c3a cdo 1.5010 321.9021 —521.8208 572.1628
c3a n3m 1.3950 344.0452 —652.1208 1022.2242
Quartic angle bend
i Jj k 1y ky k3 ky
c3’ 02 c4 109.0000 38.9739 —6.2595 —8.1710
c3’ c4 hl 107.8594 38.0833 —17.5074 0.0000
c3’ n3m c3’ 121.9556 76.3105 —26.3166 —17.6944
c3a c4 02 109.5000 60.0000 0.0000 0.0000?
c3a c4 hl 111.0000 44,3234 —9.4454 0.0000

c3a c3a c4 120.0500 44.7148 —22.7352 0.0000
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Table A2 (continued)

c3a 02 c3a 109.5000 60.0000 0.0000 0.0000*°
c3a c3a c3’ 116.0640 71.2598 —15.8273 2.0506
c3a c3’ n3m 108.4400 84.8377 —19.9640 2.7405
c3a c3’ ol= 125.5320 72.3167 —16.0650 2.0818
c3a c3a n3m 120.7640 73.2738 —27.4033 13.3920
c3a n3m c3’ 120.0700 47.1131 —32.5592 13.1257
ol= c3’ 02 118.9855 98.6813 —22.2485 10.3673
ol= c3’ c4 119.3000 65.1016 —17.9766 0.0000
02 c3’ c4 100.3182 88.8631 —3.8323 —7.9802
n3m c3’ ol= 121.5420 92.5720 —34.4800 —11.1871
Torsion

i j k ! ki ky ks

c3’ c3a c3a c3’ 0.0000 0.0000 0.0000¢
c3’ c3a c3a c3a 0.0000 4.6282 0.0000
c3’ c3a c3a hl 0.0000 2.1670 0.0000
c3’ n3m c3a c3a 0.0000 0.6500 0.0000
c3’ n3m c3’ c3a 0.0000 0.0000 0.0000¢
c3’ n3m 3’ ol —0.4066 1.2513 —0.7507
c3’ 02 c4 hl 0.1302 —0.3250 0.1134
c3’ 02 c4 hl 0.9513 0.1155 —0.0000
c3a c4 02 hl 0.0000 0.0000 0.0000°
c3a c3a c4 02 0.0000 0.3000 0.0000°¢
c3a c3a 02 c3a 0.0000 0.5000 0.0000¢
c3a c3a c3’ ol= 0.0000 0.7800 0.0000
c3a c3a c3a n3m 0.0000 3.4040 0.0000
c3a c3a c3’ n3m 0.0000 0.0000 0.0000°¢
c3a n3m c3’ ol= 0.0000 2.0521 0.0000
c3a n3m c3’ c3a 0.0000 0.0000 0.0000°¢
c4 02 c3’ c4 —2.5594 2.2013 0.0325

c4 02 c3’ ol= 0.8905 3.2644 0.2646
ol= c3’ c4 hl 0.0000 0.0000 0.0000

02 c3’ c4 hl 0.0000 0.0000 0.0000
n3m c3a c3a hl 0.0000 3.4040 0.0000
Out-of-plane

i Jj k / ky ao

c3’ c3’ n3m c3a 0.0000 0.0000

c3’ c3a c3a c3a 17.0526 0.0000

c3’ n3m 3’ c3a 0.0000 0.0000

c3a c3a c3a hl 4.8912 0.0000

c3a c3a c4 c3a 7.8153 0.0000

c3a c3a hl c3a 4.8912 0.0000

c3a c3a n3m c3a 17.0526 0.0000

c3a c3a c3a n3m 17.0526 0.0000

c3a c3’ n3m ol= 30.0000 0.0000

c3a c3a c3’ c3a 17.0526 0.0000

c3a c3a 02 c3a 13.0421 0.0000

c3a c3’ ol= n3m 30.0000 0.0000

c3a ol= c3’ n3m 30.0000 0.0000

c4 c3’ 02 ol= 46.9264 0.0000

Non-bond (9-6)

l Iy ()

c3’ 3.9000  0.06400
c3a 3.9150  0.06800
c4 3.8540  0.06200
c43 3.8540  0.04000
c44 3.8540  0.02000
cdo 3.8150  0.06800
hl 2.8780  0.02300
hlo 1.0870  0.00800

n3m 3.7200  0.15000
ol= 3.4300  0.19200
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02e 3.3000  0.12000
02h 3.5800  0.09600
02s 3.3000  0.09600
Bond—-bond cross-terms
i j k ijljk k
c3’ 02 c3a 69.5999
c3’ c4 hl 22522
c3’ n3m c3’ 25.9530
c3a c4 02 0.0000
c3a c4 hl 2.9168
c3a c3a c4 12.0676
c3a 02 c3a 0.0000
c3’ c3a c3a 37.8749
c3a c3’ n3m 0.0000
c3a 3’ ol= 116.9445
c3a c3a n3m 37.8749
c3a n3m c3’ 0.0000
ol= c3’ 02 210.1813
c4 c3’ ol= 77.5201
c4 c3’ 02 19.1069
n3m 3’ ol= 138.4954
Bond—-angle cross-terms
i Jj k ijlijk k Jklijk k
c3’ 02 c4 21.5366 —16.6748
c3’ c4 hl 15.5988 14.6287
c3’ n3m c3’ 20.0533 0.0000
c3a c4 hl 26.4608 11.7717
c3a c3a c4 31.0771 47.0579
c3’ c3a c3a 23.6977 45.8865
c3a c3a n3m 35.8865 53.6977
c3a c3’ ol= 72.8758 76.1093
c3a c3a n3m 35.8865 53.6977
ol= c3’ 02 79.4497 57.0987
c4 c3’ ol= 31.8455  46.6613
c4 c3’ 02 1.3435 4.6978
n3m c3’ ol= 62.7124 52.4045
Angle—angle cross-terms
i j k 1 ijkljkl k
c3a c3a 02 c3a 0.0000
hil c4 c3’ 02 4.7955
End-bond—torsion cross-terms
i Jj k ) ijlijkl kllijkl
k k ks ky ky ks
ol= c3’ n3m c3’ —0.7019 0.8305 —0.6874 0.1726 —0.4823 0.2666
hl c4 02 c3’ 0.9589 0.9190 —0.6015 0.2282 2.2998 —0.4473
c3a c3a c4 hl —0.5835 1.1220 0.3978 1.3997 0.7756 0.0000
c4 c3’ 02 c4 0.1928 1.3187 0.8599 0.0004 —1.0975 0.4831
ol= c3’ 02 c4 —4.2421 10.1102 1.6824 0.0882 —2.4309 —0.7426
ol= c3’ c4 hl 0.0536 0.0354 0.3853 2.9036 0.5307 0.1439
02 c3’ c4 hl 0.4160 —0.1140 0.7099 0.7800 1.3339 0.3268
Middle-bond—torsion cross-terms
i j k 1 Jklijkl
ki ky ks
c3’ c3a c3a c3a 0.0000 3.8762 0.0000
ol= c3’ n3m c3’ —0.1118 —1.1990 0.6784
c4 c4 02 c3’ 9.9416 2.6421 2.2333
hl c4 02 c3’ 7.7147 4.2557 -1.0118
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Table A2 (continued)

c3a c3a c4 hil —5.5679 1.4083 0.3010
ol= c3’ c3a c3a 0.0000 2.4002 0.0000
c3a c3a c3a n3m 0.0000 5.2012 0.0000
c4 c3’ 02 c4 1.3445 3.5515 —4.9202
ol= c3’ 02 c4 0.4552 7.3091 0.2842
ol= c3’ c4 hl 0.0000 0.0000 —1.0000
02 c3’ c4 hil —13.7686 —2.5959 1.1934
hl c3a c3a n3m 0.0000 5.2012 0.0000
Angle—torsion cross-terms
i j k ! ijklijkl Jjkilijkl
ki ka ks ki ky ks
ol= c3’ n3m c3’ —1.5747 2.3997 —0.2851 —0.3038 —0.0548 —0.3188
c4 c4 02 c3’ —0.4620 1.4492 —0.6765 —0.0890 —0.9159 0.7229
hl c4 02 c3’ —0.4990 2.8061 —0.0401 —0.3142 —0.8699 0.0971
c3a c3a c4 hl 0.2251 0.6548 0.1237 4.6266 0.1632 0.0461
c4 c3’ 02 c4 0.9701 —2.5169 1.7195 0.8831 —0.8203 0.2405
ol= c3’ 02 c4 5.9732 2.7261 1.9052 2.3573 1.0059 —0.0327
ol= c3’ c4 hil —2.0667 0.7308 —0.2083 14.4728 0.3339 0.0800
02 c3’ c4 hl —0.0241 1.4427 0.1212 13.2959 0.8005 —0.0071
Angle—angle torsion 1
i j k I ijkljkilijkl k
ol= c3’ n3m c3’ —3.3556
c4 c4 02 c3’ —15.7082
hl c4 02 c3’ —13.1500
c3a c3a c4 hl —5.8888
c4 c3’ 02 c4 —12.2070
ol= c3’ 02 c4 —32.9368
ol= c3’ c4 hl —23.1923
02 c3’ c4 hil —13.9734

* These are so-called ‘automatic’ or generic parameters that have not been explicitly parameterized for the Compass force field.

® To investigate the sensitivity of computed properties to this bond angle, the optimized geometry of diphenyl ether was obtained with use of DMol® with the
VWN functional [18], yielding a c3a—02—c3a angle of 115.5°. The fluid phase of diphenyl ether was re-equilibrated with the angle parameter set to 113° (the
difference between this angle and that from the quantum calculation being approximately compensated by non-bond interactions). The changes in density and

solubility parameter were negligible.

¢ These are so-called ‘automatic’ or generic parameters that have not been explicitly parameterized for the Compass force field. Since all combinations of
quartets of atoms contribute to the total torsional energy for a given bond, the null entries are compensated by contributions from other combinations of atoms.

with the cited references. The paper of Sun [1] describes the
function that is used to quantify the potential energy.
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