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Abstract

The solubility of a series of cyclohexanone formaldehyde resins (including cyclohexanone formaldehyde resin (CFR), acetylated CFR and
complete oxime of CFR) in a variety of solvents (tetrachloromethane, alcohol, toluene and ethyl ether) were studied by means of Monte Carlo
approach; the free energies of mixing were estimated, which indicated results being consistent with the experimental fact. Independent cohesive
energy densities (CEDs) of CFRs were computed by molecular dynamics (MD) simulation, from which we obtained the solubility parameters of
CFR, acetylated CFR and complete oxime of CFR as follows, 19.45(0.22), 17.30(0.11) and 21.41(0.27) MPa1/2. Compatibility of CFRs with
a dimer acid-based polyamide (D1007E [Xiaodong Fan, Yulin Deng, John Waterhouse, Peter Pfromm. J Appl Polym Sci 1998;68:305e14.])
was estimated from the CEDs; the calculation results indicated that these three CFRs were compatible with D1007E. In addition, the interactions
between coating layers (pure D1007E, D1007E with CFR, D1007E with acetylated CFR and D1007E with complete oxime of CFR, molar ratio
3:1) and a polystyrene substrate layer were investigated, in an effort to identify the effect of CFRs in plastic printing application. All the results
of this work confirmed that molecular simulation techniques can be used as a tool for investigating the properties and applications of CFRs.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The CFR has low molecular weight and shows unique com-
patibility with a great number of polymers. It is soluble in
most organic solvents such as aromatic hydrocarbons, ketones,
esters, alcohols, etc. Because of its good compatibility, it is
usually used as a coating additive. A lot of work on modifying
the CFR has been done [2e5] in order to widen its application
fields, however, the effects of these modifications on the appli-
cation in some specific fields, such as plastic printing, etc.,
have not been extensively studied. The properties, such as sol-
ubility in solvents and compatibility with some polymers will
influence the application of modified CFRs. Here we focus on
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the application of plastic printing; hence we studied the com-
patibility of CFRs and D1007E (D1007E is a dimer acid poly-
amide, typically used as a toner resin for printers and copiers
[1]), the interaction between D1007E layers with CFRs and
a polystyrene plastic layer, in an effort to identify the effects
of modifications on CFRs in the field.

Traditionally, ‘‘trial-and-error’’ experiments should be car-
ried out to identify the effects of such modifications, but they
usually cost a lot of time and money. A more innovative ap-
proach, which can investigate the properties of polymers is
the molecular simulation technique. In the past decade, molec-
ular modeling has been successfully employed to help solve
critical industrial problems. In the case of polymer science,
many physicochemical properties have been accurately com-
puted using modeling technologies. Many different algorithms
can be employed to compute those properties, such as Monte
Carlo sampling, dynamics simulations, etc.
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In this study, we combined the Monte Carlo sampling and
dynamics molecular simulation to investigate the properties
of CFRs. Comparisons between simulation results and exper-
imental results were made. In addition, some possible results
were also estimated. Special attention should be paid so that
the polycyclic structures of CFRs posed more difficulties in
the dynamics simulation steps compared with chain mole-
cules, in order to give such molecular systems a relatively
quick equilibration, a highelow pressure dynamics simulation
procedure was applied.

2. Methods and calculations

The simplest and best known theory of the thermodynamics
of mixing and phase separation in binary systems is the
FloryeHuggins model [6]. The general expression for the
free energy of mixing of a binary system is:

DGmix

RT
¼ fb

nb

ln fb þ
fs

ns

ln fsþfbfsc ð1Þ

Where DGmix is the molar free energy of mixing, fi is the volume
fraction of component i (i¼ b or s), ni is the degree of polymer-
ization of component i (i¼ b or s), c is the interaction parameter,
T is the absolute temperature, and R is the gas constant.

The first two terms represent the combinatorial entropy.
This contribution is always negative, hence favoring a mixed
state over the pure components. The last term is the free
energy due to interaction. If the interaction parameter, c, is
negative then this term favors a mixed state.

c¼ Emix

RT
ð2Þ

Where Emix is the mixing energy, that is, the difference in free
energy due to interaction between the mixed and the pure
states. From Eqs. (1) and (2), it can be clearly seen that if
either DGmix or Emix is obtained, the solubility and miscibility
of the CFRs will be easily estimated.

In this study, blends module of Materials Studio software
package [7] was used to estimate molar free energies of mix-
ing between CFRs and a variety of solvents, including tetra-
chloromethane, alcohol, toluene and ethyl ether. Discover
and amorphous cell of Materials Studio software were used
to perform dynamics simulations to investigate the cohesive
energy densities, from which the compatibility between
CFRs and D1007E was estimated by calculating the mixing
energy Emix. At last, the interaction energies between coating
layers (pure D1007E, D1007E with CFR, D1007E with
acetylated CFR and D1007E with complete oxime of CFR,
molar ratio 3:1) with a polystyrene substrate layer were
calculated.

For all these simulations, COMPASS forcefield was used,
which is an ab initio-based forcefield to have been parameter-
ized using extensive data for molecules in the condensed phase
[8]. Consequently, COMPASS is able to make accurate predic-
tions of structural, conformational, vibrational, cohesive and
thermophysical properties for a broad range of compounds
both in isolation and in condensed phases.

2.1. Determination of solubility through free energy
of mixing

Blends module of Materials Studio combines a modified
FloryeHuggins model and molecular simulation techniques
to calculate the compatibility of binary mixtures. Two impor-
tant extensions to the FloryeHuggins model are employed:

Blends incorporates an explicit temperature dependence on
the interaction parameter. This is accomplished by generat-
ing a large number of pair configurations and calculating
the binding energies, followed by temperature averaging
the results using the Boltzmann factor and calculating the
temperature-dependent interaction parameter.
Blends is an off-lattice calculation, meaning that molecules
are not arranged in a regular lattice as in the original
FloryeHuggins theory. The coordination number Zij (Zij,
is the number of molecules of component j that can be
packed around a single molecule of component i within
the excluded-volume constraints) is explicitly calculated
for each of the possible molecular pairs using molecular
simulations.

These two extensions to the classical FloryeHuggins
theory of mixing are documented in publications by Blanco
[9] and Fan et al [10].

The steps of the calculation procedure were as follows:

(I) Optimized the geometries of the repeat units (only one
repeat representing a polymer molecule by using ‘‘head
and tail atoms non-contact’’ method) of CFRs (Structure
I), as well as the solvent molecules.

(II) Generated a huge number of configurations (typically
100,000) of the two molecules (CFR repeat unitsesol-
vent), calculated the interaction energy, Eij, of each pair.

(III) Repeated the (II) procedure many times and then a
probability distribution P(Eij) is constructed taking
O
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temperature effects into account by weighting the distri-
bution effects function with Boltzmann factor e�Eij=RT.
The average energy is given by:

�
EijðTÞ

�
¼
R

dEijEijP
�
Eij

�
e�

Eij
RTR

dEijP
�
Eij

�
e�

Eij
RT

ð3Þ

(IV) Generated a huge number of clusters (one molecule of
component i and Zij molecules of component j together
is called a cluster) to determine how many solvent mol-
ecules could be packed around the polymer molecule.
Following the method of Blanco [9,10], the coordina-
tion number Zij could be calculated. Then the mixing
energy could be obtained by:

Emix¼
ZbshEbsðTÞiþZsbhEsbðTÞi�ZbbhEbbðTÞi�ZsshEssðTÞi

2

ð4Þ

Finally, according to Eqs. (1) and (2), the free energy of
mixing of the binary system (CFResolvent, modified CFRe
solvent) could be determined.

2.2. Determination of the solubility parameters and
mixing energy Emix with D1007E

In order to calculate the mixing energy, Emix, cohesive en-
ergy densities (CEDs) of CFRs with and without D1007E
should firstly be calculated by constructing a series of 3D
amorphous cells using amorphous cell module, and equilibrat-
ing them with Discover module. From CEDs, solubility pa-
rameters (d) of CFRs and their binary mixture with D1007E
were also easily obtained:

d¼
ffiffiffiffiffiffiffiffiffiffi
CED
p

ð5Þ

The basic steps for generating and equilibrating the 3D
periodic amorphous cells containing CFR molecules with
and without D1007E oligomers were as follows:

(I) Built the CFR, modified CFR molecules (see Structure
I, n¼ 7, isotactic, head-to-tail) and D1007E oligomers
(see Structure II, n¼ 1), then optimize the geometries
of these molecules using COMPASS forcefield through
5000-step energy minimization on each.

(II) Constructed periodic amorphous cells, each cell, re-
spectively, contained (i) three CFR chains, (ii) three
acetylated CFR chains, (iii) three complete oxime of
CFR chains, (iv) four D1007E oligomers, (v) three
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(CH2)7 CH CH (CH2)7 C
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(CH2)5H3C
n

D1007E

Structure II.
D1007E oligomers with one CFR chains, (vi) three
D1007E oligomers with one acetylated CFR chains,
(vii) three D1007E oligomers with one complete oxime
of CFR chains. All these cells were given an initially
low target density of 0.5 g/cm3, at a temperature of
298 K. A representative structure is shown in Fig. 1a.

(III) Employed a high pressure NPT dynamics using the ve-
locity scaling thermostat and Berendsen [11] barostat,
P¼ 1 GPa, for at least 100 ps. Then a low pressure
NPT dynamics with P¼ 0.0001 GPa (1 atm) were
applied for 1500 ps using the same thermostat and
barostat until the density converged. This highelow
pressure dynamics gave the system a relative quick
equilibration.

(IV) Finally, performed a 100 ps NVT dynamics using
Andersen thermostat for each production run.

The CEDs and solubility parameters were obtained by
analyzing the trajectory files produced from steps (IV), then
the energy of mixing which was related to the cohesive energy
density of the blend and to that of the pure components could
be calculated as follows [12]:

DEmix ¼ 4A

�
Ecoh

V

�
A

þ 4B

�
Ecoh

V

�
B

�
�

Ecoh

V

�
mix

ð6Þ

2.3. Interactions with the polystyrene layer

A procedure similar to that in Ref. [13] was applied on two-
layer super cells to calculate the interaction energies between
the D1007E coating layers with and without CFR molecules
and a polystyrene substrate layer. The following aspects of
the simulation set up should be noted:

Fig. 1. A representative structure of 3D amorphous cells (a) and two-layer

super cells (b).
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As the super cells were relatively large (20.86 Å�
20.86 Å� 166.96 Å), containing about 2000 atoms,
a group-based cutoff was used to speed up the simulation.
2D amorphous cells were built at the target densities from
2.2 steps for constructing two-layer super cells.
The super cells with periodic boundary conditions were
treated as a 3D periodic system for the dynamics simula-
tions. The same polystyrene 2D layer (20.86 Å�
20.86 Å� 23.19 Å) was used for all the 2D layers of the
D1007E with and without CFR molecules. Above the coat-
ing layer, a vacuum layer of 12 nm was added to avoid the
effects of periodic boundary conditions. A representative
structure is shown in Fig. 1b.
Simulations on the two-layer super cells were performed in
the NVT ensemble at 298 K, with a tail correction applied
outside the cutoff of 9.5 Å using velocity scale thermostat
for 200 ps, this was used to give the system an enough
equilibration. Then for every 1 ps the energy of interaction
between polystyrene substrate and the coating layers was
evaluated using an 18 Å cutoff without tail correction and
Andersen thermostat was used. A total of 300 energy eval-
uations were performed for each super cell (300 ps total
production time). All the interaction energies were evalu-
ated by using a proper BTCL script (imbedded in the Dis-
cover simulation module of Materials Studio is a scripting
engine that governs the execution of all Discover jobs and
provides very precise control of simulation jobs. The lan-
guage used to drive this engine is called BTCL. With
BTCL, scripts can be written to perform the most trivial
of tasks that implement a new simulation algorithm, here
we wrote a proper BTCL script to equilibrate the two-layer
super cells and to collect interaction energies
automatically).

3. Results and discussion

3.1. Solubility: free energy of mixing from Monte Carlo
Sampling

By analyzing the results from blends, the molar free ener-
gies of mixing as a function of molar fraction were obtained.
A negative value of molar free energy indicates that CFRs are
soluble in the corresponding solvent.

The molar free energies at 300 K of CFR, acetylated CFR
and complete oxime of CFR in toluene, ethyl ether, alcohol
and tetrachloromethane vs. molar fractions are shown in
Fig. 2. It can be clearly seen from Fig. 2a that CFR and acet-
ylated CFR are soluble in toluene while complete oxime of
CFR is not, which is in very good agreement with the experi-
mental facts [4]. It is known that these three CFRs can be dis-
solved in alcohol, what Fig. 2c shows agrees well with this
fact, in addition, it also indicates that acetylation of CFR
will decrease its solubility in alcohol, this can be understood
in terms of higher polarity of CFR than that of acetylated CFR.

The result shown in Fig. 2b suggests that these three CFRs
will not be well soluble in ethyl ether, which agrees with the
experiment although the trends for CFR and acetylated CFR
are not as clear as that of oxime CFR. When the pairs of
CFRseCCl4 were simulated, we found that acetylation would
increase the solubility of CFR in CCl4 (Fig. 2d), but using
COMPASS forcefields, it still could not give a result well con-
sistent with the experimental facts [4] (acetylated CFR is sol-
uble in CCl4), so we used Dreiding forcefield for validation.
The result obtained by using Dreiding forcefield shown in
Fig. 2d indicates a better result being consistent with
experiment.

Special attention should be paid to the differences between
these two forcefields; unlike class II forcefields, such as COM-
PASS, PCFF, etc., Dreiding belongs to class I forcefields. Gen-
eral force constants and geometry parameters for the Dreiding
forcefield are based on simple hybridization rules rather than
on specific combinations of atoms. The Dreiding forcefield
is a purely diagonal forcefield with harmonic valence terms
and a cosine-Fourier expansion torsion term. The umbrella
functional form is used for inversions, which is defined
according to the Wilson out-of-plane definition. The van der
Waal’s interactions are described by the Lennard-Jones poten-
tial. Electrostatic interactions are described by atomic mono-
poles and a screened (distance-dependent) Coulombic term.
Hydrogen bonding is described by an explicit Lennard-Jones
12-10 potential [14]. The Dreiding forcefield models carbon,
nitrogen, oxygen, and hydrogen most accurately.

For the CFRsesolvents binary system we studied, it is
a cluster containing a polymer repeat unit and several small
solvent molecules, Dreiding forcefield might give more accu-
rate results for some of these cluster systems, so it is a good
choice for validation; while COMPASS will give much better
results for condensed materials.

However, we did not use Dreiding for all the blends simu-
lation for two reasons: first, on average, Dreiding cannot give
results as good as COMPASS and it cannot cover the periodic
table as widely as COMPASS does; second, Dreiding force-
field cannot be applied to the next MD simulations, for the
consistency of Monte Carlo and MD simulations, the same
COMPASS forcefield was used.

3.2. Densities, CEDs, solubility parameters and
compatibility from MD

Before production run, the system should firstly be fully
equilibrated. Fig. 3 shows the densities of CFRs and the mix-
tures with D1007E during the NPT (P¼ 0.0001 GPa) equili-
bration steps. It can be seen that systems have been
sufficiently equilibrated. The densities (with standard devia-
tions in brackets) are contained in Table 1. For CFR, the cal-
culated density is 1.1118(0.0182) g/cm3, which is quite closed
to the experimental value (1.1 g/cm3) [15]. We have carried
out systematic simulations with different time scales including
300, 500, 1000, and 1500 ps. With 1500 ps of equilibration
time, we found that the system had been fully equilibrated
and the differences of solubility parameters from 1000 to
1500 ps were within 3%, and the differences of densities
were within 1.5%, which indicated that 1500 ps of equilibra-
tion time was enough. We also found that molecules with
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Fig. 2. Molar free energies of CFRs (modified CFRs) in four solvents vs. molar fractions.
high polar structures would take much longer time to be equil-
ibrated, for example, for low polar molecules, acetylated CFR
and D1007E, 300 ps was enough to be equilibrated, while for
CFR and oxime CFR molecules, more than 1000 ps would be
needed for fully equilibration.

Moreover, we have carried out systematic size checks and
found that the dimension of amorphous cells applied in our
work is proper enough to give reliable results. Because there
are no reported works available, comparison of free energies
between calculated values and reported ones has not been made.

Hildebrand solubility parameters from Bicerano connectiv-
ity indices method have been used as a comparison in some
reported work [13], we presented the calculated solubility
parameters in Table 1 (column 4), as well as the estimated
values using Bicerano connectivity indices method (SYNTHIS
module of Materials Studio software package [16]) are also
listed in Table 1 (column 6). All the calculated solubility
parameters of CFR and modified CFRs are lower than that
obtained by Bicerano connectivity indices method. From
a great number of simulations, we found that this was likely
to be a systemic difference between these two methods.
 Fig. 3. Densities of 3D amorphous cells vs simulation time.
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Table 1

Properties of polyamide D1007E, CFRs, modified CFRs and the binary system (molar ratio 3:1)

Molecule Density

(g/cm3) Sim

Cohesive energy

density (J/cm3) (Sim)

Solubility parameter

(MPa1/2) (Sim)

Density (g/cm3)

(Synthia)

Solubility parameter

(MPa1/2) (Synthia

(van Krevelen))

Molar volume

(cm3/mol)

(Synthia)

Polyamide D1007E 0.8825(0.0192) 285.69(5.63) 16.90(0.17) 0.952 20.20 614.37

CFR 1.1118(0.0182) 378.33(8.72) 19.45(0.22) 1.1836 25.30 118.43

Acetylated CFR 1.1433(0.0164) 299.17(3.97) 17.30(0.11) 1.194 18.89 152.60

Oxime CFR 1.1897(0.0094) 458.67(11.46) 21.41(0.27) 1.232 24.43 125.94

Polyamide & CFR 0.9736(0.0167) 335.96(6.47) 18.33(0.18) e e e
Polyamide and acetylated CFR 0.9840(0.0180) 322.59(6.32) 17.96(0.18) e e e

Polyamide and Oxime CFR 1.0173(0.0155) 354.92(8.04) 18.84(0.21) e e e
For more hydrogen bonds formed in oxime of CFR, its
solubility parameter should be higher than that of CFR, the
calculated values (CFR, 19.45(0.22) MPa1/2; oxime CFR,
21.41(0.27) MPa1/2) are consistent with this expectation, while
values (CFR 25.30 MPa1/2; oxime CFR, 24.43 MPa1/2) from
Bicerano connectivity indices method are not; hence, the sim-
ulated results are likely to be more reasonable. Moreover, sol-
ubility parameter could also be evaluated from Monte Carlo
approach in step 2.1 using Eq. (7):

cðTÞ ¼ bþ V1

RT
ðd1� d2Þ2 ð7Þ

Here we took CFRetoluene binary system, the calculated
FloryeHuggins parameter c¼ 0.718 from step 2.1,
V1¼ 106 cm3/mol [17], was molar volume of toluene,
b¼ 0.34, a value reported by Blanks and Prausnitz [18]. For
T¼ 298 K and using d1¼ 17.4 MPa1/2, a reported value of
solubility parameter for toluene [19], we obtained the solubility
parameter for CFR d2¼ 20.36 MPa1/2, which was close to that
calculated by MD method in this section, 19.45(0.22) MPa1/2.
The consistency of these two methods confirms that the solubil-
ity parameter of CFR is close to 20 MPa1/2.

The molar blend ratio of CFRs with D1007E was 1:3 (mass
ratio 1:1.2e1.7), in order to calculate the volume fraction fi,
the molar volumes (see Table 1, column 7) of CFRs and
D1007E estimated using SYNTHIS were used, the volume
fraction can be estimated as follows:

fA¼
VA mol�DPA

VA mol�DPAþVB mol�DPB

; fB¼ 1�fA ð8Þ

Where VA_mol is the molar volume of component A (D1007E),
VB_mol is the molar volume of component B (CFRs); DPA is
the degree of polymerization of component A (DPA¼ 1 for
D1007E oligomers) and DPB is the degree of polymerization
of component B (DPB¼ 7 for CFRs). From Eq. (5), the energy
of mixing can be calculated. According to Eqs. (1) and (2), it
can be concluded that a negative value of mixing energy indi-
cates a favorable mixing. The mixing energy of CFR, acety-
lated CFR and complete oxime of CFR with D1007E is as
follows: acetylated CFReD1007E, �31.95 kJ/mol; CFRe
D1007E, �21.53 kJ/mol; complete oxime of CFReD1007E,
�13.26 kJ/mol. From these results, it can be concluded that
all the CFRs are compatible with D1007E at molar ratio 3:1;
moreover, acetylation of CFR is likely to improve its
compatibility with D1007E (decreased the mixing energy
from �21.53 to �31.95 kJ/mol).

From the mixing energies, we can also conclude that the
order of compatibility with D1007E is: acetylated CFR
(�31.95 kJ/mol), CFR (�21.53 kJ/mol) and complete oxime
of CFR (�13.26 kJ/mol), which is consistent with expecta-
tions from solubility parameters.

3.3. Interactions between two layers

The physical and chemical behaviors of molecules at sur-
faces play an important role in many technological applica-
tions. In an effort to identify how the CFR and modified
CFRs affect the property of polyamide coating, we investi-
gated the interactions between layers (pure D1007E,
D1007E with CFR, D1007E with acetylated CFR and
D1007E with complete oxime of CFR, molar ratio 3:1) and
a same polystyrene substrate layer (here we chose an amor-
phous polystyrene substrate layer as a model of polystyrene
substrate).

Bearing in mind that it was impossible to take all facts
(such as solvents, pigment, fillers, etc.) into consideration in
a molecular simulation study, the results were not expected
to exactly agree with all experimental facts.

The interaction energies were plotted as a function of pro-
duction time in Fig. 4. Average values were as follows (with

Fig. 4. Interaction energies vs production time (fs).
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standard deviation in brackets): pure D1007E-polystyrene,
�309.23(20.48) kJ/mol; D1007E with CFRepolystyrene,
�334.58(19.93) kJ/mol; D1007E with acetylated CFRepoly-
styrene, �262.79(16.05) kJ/mol; D1007E with complete
oxime of CFRepolystyrene, �371.47(20.57) kJ/mol.

The results’ trend indicated that a more polar structure
would give a favorable interaction. The layer of D1007E
with oxime CFR gave the most favorable interaction
(�371.47(20.57) kJ/mol), while the layer of D1007E with
acetylated CFR had the poorest interaction with polystyrene
substrate (�262.79(16.05) kJ/mol), these results indicated
that the effect of rather polar structure played a dominative
role, and the more polar the molecule structure was, the more
favorable the interaction would be.

Compared with pure D1007E layer, the layer with oxime of
CFR gave a more favorable interaction (increase about
20.13%) which indicated that the addition of oxime CFR could
promote the adhesive properties of D1007E.

4. Conclusions

Simulations on CFR and modified CFRs suggest that acet-
ylation improves the solubility of CFR in some solvents, espe-
cially in nonpolar solvents such as tetrachloromethane, toluene
and ethyl ether; while oximation decreases the solubility of
CFR. The solubility parameter of acetylated CFR is 17.30
(0.11) MPa1/2) lower than that of CFR (19.45(0.22) MPa1/2)
and complete oxime of CFR is 21.41(0.27) MPa1/2. All these
simulated solubility parameters are systemically lower than
that obtained by Bicerano connectivity indices method. These
three CFRs are compatible with a dimer acid-based polyamide
(D1007E), and acetylation of CFR is likely to improve its
compatibility with this polyamide. High polar molecules will
take much longer time to be fully equilibrated than that of
low polar molecules. When oxime of CFR is added to
D1007E, it will improve the adhesive property of this
polyamide.
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[4] Akar Ahmet, Öztürk Turan. Angew Makromol Chem 1988;156:49e58.
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