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Abstract : Stabilities and structures of resorcinol formaldehyde resins (RF resins) and their dependence
on solvent were studied by molecular mechanics and molecular dynamics. Dimers to decamers of the RF
resins in the conditions of dielectric constant = 1.00, 21.01, 36.64, and 80.10 were calculated. The aver-
age distance between oxygen atoms in 1-hydroxyl groups of adjacent resorcinols of the resins became
longer with increased dielectric constant of the envitonment. The number of intramolecular hydrogen
bonds of the resins decreased by increasing the dielectric constant of the environment. The RF resin
structure on the surface of fabric or steel cord was explained based on the present calculation.

Introduction

Phenolic resins produced by the reaction of
phenols and aldehydes are interesting materials
because of their high thermal stability, excellent
resistance to combustion, high dimensional stability,
good mechanical properties, and high chemical
stability."® Casiraghi and coworkers® synthesized
all-ortho phenol acetaldehyde novolak resins with
uniform constituents via bromomagnesium ion
mediated reaction. Phenolic resins are widely used
depending on their types as bonding agents,’
tackifiers,™" vulcanizing agents,”” photoresists,” and
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so forth.

Resorcinol formaldehyde resin (RF resin) is syn-
thesized by polycondensation of resorcinol with
formaldehyde.'*" The RF resin is used as a bond-
ing agent in adhesion between rubber and fabric/
steel cord. Resorcinol formaldehyde latex (RFL)
adhesive systems are used to bond synthetic fibers
to rubber compounds. The adhesive was applied
primarily to rayon fibers and later extended to
nylon and glass fibers. The RFL treated fibers are
used to reinforce rubber products such as tires,
conveyor belts, hoses, and V-belts.

Conformation of a molecule depends on the
environmental condition such as dielectric con-
stant.® Rio and coworkers'® studied variation of
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structure of ozonolysis reaction intermediate de-
pending on the environment which is estblished
with different dielectric constants. In the present
work, the solvent effect on energetical stability
and structure of the resorcinol formaldehyde resin
was studied by molecular mechanics and molecu-
lar dynamics. The variuos solvent environments
were established by using different dielectric con-
stants. Figure 1 gives general formula of the resor-
cinol formaldehyde novolak resin.

Modeling and Calculation

The initial structures of input molecules were
generated by the Insight Il package of MSI. 2-
Methylresorcinol was used as a repeat unit. The
input molecules were constructed by linking the
repeat unit (2, 6-polycondensation) with head-to-
tail orientation. General formula of the resorcinol
formaldehyde resin is shown in Figure 1. The n=
1, 2, 3, ... indicates dimer, trimer, tetramer, ...,
respectively. Dimers to decamers of the RF resin
were calculated. Calculations were carried out by
molecular mechanics and dynamics with CFF91
force field."” The CFF91 force field employs a qua-
dratic polynomial for bond stretching and angle
bending, and a three-term Fourier expansion for
torsions. The out-of-plane coordinate is defined
according to Wilson et al.'® All the cross terms up
to the third order that have been found to be
important are also included. Coulombic interaction
between atomic charges and van der Waals inter-
actions using the inverse 9"-power term for the
repulsive part rather than the more typical 12"
power term are employed. Potential cutoff distance
of 10.0 A was employed. In order to investigate
the influence of solvent on energetical stability and
structure of the RF resin, various dielectric con-

OH OH
H
'O
OH OH
Figure 1. General formula of resorcinol formaldehyde
resin.
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stants () of 1.00 (vacuum), 21.01 (acetone), 36.64
(aceto-nitrile), and 80.10 (water) were used. The
energy-minimized structures of the RF resins were
obtained by conformational search. The conforma-
tional search was done by the annealing technique
consisting of 200 ps molecular dynamics at 900K
and 200 samples obtained each 1000 fs (1 ps} for
further minimization. Of the 200 conformers, the
conformer with the lowest energy was determined
as the energy-minimized structure.

Results and Discussion

The energy-minimized structures of the RF res-
ins obtained from the conformational search were
shown in Figures 2-5. Figures 2, 3, 4, and 5 give
the skeletal structures of pentamers of the RF resin
obtained under the condition of dielectric con-
stants £ = 1.00, 21.01, 36.64, and 80.10, respec-
tively. The molecular structures were displayed
with only oxygen and carbon atoms, where solid
and open circles denote oxygen and carbon
atoms, respectively. The RF resins, irrespective of
dielectric constants, have common structural
characteristics of intramolecular hydrogen bond
between the hydroxyl groups. Of the intramolecu-
lar hydrogen bonds, the major ones are the
hydrogen bond between 1-hydroxyl groups of the

Figure 2. Skeletal structure of the energy-minimized
resorcinol formaldehyde resin pentamer obtained from
calculation in €£=1.00. Solid and open circles indicate
oxygen and carbon atoms, respectively.
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Figure 3. Skeletal structure of the energy-minimized
resorcinol formaldehyde resin pentamer obtained from
calculation in €=21.01. Solid and open circles indicate
oxygen and carbon atoms, respectively.

Figure 4. Skeletal structure of the energy-minimized
resorcinol formaldehyde resin pentamer obtained from
calculation in€=36.64. Solid and open circles indicate
oxygen and carbon atoms, respectively.

adjacent resorcinols. The intramolecular hydro-
gen bond of phenolic formaldehyde resin was
studied by several groups.®* Paulus and Béhmer®
studied the crystal structures of p-alkylphenol
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Figure 5. Skeletal structure of the energy-minimized
resorcinol formaldehyde resin pentamer obtained from
calculation in €= 80.10. Solid and open circles indicate
oxygen and carbon atoms, respectively.

formaldehyde resin tetramer with hydrogen,
methyl, and t-butyl as the p-substituent by single
crystal X-ray analysis and found the existence of
the intramolecular hydrogen bond between
hydroxyl groups of the adjacent phenolic units.
Templeton and coworkers” studied the intramo-
lecular hydrogen bonded phenol formaldehyde
resin dimer-tetramer by molecular me-chanics
energy minimization techniques, which was con-
sistent with X-ray crystallography data.

In order to investigate the structural difference
of the resins depending on the dielectric constant,
the distance between the oxygen atoms of 1-
hydroxyl groups of adjacent resorcinols, r,,, were
measured from the energy-minimized structures
of the resins. Table I gives the r,, of dimer to
decamer of the energy-minimized RF resins. The
average 1., from dimer to decamer of the resins in
the condition of £ = 1.00 is shorter than those in
the other dielectric constants by about 0.14-0.65.
The average r,, of the resins increases by increa-
sing the dielectric constant except the resins
ine=21.01. The average r,, of the resins are
3.33, 3.98, 347, and 3.86 for ¢ = 1.00, 21.01,
36.64, and 80.10, respectively.

The number of intramolecular hydrogen bonds
is one of principal factors to characterize the
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Table 1. Distance between Oxygen Atoms of the 1-Hydroxyl Groups of Adjacent Resorcinols in the
Energy-minimized Resorcinol Formaldehyde Resins in A

Size of Molecule £=1.00 €=2101 £ =36.64 €=280.10

Dimer 3.08 3.27 3.25 3.23

Trimer 3.04-3.10 3.15-4.62 3.16-4.55 3.19-4.16

Tetramer 2.96-290-2.88 3.30-3.22-4.16 3.43-445-477 3.44-449-477

Pentamer 292-296-3.05 3.12-3.03-441 3.20-3.01-445 3.27-3.02-442
-297 -3.25 -5.82 -5.87

Hexamer 282-286-293 3.26-395-4.82 3.02-5.65-4.55 3.11-499-424
-442-3.09 -3.03-5.64 -3.19-4.32 -5.72-3.29

Heptamer 3.17-3.29-2.98 3.01-3.01-494 296-2.84-3.79 3.06-3.13-351
-294-445-317 -395-328-3.71 -3.04-3.09-541 -3.07-3.76 - 556
299-288-4.65 3.16-3.00-3.04 3.12-3.23-3.66 298-3.03-3.14

Octamer -3.71-3.05-5.05 -4.70-5.38-5.72 -2.96-3.07-2.99 -3.65-3.24-3.26
-3.25 -5.74 -4.75 -3.24
298.288-421 298-5.77-4.09 3.07-2.91-3.09 3.00-5.17-3.57

Nonamer -3.50-3.03-3.00 -3.99-3.71-4.93 -292-573-326 -5.78-484-417
-2.883-5.74 -3.26-449 -459-3.34 -3.86-5.04
304-315-292 3.75-4.29-5.50 3.18-4.48-3.36 3.27-2.94-3.03

Decamer -3.00-5.77-361 -4.69-3.17-3.29 -3.36-4.25-2.96 -2.87-538-4.04
-293-2.78-3.02 -5.64-3.85-3.06 -3.44-3.11-295 -458-3.16-3.17

chemical structure of the resin. Thus, the number
of intramolecular hydrogen bonds of the energy-
minimized RF resins was counted. Table II gives
the number of intramolecular hydrogen bonds of

Table I1. Number of Hydrogen Bonds between
Hydroxyl Groups of the Resorcinols in the Energy-
minimized Resorcinol Formaldehyde Resins

Size of Molecule £=1.00 €=21.01&£=36.64 £=80.10

the resins from dimers to decamers. The number Dimer 1 1 1 1
of intramolecular hydrogen bonds of the resin in Trimer 2 1 1 1
£ =1.00 increase from 1 to 9 by increasing the Tetramer 4 1 2 3
molecular size from dimer to decamer. The maxi- Pentamer 5 3 2 1
mum numbers of the intramolecular hydrogen Hexamer 5 4 2 2
bonds of the resins for the case of £ =21.01, Heptamer 6 4 3 3
36.64, and 80.10 do not exceed 4, 6, and 4, Octamer 6 4 3 4
respectively. The total number of the intramolecu- Nonamer 8 4 6 2
lar hydrogen bonds in the resins from dimer to Decamer 2 3 4 2
decamer decreases by increasing the dielectric

constant. The total numbers of the the intramolecu-  solvent.

lar hydrogen bonds of the resins are 46, 25, 24,
and 19 for € =1.00, 21.01, 36.64, and 80.10,
respectively. The number of intramolecular
hydrogen bond of the resins in € = 1.00 is about
twice larger than those of the resins ine = 21.01,
36.64, and 80.10. This implies that the polar
environment prevent the RF resins from hydro-
gen-bonding. The polar solvent can build inter-
molecular hydrogen bond with the RF resin so
that the intramolecular hydrogen bond of the res-
ins is inhibited by the solvation of hydroxyl
groups of the resorcinol of the resins with polar
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Total energies of the energy-minimized resins
were calculated to investigate the relative stability
of the resins depending on the dielectric constant
of the environment. Figure 6 shows the variation
of the total energy of the energy-miminized resin
structure with the number of the repeat unit. The
total energies of the resins in e=1.00 are much
lower than those of the resins ing = 21.01, 36.64,
and 80.10. This implies that the RF resins have a
more stable structure in vacuum than in polar sol-
vents. This may be due to the number of the
intramolecular hydrogen bonds of the resins and
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Figure 6. Variation of total energy of the energy-mini-
mized structure of resorcinol formaldehyde resins as a
function of the repeat unit in different dielectric environ-
ment. Rectangles, circles, up-triangles, and down-trialngles
indicate € =1.00, 21.01, 36.64, and 80.10, respectively.

the distances between oxygen atoms of 1-hydroxyl
groups of the adjacent resorcinlos. The number of
the intramolecular hydrogen bond of the resins in
vacuum (€=1.00}) is much larger than those of
the resins in polar solvents and the distances
between oxygen atoms of 1-hydroxyl groups of
the adjacent resorcinlos in vacuum are shorter
than those in the solvents as discussed previously.
The variation of the total energy of the resin with
the type of solvent can be explained by the dis-
tances between oxygen atoms of 1-hydroxyl
groups of the adjacent resorcinlos rather than by
the number of the intramolecular hydrogen bonds
of the resins. The RF resins in £=36.64 and
80.10 are, on the whole, energetically more stable
than those in € = 21.01 although the numbers of
intramolecular hydrogen bonds of the resins in
€ =36.64 and 80.10 are smaller than that ine =
21.01. The r,, values of the resins in € = 36.64
and 80.10 are shorter than those in thee = 21.01.
This is consistent with the total energy.

Many rubbery products contain textile rein-
forcements for high strength and dimensional sta-
bility. These composites can perform optimally if
the adhesion between reinforcement and rubber
is strong. The classical way to obtain good adhe-
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sion between rayon (cellulose) or nylon fiber to
rubber is to dip the cords in resorcinol formalde-
hyde latex (RFL) suspension.'” Adhesion between
fabric cord and rubber is accomplished by forma-
tion of chemical bond between them by the RF
resin. Since rayon and nylon fibers have many
polar groups such as CO-, -NH-, and -OH, sur-
face of the fabric cords is polar so hydrogen bond
between the surface and polar chemicals can be
formed with ease. Thus, the RF resin can be
formed hydrogen bond with the fabric cords with
ease because of many hydroxyl groups in the RF
resin. Because of the high surface polarities of
rayon and nylon, it can be considered that the RF
resin structure on the fabric cord surface is similar
to the structure in the environment of a high
dielectric constant. Adhesion of vulcanized rubber
to brass-coated steel cords is of vital importance
to the long-term durability of steel-belted radial
tires. The two most widely used adhesion promot-
ers used in industry are based on the condensa-
tion chemistry of RF resin, a methylene acceptor,
with active methylene donors such as hexam-
ethoxymethylmelamine (HMMM)?® Cured resins
enhance reinforcement and improve the interfa-
cial adhesion. The RF resin structure obtained
from the current calculations can explain the reac-
tion between the RF resin and HMMM. Since the
steel cord has a high polar surface, the resin struc-
ture on the steel cord surface will be also less
packed as similar to the structure in the environ-
ment of a high dielectric constant. If the resin has
the loose structure, the active site to react with
HMMM will be exposed to some extent. Thus, the
exposed active site can react easily with HMMM.
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