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Computer simulation and infrared investigation on
a novolac formaldehyde phenolic resin
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Atomistic molecular dynamics computer simulations and infrared experiments have
been performed to characterize the solid state of a formaldehyde phenolic resin. The
infrared measurement of Novolak 1940H qualitatively proves the existence of hydrogen
bonding. Upon heating, the band of the free O-H vibrations increased at the cost of the
associated band. The simulation of a system of purely ortho-substituted chains in
comparison to the ensemble of randomly ortho—para substituted chains, showed that the
amount of hydrogen bonding, which in both cases mainly acts intramolecularly, is much
smaller in the latter system due to the larger separation of the polar OH groups.

1. Introduction

Polymeric materials built of amorphous structures
are of great interest in a variety of applications.
When polymer chains are cooled down from the melt
they can form an amorphous structure possessing
surprisingly good mechanical and thermal properties.
Because of the complexity and lack of order in
these structures, their characteristic parameters
are not accessible by the techniques used for the char-
acterization of crystalline polymers. The detailed
structure and dynamics which define mechanical and
thermal properties are difficult to obtain by the
presently available experimental methods. Usually,
scattering methods provide global chain dimensions
such as the radius of gyration and end-to-end distance
or density.

Another complementary way to overcome this lack
of data is to build amorphous structures with an
algorithm developed and tested by Suter and co-
workers [1-4] and to perform molecular dynamics
(MD) computer simulations on the basis of these
ensembles in order to analyse the trajectories with
respect to physical properties.

Our specific interest in this study was focused
on modelling of a novolac formaldehyde phenolic
resin. Adding a hardener to this compound creates
a network called duroplast, which is widely used
in electrical and appliance products as well as in
high-technology materials. Phenolic resins have
a comparatively long history: commercial production
started in 1907 [5] and the publications dealing
with chemical analytical aspects of different phenolic
compounds go back to the sixties [6, 7]. Our Institute
is involved in the quality control of phenolic moulding
powders and in exploring this material down to the
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microscopic level. Meanwhile, it is known [8] and
repeatedly proven [9] that the glass transition
temperature is comparatively high (57 °C); dielectric
measurements [9] on industrial novolak indicate,
through interpretation of the &’ master curve,
strong inter- and intramolecular interactions, but
because these parameters are extracted from a fitting
procedure of a global property, very little is really
known about the motion on the molecular level,
and quantitative statements about the character
of the interactions have not been made. In this
study, a model of the amorphous structure was gener-
ated and physical properties, such as characteristic
ratio, X-ray diffraction pattern and radial distribution
function, were calculated. In particular, the role of
hydrogen bonding was investigated.

2. Model and simulation

As the starting structure we used the repeat unit dis-
played in Fig. 1 with a degree of polymerization of
n =15 in ortho-ortho sequence and a methyl ter-
minator at one chain end, so that one single chain
consists of 212 atoms. This corresponds to the average
molecular weight of the commercial Bakelite novolak
given by Holland et al. [9] derived from gel per-
meation chromatography. Because recently per-
formed MALDI measurements detected a distribution
of about eight repeat units, two other ensembles were
created: one ensemble consisted of chains with eight
repeat units in ortho—ortho sequence, the second en-
semble was made of chains of eight repeat units in
57% ortho—para and 43% in ortho-ortho sequence
with respect to the methylene bridges to tailor the
simulated structure more closely to the real sample
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Figure 1 Repeat unit of formaldehyde phenol.

which has 50% ortho—para, 27% ortho—ortho and
23% para—para sequence according to NMR mea-
surements in methanol. Each of the molecular chains
was then energy minimized by the molecular mechan-
ics and molecular dynamics method implemented in
the Discover code [10] of Biosym Inc. Inter- and
intramolecular interactions are described by the po-
tential given in Equation 1

V= Z ﬁ'(r - req)z + Z foc(u - oLeq)z
+ Y Hol[l + scos(n®)] + > H, x> (1)
2] x

+ Y qiq;fer; + Y e[(r¥/r)t? = 2(r*/r)°]
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The force field parameters are taken from the
peff force field of the Biosym polymer package [10].
Creation of the amorphous bulk state requires
the single chain packed into a unit cell, which is
infinitely repeated by periodic boundary conditions
(p.b.c.) with an experimental density of 1.17 gcm 3. In
order to obtain reasonable statistics, ten molecules
were packed into the p.b.c. box; during the packing
procedure, the neighbourhood of each atom was
checked by distance criteria: the sum of the van
der Waals (vdW) radii must be the minimum distance
between two non-bonded atoms. This structure is
then prerelaxed by 1000 steps of conjugated gradient
energy minimization using the full potential given
in Equation 1 to remove bad contacts. In order to
optimize the sample further, the system was subjected
to annealing cycles of 20ps duration where the
temperature is decreased linearly from 1500K to
300 K. After three cycles there was no further decrease
of the potential energy. The same procedure was
followed for the final temperatures T =450 and
600 K. Because the density of the system for temper-
atures higher than room temperature is not known,
the MD calculations at T =450 and 600K were
performed for the NPT ensemble which previously
incorporated the tail correction in order to remove
the error in pressure due to the truncation of
the nonbond (vdW) potential in the periodic
cubic cell.

The MD simulations for the NPT ensemble
are performed using the leap-frog algorithm with
a time step of 1fs. The temperature, T, is kept
constant at 300, 450 and 600K by the loose coupling
algorithm of Berendsen et al. [117]. At each of these
temperatures the MD runs were performed over
400ps and frames of the trajectory were stored
every 0.5 ps.
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2.1. Analysis of the trajectories
The characteristic ratio

{
Cp = W<"2>o 2

is widely used as a measure of chain flexibility. In this
expression, n is the number of chain segments, e.g.
repeat units, [ is the length of the chain segment and
{r*>¢ is the unperturbed square of the end-to-end
distance. In our model, I = 0.514nm and the chains
consisted of 15 segments. The averaged end-to-end
distance was 3.137 + 1.27nm, the calculated charac-
teristic ratio turns out to be 2.46, which indicates
a coil-like structure. For the most flexible chains (e.g.
Gaussian-like) one finds ¢, = 1.0.

One way to characterize the amorphous structure of
Novolak is to calculate the radial distribution func-
tion. We will present the total-, as well as the intra-
and intermolecular radial distribution function. The
function, g,,(r) gives the probability of finding atom
b at a distance between r and dr + r from atoms a as
a function of the a—b separation, r, in the simulated
structure

AN

gab(r) - pade(r)

3)
where d{N,,(r)> is the average number of a—b pairs
with a distance between r and r + dr, p,;, is the bulk
density of type a and b atoms, and d{N,,(r)>/dV(r) is
the average local density of type a and b atoms in the
shell volume dV (r).

3. Local mode analysis

This method is suitable for calculating localized
vibrations with high frequencies [12]. It assumes
that fast vibrations can be treated separately from
the slow intra- and intermolecular relaxations:
the slow motions are modelled by a classical MD
calculation and the fast motions are treated
quantum mechanically. The MD trajectory contains
a series of configurations in terms of cartesian
coordinates and each of the configurations is frozen
during a short vibrational time period. The local
mode vibrations are considered as quantum oscil-
lators in a mean field of surrounding atoms. The mean
field

VQ) =Ko + K,0% + K30 + KoQ* (4)

can be fitted to the local energy surface sampled by
distorting the molecule along the vibrational modes.
The frequencies are calculated by solving a one-di-
mensional Schrédinger equation on the effective po-
tential

—hl & V() |W(Q) = EY 5
W[d—QZ+ (Q) |¥(Q) = Q) (5)

The wavefunction is expanded in terms of eigenfunc-
tions of the corresponding harmonic oscillator

Q) =2 Civi(Q) (6)



With this set of basis functions, the Schrodinger equa-
tion becomes a matrix eigenequation

HC =¢C 7

Diagonalization of the H-matrix gives energies of the
ground state and several excited states, from which
vibrational frequencies can be calculated. The follow-
ing results were obtained by performing the procedure
described above for 20 configurations extracted from
trajectories of 2000 configurations stored every 100fs
and then accumulated in a histogram.

This vibrational analysis was performed on the
basis of trajectories at 300, 450 and 600K for the
ensembles of ortho—para substituted chains. Our spe-
cific interest focused on the fast O-H vibration of
these ensembles at different temperatures. The cal-
culated frequencies for this vibration cover a region
between 3350 and 3700cm™'. At a temperature of
300K, the highest density of states appears at a fre-
quency of about 3500cm ™! and there are also four
less-pronounced peaks: one at 3470cm ™! and three
peaks covering a region between 3540 and 3640 cm ™.
Increasing the temperature to 450K reveals several
peaks at higher frequencies (up to 3710cm ') with
low density of states compared to the main peak at
approximately 3510cm ™. At 600 K, even more peaks
of higher frequencies up to 3790cm ™! occur. Temper-
ature increase causes some of the OH “submolecules”
to vibrate at frequencies > 3550cm ™', which can be
assigned to the frequency of a free O—H vibration. At
the same time, the amount of bonded O—H vibrations,
e.g. the density of states for the frequency region
3430~3570cm ™, decreases at the cost of the upcom-
ing free O—H vibration.

Prior to any frequency analysis within our en-
sembles, we performed an ab initio creation of infrared
spectra of novolak-type molecules. To obtain a clear
impression of how infrared spectra evolve or change
under the influence of different candidates for hydro-
gen-bonding in the typical frequency region of O-H
bonds, we started out with theoretical calculations for
2,6-dimethylphenol followed by ortho—ortho-, ortho-
para-, and para—para-novolak “dimers” (Fig. 2a—d).
We performed energy minimization of these molecules
in vacuo based on the peff force field followed by
molecular dynamics calculation storing the trajectory
every 1fs for a length of 10ps. Then the dipole mo-
ment was calculated as a function of time. The Fourier
transform of the dipole moment function gives the
location of the corresponding infrared frequencies in
the framework of the inherent approximations of the
chosen method. For 2,6-dimethylphenol, the OH vi-
bration covers a region between 3684 and 3729 cm ™,
which is very similar to that of the ortho—para
novolak dimer. The OH vibration of the para—para
novolak dimer shows a small shift to higher frequen-
cies (3717-3737cm ™~ *) which means that the OH vi-
bration does not feel much of the interaction with the
OH bond of the repeat unit in the para position. In the
infrared spectrum of the ortho—ortho dimer we find
a shift to lower frequencies (3600-3688cm ™) and
a broadening of the peak shape caused by the close
distance of the hydrogen and oxygen atoms of the two
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Figure 2 (a) 2,6-dimethylphenol, (b) ortho-dihydroxydiphenylmeth-
ane, (c) (ortho-hydroxyphenyl)(para-hydroxyphenyl)methane, (d)
para-dihydroxydiphenylmethane.

different repeat units (< 0.26 nm on average). There is
obviously the trend to a decrease in frequency when
the perturbation of hydrogen bonding is switched on.
(In any case, it is proved that a different atomistic
environment has some effect on the calculated spectra.
A similar result was obtained for the change of the
infrared spectra of a water molecule and a water
dimer. Additionally, the water test calculation shows
that the pcff force field is capable of differentiating
between hydrogen-bonded O-H stretching and non-
bonded hydrogen stretching in the water dimer.) We
also calculated the dipole moments of bis(o-methyl-
ene)phenol and the corresponding trimer by averaging
over a 10ps trajectory and obtained jip;, = (2.96)
Debye and py, = <4.32> Debye. The experimental
values [137] (Upim = 2.46 Debye and iy, = 3.06 De-
bye) are not directly comparable because they are
measured in solution.

Another approach to tackle the problem of the
distribution of free and hydrogen-bonded OH groups
is to determine the radial distribution function (r.d.f.)
of the total system, of the specific O ... H group or of
the O ... O distances, respectively. The r.d.fs were.cal-
culated on the basis of the trajectories created for the
ortho—para-substituted chains for three different
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temperatures (T = 300,450 and 600 K). The total r.d.f.
for T = 300K (Fig. 3) includes the distribution of all
particles in the system and it demonstrates that there
is only short-range order (up to 0.60 nm) which is due
to the amorphous structure. The analysis of the trajec-
tory with respect to the distribution of the oxygen
atoms at 300K led to the r.d.f plotted in Fig. 4.
Integration over r = 0.26-0.30 nm, which is the well-
defined O...O distance of highly directional and
short-range interaction of hydrogen bonding, gave
a value of 9%, compared to the total integral of the
O...Or.df Atatemperature of 600 K, the percentage
of the oxygen atoms involved in hydrogen bonding
decreases to a value of 6.7%. This effect is expected,
but the amount of oxygen atoms involved in hydrogen
bonding appears to be surprisingly small.

Analysis of the r.df. of the pure ortho-ortho en-
semble with respect to the distance of oxygen atoms
gives a value of 15.6% hydrogen-bonded oxygen
atoms at 300K. The correlation between a higher
content of hydrogen bonds and a higher T, value is
well fulfilled: DSC measurement of the phenol formal-
dehyde resin with purely ortho linkages of the methy-
lene groups leads to T, = 81 °C [14] compared to T,
= 57°C of our novolak resin. There still remains the
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Figure 3 Total radial distribution function (r.d.f.) at 300 K averaged
from a 300ps trajectory for the ensemble consisting of differently
substituted chains.
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Figure 4 Radial distribution function (r.d.f) at 300K of all oxygen
atoms in the ensemble of differently substituted chains.

3438

question about the specific type of hydrogen bonds
(intra- or intermolecular). To focus on this, the intra-
and intermolecular radial distribution functions were
calculated based on the trajectory of the pure ortho-
ortho ensemble obtaining the result that 4.3% of the
oxygen atoms are intermolecularly hydrogen bonded
and 11.3% are intramolecularly hydrogen bonded.

4. Experimental infrared investigation
with respect to hydrogen bonding

In principle, hydrogen bonding decreases the valence

vibrational frequency, and it broadens the vibrational

band, while, at the same time, the intensity of the band

increases.

The use of the terms “free” and “associated” refers
to the assignment already made in several papers
[14,15]. Most of these publications deal with
oligomers of differently substituted phenols in dilute
solutions. In the highly dilute solute environment
a sharp band at a frequency of 3610cm ™! is detected
and attributed to a free O—H stretching vibration. If
the phenol concentration is increased, hydrogen
bonds are created, being evident in a broad band
about 3300cm ™1,

The Novolak 1940 H was not soluble in non-polar
solvents. Therefore, a melting film was prepared on
a silicon disc and heated up to 120°C starting from
room temperature using a non-commercial temper-
ature cell which was implemented in a NICOLET 800
spectrometer. The specira were recorded at intervals
of 10° at a resolution of 4cm ™! taking 64 scans.

Fig. 5 shows the infrared spectra of the Novolac
1940H in the hydroxyl stretching region from
3000-3650cm ! at different temperatures. At room
temperature we observe the spectral region character-
istic of two types of OH groups: a strong and broad
band about 3380 ¢m ™ !, which can be attributed to the
class of associated OH groups, and a slightly less
intense shoulder in the region between 3450 and
3580cm Y. According to the literature [6,7,15,16],
there is evidence to assign this shoulder to “free”
phenolic hydroxyls.
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Figure 5 Spectra of Novolak 1940 H in the OH stretching region at
30,60,90 and 120 °C; temperature increase is indicated by the direc-
tion of the arrows.



Upon increasing the temperature from 30°C to
120°C, displayed in steps of 30°C, we observe a
change in the shape of the characteristic band in the
O-H frequency region (Fig. 5). The shoulder at-
tributed to the more or less “free” hydroxyls becomes
more pronounced and intense at the cost of the band
of the associated hydroxyls. At the temperature of
90°C the two bands are best distinguishable; at 120°C
the “free” hydroxyl band is most intense.

Because it was not possible to obtain a reference
measurement in non-polar solvents, we investigated
PMMA /novolac mixtures. For these systems spectra
were recorded at a resolution of 2cm ™! Samples were
prepared for infrared analysis by casting a thin film on
to a silicon disc from about 1% solutions of the two
polymers in two different solvents. PMMA was dis-
solved in chloroform and Novolak in acetone.

Fig. 6a shows the infrared spectra for a 20:80
PMMA/novolak film in the hydroxyl stretching
region from 3650-3000cm ~* (Fig. 6a) and in the car-
bonyl stretching region (Fig. 6b). For increasing tem-
perature, the absorption of the shoulder in the OH
stretching region grows and the intensity of the asso-
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Figure 6 FT-IR spectra of PMMA/novolak (20: 80 wt %) recorded
to 30,60,90 and 120°C; (a) in the OH stretching region and (b) in
the carbonyl stretching region; temperature increase is indicated by
the direction of the arrows.

ciated hydroxyls decreases, while the position of the
maximum is changed to higher wave numbers. In the
carbonyl region, there are two characteristic carbonyl
group frequencies obtained by band separation
(Table I): 1732 cm ! may be the contribution from the
free carbonyl groups and 1706 cm ! can be attributed
to the hydrogen-bonded carbonyl groups in analogy
to the assignment made elsewhere [17]. The intensity
ratio v,/ Ve, decreases when temperature is raised
from 30°C to 120°C, following the same trend ob-
served in the hydroxyl stretching region of the pure
novolac system: the area under the “free” carbonyl
band increases, the area under the hydrogen-bonded
carbonyl band decreases.

The infrared spectra recorded for thin films of
PMMA/Novolak blends with contents of 20, 40, 60 and
80 wt % novolak show that the free hydroxyl is reduced
with increasing PMMA content. A clearly visible shoul-
der 1s observed only in the case of 80 wt % novolak.

In Fig. 7 the carbonyl region of the infrared spectra
of the different PMMA /novolak blends is displayed.
With increasing novolak content the hydrogen-
bonded CO absorption becomes stronger; at low
novolak content only a little shoulder is found.

TABLE I Temperature dependence of the infrared spectra for the
20:80 PMMA /novolac blend

T (°C) “Free” C=0 Hydrogen-bonded C=O band
band
v {cm ™) v(em™Y) Intensity ratio
Vass/vfree
30 1732 1706 1.63
60 1732 1706 1.56
90 1732 1708 1.34
120 1732 1709 1.18
0.75 -
0.60 /
g 0.45 \
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Figure 7 FT-IR spectra of PMMA/novolak biends in the carbonyl
stretching region, recorded at room temperature, blends containing
0,20,40 and 80 wt % novolak; increasing content of novolak is
indicated by the direction of the arrow. For a better overview, the
intensity of the “free” carbonyl was set to absorbance = 0.5.
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5. Conclusion

In this study we characterized the solid state of
Novolak 1940 H mainly by analysis of trajectories
obtained from atomistic computer simulation and in-
frared experiments. The latter investigation shows
a qualitative effect of the broad bands assignable to
“associated” and “free” O—H vibrations upon heating,
which demonstrates that hydrogen bonding exists.
Both experimental investigations (pure novolak
and novolak/PMMA blend) can hardly be inter-
preted with respect to a quantitative amount of
hydrogen bonding because the corresponding bands
cannot be clearly resolved. The results obtained
from computer simulation give a quantitative amount
of hydrogen bonds within the novolac system which,
when compared to the amount in the pure ortho-
substituted system, is quite small. Nevertheless,
it is easy to understand why hydrogen bonding in
the pure ortho-substituted system is much more suc-
cessful: the polar OH groups are a priori much closer
to each other than in the differently substituted
system. In both systems, it was found that hydrogen
bonding mainly acts intramolecularly. Along the same
lines, it is evident that a higher T, value is corre-
lated to the specific type of linkage within the molecu-
lar chains: the pure ortho substitution leads to a
more favourable hydrogen bonding interaction and
raises T.
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