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SYNOPSIS

A series of a-naphthol-formaldehyde orthonovolak resins were synthesized by altering the
mol ratios of a-naphthol and formaldehyde involved in the condensation reaction. Oxalic
acid was used as the catalyst. The softening temperatures and thermal degradation behavior
of these resins are presented. Thermal degradation kinetics of these resins were investigated
by applying nonisothermal integral methods of Coats-Redfern and Horowitz—Metzger. The
dynamic thermogravimetric experiments were conducted in air to obtain differential ther-
mogravimetric (DTG) plots. The ratio of the partial integrated area at temperature T to
the total area was used to estimate the fractional degradation in the analysis. Degradation
proceeded in two stages. The second stage was the predominant one. The thermal degra-
dation profile and activation energies in this stage are discussed in relation to orthonovolaks
of similar composition based on phenol-formaldehyde. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

Phenolic resins are perhaps the first synthetic resins
to have acquired a significant commercial success.
This is due to design flexibility to make resins of
widely varying properties by altering the catalyst
and the relative mol ratios of phenol to formaldehyde
as well as using substituted phenols and other al-
dehydes. These resins have found a significant role,
away from commodity applications, in highly spe-
cialized resists formulations used in microelectron-
ics. The orthonovolaks based on phenol-formalde-
hyde (PF) as well as on substituted phenols form
the major constituent in positive photoresist for-
mulations used in optical lithography.!® Unlike no-
volaks and resoles, the orthonovolaks, formed by
substitution exclusively at the two positions ortho
to hydroxyl group through weak acid catalysis, con-
sist of permanently fusible linear structures. Prop-
erties of special significance in microelectronic ap-
plications are the enhanced softening and degra-
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dation temperatures. Here, the resin is used in
combination with a number of low molecular mass
compounds such as sensitizers and antihalation
agents. This should prevent the crystallization of
these by forming an uniform film. Recently, «-
naphthol-formaldehyde orthonovolaks have become
resins of choice in these applications. This study
highlights the thermal properties of these resins in
relation to this application. The enhanced softening
temperatures translates into a decreased processing
time that increases output.

A study of thermal properties and thermal deg-
radation kinetics of orthonovolaks based on m-cre-
sol-formaldehyde (MCF') was conducted and related
to PF orthonovolaks of similar compositions. Spe-
cific features emerge that can be related to the effect
of methyl substitution on molecular weight, soft-
ening temperature, degradation profile, kinetics of
degradation, etc.

In the present investigation, we report the syn-
thesis of a number of a-naphthol-formaldehyde
(ANF) orthonovolaks. Here, the naphthalene ring
is treated as an ortho, meta disubstitution (ring fu-
sion) on the benzene nucleus. The consequence of
resin composition on the softening temperature, 10
and 25% degradation temperatures (10% DT and
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25% DT ), and activation energy ( E') of the thermal
degradation are discussed. The performances of
ANF resins are compared relative to PF orthono-
volaks of similar compositions.

EXPERIMENTAL

Analytical reagent-grade a-naphthol, phenol, for-
malin, and oxalic acid were used as received. Form-
aldehyde concentration in formalin was estimated
by the standard procedure. The phenol-to-formal-
dehyde mol ratio was varied in different reactions
between 1.00 : 0.80 and 1.00 : 1.05. Oxalic acid was
used as the catalyst. In the second array of experi-
ments, a-naphthol was reacted with formaldehyde.
The «-naphthol-to-formaldehyde mol ratio was
varied between 1.00 : 0.50 and 1.00 : 1.05.

The polycondensations were conducted in 500 mL
four-necked round-bottom flask at 90°C for 6 h with
constant stirring. The unreacted monomers were
distilled out at reduced pressure at elevated tem-
perature to obtain the resin. The resins were dried
in a desiccator over phosphorus pentoxide. The
softening temperatures were estimated with sealed
glass capillaries on a melting-point apparatus.

The thermal behavior of resins was studied in air
using a Netzch STA-409 thermal analyzer. The ap-
proximate sample size was 20 mg. Resins were
heated at the constant rate of 10°C/min. Ther-
mograms were obtained in the temperature range of
25-900°C.

RESULTS AND DISCUSSION

In ANF reactions, one of the three possible substi-
tution sites in the aromatic ring is blocked by ring
fusion. One ortho and one para reaction site is avail-
able for chain growth. Softening temperatures of PF
(four compositions) and ANF (six compositions)
novolak resins are shown in Table 1. The softening
temperatures in both series increase with the form-
aldehyde mol fraction in the resins. The replacement
of the benzene ring in PF resins with the naphtha-
lene ring in ANF resins increases the softening tem-
perature an average of 50-60°C.

The thermal degradation of four PF resins and
six ANF resins was examined. The superimposed
plots of the rate of change in the mass of ANF resins
in the temperature range 100-900°C are presented
in Figure 1. Similarly, plots of PF orthonovolak res-
ins in the temperature range 200-700°C are shown
in Figure 2. The data on PF resins are used here for
comparative study.

ANF resins are thermally stable to 200°C. The
replacement of the benzene ring, in PF resins, with
the naphthalene ring, in ANF resins, reduced the
thermal stability considerably. The initial degra-
dation temperature (7), final degradation temper-
ature (7Ty), and the temperature range (AT') over
which degradation is observed in ANF resin series,
presented in Table I, are compared with the data
obtained for PF resins of similar compositions. The
initial degradation temperatures ( T; ) of ANF resins
are lowered, on average, by 150°C. However, the final

Table I Thermal Properties of the Synthesized PF and ANF Orthonovolak Resins

HCHO Temperature (°C)
Sample Mol
No Code Ratio Softening T; T AT 10% DT 25% DT
1 PF 105 1.05 96-99 3674 649.0 281.6 405.2 512.4
2 PF 100 1.00 87-90 324.1 664.4 340.3 391.8 483.7
3 PF 090 0.90 74-18 328.5 634.5 306.0 385.8 474.2
4 PF 080 0.80 62-66 246.5 645.1 398.6 316.5 413.8
5 ANF 105 1.05 150-153 186.4 822.3 635.9 350.3 501.1
6 ANF 100 1.00 145-148 161.6 844.8 683.2 368.2 570.3
7 ANF 090 0.90 137-140 161.6 844.8 683.2 390.7 559.1
8 ANF 080 0.80 122-125 174.3 831.5 657.2 363.7 565.9
9 ANF 060 0.60 94-97 173.6 844.6 671.0 319.7 425.3
10 ANF 050 0.50 — 162.0 849.6 687.6 303.7 408.7

T, initial degradation temperature; Ty, final degradation temperature; AT, temperature range over which degradation is observed;

DT, degradation temperature; PF, phenol-formaldehyde series; ANF, a-naphthol-formaldehyde series.
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Figure 1 DTG thermograms for degradation of ANF resins at various compositions.

degradation temperatures (7;) are higher and the
temperature ranges (AT') over which degradation is
observed are wider. The degradation temperature
range (AT) in PF resins is around 300-400°C,
whereas in ANF resins, it is around 650-700°C. This
wide degradation range is probably due to the high
melt viscosities of ANF resins, which would lower

the rate of diffusion of the degradation products to
the surface.

The data based on semiquantitative methods such
as temperatures at 10 and 25% degradation (10%
DT and 25% DT') are tabulated in Table I and are
graphically represented in Figure 3. Three features
that emerge are the following: (1) thermal stability
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Figure 2 DTG thermograms for degradation of PF resins at various compositions.
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Figure 8 Plot of mol ratio of formaldehyde and decomposition temperature (10% DT

and 25% DT).

of the ANF resin is lower than that of the PF resin
of similar molar composition; (2) the degradation
rate between 10 and 25% degradation is lower in
ANF resins; and (3) the temperatures corresponding
to 10 and 25% degradation decreases proportionally
with the formaldehyde mol ratio in the resin.

The degradations occur in two distinct, initial and
final, stages in both resin series, as seen in Figures
1 and 2. After an initial loss in mass, a rather sharp
break occurred, indicating the onset of decomposi-
tion with rapid loss in the volatile fragments. The
degradation in ANF resins starts around 150°C and
is relatively rapid from 600°C. In the 150-500°C
temperature range, corresponding to the initial deg-
radation stage, the observed loss in mass is due to
the volatilization of water and other lower molecular
mass species.” The final degradation stage is ob-
served after 500°C and is completed at around
800°C. Initial and final degradation stages of PF
resins (Fig. 2) are observed in the temperature
ranges 200-450°C and 500-600°C, respectively.

The final degradation stage is the predominant V

one in both resins. These are observable over similar
temperature ranges irrespective of composition and
chemical constituents.® This stage was selected for
comparison of energy of activation ( E') with respect
to compositional and structural differences. The ac-

tivation energies of the final degradation stage were
evaluated. The DTG peak relating to this stage was
separated out and corrected for area using the An-
derson methodology.” The energy of activation (E)
of the 10 resins were calculated from their DTG
curves. Two nonisothermal integral methodologies
were used to deduce the activation energies. The
equations used are the following:

(A) Coats-Redfern Equation I (CR I)3:

[1 —(1- a)l_"}
log| ——————5—

(1-n)T?
AR 2RT E
—log?lf(l— E )—2.303RT (1)
(B) Coats-Redfern Equation II (CR II):
—In(1 — @)
log| —— 75—
-1 AR 1 2RT\ E (2)
8 GE E | 2.303RT

(C) Horowitz—Metzger Method (HM)?:

In{—In(1 — a)] = E4/RT% (3)



where o = (W — W;) / (W, — W;) (W,, Wy, and W
are the initial mass, final mass, and mass remaining
at temperature T' [equivalent to final degradation
stage]), 8 = T — T, and Ts = the temperature at
W /W, = 1/e. CR 1l is valid for reactions with order
parameter (n) equal to 1 and CR I is applicable for
reaction order parameters other than 1.

Order parameter n was evaluated using CR I and
II. The plots of the left-hand-side function (LHS)
vs. 1/ T were drawn for different values of n in the
range 0-3, excepting n = 1. CR Il was used for n
= 1. The superimposed plots of the LHS function
in CRIor CRII vs. 1/T for the resin ANF060 are
presented in Figure 4. Forn =0, 2, and 3 (CRI), a
linear relationship was not observed, whereas for n
=1 (CRII), log[—-In(1 — «)] against 1 /T was lin-
ear. This indicates that degradation in the last stage
followed first-order kinetics. This was confirmed
through Horowitz—Metzger (HM) equation.

The plot of log[ln(1 — «)™*/T?] vs. 1/T (CR
II) and In[—In(1 — «)] vs. 6 (HM equation) were
plotted and the energy of activation (E) was eval-
uated from the slope of straight line for the 10 resin
samples. The correlation coefficients “r” for the
plots were also determined in each case. These were
found to be near unity for the 20 plots, reflecting
linearity of the curves.

Superimposed plots, for the second degradation
stage of PF and ANF resins, of log[In(1 — a)!/
T?] against 1/ T (CR plots) are represented in Fig-

-4 £\
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ures 5 and 6, respectively. The temperature ranges
and extent of degradation within which analyses
were conducted are represented in Table II. Here,
the presented extent of degradation pertains only
to that in the second degradation stage. Kinetic pa-
rameters for the 10 resins were analyzed in the 20~
98% degradation range. The initial 20% degradation
zone was bypassed to avoid errors due to an overlap
from the previous degradation zone.'® It is also
known that in solids the initial stages’ decomposition
does not obey first-order kinetics.

Similarly, the superimposed plots of the second
stage for PF and ANF resins, of In[—~In(1 — «)]
against # (HM plots), are shown in Figures 7 and
8, respectively. Activation energies (E) calculated
for these resins are tabulated in Table II. The ac-
tivation energy ( E') was computed from the slope of
the Coats—Redfern and Horowitz-Metzger plots. A
veritable trend was not discernible for activation
energies (E) comparative to the formaldehyde con-
tent in these two orthonovolak series. This is most
likely be due to variations in the molecular weights
of the resins.!! The number-average molecular
weights of the PF and ANF resin series were esti-
mated in acetone by vapor pressure osmometry.
These were found to be in the ranges 1000-2500 and
1000-3700, respectively.!?

The first-order reactions have an overall activa-
tion energy in the range of 150-200 kJ /mol for the
PF resin series and 100-140 kJ/mol for the ANF

O ORDER=0 1-n
1-(1-Q)
® ORDER=2 Y=log -—3
(-n) T
A ORDER=3

Vv ORDER=1; Y=log [ In(1-t}'/T2]

Y "k x10°

Figure 4 Coats-Redfern plots for ANF (1:0.6) resinatn =0, 1, 2, and 3.
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Figure 3 Coats-Redfern plots for PF resins at various compositions (last stage).

resin series. The activation energies (E) obtained
from both Coats—Redfern and Horowitz—Metzger
methods are tabulated in Table II. Higher values
obtained by the Horowitz—Metzger method arise
from the inexact approximation used in that deri-
vation.’® The activation energy of ANF resins are
lower than that for PF resins.

Thermal degradation at higher temperature de-
pends primarily on the stability of the dihydroxy
diphenyl /dinaphthyl methane unit in phenol /ANF
resins.'* Ring fusion at ortho and meta positions of
phenol resulted in a change in the chemical structure
and stability of dihydroxy diphenyl methane unit.
It has been reported that the thermal stability de-
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Figure 6 Coats—Redfern plots for ANF resins at various compositions (last stage).
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Table II Decomposition Activation Energies in the Final Stage for PF and ANF Orthonovolak Resins

Analysis Range

Energy of

Decomposition Activation

HCHO Temperature (°C) (%) (in kJ/mol)

Sample Mol
No. Code Ratio Start End Start End HM CR

1 PF 105 1.05 536.5 616.9 23.3 97.1 190.8 176.0
2 PF 100 1.00 532.8 611.7 22.5 94.8 188.2 172.4
3 PF 090 0.90 523.9 587.6 25.2 93.9 199.6 185.4
4 PF 080 0.80 4975 582.5 204 93.4 162.6 146.1
5 ANF 105 1.05 617.2 781.3 31.6 99.4 117.9 107.0
6 ANF 100 1.00 621.7 805.5 28.7 99.8 113.3 100.3
7 ANF 090 0.90 585.6 787.2 24.8 99.0 99.6 85.1
8 ANF 080 0.80 603.6 793.5 22.9 99.3 114.5 100.1
9 ANF 060 0.60 620.6 818.2 17.9 99.8 137.9 123.8
10 ANF 050 0.50 608.6 760.8 24.7 97.8 123.5 106.0

HM, values obtained by Horowitz—Metzger method; CR, values obtained by Coats-Redfern method; PF, phenol-formaldehyde series;

ANF, a-naphthol-formaldehyde series.

creases with an increase in molecular weight of sub-
stituted phenols.® Cross-linking is not possible in
para-substituted phenols due to reduction in number
of reactive sites from 3 to 2. This reduction in the
number of reactive sites results in the reduced ther-
mal stability. Similarly, the a-naphthol system may
be considered to be equivalent to ortho-meta-disub-
stituted phenol. In this case, the number of active
positions of phenol has been reduced from 3 to 2.

Therefore, cross-linking is not possible and reduc-
tion in thermal stability is to be anticipated.
Variation in para-substitution from tertiary octyl
to dodecyl in PF resins result in 70-85°C reduction
in the thermal stability, on the basis of 10% DT'. In
these resins, the number of active positions are re-
duced from 3 to 2. In meta-substituted PF resins,
wherein substitution is not at an active position, a
35-95°C reduction in thermal stability was observed
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Figure 7 Horowitz-Metzger plots for PF at various compositions (last stage).
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Figure 8 Horowitz—Metzger plots for ANF resins at various compositions (last stage).

by Jeffreys.® A similar trend was noted in m-cresol-
formaldehyde orthonovolaks.* The overall activation
energy for MCF (monosubstituted) orthonovolak
resins was In the range 130-180 kJ /mol. This lies
in between those observed for PF (unsubstituted)
and ANF (disubstituted) orthonovolaks. Contri-
butions arising from both these effects, namely, re-
duction in the number of active sites from 3 to 2
and substitution at nonactive sites, are noted in the
a-naphthol ring (0-m-disubstituted phenol). Hence,
a greater reduction in thermal stability in the ANF
series is to be expected.

On the contrary, it is known that the stability of
phenolic resins increase with the aromatic content
in the resin network. Substitution in phenol reduces
the thermal stability of PF resins, whereas increas-
ing aromatic content increases the thermal stability.
Hence, ANF resins 5 and 6 showed a lowering in the
10% DT temperature with respect to PF resins of
similar composition. On the other hand, resins 7-
10 showed an increase in 10% DT temperature. This
increase in degradation temperature at 10% decom-
position can be attributed to an increase in aromatic
content with a decrease in the mol fraction of meth-
ylene bridges arising from formaldehyde. These two
opposing effects, namely, substitution and aromatic
content on thermal stability, are mutually nullified
in the mol ratio 1.0 : 0.9 to 1.0 : 1.0 of a-naphthol
and formaldehyde.
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