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Abstract Catalytic oxidative polymerization of 2,2’-dihydroxybiphenyl (DHBP)
was performed by using Schiff base polymer-Cu (II) complex and hydrogen peroxide
as catalyst and oxidant, respectively. According to size exclusion chromatography
(SEC) analysis, the number-average molecular weight (M,), weight-average
molecular weight (M,,) and polydispersity index (PDI) values of poly (2,2'-dihy-
droxybiphenyl) (PDHBP) were found to be 37,500, 90,000 g mol™! and 2.4,
respectively. The thermal degradation kinetics was investigated by thermogravi-
metric analysis in dynamic nitrogen atmosphere at four different heating rates: 5, 10,
15 and 20 °C min~". The derivative thermogravimetry curves of PDHBP showed
that its thermal degradation process had one weight-loss step. The apparent activa-
tion energies of thermal decomposition for PDHBP as determined by Tang, Flynn—
Wall-Ozawa (FWO), Kissenger—Akahira—Sunose (KAS), Coats—Redfern (CR) and
Invariant kinetic parameter (IKP) methods were 109.1, 109.0, 110.0, 108.4 and
109.8 kJ mol ™", respectively. The mechanism function and pre-exponential factor
were determined by master plots and Criado—Malek—Ortega method. The most likely
decomposition process was a D,, Deceleration type in terms of the CR, master plots
and Criado—Malek—Ortega results.
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Introduction

The oxidative coupling polymerization of phenol derivatives constitutes a class of
interesting research topic. Recently syntheses of polyphenols have received much
attention due to their thermal and mechanical properties [1-5]. One of the syntheses
methods of polyphenols is catalytic oxidative polymerization. Catalytic oxidative
polymerization of phenols provides an environmentally benign method to synthe-
size phenol polymers [6]. Many catalytic systems have been employed to obtain
these polymers such as enzymes, Schiff base-metal complexes as well as transition
metal salts [7, 8].

These compounds have structures normally composed of a mixture of phenylene
and oxyphenylene units, which are formed by C—C and C-O coupling of phenols. Poly
(1,4-phenylene oxide) (PPO) is the representative polymer produce by the oxidative
polymerization. PPO is widely used as a high-performance engineering plastic, since
the polymer has excellent chemical and physical properties such as high glass transition
temperature and mechanically tough property. In addition, blends of PPO are widely
used as engineering plastics in industrial fields [9]. Therefore, oxidative polymerization
of phenolic compounds has been extensively studied by many researchers. Kobayashi
et al. examined the thermal properties of bisphenol polymers [10]. They have reported
that polymers from dihydroxydiphenylmethanes showed relatively high thermal
stability. Enzymatic oxidative polymerization of phenol was carried out by Oguchi
et al. [11] and they reported that soluble polyphenol possessing high thermal stability.

The aim of the present work is to understand the decomposition mechanism of
PDHBP which is a member of polyphenol family. The activation energies of
thermal degradation of PDHBP in N, were obtained by Tang, KAS, FWO, CR and
IKP methods. Thermal degradation mechanism for PDHBP was investigated by CR
method, master plots method and Criado—Malek—Ortega method.

Experimental
Materials

DHBP and all solvents were supplied from Merck Chem. Co. (Germany). The
synthesis PDHBP (Scheme 1) is given in detail under the sentence of poly-2-
hydroxyphenyliminomethylphenol and poly-2-hydroxyphenyliminomethylphenol-
Cu(II) complex compound prepared according to reported procedures [12—14].

Synthesis of poly-2-hydroxyphenyliminomethylphenol-Cu(Il) complex
A solution of Cu (AcO), 4H,O (1 mmol) in methanol (10 ml) was added to a

solution of poly-2-hydroxyphenyliminomethylphenol (1 mmol unit™') in tetrahy-
drofuran (20 mL). The mixture was stirred and heated at 70 °C for 5 h. The
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Scheme 1 Oxidative polymerization of DHBP

precipitated complex was filtered, washed with cold methanol/tetrahydrofuran (1:1)
and then dried in vacuum oven.

Measurements

The number-average molecular weight (M,), weight-average molecular weight
(My,) and polydispersity index (PDI) values of polymer were determined by size
exclusion chromatography (SEC) (Shimadzu Co. Japan) with a Macherey-Nagel
GmbH & Co. (Germany) (100 A and 7 nm diameter loading material) 7.7 mm
i.d. x 300 mm columns, DMF/MeOH eluent (0.4 mL min_l, v/v, 4/1), polystyrene
standards and a refractive index detector. Thermal data were obtained by using
Perkin Elmer Diamond Thermal Analysis. The TG-DTA measurements were made
between 15-1,000 °C (in N, heating rates 5, 10, 15 and 20 °C minfl).

Kinetics methods

The application of dynamic TG methods holds great promise as a tool for unraveling
the mechanisms of physical and chemical processes that occur during polymer
degradation. In this paper, integral isoconversional methods were used to analyze
the non-isothermal kinetics of PDHBP.

The rate of solid-state non-isothermal decomposition reactions is expressed as

£ ()on(epo

Rearranging Eq. 1 and integrating both sides of the equation leads to the

following expression
A\ [T ~E AE
s1= (5) 0 )= (i) ?
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where p(u) = [ —(%)du and u = EIRT.

oo

Flynn—Wall-Ozawa method [15, 16]

This method is derived from the integral method. The technique assumes that the A,
fle) and E are independent of T while A and E are independent of «, then Eq. 2 may
be integrated to give the following in logarithmic form:
log g(o) = log(AE/R) —log 8 + log p(E/RT). (3)
Using Doyle’s approximation [17] for the integral which allows for E/RT > 20,
Eq. 3 now can be simplified as

log f = log(AE/R) — log g(o) — 2.315 — 0.4567 E/RT. 4)
Coats—Redfern method [18]

Coats—Redfern method is also an integral method, and it involves the thermal
degradation mechanism. Using an asymptotic approximation for resolution of Eq. 2,
the following equation can be obtained:

ln(‘g']("—?) = ln<2—ll§) _RET' (5)

The expressions of g(«) for different mechanism have been listed Table 1 [19,
20], and activation energy for degradation mechanism can be obtained from the
slope of a plot of In [g(:x)/Tz] versus 1,000/T

Tang method [21]

Taking the logarithms of sides and using an approximation formula for resolution of

Eq. 2, the following equation can be obtained:
1.001450F
—r - (©)

The plots of In % versus 1/T give a group of straight lines. The
activation energy E can be obtained from the slope —1.001450 E/R of the
regression line.

B AE
In (m —In Re@ +3.635041 — 1.894661 In E —

Kissenger—Akahira—Sunose method [22]

This method is integral isoconversional methods as FWO.
AR E
In s =1In -—. (7)
72 Eg(x)| RT

The dependence of In (/T%) on 1/T, calculated for the same o values at the
different heating rates 5 can be used to calculate the activation energy.
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Table 1 Algebraic expression for the most frequently used mechanisms of solid state process

No Mechanisms Symbol Differential form, f{o) Integral form, g(x)

Sigmoidal curves

1 NandG@m=1) A, 1 —a) [—In (1 — )]
2 NandG@m=15) As 32) 1 = o)[—=In 1 — o) [—In (1 — o))
3 NandG (n=2) A, 2 (1 —o)[—In (1 — o)]"? [—In (1 — o)]"?
4 Nand G (n=3) A 3(1 — o)[—In (1 — o)]*? [—In (1 — o))"
5 Nand G (n = 4) A4 41 —w[-In — o [—In (1 — o))"
Deceleration curves
6  Diffusion, 1D D, 1/Q2x) o’
7  Diffusion, 2D D, /(n (1 — &) A - —o)+o
8  Diffusion, 3D D; L5 — o)~ = 1] (1 —20/3) — (1 — a)*?
9 Diffusion, 3D D, [15 (1 — 0?1 — 1 — )P - —a?P
10  Diffusion, 3D Ds GR2) (A + )™+ o — 117! [+ o —17%
11 Diffusion, 3D Ds GR2) (1 — o)™ — o — 117" [ - o' - 177
12 Contracted geometry R, 31— a)?? 1—(1 -

shape (cylindrical

symmetry)
13 Contracted geometry Rj 31— a)?? 1—(1 -

shape (sphere

symmetry)

Acceleration curves

14 Mample power law P, 1 o

15 Mample power law P, 20% 12
(n=2)

16 Mample power law  P3 (1 .5)0(2/3 al
(n=3)

17 Mample power law P, 407 o
(=4

18 Mample power law  P3), 2/3(01)_1/2 o
(n=2/3)

19 Mample power law  Py;3 3/2(a)' o3
(n=3/2)

20 Mample power law  Pa4 4/3)‘(0!)7”3 o
(n = 4/3)

Invariant kinetic parameter (IKP) method [23]

The explicit temperature dependence of the rate constant is introduced by replacing
k = A exp(—E/RT) with the Arrhenius law, which gives

do

B pex (;—f)ﬂa) (s)

where A is the pre-exponential factor (s™'), E is the activation energy (J mol "), and
R is the gas constant (J mol~' K~'). When the reaction is carried out by controlling
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the temperature (T = Ty, fft, where f§ is the linear heating rate and T the starting
temperature) Eq. 8 may be written as

do A —E
= e (”>f<a>. )
The thermal decomposition of a solid in an heterogeneous process is accom-
panied by the release of gaseous products can usually be characterized by several
forms of the function f(«)) given in Table 1. The IKP method is based on the relation
of the compensation effect which described by the values of activation energies, E,
and pre-exponential factors A, obtained from various conversion function using one
of different methods (differential or integral methods etc.) for TG curves. To apply
this method, o = o(T) curves for several heating rates (f,, v =1, 2, 3,...) are
recorded and the activation parameters E and pre-exponential factors A for a set of
conversion function (f(«), j = 1, 2, 3,...), at each heating rates are calculated using
an integral, differential method and other method. In this work, the CR method was
used to integrate Eq. 9. It leads to the following relations:

&) o, AvR _ E

In o -
Tizy ﬁijV RTiV

(10)

with gj(a) = fO“ f‘f—;) where i is data point; f3, v are the heating rate and its numbers; j
: g
is the numbers of the conversion function between 1 and 20. A plot In [%} Versus

TL for a given analytical form of g(«) should be a straight line. We use the 20
different conversion functions given in Table 1 for the differential f{o) and integral
g(a) functions in Eq. 10. 20 couples (E;,, A;,) of PDHBP per heating rate, f are
obtained by using the CR method. The application of the IKP method is based on
the study of the compensation effect. If a compensation effect is observed, a linear
relation defined by Eq. 11 for each heating rate, f§ is obtained. It is shown by
plotting In A versus E that a compensation effect is observed for each heating rate.
Thus, using the relation of the compensation effect, for each heating rate the
compensation parameters (a*, f*) are determined.

InA=o+pE (11)
which leads to the super correlation relation.
OC* == ln Ail’lt - B*Ein[ (12)

where o* and * are constants (the compensation effect parameters). A plot o* versus
p* is actually a straight line whose parameters allow evaluation of the invariant
activation parameters. Thus, the values of invariant activation energies and invariant
pre-exponential factors can be calculated from the slopes and intercepts of curves.

Determination of the kinetic model by master plots

Using a reference at point « = 0.5 and according to Eq. 2, one gets

&) = (s Jptws) (13)

@ Springer



Polym. Bull. (2009) 63:267-282 273

where uys = E/RT. When Eq. 2 is divided by Eq. 13, the following equation is
obtained
g(@) _ p)

8(0.5)  p(uos)
Plots of g(x)/g(0.5) against o correspond to theoretical master plots of various
g(o) functions [24, 25]. To draw the experimental master plots of P(u)/P(ugs)
against o from experimental data obtained under different heating rates, an
approximate formula [26] of P(u) with high accuracy is used P(u) = exp(—u)/
[(1.00198882u + 1.87391198)]. Equation 14 indicates that, for a given o, the
experimental value of g()/g(¢ s) are equivalent when an appropriate kinetic model
is used. Comparing the experimental master plots with theoretical ones can
conclude the kinetic model [27].

(14)

Determination of the kinetic model by Criado—Malek—Ortega method [28]

If the value of the activation energy is known, the kinetic model of the process can
be determined by this method. Criado et al. define the function

o() = 929 o (15)
B
where x = E/RT, and n(x) is an approximation of the temperature integral which
cannot be expressed in a simple analytical form. In this case, the fourth rational
expression of Senum and Young [29] has been used. Combining a general rate
expression, 4 = kf («) and Eq. 15, we can obtain:

> dr
(o) = f(o)F (o). (16)
Then the master curves of different models listed in Table 1 can be obtained
following this function. Comparing the plots of z(«) calculated by Eq. 15 using

experimental data with the master curves, the mechanism of a solid state process can
be determined.

Results and discussion

According to the SEC analysis, the number-average molecular weight (M), weight-
average molecular weight (M,,) and PDI values of PDHBP were found to be 37,500,
90,000 g mol~' and 2.4 using catalysis, respectively.

Thermal decomposition process

The thermal decomposition of PDHBP was selected for the kinetic study. The
activation energy of the decomposition process was determined by multiple heating
rate kinetics. The typical dynamic TG thermograms of PDHBP in a dynamic
nitrogen atmosphere were shown in Fig. I, where the TG curves for the
decomposition of 8-10 mg PDHBP sample were shown with 5, 10, 15 and
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Fig. 1 TG-DTG-DTA curves of PDHBP

20 °C min~" under 60 mL min~" nitrogen gas. All TG curves of PDHBP showed
that the thermal decomposition took place mainly in one stage and the curves shifted
to the right-hand side with the temperature.

Determination of activation energy E, kinetic model g(«), and pre-exponential
factor A

Several techniques using different approaches have been developed for solving the
integral of Eq. 2. The five methods investigated in this work were those of FWO,
KAS, Tang, CR and IKP method. CR method was based on a single heating rate,
while the other methods were based on multiple heating rates. Isoconversional
methods were firstly employed to analysis the TG data of PDHBP, because it is
independent of any thermodegradation mechanisms. Equation 6 used to obtain the
activation energy which can be calculated from the plot of In (f/7"***°") versus
1,000/T and fitting to a straight line. The mean value of activation energy of thermal
degradation of PDHBP in N, was 109.17 kJ mol~'. The calculated results were
summarized in Table 2.

Another isoconversion method used in this paper was that of KAS.
Equation 7 utilized to determine the values of activation energy from plots of
In (B/T%) against 1,000/ over a wide range of conversation. In this case
o« = 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95 were chosen to evaluate
E values of PDHBP. The determined activation energies were listed in Table 2
and the average value was 109.06 kJ mol~' over the range of o given. This
result agrees better with the mean value of activation energy obtained by
Tang method.

FWO method is an integral method also being independent of the degradation
mechanism. Equation 4 has been used and the apparent activation energy of PDHBP
can therefore be obtained from a plot of log f§ against 1,000/T for a fixed degree of
conversion since the slope of such a line given by —0.456E/RT. Figure 2 illustrated
the plots of In 8 versus 1,000/T at varying conversion. The activation energies
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Table 2 Activation energies and correlation coefficient of PDHBP obtained by KAS, FWO and Tang
methods

Conversion KAS method Tang method FWO method
Activation Correlation Activation Correlation Activation Correlation
energy, E coefficient, energy, E coefficient, energy, E coefficient,
(& mol™")  r (kI mol™y (&I mol™)

0.05 92.78 0.99652 92.45 0.99230 94.29 0.99443

0.1 105.0 0.99113 104.5 0.99453 108.4 0.99125

0.2 106.4 0.99561 113.4 0.99175 113.9 0.99613

0.3 106.0 0.99766 105.5 0.99897 107.7 0.99621

0.4 108.1 0.99757 107.7 0.99211 109.9 0.99725

0.5 105.0 0.99811 102.9 0.99972 105.5 0.99621

0.6 107.0 0.99223 106.5 0.99249 109.4 0.99238

0.7 106.6 0.99310 106.2 0.99614 109.2 0.99614

0.8 108.4 0.99121 107.9 0.99512 111.2 0.99212

0.9 130.3 0.98905 128.2 0.98991 130.7 0.98173

0.95 124.4 0.98911 123.8 0.98731 127.2 0.98724

Mean 109.1 109.0 110.0

28 .o o= —o- 0.05
125 =0l
-A-0.2

115 --0.3

[--% & -+=0.4
3'[' ki =&~ .5
= 095 - (.6
< -+- 07

0as -4 0.8
0.75 g ot
* -B- 0.95

0.65
1.7 19 21 23 25 27
1000/T (K)

Fig. 2 FWO plots of PDHBP at varying conversation in N,

calculated from the slopes were tabulated in Table 2 and the mean value of
activation energy was 110.06 kJ mol™~'. Comparatively, the E value of PDHBP was
very close to ones obtained by the two methods. The E values of PDHBP obtained
by Tang, KAS and FWO methods were 109.17, 109.06 and 110.06 kJ mol ',
respectively.

Constant mass loss lines were determined by measuring the temperature at a
given mass percent for each rate. In Fig. 3 the Arrhenius type plots of dynamic TG
runs were shown for mass ranging from o = 0.05 to 0.95 in N,. Table 2 summaries
the activation energy and correlation coefficient on the overall mass loss from 5 to
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Fig. 3 Activation energy (E) as a function of degree of conversion for the decomposition process of
PDHBP calculated by Tang, KAS and FWO methods

_— == y=-0.2709x-2.7139
2254 — ] — y=-0.2662x -1.9767
— —y=-0.2627x-1.5965
—_— ——y=-0.2612x-1.3794

20 40 60 80 100
E (kJ.mol 1)

Fig. 4 Compensation effect for PDHBP versus heating rates

95 mass % in N,. The results indicated an acceptable correlation coefficient always
superior to 0.98173.

The thermal decomposition of PDHBP in N, presented a same behavior for Tang,
KAS and FWO method. The initial activation energy required to initial decompo-
sition was about 93 kJ mol~'. When 90% mass of PDHBP was loss the activation
energy increased to a maximum value of about 130 kJ mol .

Other method using the calculation of kinetic parameters is IKP. The application
of the IKP method is based on the study of the compensation effect. If a
compensation effect is observed, a linear relation defined by Eq. 5 for each heating
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Table 3 The values of o* and o . 1 w N

p* for PDHBP versus heating p/°C min * B 4

tes

rates 5 —0.2709 —2.7139 0.99905
10 —0.2662 —1.9767 0.99810
15 —-0.2627 —1.5967 0.99840
20 —-0.2612 —1.3794 0.99995

rate, f§ is obtained. It is shown by plotting In A versus E that a compensation effect
is observed for each heating rate (Fig. 4).

Thus, using the relation of the compensation effect, for
compensation parameters (a*, f*) are determined.

InA=o"+pE

each heating rate the

(17)
which leads to the super correlation relation.

OC* =In Aint — ﬁ*Eim (18)

where o* and f* are constants (the compensation effect parameters).

The values of o* and f* obtained for PDHBP are presented in Table 3. Thus, the
values of invariant activation energies and invariant pre-exponential factors can be
calculated from the slopes and intercepts of curves.

A plot o* versus f* is actually a straight line whose parameters allow evaluation
of the invariant activation parameters (Fig. 5).

The significance of o* and * being characteristics of the experimental conditions
has been demonstrated by Lesnikovich and Levchik [30]. Consequently, the values
of the invariant activation energy and the invariant pre-exponential factor calculated
from the slope and intercept of the straight line obtained by using Eq. 6 is found to be
109.82 kJ mol ™' and 27.28. The regression coefficient of this curve is 0.99970.

In order to find out the mechanism of the thermal decomposition of PDHBP, CR
method has been chosen as it involves the mechanisms of solid-state process.

-1+
.15 « ; J’ﬂl{l
o
-
x —
6.4 2 ‘)_,_a-g/f
T
.—ﬂ""f—
a'-'_P-—
25 4 o
P
— o y=109.82x +27.28 r=0.99970
-0272 -0.27 -0.268 -0.266 -0.264 -0.262
-

B

Fig. 5 Verifying super correlation relation (Eq. 6)
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According to Eq. 5, activation energy for every g(«) function listed in Table 1 can
be calculated at constant heating rates from fitting of In (g()/T) versus 1,000/T
plots. The activation energies and the correlations at constant heating rates such as
5, 10, 15 and 20 °C min~' were tabulated in Table 4 for thermal degradation of
PDHBP. In order to determine the mechanism the degradation of PDHBP agreed
better with, we have compared the activation energies obtained by methods above.
According to Table 4, it was could be found that the E values of PDHBP in N,
corresponding to mechanism Dg had best agreement with the values obtain d by
Tang, KAS and FWO methods.

Especially at the heating rate in 20 °C min~', the activation energy correspond-
ing to mechanism Dg is 108.4 kJ molfl, which was very close to the value of
109.17 kJ mol " obtained by Tang method. The correlation coefficient was also
much higher than other. In order to confirm the conclusions, the experimental
master plots P(u)/P(uys) against o constructed from experimental data of the
thermal decomposition of PDHBP under different heating rates and the theoretical
master plots of various kinetic functions were all shown in Fig. 6. The comparisons
of the experimental master plots with theoretical ones indicated that the kinetic
process of the thermal decomposition of PDHBP agreed with the Dg master curve
very well.

By assuming D,, law, experimental data, the expression of the D,, model, and the
average reaction energy predetermined were introduced into Eq. 2, the following
expression was obtained.

11 987 610119
25 :
/ 13
12
7
3. : A /
oy
o 14
] 20
L]
— l_s - 4
.“ 18
= 5
x is
=]
T I
1 A
05
01 02 03 04 05 06 07 08 09 1

Conversion, o

Fig. 6 Master plots of theoretical g(«)/g(0.5) against a for various reaction models (solid curves
represent 20 kinds of reaction models given in Table 1) and experimental data (dark filled triangle) of
PDHBP at the heating rates 5, 10, 15 and 20 °C min~!
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Fig. 7 Plotting In [SR/E] — In [P(u)] against —In [[1/(1 — o)]'* — 1]* for PDHBP at heating rates

Table 5 Preexponential factors

and correlation coefficients p X mol ™) A r

;)r? t[£?8151251'§]l)Z Il)rllotgr(lf)] against 5 25.67 0.99562

—In [[1/(1 — )" = 177 10 25.06 0.99863
15 24.66 0.99876
20 24.38 0.99768
Mean 24.94

Fig. 8 Master curves of z(o) and experimental data

In[BR/E] —In[P(u)] =In A — In[[1/(1 — «)]'* — 1) (19)

A group of lines were obtained by plotting In [SR/E] — In [P(u)] against
—In [[1/(1 = )]"® = 1]* As shown in Fig. 7 and Table 5, the pre-exponential factor
was calculated from the intercepts of the lines corresponding to various heating rates.
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Also, we have employed reference theoretical master curves too, in order to find
out the reaction mechanism for PDHBP. According to the Criado et al., a master
plot is a characteristic curve independent of the condition of the measurement. The
master curve plots of z(«) versus o for different mechanisms have been illustrated in
Fig. 8.

The experimental data of z(o) for PDHBP agree very well with the deceleration
D¢ master curve. This result had best agreement with the mechanisms type obtained
by Master plot methods.

Consequently, Poly(2,2'-dihydroxybiphenyl) was synthesized by oxidative
polymerization process. The activation energies for thermal degradation of PDHBP
in N, obtained by Tang, KAS, FWO, CR and IKP methods were 109.1, 109.0,
110.0, 108.4 and 109.8 kJ mol ", respectively. The resulting logarithmic values of
the pre-exponential factor In A (s~ ') obtained from master plots method and IKP
method was 24.94 and 27.28. Thermal degradation mechanism for PDHBP
according to the analysis of the results obtained by CR method, master plots method
and Criado—Malek—Ortega method is a decelerated D,, type, which indicates a solid-
state process based on an n-dimensional diffusion.

Conclusion

PDHBP was synthesized by catalytic oxidative polymerization using a catalysis.
The M,, M, and PDI values of PDHBP were found to be 37,500, 90,000 g mol ™!
and 2.4, respectively. The kinetic of the thermal degradation of PDHBP was
investigated by thermogravimetric analysis at different heating rates. The apparent
activation energies of thermal decomposition for PDHBP as determined by
isoconversional methods such as Tang, FWO, KAS, CR and IKP were 109.1, 109.0,
110.0, 108.4 and 109.8 kJ mol™', respectively. The most likely decomposition
process was a D,, Deceleration type in terms of the Coats—Redfern, master plots and
Criado—Malek—Ortega results. The logarithmic values of the pre-exponential factor
In A obtained from master plots method and IKP method was 24.94 and 27.28.
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