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Pyrolysis Kinetics
of Nylon 6-6, Phenolic Resin,
and Their Composites

HOWARD E. GOLDSTEIN

Applied Space Products Inc.
Palo Alto, California

SUMMARY

A multistep kinetic process is postulated to describe the pyrolysis of
nylon 6-6, phenolic CTL-91LD (a phenolic novalac resin), and their com-
posites. Kinetic coefficients are derived from thermogravimetric analysis
data (TGA) at heating rates varying from 3-60°C/min for each component.
Three correlation techniques are used to obtain consistent coefficients. A
two-step kinetic equation is derived to describe the phenolic pyrolysis and
a single-step kinetic equation is found to adequately represent nylon 6-6
pyrolysis. These equations are then combined to obtain an overall pyroly-
sis rate equation for the composite.

The derived rate equations for the individual components and the 1:1
composite are verified by comparing them with TGA data taken at rates of
sample temperature rise varying from 3-100°C/min. Predictions are made
for isothermal pyrolysis of a 1:1 composite. Weight-loss data for the
nylon-phenolic composite, during both isothermal pyrolysis and pyrolysis
at programmed rates of temperature rise, are accurately correlated by the
multistep pyrolysis rate equation.
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INTRODUCTION

The simultaneous depolymerization of a composite containing a thermo-
setting resin and a thermoplastic fiber is difficult to formulate analytically.
When heated, each polymer depolymerizes by a characteristic kinetic pro-
cess in converting the condensed phase to solid and gaseous products. In
order to accurately describe the response of such a composite material to
hyperthermal environments, a detailed kinetic model is required which
predicts weight loss under a variety of polymer heating conditions.

In previous studies, pyrolysis of nylon, phenolic, and their composites
has been characterized by single-step kinetic processes [1-3, 7]. Agree-
ment between the single-step kinetic theory and TGA data for phenolic and
for nylon-phenolic composites is less than satisfactory, and the validity of
extrapolating this theory to conditions far removed from laboratory con-
ditions is questionable. For these reasons, a detailed Kinetic study of nylon,
phenolic, and a 1:1 weight-ratio nylon-phenolic composite was undertaken.
The purpose of this study was to derive a rate equation and appropriate
kinetic coefficients for use in solution of the transient thermal-response
problem for nylon-phenolic composites. The particular constituents con-
sidered were du Pont nylon 6-6 fabric and CTL-91LD phenolic resin. These
materials were believed to be representative of the nylons and phenolics to
be used in the ablative environnlents of interest.

EXPERIMENTAL

Materials

Elemental composition and heat of combustion were determined for the
nylon 6-6, phenolic CTL-91LD, and their 1:1 composite. Table 1 lists the
elemental compositions for each component and two composites of the
components. The mass fractions of phenolic and nylon in both composites
were the same, but one composite had chopped nylon fibers and the other
composite had a nylon fabric layup. Processing of both composites was
the same.

These materials were obtained from production lots. The objective was
to use materjals representative of actual end use items. TGA and elemental
analysis of a number of different batches showed no significant variation
between lots, as long as the standard processing procedure was used.
Samples were stored in a desiccator for at least 24 hr before TGA’s were
run,
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Table 1 gives heats of formation for each material. Heats of combustion
were measured using a Parr Bomb calorimeter. Heats of formation were
calculated based on the elemental compositions shown in Table 1.

Measurement Methods

Following is a description of the instrument and procedures used to ob-
tain TGA data for the kinetics analysis.

An American Instrument Company thermograv was used for the thermo-
gravimetric measurements. A schematic diagram of the instrument is shown
in Fig. 1. The weight loss (or gained) by the sample moves the armature
in or out of the transducer’s magnetic field causing changes in the field
strength which, after suitable amplification and modulation, is registered on
the Y axis of the recorder. The sample thermocouple, located in the well
adjacent to the sample, provides a continuous reading of material tempera-
ture. A timing device, electromechanically connecting heater and recorder,
indicates time marks at 1-, 5-, and 20-min intervals. The furnace can be
programmed to give sample temperature rates of 3, 6, 9, 12, 15, and
18°C/min, with a maximum rate of about 25°C/min. The temperature
range is from O to 1000°C with selective ranges within this limit (for ex-
ample, 0-500°C, 200-500°C, etc.). There is a variable time scale with in-
tervals of 0-50, 0-100, 0-200, and 0-400 min for isothermal experiments.
Measurements can be performed in various atmospheres or in vacuum.

Operational procedure was as follows: A sample (250 mg) was prepared
in block form and placed in the center of the sample holder. After as-
sembling sample holder, rod support, and spring, the zero point was ad-
justed by addition of tare weights, and the recorder pen was set to proper
temperature position on the graph. The quartz well was then centered
about the sample holder and clamped into position. A selected gas flow
was established and the temperature program adjusted for a preselected
rise rate and end point. After several minutes of flushing with gas, the
recorder was readjusted electronically for the difference between air and
gas buoyancy. During initial temperature rise, the gain control of the
recorder was adjusted to compensate for temperature-induced fluctuations.
After the preset temperature was reached, the instrument was shut off and
allowed to cool, and the residue was weighed to check recorder weight-loss
readings (method of [4]).
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Fig. 1. Thermogravimetric analysis apparatus.

THEORY AND ANALYSIS

The pyrolysis of a material to char and gases may be described by the
following reaction scheme:

Wo > Wg + W¢ 1)

For an irreversible reaction the rate of disappearance of wg is given by

d(w/ _ W-W
- (v;BWO) - kff( Wo c) @

with the following definitions:

(1) (252" o
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kf=koe T @

where w is the weight of condensed material; wg, the initial weight of con-
densed material; we, the weight of condensed material retained as char;
9, the time; kf, the Arrhenius rate coefficient (sec™); ko, the specific re-
action constant (sec™); E, the Arrhenius activation energy (cal/g-mole);
R, the universal gas constant (cal/g-mole-*K); n, the reaction order.

The final rate equation then takes the form

d(w/wo) =_koe-E/RT(W' Wc) 1 (5)
de Wo

TGA gives the weight of material pyrolyzed versus temperature for a
pyrolysis carried out at a fixed rate of sample temperature rise. Thus

dT/dg = C 6)

Substituting Eq. (6) into Eq. (5) gives

d(w/wo) _ _Xo -E/RT (W - Wg) n Q)
dT C Wo

TGA data for nylon and phenolic at C = 3 and 18°C/min are shown in
Figs. 2-5. Figure 6 shows a TGA run for the nylon-phenolic composite
at C = 3°C/min. From data in Figs. 2-5, the rate of weight loss with re-
spect to temperature was determined for each material. Figure 7 shows
plots of temperature rate of weight loss (normalized to initial sample weight)
versus temperature for phenolic and nylon.

The plot shows two maximums in rate of weight loss for phenolic, indi-
cating that pyrolysis of the phenolic takes place in two major reactions. The
rate equation for the two-step phenolic reaction takes the form

Loyl - [l o],
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Fig. 2. TGA rate data: phenolic 91LD resin (3°C/min).

Rate equations for reactions I and II are both assumed to be defined by Eq.
(5). Then Eq. (8) becomes

d!W/Wo) =_ &QL e_EI/RT I'l[ 0 —EH/RT( )nll (9)
dT C Wol WoIl

For Eq. (9) to be true, the following identities must hold:
WV oW, wiL (10)
1 = m + W_Ou (1 1)
w W

The weight fractions wo/wo and wo/we are weight fractions of the vir-
gin plastic taking part in each reaction; similarly, wo/wo and wgy/wo are the
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Fig. 3. TGA rate data: phenolic 91LD resin (18°C/min).

weight fractions of reacting virgin plastic remaining in the solid state at the
completion of each reaction. When reaction I has gone to completion, the
weight pyrolyzed will be the initial weight considered in the reaction wgy
less the weight of partially reacted solid w,y. By extrapolating the data for
reaction I in Fig. 7 to zero at T, and graphically integrating from T, to
T,, the weight fraction pyrolyzed can be obtained as

Wor-Wel _ (T, ﬂ%ﬂl dT = ¥ = 0.25 (12)
Wo Te Wo

The corresponding calculation for reaction 1I (using Fig. 7) is

Wl = Wolt _ (T, d0/Wo) 4y - AW _ o (13)
Wo T, dT Wo )
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Fig. 4. TGA rate data: nylon 6-6 fabric (3°C/min).

Based on TGA and high-temperature pyrolysis data, the char weight-
fraction adopted is 0.50. Then from Eqs. (11), (12), and (13) the following
values are obtained:

Worl/Wo = 0.25 + 0.5 = 0.75

1]

wor/We =1-0.75=0.25

wei/we =0.25-0.25=0

The kinetic coefficients, E, ko, and n, are determined for each reaction.
These parameters can be found using the following three correlation
methods:
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Fig. 5. TGA rate data: nylon 6-6 fabric (18°C/min).

Method 1 is that of Freeman and Carrol [5]; it gives both the activation
energy, E, and reaction order, n. Taking logarithms of Eq. (7)

log[— d—("g%l] log ‘E (RET)log e+n 1og(——°) (14)

and finite differences of Eq. (14), gives
") (s)

Alog |}ML)] = Alog -A(RT>log etnA log<
Alog ko/C =0 (16)

dT

For constant C and kg

Combining Eqs. (15) and (16) and assuming E and n constant

Alog [-d(w/wo)/dT] _ E A(YT)
Alog [(w—wc)/wo | ;Alog [(w—wc)/wo]% log e +n a7
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Fig. 6. TGA rate data: 1:1 resin-fabric weight ratio composite (3°C/min).

A plot of the left side of Eq. (17) versus the bracketed term on the right
side gives -(E/R) log e as slope and n as the intercept. Plots of this equation
for the two phenolic reactions are shown in Fig. 8.

Method 2 gives the reaction order n independently. For a pyrolysis re-
action carried out at two rates of temperature rise Cy and Cp, Eq. (7) may
be evaluated for each rate of temperature rise. As in-the first method,
activation energy E, specific rate constant ¥y, and reaction order n are as-
sumed constant. A ratio of Eq. (7) evaluated for C3 to Eq. (7) evaluated
for Cp is then

[d(w/we)/dT] 4 _ ko exp (-E/RT,) [(W ~we)/Wola™Ca (18)
[dw/Wo)[dTTo " ko exp E/RT) [(W~ wc)/Wolun/Cp
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Fig. 7. Derivative TGA plot: phenolic 91LD resin (3°C/min), nylon 6-6
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Fig.
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8. Second derivative plot [Eq. (17)] used to determine reaction order

and activation energy.
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For T, =Ty
Cald(W/wo)/dT]a _ §[(w - we)iwola (19)
Co[d(w/wo)/dT]p [(W - we)/wolp

Taking logarithms of each side of Eq. (19) and substituting Eq. (6) gives

[dgw/Wo 2/ dd ] = [(w - we)/wo] a
o8 ;[d(W/Wo)/dl?] Z% " log 3[(w “wo)lwol b§ @0

Equation (20) describes a straight line with intercept zero and slope n.
Since the intercept is a constant, a line may be determined for every value
of n. Figure 9 shows plots of these lines for n = 0.5, 1, 2, 3, 4, and 5.
Data points for phenolic, calculated from Figs. 1 and 2, are also plotted.

1O gn=d o]
08 a 4
! ' O F [0}
o8 " >
BE 41 <2 d
38
23 o . o NYLON
ol » y e PHENOLIC REACTION I
ZIE cf O PHENOLIC REACTION II
A 1 1 T -

.2 4 .6 .810
(d(w/wo)) /(d(w/wo))
de a de /b
Fig. 9. Rate equation ratio plot [Eq. (20)] used to determine reaction
order.

Method 3 is based on the Arrhenius relation. Equation (7) can be re-
arranged as

-E/RT __d(w/Wo) [w- wc|-ndT 21
koe dT Wo E ( )
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The logarithm of Eq. (21) is

- -1 22

A plot of the right side of Eq. (22) versus 1/T gives - (E/R) log e as the
slope and log ko as the intercept when E, ko, and n are constant. In order
to plot Eq. (22), the value of the reaction order n must be known. Methods
1 and 2 can be used to determine this parameter, since the reaction order is
given by the intercept of the plot determined by Eq. (17) and as the slope
of the plot determined by Eq. (20). Method 1 also gives the activation en-
ergy of the reaction. Unfortunately, it is difficult to accurately determine
the slope of Eq. (17) from these data, as noted in Fig. 8. Therefore, the
procedure used to calculate the kinetic coefficients for each reaction was to
determine the best whole-number value of the reaction order from plots of
Eqgs. (17) and (20), and then to use this reaction order to plot the Arrhenius
equation. The activation energy determined from the Arrhenius equation
was then used to form a new plot of Eq. (17). Figures 8 and 10 show the
results.

T 03 - PYROLYSIS KINETIC COEFFICIENTS

Q 4

o NYLON x 104 g E v, v,
z 102 - MATERIAL | Ko (sec™) [ £ (*K) | n Yo v
4

- 10'F NYLON 1.85 % 10° | 26,150 [ 1.0 [1.0 |0

& PHENOLICI [ (.40% 10 | 8,560 |3.0| .25 | 0

2 ! PHENOLIGIT | 4.48x 10 | 20450 (30| 15| 5
Lot

S FURNACE RATE, °C/min
W 1072 o 3

p& jw] 18

c 1073 ° 100

S o4k PHENOLIC

z REACTION T

% |o-5 1 1 ) 1 1 J

x .5 1.0 15 20 25

=4

REC!PROCAL TEMPERATURE, ok xI03

Fig. 10. Arrhenius correlation of TGA rate data.

A reaction order of 3 is indicated by both methods 1 and 2 for phenolic
reaction I. Figures 8 and 10 show that, by using this order, both methods
1 and 3 give a consistent value of the activation energy, namely 17,000
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cal/g-mole. The specific rate constant ko from Fig. 10 is 1.40 X 10* sec™!.
An important point to note is that the Arrhenius plot is a straight line and
there is no regular deviation from linearity in the temperature range shown.
If an incorrect reaction order had been chosen, different rate coefficients
would be determined from TGA data for each rate of temperature rise. The
fact that the data fit a single straight-line Arrhenius plot for the nearly two-
orders-of-magnitude range in rates of temperature rise indicates that the
analysis is essentially valid.

The reaction order indicated for reaction II by method 1 was 3, and by
method 2 was greater than 5. Using a reaction order of 3, a linear
Arrhenius plot is derived in Fig. 11. The higher value of the reaction order
determined by method 2 was not used because a higher order would not
give better correlation between experimental data and theoretical equations.
As Figs. 7 and 9 show, the activation energy and specific rate constant are
40,700 cal/g-mole and 4.48 X 10°/sec™, respectively.

The pyrolysis kinetics of nylon were analyzed in essentially the same
manner as for phenolic. Since only one maximum occurs in the rate of
weight loss versue temperature plot (Fig. 7), only one reaction is assumed
to take place. Further, the char weight w¢ in Eq. (5) is assumed to be
zero. The rate equation then takes the form

d -E/RT (w)n
]

Using the data from Figs. 4 and 5, Egs. (17), (20), and (22) may be
evaluated to determine the Kinetic coefficients for nylon. Figures 8 and 9
show that the reaction order for nylon is 1. Figures 8 and 10 show that
the value of the activation energy and specific rate constant are 52,600
cal/g-mole and 1.85 X 103 /sec, respectively.

CORRELATION OF EXPERIMENTAL DATA AND THEORY

The equations derived in the previous section should now fit the data
from which they were derived. In order to calculate TGA curves from the
theoretical equations, the integrals of these equations must be determined.
Equation (7) may be rearranged as

Ko -E/RT

d(w/wo) = e dT (24)

[(w=-we)/wolr "~ C
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Fig. 11. Comparison of theory and TGA rate data: phenolic 91LD resin.

The left side of Eq. (24) may be integrated by standard methods. For n =1

I—(w = W)/ Wo
L(Wo - wc)lWo

W/Wo d(W/Wol
wolwy [(W=wc)/wo]"

J = 1n ©5)

and forn # 1

fw/wo d(w/we) _ 1 (,v_w>l-n —(No-w>l —n]l/l-n
wo/wy [(W=wc)/wo]™ 1-nl\wg Wo (26)

The integration of the right side of Eq. (24) with respect to temperature is
somewhat more complicated. Let
E T, = dT

_E. - = dT 27
R HTT ¢ T, 27)

X =
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where Ty is the upper limit of integration. Then
Ko Ty ~E/RT 40~ _ keTa 1 _
me St AT =T Sy e Xikgy (28)

The term

7, € XlMay

was calculated for values of X varying from O to 10 in Ref. [6] and from
10 to 50 in Ref. [9].

Equation (23) may now be integrated, using Eqs. (26) and (28) to de-
scribe the weight loss of nylon as a function of temperature for a constant
rate of temperature rise:

_ -X
7“% =10 [(ko/C)Ta fe /“d#] (29)

Similarly, Eq. (9) may be integrated, using Egs. (25) and (28), to predict
the weight loss of phenolic:

X _
w =Rnl - 1)koiTa f(lm € /“d“ + (Wol' Wcl) 1'“‘] 1/1-ny + (M_

Wo L C Wol Wo

1 X 1/1-
+ l:("” - DkoTa Jg e gy . <Won - Wcu>1-nu:l /1-nu .

C WoIl

Figures 12 and 13 show these equations plotted against experimental
data.

The correlation between the phenolic data and Eq. (30) shown in Fig. 11
illustrates the advantages of assuming a two-step depolymerization. Only the
two-step process can account for both the early and later part of the degrad-
ation process. Other analyses have treated either the early degradation
period [3] or the later degradation period {1], or have used a one-step rate
equation for the whole process. Friedman [1] pointed out that both
periods had to be treated to completely describe pyrolysis. Parker and
Winkler also indicate that a multistep rate process [10] is required. Using
the two-step method, Eq. (30) can be used to predict the entire pyrolysis
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Fig. 12. Comparison of theory and TGA rate data: nylon 6-6 fabric.
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Fig. 13. Comparison of theory and TGA rate data: 1:1 resin-fabric weight

ratio composite (isothermal).
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process within the limits of experimental accuracy. Of particular note

is the correspondence between the theory and data for the weight
versus temperature plots between 350 and 600°C. No previous analysis
has achieved similar success in this region. It is also noteworthy that
the theory fits TGA data for nearly a two-orders-of-magnitude variation
in rate of temperature rise, a much larger range than has been attempted
in earlier analyses.

Correlation between the theory for nylon, Eq. (29), and TGA data
is quite satisfactory, as noted in Fig. 13. The correlation shows that
a one-step kinetic process is sufficient to describe the pyrolysis data
for nylon. This is consistent with earlier analyses {2]. Figure 12
also shows data obtained by Doyle [7] for nylon, plotted against
Eq. (29). The good agreement demonstrated indicates that the analysis
for nylon 6-6 is valid.

If the assumption that the pyrolysis kinetics of nylon and phenolic
are independent of each other is correct for the composite, the kinet-
ics of a composite of nylon and phenolic should be described as the
sum of Egs. (9) and (23):

d(w/wo) - pfdw/we) d(w/wo)
( T )comp = r‘( 0 °>P +(1- F)<_d0 °>N (31)

Integration of Eq. (31) with respect to time gives

1-n;{1/1-n
w - -EJ/2.3 RT Wo[—-W 1
=T |tny = Dker10 1 +[Wol— Wel
<W°)comp (ng - 1)ko1 6 ~Wor

- - 1 -ny l/l-n“
+ | (agg = 1) kopg 10 FRT 0+<M>

WoIl
-EN/RT
o Vel * Well —[_OM_G] 32
Wol ¥ Woll. +(1-0I)10 2.3 (32)

For a 1:1 weight ratio composite of nylon and phenolic, I' = 0.50.
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This equation should predict the weight pyrolyzed versus time data for iso-
thermal degradation of a 1:1 composite. Figure 13 shows a comparison of
isothermal pyrolysis data and the predicted results. This correlation is a sev-
ere test of the theoretical equations. First, the data were not used in any way
in the derivation of the equations. Second, these data are for isothermal py-
rolysis while the equations were derived from nonisothermal pyrolysis data.
Predictions are within 5% of the experimentally determined degradation in
all cases, indicating the validity of the individual equations and of the as-
sumption that the pyrolysis kinetics of the components are independent of
each other in the composite. This conclusion agrees with the results of
Parker and Winkler [10]. Of particular interest is the fact that these equa-
tions predict very closely the pyrolysis at 523 and 573°K and yet also pre-
dict very accurately the pyrolysis at 673°K. If a two-step reaction for )
phenolic is not used, the initial pyrolysis at the low temperatures cannot
easily be accounted for.

When Eq. (31) is integrated with respect to temperature for dT/df = C,

\—Nw:) comp ) F(;Vv%) P =D (“%)N e

Here, (w/wo)y and (w/wo)p are defined by Eqs. (29) and (30), respec-
tively. Equation (33) should predict the weight versus temperature data
for a composite degraded at a fixed rate of temperature rise. Figure 14
shows TGA data and theoretical predictions for the composite, at three
rates of temperature rise: 3, 18, and 60°C/min. These three plots illus-
trate changes in the TGA as the rate of temperature rise increases. When
the rate of temperature rise is 3°C/min, a definite decrease in the weight
versus temperature curve occurs between 450 and 600°K during which
about 10% of the total material is pyrolyzed. This same weight decrease
appears to a somewhat lesser extent when rate of temperature rise is
18°C/min starting and ending at higher temperatures. When the rate of
temperature rise is 60°C/min, the initial weight decrease nearly disappears.
Without using a multistep kinetic process, this phenomenon cannot be
described mathematically. Using the sum of the two-step phenolic
equation and the one-step nylon equation, one sees that this shift in
initial weight loss is primarily due to the low activation energy of the first
phenolic reaction. As the rate of temperature rise increases, the tempera-
ture at which phenolic reaction I takes place shifts much more quickly to
higher temperature than in either the nylon or the second phenolic
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Fig. 14. Comparison of theory and TGA rate data: 1:1 resin-fabric weight
ratio composite.

reaction. As this shift occurs, the first phenolic reaction is superimposed on
the second phenolic and nylon reactions and is therefore no longer visible

as a separate step in the TGA. The comparison described above illustrates
the good correlation that can be obtained between TGA data and the multi-
step pyrolysis theory.

One very important advantage of the multistep theory over the single-
step theory is its versatility. When a single-step kinetic theory is used, every
time the weight fractions of components are changed new kinetic constants
must be derived. Using the multistep theory one simply changes the value
of T to account for a change in weight fraction.. The following paragraph
illustrates how useful this can be.

Figure 15 compares the theoretical equations with TGA data for a
material obtained from a satellite-vehicle entry heat shield. The nylon-
phenolic material (produced by General Electric) is supposed to be similar
in weight ratio to the material in the present study. However, TGA data
indicate that only 20% char remains after pyrolysis of the heat shield
material. Elemental analysis indicates that the material is richer in hydrogen
than the 1:1 composite studied herein. Both of these pieces of information
would infer that the material has a higher ratio of nylon to phenolic than
1:1. Since no appreciable char is left after pyrolysis of nylon, all the char
remaining after pyrolysis of this composite must be due to phenolic. Since
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Fig. 15. Comparison of theory and TGA rate data: General Electric nylon-
phenolic (18°C/min).

the phenolic yields 50% char when pyrolyzed, the satellite heat shield
material must be a 6:4 weight-ratio composite of nylon and phenolic if the
components are the same as those considered in this analysis.

In Fig. 15 the theory for both a 1:1 mass ratio and a 6:4 mass ratio of
nylon to phenolic is shown. As the figure illustrates, the 6:4 weight ratio
theory fits these data quite well, particularly in the low-temperature region.

Doyle [7] published a TGA for the General Electric nylon-phenolic
composite material. His data are shown in Fig. 16. These data again show
only 20% char. No weight ratios of nylon to phenolic were published with
the data, but similarity between TGA’s of the satellite vehicle material and
Doyle’s TGA indicates that they are of the same material. A comparison of
Doyle’s data and the 6:4 weight-ratio theory indicates good agreement. The
fit is particularly good for the early degradation, once again supporting the
multistep pyrolysis theory.
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Fig. 16. Comparison of theory and TGA rate data: General Electric nylon-
phenolic (3°C/min).

CONCLUSIONS

Agreement between TGA data for the composite and rate equations
derived from nylon TGA’s and phenolic TGA’s individually indicates that
the method of analysis is essentially valid. The ability of the rate equations
to predict a large range of data from several investigations demonstrates
their versatility.
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NOMENCLATURE
E Arrhenius activation energy, cal/g-mole
kg Arrhenius rate coefficient, sec™
ko specific reaction constant, sec™
n reaction order
R universal gas constant, cal/g-mole-"K
w weight
0 time
r weight fraction of nylon-phenolic composite
Subscripts
a,b denoting different rates of temperature rise
c char
comp composition
g gas
N nylon
0 initial condition
P phenolic
pyr pyrolysis
S solid plastic

I 1I phenolic reactions I and II, respectively
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