Adiabatic Anionic Polymerization of Caprolactam
in the Presence of N-Acylated Caprolactam

Macroactivator: Kinetic Study

JEN-LONG YEH, JEN-FENG KUO,* and CHUH-YUNG CHEN

Department of Chemical Engineering, National Cheng-Kung University, Tainan, Taiwan 701, Republic of China

SYNOPSIS

In this study, bis e-caprolactam bis-diphenyl methane diisocyanate polypropylene glycol
1000 used as the macroactivator was prepared and well characterized prior to use. The
anionic polymerization of e-caprolactam with the macroactivator as a function of the ma-
croactivator concentration was adiabatically carried out. The adiabatic temperature rise
method as well as the macrokinetics were used for elucidation of the kinetics of the poly-
merization. A nonlinear regression technique was used for determining the parameters of
the macrokinetic equation. The equilibrium conversion and equilibrium time obtained were
94-96% and 2-9 min depending on the macroactivator concentration. The effects of the
concentrations of macroactivator and e-caprolactam on the initial rate, apparent overall
reaction rate, and the empirical parameters were studied. A side reaction induced by the
transfer of the proton in the isocyanurate group of the macroactivator to caprolactam anion
was found. According to this finding, a new reaction kinetic model was proposed by properly

modifying the macrokinetic equation. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

The emergence of reaction injection molding (RIM)
has been followed by the industry with mounting
interest. RIM is based on the injection of monomers
or reactive oligomers into a mold followed by a fast
polymerization reaction. The attractiveness of the
process is in saving energy and capital investments
as well as the ease of molding of large, thin-walled,
and complicated shapes.! Therefore, the RIM pro-
cess has been rapidly developed by the automotive
industry since Bayer AG of Germany started the
Baydur System with polyurethane 20 years ago.2™®
In 1981 Monsanto Chemical Co. of the U.S. an-
nounced that it was engaged in the development of
a RIM system of Nylon 6 for exterior parts of au-
tomobiles.®> This aroused great interest and Nylon
RIM rapidly grew to be the new second RIM. The
Nylon RIM system combines the characteristics of
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the polyurethane RIM technique and the inherent
superior properties of nylon such as stiffness, abra-
sion resistance, and heat resistance; therefore, it is
expected to find a wider range of applications than
that of the polyurethane RIM.

Simulation for the kinetics of Nylon RIM is im-
portant for process design.®” It is the adiabatic an-
ionic polymerization of Nylon in nature,® with N-
acylated e-caprolactam as an activator and sodium
or sodium hydride as a catalyst. N-Acylated ¢-cap-
rolactam, usually prepared by in situ polymerization,
is a reaction product of e-caprolactam, polyol, and
isocyanate or other compounds.®'° The activator
determines not only reaction kinetics but also prod-
uct qualities. The introduction of polyol in the ac-
tivator is a policy for improving the impact resis-
tance of Nylon.!'"'* There are two approaches for
the kinetics of the activated anionic polymerization
of Nylon or Nylon RIM: the macrokinetics®*'° and
mechanistics.?*? Because of the Nylon, polymer-
izations are complex in mechanistic nature; the
former is then used more often. The empirical equa-
tion of the macrokinetics'®%?® is a well-known
one:
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dX/dt=A,(1 - X)*(1+ B'X)exp(—E,/RT)
(1a)

where n, A,, B’, and E| are empirical parameters
and denote the pseudoreaction order, apparent fre-
quency, autoacceleration factor, and apparent ac-
tivation energy, respectively. For n = 1, the empirical
equation is reduced to be the Malkin’s equation.’
These parameters in the empirical equation are de-
termined with the data of the adiabatic temperature
rise method!®?* using regression techniques.?>* On
the other hand, the mechanistic approach assumes
a regular linear chain propagation model,? in which
possible side reactions are neglected.

In this work the macroactivator, bis e-caprolac-
tam bis-diphenyl methane diisocyanate polypropyl-
ene glycol 1000, was prepared in this laboratory prior
to use. The macroactivator then activates an anionic
polymerization of e-caprolactam on its two func-
tional ends to form a Nylon-PPG-Nylon triblock
copolymer. The kinetics for the polymerizations was
studied as a function of the macroactivator concen-
tration using the adiabatic temperature rise
method, 1*% and the parameters in the macrokinetic
equation were evaluated using a nonlinear regression
technique.?® A possible reaction mechanism based
on the observations obtained will be discussed.

EXPERIMENTAL

Reagents

e-Caprolactam (Merck; Synthesis Grade) was dried
in vacuo at 80°C overnight before use. Polypropylene
glycol (PPG) 1000 (Wako; Extra Pure Reagent) was
dried in vacuo at 80°C for 3 days. 4,4-Diphenyl
methane diisocyanate (MDI) (TCI; Extra Pure Re-
agent) was heated to 60°C, and then the dimers and
trimers in MDI were removed by decanting the melt.
The catalyst, sodium hydride (Merck; Synthesis
Grade), was supplied as a mixture of 80% solid with
20% mineral oil.

Macroactivator Preparation

bis-Caprolactam bis-MDI PPG1000 was used as an
activator for the anionic polymerization of e-cap-
rolactam. The macroactivator was prepared in a 500-
mL resin kettle under a nitrogen atmosphere. The
procedure was as follows: 1 mol PPG1000 was added
dropwise to 2 mol MDI at 80°C with vigorous stir-
ring. The aim was to obtain MDI-capped PPG1000
on both ends, which was verified by the moles of

isocyanate groups of the obtained product using the
titration method.?? The MDI-capped PPG further
reacted with 10% excess e-caprolactam to obtain
N-acylated ¢-caprolactam. The N-acylated e-cap-
rolactam obtained was further verified using the el-
ementary analysis (Heraeus CHN-O Rapid Ele-
mental Analyzer) and infrared spectrometry (Jas-
co IR-810).

Adiabatic Polymerization

Figure 1 shows the apparatus for the adiabatic an-
ionic polymerization of e-caprolactam. The appa-
ratus consisted of a reactor, a feed flask, N, purging
system, heaters, and a temperature control/ moni-
tor /record assembly (TCMRA).

The reactor was a 100-mL jacketed Pyrex glass
flask. The thermal insulation of the reactor was ob-
tained through evacuating the jacketed space. The
reactor was equipped with a Teflon-coated stirrer,
an N, purging tubing system, and a K-type ther-
mocouple wires. Silicone oil was used as a heating
medium. A 100-mL Pyrex glass flask with a bottom
outlet was used as a feed flask. It was completely
surrounded with heating tape and also equipped with
a Teflon-coated stirrer, an N, purge tubing, and a
K-type thermocouple. A Teflon inside-fitted glass
tube was connected to both the reactor and feed flask
for transporting molten e-caprolactam and catalyst
from the feed flask to the reactor.

The TCMRA consisted of an IBM AT computer
with an interface card (IEE 488A) on-line with a
multimeter (HP 3478A) and a scanner (CJ 180A).
A BASIC program was developed to control the
heating and data acquisition procedures.

Before starting polymerization, both the reactor
and feed flask were evacuated and then purged with
N.. Ninety percent by weight of the predetermined
amount of the e-caprolactam was charged in the feed
flask, and the rest of the e-caprolactam and the as-
cribed amount of the macroactivator were added into
the reactor (Fig. 1). They were then heated to 110°C
for 1 h to avoid moisture in the reaction system.
Then the predetermined weight of NaH was charged
into the feed flask. The reactor temperature was
heated to 150°C; meanwhile, the temperature of the
feed flask was raised to a temperature 10°C higher
than the reactor. The jacket of the reactor was evac-
uated by starting a vacuum pump. The N, inlet of
the reactor and N, outlet of the feed flask were
closed, and then the cock on the connected tube was
opened. Then the molten ¢-caprolactam and catalyst
in the feed flask flowed down into the reactor to
initiate polymerization. At that time, the TCMRA
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Figure 1 The apparatus for the adiabatic anionic polymerization of e-caprolactam.
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was started immediately. The adiabatic temperature
in the reaction duration was scanned 3 points/sec-
ond until a constant temperature was attained. All
the runs studied were repeated three times, then the
average values of them were reported.

The conversion, X, versus time data was calcu-
lated using the equation,’®® X = (T — T;)/(T.
— T:) where T;, T, and T, denote the initial, reac-
tion, and final temperature, respectively. To deter-
mine the equilibrium conversion, X,, a certain
amount of the polymer product was sampled from
the reactor at the end of the reaction. The sample
was placed in a Soxhlet extractor. It was sufficiently
refluxed with methanol to extract the residual
monomers. Finally the equilibrium conversion, X,,
was obtained by the equation, X, = (W, — W)/
W, where W, and W,, denote the weights of initial
and residual e-caprolactam, respectively.

RESULTS AND DISCUSSION

Figure 2 shows the IR spectrum of the bis ¢-capro-
lactam bis MDI PPG1000. The stretching vibrations
of the — OH group in PPG1000 at 3500 cm™ and

the stretching vibration of the — NCO group in the
MDI at 2270 cm ™! were not present in the IR spec-
trum. On the other hand, the characteristic absorp-
O

V
tions of —C/ in the urethane group at 1700

0

cm },andof C in the lactam ring at 1650 cm™
were observed. The results verified that the N-ac-
ylated e-caprolactam macroactivator was obtained
as we expected. Table I gives the weight fractions
of carbon, hydrogen, and nitrogen in the bis-cap-
rolactam bis MDI PPG1000 obtained by the ele-
mental analysis, which were in good agreement with
those calculated.

The adiabatic temperature rising experiments
were conducted to study for the kinetics of poly-
merization of e-caprolactam with macroactivator. It
has been suggested that the minimum initial reac-
tion temperature for the adiabatic homogeneous
phase reaction of ¢-caprolactam was required above
140°C.?>% However, in this work it was needed above
150°C. Indeed, the initial reaction temperature for
various runs used here was in the range of 153-
157°C. As shown in Figure 3(a), the amplitude of
adiabatic temperature rise from the initial reaction

1
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Figure 2 Infrared spectrum of bis e-caprolactam bis-phenyl methane diisocyanate poly-

propylene glycol (activator).



CAPROLACTAM POLYMERIZATION WITH MACROACTIVATOR 1675

Table I Result of Elemental Analysis for
Composition of Macroactivator Obtained

C N H
(%) (%) (%)
Measured 64.68 5.08 8.39
Calculated 64.65 4.86 8.45

temperature was 32-37°C, which was close to that
reported by Limtasiri et al.’* The amplitude of tem-
perature rise increased with a decrease in the con-
centration of macroactivator, except for run #3.
Furthermore, utilizing the relation,'®® X = (T
— T3)/(T. — T;), one obtained the corresponding
conversion vs. time curves [Fig. 3(b)]. Similar to
the literature reported, 5?2 the curves exhibited S-
shape paths. This indicates that all the polymeriza-
tion involved autoacceleration in some range of the
earlier stage, and then approached equilibrium state.
From the figure, the time for attaining equilibrium
conversion, ., was 2-9 min, which was in the range
of the literature value reported,'* decreasing with
the increase of the concentration of macroactivator
used. Table II shows the real equilibrium conversion
attained in the runs studied. They were 94-96%; the
higher the macroactivator concentration, the lower
the equilibrium conversion. The results were com-
parable to that of the homopolymerization of
Nylon.22

As shown in Figure 4, the apparent overall re-
action rate, defined as X,./t., was linearly propor-
tional to the macroactivator concentration. Whereas
the initial reaction rate, d X /dt|,-,, showed a max-
imum at about 0.8 mol % macroactivator.
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Figure 3(a) Effect of initial macroactivator concen-
tration on the adiabatic temperature rise for an anionic
polymerization of e-caprolactam.

Figure 5 shows the ratio of the apparent overall
reaction rate to the initial reaction rate, that is, (X, /
t.)/(dX/dt|.-), as a function of macroactivator
concentrations. It showed a minimum at about 0.8
mol % macroactivator. The results infer that some
side reaction induced by the macroactivator became
more significant as the concentration of macroac-
tivator was larger than 0.8 mol %.

According to the conventional kinetics of anionic
polymerization of e-caprolactam, the concentration
dependence of the reaction rate is a first order on e-
caprolactam. The autocatalytic equation suggested
by Malkin et al."’

dX/dt = A,(1 — X)(1 + BX )exp(—Ea/RT)
(1b)

was used to describe the course of polymerization
mentioned above. Using a nonlinear regression
method,?” we determined the Malkin’s parameters
(Table II). The activation energies, Ea, fluctuated
around 25 and 26 kcal/mol, close to that reported
by Lin et al.?2 The autoacceleration factor, B, was
smaller than the literature value reported, -1
and became smaller as the macroactivator concen-
tration was less than 0.8 mol %. However, unlike
the literature, ¢ the value of B exhibited a mini-
mum at about 0.8 mol % macroactivator used. This
tendency is similar to the change of (X./t.)/(dX/
dt|.~¢) with the macroactivator concentration men-
tioned above, which yielded evidence for side reac-
tions caused by the macroactivator at high concen-
trations.

In this study the parameters in the generalized

1.0
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Conversion
[
(2]
T
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Figure 3(b) Predicted and experiment curves for adi-
abatic anionic polymerizations of e-caprolactam and N-
acylated macroactivator; **experimental data and (—)
predicted conversion.
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Table II Equilibrium Conversion and Parameters in Malkin’s Equation [eq. (1b)] and

Correlated Kinetic Parameter

Kinetic Parameters of Malkin’s Equation

Run [Al, X. A, Ea A

No. (mol %) (%) (10719 B (kcal/mol) (107%)
1 1.140 94.0 2.46 + 0.01 0.88 + 0.03 25.16 £ 0.05 2.10
2 0.758 93.9 2.38 + 0.03 0.36 = 0.04 25.43 + 0.02 4.60
3 0.568 95.0 2.20 £ 0.01 0.42 + 0.02 25.43 = 0.03 7.58
4 0.376 95.8 2.01 = 0.05 1.59 £ 0.15 26.01 * 0.02 15.87

macrokinetics, n # 1, were also estimated. The re-
sults were shown in Table III. Obviously the au-
toacceleration factors, B’, obtained were closer to
literature values!®'® than that obtained from the
Malkin equation and almost independent of the
concentration of macroactivator. The apparent re-
action order on the monomer concentration was not
a first order but about a 1.5 order. However, the
other parameters were not significantly different
from those of Table II; and the tendency for the
changes of those parameters with the macroactivator
concentration were just the same as those obtained
based on the Malkin’s kinetics, that is, eq. (1b).
As shown in Table II or III, the apparent fre-
quency factor, A, or A,, increased as the concentra-
tion of macroactivator increased. By combining both
the Lin’s mechanistics?? and the Malkin’s macro-
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Figure 4 Changes of apparent overall reaction rate
(curve 1) and initial reaction rate (curve 2) with the con-

centration of macroactivator for adiabatic anionic poly-
merization of e-caprolactam.

kinetics,'” the A, in the Malkin’s model can be cor-
related with the preexponential factor, A, initial
concentrations of activator, [A],, and of e-capro-
lactam, [M],, of the mechanistics?? as follows, A,
= A([A]}2/[M],). Utilizing the expression, we cal-
culated the A value. Obviously the preexponential
factor, A, decreased significantly with [A],. The
similar phenomenon was also reported by Limtasiri
et al.* Obviously, none of these two approaches can
describe well the Nylon block copolymerization
studied in the text.

The proton in the isocyanate group of N-acylated
e-caprolactam was shown to be more acidic than that
in the e-caprolactam. It reacted more actively with
the e-caprolactam anion® especially at the initial
stage of reaction, in addition to the normal ring
opening addition reaction.
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Figure 5 Comparison of the ratio of apparent overall
reaction rate to initial reaction rate (curve 1) with the
autoacceleration parameter (curve 2) of Malkin’s equation
for adiabatic anionic polymerization of e-caprolactam.
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Table III Kinetic Parameters of Generalized Empirical Equation (n # 1) Obtained

Kinetic Parameters

Run [Al, A, E;,

No. (mol %) (10719 n B’ (kcal/mol)
1 1.140 2.30 + 0.04 1.50 = 0.05 4.50 £ 0.20 25.15 + 0.08
2 0.758 2.20 + 0.05 1.40 = 0.04 1.50 = 0.08 25.20 £ 0.05
3 0.568 1.89 = 0.04 1.60 = 0.02 2.15 £ 0.14 25.33 £ 0.04
4 0.376 1.77 £ 0.03 1.20 = 0.05 3.02 £ 0.08 26.00 + 0.05
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Utilizing the above mechanism and the pseudo-

steady state assumption for the intermediate ionic Finally, using a linear regression method to fit the
species, we obtained an expression for the con- data of dX/dt|,o for eq. (3), we obtained K; = 13
sumption rate of e-caprolactam as follows, L mol ! and K, = 962 L mol ™! (shown in Fig. 6).

It reveals that a significant side reaction took place
dX/dt = (-1/[M],)d[M]/dt=—-T + 1) (2) through transfer of the proton in the isocyanate
group of activator to e-caprolactam anion.

where Furthermore, the initial rate expressions for both
the macrokinetic and mechanistic approaches can
I=k [A][C] 4R [M] ( 1[A][C] ) be combined as follows,
ML, T IM\RLIM) + R3[A]

dX/dt|,—0 = A.exp(—Ea/RT,)
=

_ [ALIC], {k_, Kk [M](k, + k_,)] '

Al?
(M), (kp + by [M]) - (A —[[M]] )exp(—Ea/RT.,). (4)
The derivation for eq. (2) in detail is given in the
Appendix. At the initial stage of reaction, I and IT
can be reduced to 4.0
kiks [ALLC], ’
I,=——"—"— (2b) ~3.0
k%, [M], & /\
I, = —k,[ALICl.. (2a) | |
T 2.0
. In this text we use [A], = [C],. Thus eq. (2) be- $
comes, 2 70
il.o -
[A]2 (Al 5
- = - K, 3 3
dX/dt|,-0 = Ky [M], 2[M]§ (3) ;
'UO.O TR GO R IO NS S SN S '
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where | [A]lo (moles)

Figure 6 Initial reaction rate predicted by the kinetic
8
K=k, K= = K°kS. model proposed, dX/dt,.o = Ki[AZ/[M], — K;[A]3/
P [M]2, where K, = 13 L mol~?, K, = 962 L mol .
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Combining both egs. (3) and (4) leads to

2
dX/dt,_o = (A [[;‘44—]]0)exp(-—Ea/RTo)
2 3
g 1AL 1AL

[M], [(M1Z°
Then the preexponential factor is obtained

(Al
[M],

A= (Kl - Ky )exp(Ea/RTo).

Taking the logarithm of both sides of the above
equation obtains

(Al
[(M],

In(A) = ln(Kl - K, ) + Ea/RT,. (5)

According to eq. (5), recalculation of A as a function
of [A], and [M], was made by using K; = 13 LL
mol™, K, = 962 L mol™!, T, = 155°C, and Ea
= 25.5 kcal/mol. As shown in Figure 7, they were
in good agreement with those obtained from non-
linear regression (column 6 of Table II). Therefore,
we revise eq. (1) as follows,

(. [A1Z  [AD3
dX/dt—(Kl[M]O KZ[M]:‘;

—1/T)}(1 - X)(1+BX). (6)

)exp{—Ea/R(l/T

34.0

33.0

32.0 -~ .
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31.0 +

30.0

29.0 1 1 1 1 i | Al U B |
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Figure 7 Preexponential factor for various concentra-
tions of macroactivator predicted by the proposed kinetic
model proposed, In(A) = In(K; — K3 [Al./[M],) + Ea/
(RT,).

The good agreements between the calculated (solid
lines) and experimental conversion vs. time curves
were obtained [Fig. 3(b)]. In the calculation the
values of K, K,, T,, Ea, [A],, and [ M ], mentioned
above were used in eq. (6). It means that eq. (6)
could describe the kinetics of the abiabatic anionic
polymerization of Nylon activated with N-acylated
e-caprolactam quite well.

CONCLUSION

The macroactivator studied could make the adi-
abatic anionic polymerization of e-caprolactam for
Nylon-PPG-Nylon triblock copolymer attain an
equilibrium conversion of above 94% with a reaction
time less than 9 min. However it also induced some
side reaction somewhat retarding the rate of poly-
merization. The new mechanism and the modified
macrokinetics proposed in the text has the advan-
tage of predicting the preexponential factor as a
function of the initial concentrations of e¢-caprolac-
tam and macroactivator.

We are grateful to the National Science Council of the
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(NSC-78-0405-E006-13).

APPENDIX

According to the mechanism suggested in the text,
the consumption rate of e-caprolactam is represented
as follows,

d[M]/dt = ki[A][C] = k1[0 ] [ M]
— kilo1][M] + k_;[01][C] — ke[ ][ M]
+Ekf[0i][C] = k[M] X [071] + k[C]
X 2 [onn]l = K [M] 2 [0751] + k—4[C]
{RI[A]IC] — kL [0 ][ M]}

X Z [Usn+1] = T
{k-f[C1([°] + [a])
+ —k[M}([e ]+ [c7])}
II ’
where
[o] = 2 [on], [6°] = 2 [o}]
n=1 n=1
[e7]1= 2 [oz], [¢]= 2 [o7]. (Al)

n=1 n=1
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Using the steady-state assumption for those inter-
mediate active species, one obtains
dleg"]/dt = RI[A][C] — kL1057 ] [M]

—kilos 1[A] + RZ2[07] =0
Ri[AJIC] + R%,[017]
R [M] + R3[A]

d[o7]/dt = k3[0][C] — k_3[07]
—klo"]1[M] + k,[s][C] =0

(ks + k_;)[0][C]
k-3 + k[M]

dlo"")/dt = k3[e°]1[C] — ki3[c"] — ks [o*"][M]
+k_;[0°][C] = 0 = (k§ + k_f)[c°][C]
— [ )(k2s + B [M]) =0

_ (B + R Ia"1IC]
ks + ki [M]

(A2)

gy ]l=

[¢7]= (A3)

[o°7] (A4)

Here let ks = k5 = k, and k_; = k13 = k_,, then
(kp+ k_f)IC]
kpt+ ki [M]

II =k ([Cl([e] + [¢°])

[Cl(kp + kf)([a] + [a°])
(k—p + ks [M])
_ k[M](k, + k_,)}
(k—p+kf[M]) )
(A8)

[¢7]+ [ )= ([e]1 +[c°]) (A5)

-k [M]

= ([o] + [Us])[cl[k—f

Applying the material balance on the activator con-
centration, one obtains

(Al =T[e]l +[c’] + [¢7] + [ ] +[05"). (AT)

Furthermore, the concentration of the intermediate
active species ¢~, ¢°7, and ¢ are assumed to be
much smaller than those of ¢ and ¢* at all times,
thereby

([e] + [¢°DIC] =~ [ALIC].

_ k[ M](k, + k_,)]
(kp + ks [M])

I = [A]o[C]o{k—f

I=ki[A](C]
1[A][C] + kZs[ai
kS, [M] + k3[A)

- k’_l[M]( ) (A8)

k®s[ e ] in I is much smaller than k{[A][C], thus
I becomes

I=ki[A][C] - k’_l[M](

1[A][C] )
kL [M] + k3[A]

__ RIIA)AC]
RS [M)+ RE[A]

(A9)

Substituting both (A8) and (A9) in (Al) results in

d{M]/dt =1+ 1I = ki[A][C]

ki[A][C] )
kL [M] + k3[A]

B[ M1y + k)
kp+ ke [M]

—k”—I[M]<

+ [A]o[C]o[k-f ] . (A10)

The consumption rate of monomer is further ex-
pressed in terms of conversion, X, defined as [ M]
= [M],(1 — X), then eq. (A10) becomes

_ ., 14lc
dX/dt = —kj (M1,

[M]( i[A][C] )
[M], \Ei[M] + k3[A]

_lauel |, _kf[M1<kp+k_,>] )
M, |77 ket k(M) [

+ k%,

At the initial stage of reaction, II may be expressed
as

1, = 1a1gcif . - 0]

kp+ k[ M],

Because the rate of the reverse reaction of the
ring opening addition is very smaller than that of
H-transfer reaction at initial stage of reaction,

kylo”] < ki[o”]1IM],.

Then

II, = [A)[Clo{k-s— (kp + k_f)} = —k[A][C]o
(2a)

and

| - KKIALLC,
° T kL IM], + k314

[4]51Cle
M,
o+ kg LA

[M],

kikS
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The nucleophillicity of ¢, is low due to its large
conjugated stability, as well as the value of {A],/
[ M], being small. I, can be reduced to be

kiks[A15[C),

I, =
ks—l [M]o

(2b)

Consequently, the initial rate of polymerization is
represented by

_ . [ALICl, . [A)Z[C].
dX/dt|,-o = K; —[M]a K, —[M]§ (3)
where
K, = kp’ K, = kalsk;
-1
In the case of [A], = [C],, €q. (3) becomes
_ o [ALZ 1AL
dX/dt|.-o = K; (M1, K, [M]:" (3a)
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