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ABSTRACT: Based on an expanded kinetic scheme for 32 subsequent and parallel reactions
that yield linear polyurethane, a mathematical model was developed for a gradual polyad-
dition process involving toluene 2,4-diisocyanate and 1,4-butanediol. Unlike the earlier
models, this one followed Flory’s assumption and made the reactivities of the oligomers
dependent solely on the chemical environment of their functional groups. Also, —NCO
groups in this compound were considered to offer different chemical values. The model
developed was presented in the form of a complex system of ordinary differential equations
that describe changes in concentrations of both monomers, dimers, and oligomers making
up the successive fractions of linear polyurethane. Two essential kinetic constants for this
model were calculated: the rate constant for the most reactive —NCO group within toluene
2,4-diisocyanate and the constant responsible for the substitution effect. At further stages,
the model developed was subjected to experimental verification. Calculated number-aver-
age molecular weights of polyurethane were compared to gel permeation chromatography-
determined values for sequenced steps of the polyaddition process conducted in chloroben-
zene and tetrahydrofuran solvents, at temperatures of 86° and 101°C, and under conditions
where diffusion effects could be neglected. The newly developed model was found to provide
better fit for the process description as compared with the model that assumed the same
rate constant at individual stages of the polyaddition process. However, the simulation
results as compared with the so-called “quasioptimum” model, which assumed reactivities
of oligomers to be dependent on their molecular weights, were in general inferior. The
impact was discussed from the structures of reacting substances on their reactivities with
the influences from other factors considered, too (e.g., the possibility of creating a system
of hydrogen bonds can contribute to reactivity specifications of urethane oligomers with
different molecular weights). © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 69: 169-181,
1998
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INTRODUCTION

In earlier studies,’™® kinetic models were pro-
vided that made it possible to describe, at a con-
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siderable level of generalization, a process for the
synthesis of linear polyurethanes. These models
were based on a kinetic scheme of successive-par-
allel reactions that formed a synthesis system
for urethane oligomers. Said models covered the
polyaddition process proceeding under isothermal
conditions, in a batch reactor that provided ideal
mixing of the reactants. The progress of the reac-
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tions was studied in a solution, hence the diffusion
effects could be neglected.

The first of those models assumed unchanged
rate constants at successive stages/reactions
of the oligourethane-yielding process, which
started from a defined pair of monomers—diiso-
cyanate and diol. This model was subjected to
verification: calculated instantaneous concen-
trations of urethane oligomer fractions formed
in the reaction of toluene 2,4-diisocyanate (2,4-
TDI) and 1,4-butanediol (1,4-BD) were com-
pared with experimental concentrations deter-
mined with the gel permeation chromatography
(GPC) method. Also, calculated and experimen-
tal values of average molecular weights were
compared for linear oligourethanes. The model
based on this assumption was found not to fol-
low the experimental data.”

Much better conformance was found for new
models that make further steps of approxima-
tion. Reaction rate constants for sequenced
process stages of the gradual polyaddition were
in these cases made dependent on molecular
weights of the reacting oligomers, as per an
equation derived from the collision theory.!
Resulting from this assumption, urethane oli-
gomers with increasingly higher molecular
weights had lower and lower reactivities. These
models can be considered to be quasitheoretical
ones, as respective kinetic constants have to be
determined experimentally.®? Their most im-
portant feature is that they do not adopt the as-
sumption of no dependence between the oligomer
reactivities and the molecular size. This assump-
tion was not criticized before, and it is known as
the Flory’s paradigm. It binds the reactivity of
compounds in gradual polymerization solely with
functionalities in the reactants.* In other words,
the reactivity of an oligomer does not depend on
its chain length, but only on the arrangement of
the functional groups along this chain. In the case
of linear polyurethanes, the groups are basically
isocyanate groups and—to a lesser extent and
varying with molecular structures—hydroxyl
groups. In this way, an approximate kinetic anal-
ysis was conducted for the polyaddition process at
the time of modeling the allophanate crosslinking
process.’ However, the suggested model assumed
no change in the reactivity of the second isocya-
nate group within 2,4-TDI after the first group
turns into a carbamate group. Such an assump-
tion is generally accepted for aliphatic diisocya-
nates (e.g., 1,6-hexamethylenediisocyanate),
because no coupling effects between two isocya-

nate groups or between an isocyanate and car-
bamate groups are transferred across methyl-
ene groups. The effect(s) of different functional
groups at the same aromatic ring on the reac-
tivity of an isocyanate group is, however, con-
siderable.®=® It results from the comparison of
the rate constants for reactions 5 and 6 (Fig.
1) that one can expect a few times lower reac-
tivity of the second —NCO group within tolu-
ene 2,6-diisocyanate (2,6-TDI) or 2,4-TDI after
the first group is converted. The —NCO group
is a stronger electron acceptor than the —NH-
COOH group. Thus, the isocyanate-carbamate
forming reaction is faster than the reaction giv-
ing a corresponding dicarbamate compound.

When developing a kinetic model, one must
also consider (apart from the substitution effect)
that isocyanate groups within 2,4-TDI are not
chemically equivalent. It is well known that the
—NCO group at the 4-position offers—depending
on temperature—approximately 1.15—1.63 times
higher reactivity.’

It is characteristic that, in aromatic diisocya-
nates, wherein isocyanate groups are located at
two aromatic rings connected with a methylene
group (4,4’'-diphenylmethanediisocyanate), and
even in the case of condensed rings (naphthylene-
1,5-diisocyanate), the substitution effect is not
considerable, and under specific modeling condi-
tions it can be neglected.'’

The purpose of this study is to verify how far
the kinetic model for the process of gradual poly-
addition of 2,4-TDI and 1,4-BD, wherein the spe-
cific substitution effect and different reactivities
of isocyanate groups were assumed, is consistent
with experimental data and the findings obtained
earlier from the model simulation that assumed
the influence from the size of oligourethane mole-
cules on their reactivities.? To achieve this, it was
found necessary to develop a new kinetic model
for the process under investigation; the model had
to follow Flory’s postulate and had to have such
a mathematical form that its experimental verifi-
cation should be possible on the basis of GPC mea-
surements.?

Generalized Kinetic Scheme for the 2,4-TDI
and 1,4-BD Polyaddition Process

As in refs. 2 and 3, the kinetic scheme for this
process was based on subsequent and parallel
reactions that start from a pair of monomers: 2,4-
TDI (denoted as EF, wherein E stands for the 4-
positioned —NCO group and F stands for the 2-
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Figure 1 Comparison of effects from various substituent groups on reactivities of

phenyl isocyanate derivatives in the reactions with alcohols.
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positioned —NCO group at the benzene ring),
and 1,4-BD with chemically equivalent —OH
groups (denoted as DD) (Fig. 2).

The following denotation system was adopted.
The reaction between an E group of 2,4-TDI and

one of —OH groups of 1,4-BD (D group) gives a
dimer that is denoted as fd. This symbol defines
that there is one —NCO group in the dimer, at
position 2 (i.e., group of type f ), and one —OH
group of type d. No capital letters have been
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Figure 2 Chemical structure of urethane oligomers.

used herein to stress that the reactivity of the
group e or fin the oligomer is not the same as
the reactivity of the group E or F in the mono-
mer, what results just from the substitution ef-
fect.

Similarly—in a generalized case—the reac-
tivity of group d in the polymer can be different
from that of group D in the monomer. Hence,
two compounds (ed and fd) can result from the
reaction of 2,4-TDI and 1,4-BD, with different
chemical structure and the same molecular
weight of 264, which cannot be distinguished by
means of GPC.

Higher oligomers with the structures pre-
sented in Figure 2 will be denoted in the same
way. For example, the reaction of dimer fd with
monomer EF can yield trimers ff or ef, and the
reaction of dimer ed with monomer EF will give
trimers ef or ee. So, the kinetic scheme for the
whole process can be presented as a system of
32 chemical reactions. Their rate constants were

provided in Table I. For example, the rate con-
stant for the reaction yielding dimer fd will have
the subscript of the groups involved in the reac-
tion:

2k

EF + DD - fd (1)

(2 at the rate constant results from the symmetry
of monomer DD).

The scheme presented in Table I follows Flory’s
rule and assumes equal reactivities for functional
groups in a given type of molecules. Thus, 8 rate
constants are present in the kinetic scheme devel-
oped, with the following denotations:

Kep, kga, Keps Keas Krpy Kra, ke, Kea  (2)

For the need of simplicity, it was further assumed
that the relative reactivities of isocyanate groups
in 2,4-TDI are not dependent on temperature;
their ratio is 1.5, and substitution at one —NCO
group changes equally the reactivity of the other
group, independently on the molecule size. This
leads to the following assumption:

kED kEd keD ked
Koy kea  Kep ke const. = 1.5 (3)

The key factor for this model (i.e., the substi-
tution effect) can, in this case, be defined by
constants £, and k5, which characterize relative
reactivities of functional groups in monomers
and oligomers. Both isocyanate groups were as-
sumed to change their reactivities equally, re-
sulting from changes in their chemical environ-
ments. Consequently, the following equations
were obtained:

kED kFD

e 4
koo ki @)
kED kFD

—ED _ ZFD _ (5)
kpa Kkpa

It follows from the data presented in Figure 1
(reactions 5 and 6) that £, = 2.5—4.5. The substi-
tution effect in the case of 1,4-BD can be neglected

Additional assumption on additivity of activa-
tion energies for the reactions involved in substi-
tution of functional group makes it possible to de-
rive the following equation:

kED/ked = kFD/kfd = k1k2 (6)
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Table I General Kinetic Scheme for Gradual Polyaddition Process

Involving 2,4-TDI and 1,4-BD

No. for Isocyanate Hydroxyl Denotation for
Reaction Type Substrate Substrate Rate Constant Product

1 EF DD 2kgp fd

2 EF DD 2kyp ed

3 EF ed kgaq ef

4 EF ed de ee

5 EF fd kga ff

6 EF fd krq ef

7 EF dd 2kgq fd

9 ed DD 2k.p dd
10 fd DD 2k dd
11 ee DD 4k.p ed
12 ef DD 2k.p fd
13 ef DD 2km ed
14 ff DD 4k fd
15 ed ed 2keq ed
16 ed fd Kea fd
17 fd ed kf‘d ed
18 ee ed 2keq ee
19 ef ed Kea ef
20 ef ed Kea ee
21 ff ed 2kfd ef
22 ed dd 2Kea dd
23 fd fd 2k fd
24 ee fd 2Kkeq ef
25 ef fd Kea ff
26 ef fd kfd ef
27 ff fd 2k ff
28 fd dd 2k dd
29 ee dd 4k q ed
30 ef dd 2Keq fd
31 ef dd 2kfd ed
32 ff dd 4k fd

[This follows from the approximation of taking the
reactivities of functional group as being indepen-
dent of each other. Hence, from eqs. (4)—(6) one
may conclude about equality of the sums of activa-
tion energies: EFD + Eed = EFd + EeD']

For the needs of experimental verification of a
newly developed model, the kinetic scheme pro-
vided in Table I must be presented in a convention
that is in accordance with the earlier notation sys-
tem for the 2,4-TDI and 1,4-BD polyaddition pro-
cess. Thus, monomers were attributed the sym-
bols of A and B, and the oligourethanes resulting
from the process were described as A;B;. The re-
actants were organized in even and odd fractions.?
In such a modified kinetic model, 32 reactions pre-
sented in Table I were assigned to successive
stages of the polyaddition process (Table II). That

enabled a new kinetic model to be developed
which—adhering to Flory’s idea—defined reac-
tivity of oligomers dependent solely on the envi-
ronment of functional groups.

Kinetic Model for the Reactions Giving Linear
Polyurethanes

Like the earlier models, the kinetic model devel-
oped covers the processes taking place in a batch
reactor, with constant volume and perfect inter-
mixing of the reacting substances. It was as-
sumed that the rate of changes in the concentra-
tions of the reacting substances can be described
by a second-order kinetic equation. This model
is composed of a system of ordinary differential
equations that describe changes in concentra-
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Table II Detailed Kinetic Scheme for Gradual Polyaddition Process Involving 2,4-TDI and 1,4-BD

No. of Isocyanate Hydroxyl No. for Reaction Type Rate No. of Oligomer
Reaction Substrate Substrate as per Table I Constant Product Fraction
1 B A 1 2kgp AB,; F2
2 2Kkpp
2 B AB,; 3 kgq AB, F2
4 Kra
5 kra
6 kra
3 AB,; A 9 2K.p A;B; F3
10 2k
4 B A,B, 7 2Kkpq A;B, F4
8 2Kgq
5 AB, A 11 4Kk.p A;B, F4
12 2keD
13 2Kk
14 4Kk
6 AB; AB,; 15 2K.q A;B, F4
16 Keq
17 kq
23 2kgq
7 A2B2 A 9 2keD A3B2 F5
10 2K
8 AB,; A;B,; 22 2K.p AsB, F5
28 2k
9 B A,B, 3 kgq A,B; F5
4 kpq
5 kgq
6 kra
10 AB, AB,; 18 2K.q A;B; F5
19 Kea
20 ke
21 2Kkqq
24 2Keq
25 ked
26 ke
27 2k
11 B A3B, 7 2Kkgq A;B; F6
8 2Kpq
12 A,B; A 11 4Kk.p A;B; F6
12 2keD
13 2k
14 4Kk
13 AB,; A;B, 15 2K.q AsB; F6
16 Kea
17 ke
23 2k
14 A B, AyB, 28 2k A;zB; F6
29 4ked
30 2Keq
31 2k

32 4k




tions of monomers A and B, dimer A;B,, oli-
gourethanes type A;B; that make even frac-
tions, as well as those of types A;_1B; and A;B; _,
that make odd fractions. Also, algebraic equa-
tions resulting from initial conditions were in-
corporated.

The rate of decreasing monomer (A and B) con-
centrations, within the F1 fraction, can be de-
scribed by the following differential equation:

i=1

+cs )y [Ai—lBi]} (7)

=2

i=1

+ey Y [AilBi]} (8)

=2

The rate of changes in the concentration of dimer
A,B,, which makes an F2 fraction, is shown by
the equation:

dlA,B,1/dt = c,[A][B] — [AlBl]{C4[B] + co[A]

+ Cs z [ALBL] + Cg z [AiBifl]

i=1 i=2

+c7 ) [ABi1 (9)

=2

The rate of changes in the concentrations of
oligourethanes A;B;—which are components of
F4, F6, - - -, fractions—can be presented as fol-
lows:

dlA;B;1/dt = ci BI[A;B;_1] + c3[A1[A;_1B;]
-1

+c5 y ([ApBellA; B 1)
k=1

-1

+cg Y ([Ar-1Bil [A; p1Bi i)

k=2

- [AiBi]{C4[B] + Al + ¢ ) ([ArB:]
k

=1

+ce p ([AeBral+er ) ([Alek]} (10)

k=2 k=2

The rate of changes in the concentrations of oli-
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gourethanes A; ;B; and A;B;_;, which make frac-

tions F3, F5, - - -, can be presented as follows:
-2
dlA; 1B;1/dt = cy BIlA;B;] + ¢7 Y ([AxB:]

k=1

X [A;Bip-1]) — [Ai—lBi]{CS[A]

+c7 ) ([AgBrl +cs )y ([Ak+lBk]} (11)
k=1 k=2
1-2
dlA;B; 11/dt = cJ[AI[A;B;1 + cs ) ([ArB;]
E=1

X [A;_pe1Bi—r]) — [AiBi—l]{C4[B]

+cs y ([ABil +cs ) ([AkBk+1]} (12)
E=1 k=2

Constant values ¢; through cg, which can be
found in eqgs. (6)—(11), are functions of rate con-
stants (2) (this results directly from Table II).
These functions can be simplified with the use of
eqs. (3)—(6):

C, = 2kED + 2kFD = 3°34kED (13)

ce = 2k.p + 2k¢p = 3.34kgp/k, (14)

c; = 4kp + 2kep + 2k¢p + 4Kksp
= 6kgp(1 + 0.67/k,)/k;

fork, =1
cs = 10.02kgp/k, (15)
¢y = kgg + Kpa + Kga + kra = 3.34kgp/k,
fork, =1
¢y = 3.34Kkgp = ¢4 (16)
cs = 2keg + Keg + kia + 2keq = 5.01kgp/k Kk,
fork, =1

cs = 5.01 kgp/k, (17)
ce = 2koq + 2Kkyq = 3.34kgp/k ks

fork, =1

ce = 3.34kgp/k; = ¢, (18)

c7 = 2keq + Kea + Kia + 2Kkeg + 2keq + Keq
+ Kea + 2kgg = 10.02kgp/k; Ko
fork, =1
¢; = 10.02kgp/k; = c5 (19)
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Cg = 2kfd + 4ked + 2ked + 2kfd + 4kfd

= 11.36kED/k1k2
fork, =1
Cg = 11.36kED/k1 (20)

Dependencies (13) through (20) make it possi-
ble to present in a more simple form eqgs. (7)—
(12) in the kinetic model developed. As a result,
instead of having 8 rate constants (2), the model
contains only the kgp constant for the reaction of
the most reactive —NCO group in 2,4-TDI with
the —OH group in 1,4-BD, and the k; constant
that represents the substitution effect in 2,4-TDI.

The initial conditions for the differential equa-
tions presented are as follows:

[A](0) = [BI(0) = [A],
[AB;1(0) =0 for i,j=1,2,--- (21)

EXPERIMENTAL

The model developed was verified on the basis of
measured concentration changes for fractions and
number-average molecular weights of urethane
oligomers formed in the reaction between 2,4-TDI
and 1,4-BD, which was runin 1 :1and 1: 3
tetrahydrofuran-chlorobenzene solution and at
the boiling points of these solutions (i.e., 86° and
101°C, respectively). These conditions correspond
more or less to those used in technology. Poly-
urethane chemical compositions at subsequent
stages of the polyaddition reaction and numerical-
average molecular weights of urethane oligomers
were found by GPC. Components in the kinetic
model suggested (Table II) were identified from
a calibration curve that was developed with the
use of model carbamates synthesized in the reac-
tion of 2,4-TDI, with alcohols having various
chain lengths. Quantitative determinations were
obtained from chromatograms with the use of the
internal standardization method and numerical
processing of GPC findings. Detailed procedures
for kinetic investigations, numeric calculations,
and GPC analysis were described in refs. 2, 11,
12, and 13.

RESULTS AND DISCUSSION

The mathematical model provided in eqs. (7)-—
(12) and in eq. (21) was used in numerical simu-
lation of the process studied. The results obtained

were interpreted in the same terms as for models
developed earlier (i.e., in terms of sums of concen-
trations of fractions and their average molecular
weights.>?

At the first stage of calculations, certain values
for rate constant kgp were assumed, which could
correspond to the progress of the process studied
at 86° and 101°C. The actual value of this rate
constant for the reaction of 2,4-TDI and alcohols
is not known. Analysis of data provided in Figure
1 suggests that its value can be even five times
higher than the rate constant for the reaction be-
tween phenyl isocyanate and corresponding alco-
hol. Hence, the preliminary model calculations
should allow for a relatively wide span for its vari-
ation interval.

The range for rate constant &, was investigated
in three levels. The results of such a simulation
have been presented in Tables III and IV. In quali-
tative terms, the model presented describes the
polyaddition process just like earlier models,??
because they all were based on similar differential
equations. However, quantitative differences be-
tween these models are considerable.

The model developed was then subjected to ex-
perimental verification, wherein values for kgp
and &, were found. The least-squares method was
used for the determination of these values. The
kinetic parameters were searched for to give the
minimum sum of squares for deviations in molec-
ular weights found in experiments and model cal-
culations. In fact, this procedure was to find the
minimum for the following function:

F=1/n z (Mlcalc - Mlexp)2 (22)

=1

where n is the number of measuring points,
wherein average molecular weight of the sample
taken from the reactor was analyzed (n = 8 for
polyaddition at the temperature of 86°C, n = 7 for
101°C).

Table V presents kinetic parameters of the pro-
cess studied and corresponding values of the func-
tion (22). As can be seen, at 86°C, the function F
goes down to its minimum for the following condi-
tions:

kgp = 6-10 *dm® mol 1s!
kl = 4, 3.
Similar calculations for the temperature of 101°C

failed; no optimum value for the rate constant &,
could be found within the suggested range of 2.5—
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Table V Kinetic Parameters for the Model That Takes Substituent Effects and Different Reactivities
of Functional Groups Within 2,4-TDI into Consideration

kED * ].04
(dm?® mol *s7%) 5.0 6.0 7.0
Temperature = 86°C
ky 3.6 3.7 3.8 4.3 44 4.4 4.5 4.6
F-10°® 2.51 2.38 2.45 1.95 2.09 2.97 2.50 2.18
kED * ].O4
(dm® mol ' s7%) 13.0 14.0 15.0
Temperature = 101°C
ky 3.9 4.0 3.8 4.2 4.3 4.5 4.6 4.7
F-10°® 1.70 1.60 1.61 1.48 1.53 1.39 1.37 1.48

4.5. The minimum value for F could be found for
the following kinetic parameters:

kgp = 15-10 7% dm® mol ! s7!
1= 4, 6

Table VI provides kinetic parameters for the
model developed earlier, which was found to be a
quasioptimum model.?

Figures 3 and 4 show the dependence between
average molecular weight of linear polyurethanes
and reaction time in the polyaddition processes
studied. Apparently, after taking into account ki-
netic effects from substitution within 2,4-TDI, the
model results are not in much better conformance
with experimental values than those from the
quasioptimum model.> However, consistency of
the findings from the model wherein substitution
effects have been involved and experimental find-
ings is much better than for the model, assuming
constant reaction rates at subsequent polyaddi-
tion stages.” In general, the quasioptimum model
provides better mapping for the actual process,
and in particular for its initial and final stages.
As results from the data collected in Tables V and

Table VI Kinetic Parameters for the
Quasioptimum Model

Temperature Temperature
ky; - 10* = 86°C = 101°C
(dm® mol* s71) 8.0 18.0
a; 2.0 2.2
as 0.5 0.5
F-107° 3.17 0.27

VI, the value for (22) gives no definite decision
which way is better: the simulation presented
herein and based on Flory’s paradigm, or the sim-
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Figure 3 Graphic representation for dependence of
mean molecular weight of linear polyurethanes on time,
in reaction between 2,4-TDI and 1,4-BD (temperature
= 86°C). — — —, experimental values obtained from
GPC?; - - «, values calculated from the model assuming
substitution effect for 2,4-TDI (k;, = 4.3); and 2
values calculated from the quasioptimum model.?




My
[=ei]

700
500
500
400

300 A

200

T T ——

o 4w 6 0 120 o ]
Figure 4 Graphic representation for dependence of
mean molecular weight of linear polyurethanes on time,
in reaction between 2,4-TDI and 1,4-BD (temperature
= 101°C). — — —, experimental values obtained from
GPC?; - « -, values calculated from the model assuming
substitution effect for 2,4-TDI (k; = 4.6); and , val-
ues calculated from the quasioptimum model.?

ulation assuming oligomer reactivity to be depen-
dent predominantly on molecule size.

Our calculations suggest that the kinetic effect
from substitution, which reveals in the reaction
of 2,4-TDI and alcohol, can be considerably high
and amounts to about k2, = 4. As can be expected,
it increases with temperature and when this is
not incorporated into a kinetic model, some other
compensation must be introduced in the form of
a value that changes in the course of polyaddition
(e.g., average molecular weight of polymer). The
quasioptimum model provides a better descrip-
tion for the total progress of the process: in addi-
tion to changing molecular weights—through in-
troducing coefficients a; and a,—it also gives con-
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sideration to substitution effects, although solely
in the numeric form. Making allowance for two
contributions [i.e., from molecular weight and
from substitution effect(s)] gives a more reliable
model for the reaction of 2,4-TDI with 1,4-BD.

Nevertheless, Flory’s postulate—which has
been generally accepted for gradual polymeriza-
tion processes—is shaken. This has resulted from
the confrontation of models developed and experi-
mental data obtained from GPC analysis of poly-
urethanes. As stated in ref. 2, the GPC method
is used in most studies of high molecular weight
polymers. For its applicability in quantitative
evaluation of urethane oligomers to be out of any
question, we performed earlier check tests on
model urethane oligomers that had been synthe-
sized in the reaction of 2,4-TDI and 1,4-BD with
stoichiometric excess of one monomer.''* In our
opinion, accuracy and precision offered by GPC
procedures are good enough to find the analytical
results for urethane oligomers satisfactory to sup-
port the above conclusion. Doubts, if any, can
arise from currently wider possibilities of per-
forming complex numerical calculations, com-
pared with instrumental methods available to
verify the models developed. Considerable prob-
lems in GPC can be encountered especially for a
very complex system of polar polymers. In such a
case, the main mechanism of spatial elimination
is accompanied by a number of secondary pro-
cesses (e.g., adsorption processes) that upset the
course of analysis.

What is left now is to explain the effect of mo-
lecular weight on reactivity of urethane oligo-
mers.

Molecular weight of a linear polyurethane,
which is present in a solution in the form of a ball
with specific diameter, represents molecule size
(i.e., also the distance between both molecule ends
with functional groups). Hence, molecular weight
can indirectly affect the chemical activity of the
molecules discussed.

Oligomer molecule size can also reduce the mol-
ecule reactivity, and also under conditions for the
kinetic area of chemical reaction, through in-
creased number of hydrogen bonds. In the case of
polyurethanes, there can exist a few types of such
bonds.'* Urethane or urea —NH— groups are
active donors for such bonds, wherein carbonyl
and ether oxygen atoms are acceptors, with car-
bonyl and ether groups being numerous in poly-
urethane chains. Resulting spatial structures be-
come expanded, and translation movements of
molecules become limited.
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Van der Waals forces cannot be neglected, ei-
ther. These forces are dependent on the polar na-
ture of molecules that can be affected not only by
the presence of functional end groups but by the
presence of other polar groups as well. Polyure-
thane molecular size influences, among others,
the number of urethane groups. These groups are
generally known to have a considerable contribu-
tion to the physical, mechanical, and thermal
properties of polymers.

CONCLUSIONS

A mathematical model has been presented for the
process of gradual polyaddition of 2,4-TDI and
1,4-BD. The model follows Flory’s assumption for
the dependence of oligomer reactivity on the
chemical environment of its functional groups,
and additionally gives consideration to different
reactivities of —NCO groups within 2,4-TDI. The
model presented offers a better description for the
process studied than the model presented ear-
lier,> which assumed equal reactivities for all
functional groups within the reacting compounds.

However, the same conclusion for the models
assuming oligomer reactivity dependent on mole-
cule size, as described in ref. 2, is not that obvious.
In general, the best conformity with actual num-
ber-average molecular weights for linear polyure-
thanes was found for the data from the so-called
quasioptimum model.

It is essential that the kinetic effect from sub-
stitution, which is revealed in the reactions of 2,4-
TDI and 2,6-TDI with diols, is relatively high so
that it makes it possible to correctly present the
gradual polyaddition process investigated. The
best conformance with experimental data was ob-
tained only after considering two factors: kinetic
effect from substitution in 2,4-TDI, together with
different value of its isocyanate groups; and de-
pendence of oligomer reactivity on oligomer mo-
lecular weight, as adopted in the quasioptimum
model. What was observed is in contrast with
Flory’s postulate, which assumes no dependence
between the polymer molecule reactivity and poly-
mer molecule size. This can be accounted for with
the fact that the polymer molecular weight re-
flects the molecule size, inclusive of the distance
between the molecule ends, and also polymer—
polymer and polymer—solvent interactions, which
result, among others, from the presence of hydro-
gen bonds and different numbers of polar ure-
thane groups. They can indirectly affect reactivity

of polyurethane macromolecules, even in the
areas where diffusion phenomena are negligible.

This study was conducted within Research Project 3T
09B 151 10, which was financially supported by the
state Committee for Scientific Research.

NOMENCLATURE

A, DD

B, EF

A;B;, fd, ed, ef, ee,
ff, dd

i,j,n,k

kED7 kEd; l(eD9 ked9
kFD; de, ka,
kfd

ki, ks

t

T

[AL[BL,[A,B,1,
[Fn]

[Alo, [Blo, [A,B 1o

Fn

C1, C2, C3, C4, Cs,

Ce, C7, Cs
M,
F
ai, Qg
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