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ABSTRACT

or the first time, we report the optimization of reaction conditions for the synthe-
Fsis of novel thermally modified optically active poly(amide-imide-ether-ure-

thane)s (PAIEU)s prepared by diisocyanate route. The effects and importance of
different reaction parameters such as reaction temperature, reaction time, and soft
segment length on the controlling of chain growth of the resulting copolymers were
investigated. Thus, four different series of PAIEUs based on different molecular weight
of polyethylene glycol (PEG)s were synthesized through the reaction of a new imide
containing diacid, with 4,4'-methylene-bis-(4-phenylisocyanate) (MDI). A linear corre-
lation was constructed using experimental values of viscosities of the resulting copoly-
mers based different molecular weights of PEGs at different reaction temperatures,
and reaction time. The influence of each parameter was studied by factorial design
analysis. Analysis of variance (ANOVA) was also used to evaluate the significance of
the linear regression model (correlation). The statistical parameters reveal strong evi-
dence that the constructed correlation is reliable.
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It iscommon that, in order to study
the effect of certain variables (a
factor or stimulus) on some sys
tems, several subjects are observed
in the presence of the variable and
identical subjects are observed in
the absence of the same variable
with all other factors held constant.

Thisis avery popular designin
research, industry, and quality con-
trol, especially used by an anal-
chemist [1-4]. Another approach is
randomized design in which, sub-
jects are randomly assigned to the
various treatments with the
assumption that, al subjects are



observed under identical conditions except for the
factor(s) being tested however, this is not generally
true. In mxm Latin square design method, each entry
is expressed as X Where i stands for the number of
rows, j for the number of columns, and k for the num-
ber of treatments. The variation in the Latin square
entriesisthe sum of the variations between rows (day-
to-day), the variations between columns (tester-to-
tester), the variations between treatments (sample-to-
sample), and the basic assumption is that these com-
ponents act independently. While, in practice they
may interact to some degree [1]. There are numerous
cases where the under-laying factors do not display
their effects independently. Since the effect of each
factor is certain to depend on the leve of the others,
the experiment is bound to yield a fake image of the
effect of each factor and, isincapable of detecting the
effect of the inter-dependence of both (or other) fac-
tors. Thus, phenomena that involve factors whose
effects are not independent of the levels of other fac-
tors must be examined by varying all factors simulta-
neously. Conducted in this manner, the experiment
yields the effect of each factor accurately and evalu-
ates the effects of the interactions between them [1].
The technique called one variable at atime or OVAT,
used in conventional experimentation technigques can-
not quantitatively explore the influence of combined
factor effects on the response. This experimental
design method cannot only serve as an aid to have a
clearer image about the effect of all variables on the
properties but enable to locate the region where the
properties are optimized [5]. Factorial design is one of
the most popular class of experimental designs that
are often used to investigate multifactor response sur-
faces. In the other words, factorial design analysisisa
statistical study in which each observation is catego-
rized according to more than one factor. Such an
experiment allows studying the effect of each factor
on the responsible variable, while requiring fewer
observations than conducting separate experiments
for each factor independently. It also alows studying
the effect of the interaction between factors on the
response variable [6].

ANOVA helps the researchers to decide which fac-
tors display significant effects on the results, but it
does not give any information about how the factors
affect the results. It is sufficient for most experiments

involving only qualitative factors (e.g., type of cata
lyst or polyal). For quantitative factors (e.g., tempera
ture or concentration) it can be understood how much
a factor affects the results, by evaluating a quantita-
tive relationship between the factors and the results.
Thus, correlation of experimental data is an essentia
tool for research and analysis endeavors. It aids in
establishing the quantitative relationships between
results and experimental variables and conditions.
Also correlations can be used to optimize experimen-
tal conditions [1] as well as understanding relation-
ships between material properties and its micro-struc-
tures, many physical phenomena and preparation con-
ditions. This understanding gives a technological
basis for controlling material properties and creating
new materials [7]. As computer is becoming a useful
tool in many areas of engineering (such as architectur-
al, mechanical and electrical engineering), there is a
growing expectation for simulation tools for material
engineering [7-10]. However, athough it has found
some successes in some areas, the technology is still
at a primitive stage. The major reason for this is that
material properties depend on many factors which
cannot be handled by a single simulator [7].

A number of journals are dedicated to mathematics
that can be used to control systems of all descriptions
and their application to problems such as optimization
of industrial production processes. Chemists use con-
trol and optimization methods either directly or indi-
rectly. For example, organic or polymer chemist is
making an attempt at system optimization when the
parameters of a new synthetic reaction are changed in
a challenge to optimize product yield, viscosity, ther-
mal or mechanical properties[1]. The combination of
a laboratory approach with statistical analysis pro-
vides a correlation, which can be used to investigate
correlations with material properties [11,12].

Polyurethanes (PUs) are versatile polymers and
can be easily formed by a simple polyaddition reac-
tion of polyol, diisocyanate and a chain extender. The
tailor-made properties of PUs from super soft flexible
foams to tough elastomers and to long-wearing coat-
ings have resulted in many final applications [13,14].
The widely known importance of PUs in many indus-
trial fields has resulted in an increase in many
research works on this subject [9-17] and there are
numerous studies on the influence of chemical com-



position and structure property relationships [18,19].
Because, there are many parameters that influence
PUs chain growth, properties and processing, it has
been found that the properties of the final PUs can be
controlled and adjusted to any specific application by
optimizing the reaction condition, pre-polymerization
and chain extension steps [2-4,8,20-22].

In addition, synthesis of optically active polymers
isatopic that has been paid more attention. Specialy,
the synthesis of polymers containing amino acids is a
subject of much interest, since a high degree of amino
acid functionality can lead to polymerswith increased
solubility and the ability to form secondary structures
[23,24]. Possible applications of amino acid-based
polymersinclude drug delivery agents, chiral recogni-
tion stationary phases, asymmetric catalysts, metal
ion absorbents, and biomaterials [25,26].

In connection with our interest in preparing ther-
mally modified optically active PUs, by introducing
the imide and amide functions in their backbone [27-
32], according to experiments we thought that many
parameters such as reaction temperature, reaction
time, reaction catalysts, reaction solvent, soft segment
length and type, method of preparation, addition of
chain extender and so on, influence the properties of
copolymers including solubility, viscosity, thermal
behaviour, etc. Thus, in thiswork we set out to inves-
tigate the effect of different reaction conditions on the
polymer chain growth to determine the optimized
condition by establishing a linear correlation between
the viscosities of the resulting polymers and different
experimental conditions.

EXPERIMENTAL

Specific rotations were measured by a Jasco
Polarimeter to confirm the incorporation of bis(p-
amido benzoic acid)-N-trimellitylimido-L-leucine
(BPABTL) (1) [33] with amino acid moiety in PU
backbone. The data were processed with a written
algorithm with MATLAB (the Math Work Inc.,
Version 4) by the authors.

Synthesis of Segmented PAIEU Copolymers
A typical preparation of PAIEUs according to (diacid:
MDI: polyol) molar ratio of (1:2:1) was as follows:

Into a dried 10 mL round-bottom flask BPABTL (1)
(0.0569 g, 1.04x104 mol) and MDI (0.0524 g,
2.09x104 mol) in 0.23 mL of NMP were dissolved.
The reaction was stirred at room temperature (RT) for
2 h; between 50-60°C for 2 h; 60-80°C for 2 h; at 80°C
for 5 h; 80-120°C for 2 h; and finally at 120°C for 2 h.
To this solution PEG-1000 (0.1046 g, 1.046x104
mol) in 0.25 mL of NMP was added at RT. Then the
reaction was stirred at RT for 1 h; between 50-60°C
for 2 h; 60-80°C for 2 h; at 80°C for 5 h; 80-120°C for
2 hand finally at 120°C for 1 h. The viscous solution
was poured into 10 mL of water, to isolate the poly-
mer. The precipitated polymer was collected by filtra-
tion, and was dried at 80°C for 6 h under vacuum to
give 0.19 g (93 %) of polymer. The reaction condi-
tions for experimental design method for step 2 were
selected according to Table 1.

The above polymerizations were repeated by using
PEG-400, PEG-600, and PEG-2000 under different
reaction conditions such as reaction catalysts, reaction
temperature, reaction time, and reaction solvent.

RESULTS AND DISCUSSION

Polymer Synthesis

Four series of PAIEUs based on different molecular
weights of PEG soft segments, were synthesized
(Scheme 1). First, OVAT technique was used to study
the effects of different reaction conditions such as
reaction catalysts (TEA, Py, dibutyltin dilurate
(DBTDL) and without catalyst), reaction solvent
(NMP, DMF, DMAC), solvent to solid ratio, while
PEG-400 was used as soft segment [27,28,30]. The
optimized condition was set according to our previous
work, thus the polymerization reactions were per-
formed with the molar ratio of diacid:MDI:PEG of
(2:2:1), in NMP as optimized solvent with the ratio of
solvent to solid of 2-2.5 (V/W) in the absence of any
catalyst. Then, viscosities of the fina PAIEUs were
considered as a function of reaction temperature and
reaction time of step 2, as well as soft segment length
(PEG-400, 600, 1000, and 2000) (Scheme I). The
coefficients of these parameters were obtained by
multiple linear regression method. First, apreliminary
study showed that the viscosity of final PAIEUs was
more sensitive to reaction temperature and time
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Table 1. Laboratory conditions (Step 2) of 27 experiments that designed to construct the correla-

tion.
Soft segment Temperature Reaction | Inherent viscosity
molecular weight ©c) time (h) (dL/g) [«]Z
400 100 6.33 0.207 -2.3
400 70 5.00 0.262 +2.5
400 60 5.50 0.273 +3.1
400 140 8.00 0.291 +3.0
400 50 4.42 0.314 +3.7
400 80 3.00 0.329 +4.0
400 140 1.50 0.404 +3.9
600 140 7.00 0.114 -2.4
600 100 4.50 0.163 -1.1
600 50 1.03 0.247 +2.3
600 65 6.17 0.336 +3.5
600 50 5.00 0.419 +4.5
600 85 2.00 0.722 +4.1
600 140 1.20 0.482 +4.5
1000 140 4.00 0.104 -2.7
1000 55 4.10 0.174 -2.5
1000 90 6.25 0.212 +2.6
1000 100 4.25 0.254 +2.7
1000 50 4.50 0.308 +3.0
1000 70 2.00 0.339 +3.4
1000 140 1.50 0.464 +4.2
2000 90 4.08 0.240 -1.7
2000 50 4.50 0.275 -2.0
2000 75 5.00 0.290 +2.7
2000 60 6.00 0.302 +3.0
2000 50 1.25 0.337 +4.6
2000 140 1.50 0.427 -3.1
TMA
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Scheme |. Preparation of a NCO-terminated oligo amide-imide (Step 1) and chain extension by PEG polyether polyol (Step 2).

studied by factorial design method. It meansthat reac-
tion temperature and time length during step 2 were
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selected randomly according to factorial design
method. The reaction stages for reaction temperature
and time during step 1 of polymerization reactions
were set as; stirring at RT for 2 h; between 50-60°C
for 2 h; 60-80°C for 2 h; at 80°C for 5-6 h; 80-120°C
for 2 h; and finally at 120°C for 2 h. For each factor,
the parameter coefficient, the standard error, the t
value for the null hypothesis (Hg), and the correspon-
ding P value were calculated. A program written in
MATLAB was used to perform the calculations and
constructing of the correlation.

Model Study

In order to determine the optimized condition for the
preparation of a PAIEU with the highest viscosity; a
linear correlation was constructed between the vis-
cosities of the polymers and different experimental
conditions applied on step 2. Thus, 27 experiments
were designed, which their conditions are presented in
Table 1. The variables of the experimental conditions
for step 2 were considered as molecular weight of the
PEG polyal (PEG-400, 600, 1000, and 2000), temper-
ature (°C) and the reaction time (h). The temperature
and reaction time for polymerization reactions during
step 2 were ranged 50-140°C and 1-8 h, respectively.
The data obtained from this study showed that at tem-
peratures lower than 50°C; polymer chain growth can-
not be well established and at temperatures higher
than 140°C a drastic decrease of viscosity was
observed because of depolymerization reaction and
chain scissioning. Additionally, it can be seen that, al
reaction time longer than 8 h resulted in no significant
changes in the viscosities of the resulting polymers
and only wastes energy and time. Therefore, 27 exper-
iments were performed between the above mentioned
temperatures ranges (50-140°C) and reaction time (1-
8 h). According to data presented in Table 1, the high-
est viscosity which obtained was 0.7 (dL/qg).

A linear correlation was constructed using experi-
mental values of the viscosity of the resulting PAIEUs
obtained under different reaction temperatures and
time, and PEG molecular weights (egn (1)).

Y= -2.00 (+0.34) - 0.04 (0.04) X; + 8.54 (+1.12) X, +
3.90 (+0.60) X5 - 5.62 (+0.77) x,2 - 15.13 (+1.97) X,
X3+ 2.15 (+0.33) Xg2X, + 8.48 (+1.33) X»2X3 1)

Table 2. Calculated t values of the coefficients for the linear

correlation.
Calculated t
Coefficient Standard error
values

constant -2.00 +0.34 5.88
X1 -0.04 +0.04 1.00

X2 8.54 +1.12 7.62

X3 3.90 +0.60 6.5

o -5.62 +0.77 7.30
X2X3 -15.13 +1.97 7.68
Xa“X2 2.15 +0.33 6.52
X2°X3 8.48 +1.33 6.37

Inthisequation'Y stands for the viscosity of the poly-
mer, X, molecular weight of the PEG soft segment, x,
temperature and X3 is the reaction time.

In order to evaluate the coefficients of the correla-
tion, t-test was used to determine whether the consid-
ered parameters, or factors are significant or not.
Calculated values of t which is equal to ratio of b/s
(coefficient/standard error of the coefficient) are pre-
sented in Table 2. According to these data, it can be
seen that al of the t values except for the t value cor-
responding to x1 (t = 1.00), are greater than the criti-
cal t value which is 1.71 (for degrees of freedom of
26 and 95% confidence interval). Thus, it means that
this term (x4) should be eliminated from the equation
and a new correlation without the molecular weight of
the soft segment should be reconstructed. The new
correlation is as follows:

Y= -2.00 (£0.35) + 8.52 (+1.12) x; + 3.86 (+0.61) X,
- 5.62 (£0.77) X2 - 15.10 (£1.98) xyX, + 2.19 (+0.33)
X22X1+ 8.46 (i'133) X12X2 (2)

Inthisequation Y isthe viscosity of the polymer, x; is
the reaction temperature and X, is the reaction time. It
is worthy to mention that since there is not any term
in this equation which represents the molecular
weight of the soft segment; this variable is not an
effective parameter on the viscosity of the copoly-
mers. This conclusion can be confirmed by the data
presented in Table 1. These data show that, thereisno
significant difference between the viscosities of poly-
mers based on different molecular weight of PEGs
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Figure 1. Experimental vs. calculated values of the viscosi-
ty for 27 experiments.

prepared under the same reaction temperature and
time.

The curve of the experimental values for 27 exper-
iments versus calculated values of the viscosities are
shown in Figure 1. Theoretical values of the viscosi-
ties have been calculated from the linear correlation
(ean (2)).

ANOVA was also used to determine the signifi-
cance of the linear regression model (correlation). The
ANOVA data for the constructed linear correlation
are given in Table 3. The F vaue is the ratio of

Table 3. The data related to the analysis of variance
(ANOVA).

df Mean
square

Regression 0.407 6 0.068 22.70 0.000

Sum of squares F P value

Residual 0.055 20 0.003

Total 0.462 26

o
a

Viscosity (dL/g)

Figure 2. Three dimensional graph of theoretical viscosities
of polymers that can be synthesized at different reaction
temperatures and time.

MSReg/M SRes (the mean sguare of the regression
divided by the mean square of the residual). When the
MSReg is much larger than the MSgeg, the ratio of
M Sreg/M Sres is large and there is evidence against
the null hypothesis. According to Table 3, the numer-
ical value of F which is equal to 22.7 and the P-value
for the F test which is less than 0.001, revea strong
evidence against the null hypothesis; which confirm
the constructed correlation is reliable.

In order to evaluate the capability of correlation to
predict the viscosity, four more experiments including
different molecular weights of PEG, reaction tempera-
ture and time were randomly considered. Then the
theoretical values of the viscosities were calculated
using egn (2). To compare experimental values of the
viscosities of PAIEUs with predicted data calculated
by egn (2), four polymers were synthesized in the lab-
oratory under the selected conditions by authors.

Table 4. The predicted and the experimental values of the viscosities for four different laboratory condi-

tions.
. : Calculated

Soft segment Temperature Reaction Experimental : . Absolute

molecular weight (°c) time (h) viscosity (dL/g) viscosity error

(dL/g)

400 50 1.0 0.278 0.277 -0.001

600 95 25 0.531 0.555 -0.024

1000 50 0.75 0.262 0.286 0.024

2000 140 1.25 0.337 0.270 0.067
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Table 4 shows these numerical values. Comparison of
the predicted data cal culated by egn (2) and the exper-
imental values of the viscosities show there is a good
agreement between these data.

In the final step, different combinations of the
reaction temperatures and time were selected and the
viscosities were determined by correlation 2. Figure 2
shows three dimensional graphs of the viscosities of
the polymers that can be synthesized at different reac-
tion temperatures and time lengths. This study reveals
that (Figure 2) PAIEU with the highest viscosity can
be obtained at temperature of 85°C and the reaction
time of 2 h, and PEG molecular weight does not play
asignificant rule.

CONCLUSION

For the first time we successfully used mathematical
method for the optimization of some of the reaction
parameters, that can influence viscosity and polymer
chain growth of thermally stable optically active
PAIEUs based on a new reaction component,
BPABTL. It was shown that, the temperature of 85°C
and the reaction time of 2 h gives the highest viscosi-
ty for any PEG molecular weight. It means that, in
spite of what we assumed, the constructed correlation
in this study shows there is no significant difference
between the viscosities of polymers based on different
molecular weights of PEGs. As PUs are important
class of polymers with awide range of properties and
applications, and there are variety of complicated
parameters that affect the efficiency of the polymer
chain growth, viscosity, solubility, physical, thermal
and their mechanical properties, correlation methods
can offer afast and convenient route for the optimiza-
tion of reaction conditions with respect to the desired
property and application.
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