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Functionality and Functionality Distribution 
Measurements of Binder Prepolymers 

ADOLF H. MUENKER and BOYD E. HUDSON, JR. 
Esso Research and Engineering Company 
Linden, New Jersey 

SUMMARY 

The functionality of a prepolymer, which is defined as the ratio of 
molecular weight to equivalent weight, is probably the most important 
single parameter that determines the properties of the cross-linked polymer 
network. The determination of prepolymer functionality therefore requires 
accurate knowledge of both number average molecular weight and equiva- 
lent weight. Ideally, a suitable prepolymer for propellant binder applica- 
tions has terminal functionality (OH or COOH). Such a prepolymer 
theoretically has a functionality of 2.0. Because of uncontrolled chain 
termination reactions during the prepolymer synthesis, however, not all 
polymer chains have the desired functional end group. As a result, pre- 
polymers generally have a distribution of functionalities, including non- 
functional, monofunctional, and the desired difunctional prepolymer. 

Number average molecular weight measurements have been carried out 
by vapor pressure osmometry (!PO). All molecular weight measurements 
were extrapolated to infinite dilution, (Gn)o, to eliminate effects due to 
1) polymer-polymer association and 2 )  polymer-solvent interaction. 

Equivalent weight determinations of both COOH- and OH-functional 
prepolymers were based on infrared absorption measurements of polymer 
solutions. In the case of OH-functional prepolymers, a second, independent 
method was developed which is based on the reaction of the prepolymer 
with p-toluenesulfonyl isocyanate, a very reactive isocyanate. Both methods 
can accurately determine the equivalent weight of 50- to 100-mg polymer 
fractions. 
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The method we have developed to determine the functionality distribu- 
tion of binder prepolymers is based on the adsorption of prepolymer on 
activated silica gel and subsequent selective desorption by stepwise elution 
using solvent mixtures of progressively greater elution power. This tech- 
nique can effectively separate prepolymers into non-, mono-, and difunc- 
tional components. Prepolymers which have been characterized by this 
technique include OH-terminated hydrogenated polybutadienes, COOH- 
terminated hydrogenated polybutadienes, and COOH-terminated polyiso- 
butylenes. Typical prepolymer samples analyzed to date contain 0-776 
nonfunctional polymer and 16-33% monofunctional polymer. 

INTRODUCTION 

The problem of making high-quality binders with reproducible physical 
properties depends upon the synthesis of functionally terminated pre- 
polymers with reproducible molecular weight and functionality as well as 
the distribution of these qualities. Mechanical properties of the cured pro- 
pellant are affected by the molecular weight and functionality distribution 
of the prepolymer. 

In order to obtain reproducible prepolymers, it is essential that analyti- 
cal methods be available to measure these prepolymer characteristics. A 
number of methods are available for the determination of molecular weight 
distribution of prepolymers, notably fractional precipitation or solution and, 
more recently, gel permeation chromatography. No method was known, 
however, which could determine the functionality distribution of prepoly- 
mers, although this prepolymer quality parameter has a more serious effect 
on propellant mechanical properties than does molecular weight distribu- 
tion. Monofunctional prepolymer components will seriously affect the 
mechanical properties of the propellant since monofunctional polymer chains 
will act as chain terminators during the cure process and hence interfere 
with the formation of a large polymer network needed to impart good 
mechanical properties to the propellant. Nonfunctional prepolymer com- 
ponents act as high-molecular-weight plasticizers and cannot participate in 
the cure process. The overall functionality of a prepolymer as determined 
from molecular weight and equivalent weight determinations does not per- 
mit a quantitative estimate of the percentages of non-, mono-, and difunc- 
tional components present in the polymer. 

Manufacturers of binder prepolymers have generally assumed that low 
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FUNCTIONALITY DISTRIBUTION MEASUREMENTS 1467 

functionality is primarily due to the presence of nonfunctional prepolymer 
components. Our functionality distribution measurements have shown that 
the bulk of low functional polymer components is monofunctional rather 
than nonfunctional. 

DISCUSSION AND RESULTS 

Molecular Weight Measurements 

The accuracy with which the functionality of a given prepolymer can be 
measured depends on the accuracy with which number average molecular 
weight and equivalent weight can be measured. From an examination of 
available test methods and their limitations for number average molecular 
weight measurements, we selected vapor pressure osmometry (WO) as 
the most suitable method for the low-molecular-weight range (1 000-5000) 
of interest in connection with binder prepolymers [ 11 . Vapor pressure 
osmometry (VPO) is a thermoelectric differential vapor pressure technique 
for determining number average molecular weight (Mn) of polymers of low 
or moderate molecular weight. The thermoelectric method has significant 
advantages in speed and in small sample size. The basis of the thermo- 
electric method is the measurement of the small temperature difference 
resulting from a differential mass transfer between droplets of pure solvent 
and polymer solution maintained in an atmosphere of solvent vapor. 

Low functionalities of binders have traditionally been blamed on errors 
in the number average molecular weight measurement. It is true that mo- 
lecular weight measurements can be seriously lowered by the presence of 
low-molecular-weight impurities, notably residual solvent and antioxidants. 
If possible, molecular weight measurements should therefore be carried 
out after all residual solvent has been removed and before antioxidant is 
added to the prepolymer. There are other factors, though, which must 
be considered: (1) There is the possibility of polymer-polymer associa- 
tion which leads to an apparently higher molecular weight, and (2) there 
is the general phenomenon of polymer-solvent interaction. 

type, and (c) temperature on number average molecular weight measure- 
ments by W O  for a series of binder prepolymers. Based on our studies 
we have concluded that molecular weight measurements of a given polymer 
in different solvents give identical molecular weights when extrapolated to 
infinite dilution, although measurements at finite concentrations in different 
solvents may give widely varying results. For the determination of accurate 

This paper deals with the effect of (a) solute concentration, (b) solvent 
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Fig. 1 .  Dependence of apparent molecular weight (Mn) on concentration 
for Telagen-S, 242 AM-148 AH, in two different solvents at  37°C. 
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Fig. 2. Dependence of apparent molecular weight (Mn) on concentration 
for P-BEP, 9088-180A, in two different solvents at 37°C. 

number average molecular weights it is therefore important that apparent 
molecular weight measurements are extrapolated to infinite dilution 
[@n>ol to eliminate concentration effects. 

The concentration dependence of number average molecular weight for 
several polymer-solvent-temperature systems is illustrated in Figs. 1-7. 
Figures 1 and 2 show the concentration dependence for an OH-terminated 
hydrogenated polybutadiene (OH-Telagen-S) and P-BEP, a hydroxy-function- 
a1 prepolymer in two different solvents at 37"C, respectively. Molecular 
weight measurements at a single concentration level in either solvent would 
have been in error and the magnitude of the error would depend on 1) the 
slope of the concentration dependence and 2 )  the concentration level at 
which the measurement was made. The extrapolated molecular weights, 
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Fig. 3. Dependence of molecular weight, Mn, on concentration for COOH- 
Telagen-S,242 AM 151 BH, in benzene and chloroform at 37°C. 

Fig. 4. Concentration dependence of molecular weight for COOH-Telagen-S, 
242 AM 194 BH, in chloroform at 37°C and o-dichlorobenzene at 13OoC. 
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(M&, are in excellent agreement for the two solvents. The difference is 
only 1-2%. Figure 3 shows the concentration dependence for a COOH- 
terminated hydrogenated polybutadiene (COOH-Telagen-S) in benzene and 
chloroform at 37°C. Here is an example where the concentration depend- 
ence of a polymer is identical in two solvents. The very steep increase in 
molecular weight with increase in polymer concentration probably reflects 
polymer-polymer association through the carboxy-terminal groups. Figure 
4 illustrates the concentration dependence for COOH-Telagen-S in two dif- 
ferent solvents and at two different temperature levels. In chloroform at 
37°C there is  again the steep concentration dependence noted in Fig. 3. 
In o-dichlorobenzene at 130°C the concentration dependence has been 
greatly reduced; this probably reflects the effect of higher temperature 
level rather than differences due to the different solvents. The extrapolated 
molecular weights are again in excellent agreement, differing by less than 
2%. 

Figures 5-7 show the concentration dependence of molecular weight for 
a series of other COOH-functional prepolymers. They illustrate once again 
the different concentration dependences that are exhibited for different 
polymer-solvent systems. COOH-functional CNR-nitroso terpolymer shows 
a moderate positive slope in freon-215 at 37°C; the molecular weight in- 
creases with increase in concentration. The concentration dependence of 
molecular weight for COOH-polyisobutylene in o-dichlorobenzene at 130°C 
is essentially zero (Fig. 5) whereas COOH-Butarez shows a very pronounced 
negative slope in chloroform at 37°C and in o-dichlorobenzene at  130°C 
(Fig. 6). 

tion dependence of two Telagen-S fractions which had been isolated by 
Figure 8 illustrates a somewhat different point. It shows the concentra- 

I I I I I 

I 
2000 -1 

I 
1 5  20 

1700 
10 

g/kQ SOLUTION 

Fig. 5. Concentration dependence of molecular weight for COOH-polyiso- 
butylene, EMD-590, lot CP, 21-1, in o-dichlorobenzene at 130°C. 
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1 
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Fig. 6.  Concentration dependence of molecular weight for Butarez CTL in 
chloroform at 37°C and o-dichlorobenzene at 130°C. ' 

4600 
5 10 1 5  20 2 5  

g/kQ SOLUTION 

Fig. 7. Concentration dependence of molecular weight for CNR-nitroso 
terpolymer, lot A001 -4D, in freon-2 15 (trichloropentafluoropropane) at 37°C. 

fractionation. One fraction is a strictly difunctional COOH-terminated pre- 
polymer; the other fraction is a strictly monofunctional COOH-prepolymer. 
It is interesting to note that the difunctional prepolymer has a much greater 
concentration dependence of molecular weight than the monofunctional 
prepolymer. This difference in concentration dependence probably reflects 
the extent of polymer-polymer association. The difunctional prepolymer can 
associate at both ends of the chain and would therefore give rise to an ap- 
parently higher molecular weight with increase in polymer concentration than 
the monofunctional prepolymer. 
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Fig. 8. Concentration dependence of molecular weight for mono- and difunc- 
tional COOH-Telagen-S in chloroform at 37°C. 
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Fig. 9. COOH-calibration: stearic acid in tetrahydrofuran, lc, 0.103 mm matched 
cells. 

In conclusion, it should be stated that for the determination of accurate 
number average molecular weights i t  is very important that apparent molecu- 
lar weight measurements are extrapolated to infinite dilution to eliminate 
concentration effects. Furthermore, the concentration dependence of mo- 
lecular weight for a given polymer-solvent-temperature system cannot be 
predicted and must therefore be determined experimentally for each such 
system. 
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Equivalent Weight Determination 

When fractionating prepolymers, small fractions of polymer need to be 
characterized with respect to molecular weight and equivalent weight. This 
does not represent a problem with respect to molecular weight measure- 
ments since existing methods inherently require only small samples. Con- 
ventional methods for equivalent weight determination, however, require 
large sample size (in the order of grams). There was, therefore, a need for 
small-scale equivalent weight methods which can accurately determine the 
equivalent weight of SO- to 100-mg polymer fractions. The method we 
have used in the case of COOH-functional prepolymers is based on measur- 
ing the intensity of the carbonyl absorption band at 5.7-5.8 p in the infra- 
red. A calibration is needed which relates the intensity of the carbonyl 
absorption band to  the molar concentration of the calibrant. In selecting 
a suitable calibrant, two approaches are feasible: (1) Simulate the function- 
al group of the prepolymer by using a carboxylic acid, such as stearic acid, 
as the calibrant. (2) An alternate method is to use the given prepolymer, 
whose equivalent weight has been accurately determined by base titration, 
as the calibrant. Figure 9 shows the correlation of carbonyl absorbance 
with molar concentration using stearic acid (0 data points) and COOK 
Telagen-S of known equivalent weight (line) as the calibrant. Both polymer 
and stearic acid gave the same identical correlation. The solvent (tetrahy- 
drofuran j was chosen so as to prevent polymer-polymer association and to 
give a linear response of the intensity of the carbonyl absorption band with 
COOH molar concentration. The equivalent weight determination based 
on infrared absorption measurements is nondestructive and requires only 
small polymer samples. In practice, the equivalent weight of a polymer is 
determined by first determining the carbonyl absorbance of the polymer 
solution of known concentration and secondly reading from the calibration 
the molar concentration which corresponds to the particular absorption 
intensity. 

The above method has also been applied to OH-terminated prepolymers 
by measuring the intensity of the hydroxyl band at about 2.8 p. Butanol 
reference blends in a 25 vol% ethyl acetate/75% carbon tetrachloride sol- 
vent mixture were used to establish a linear calibration. 

In the case of OH-functional prepolymers, we have developed a second, 
independent method for the determination of equivalent weight. The 
method is based on the reaction of the hydroxyl group of the prepolymer 
with p-toluenesulfonyl isocyanate, a very reactive isocyanate. The reaction 
is carried out in dilute solution at room temperature and is extremely 
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rapid [ 2 ,  31. The isocyanate-hydroxyl reaction is monitored spectro- 
photometrically (infrared) by measuring the disappearance of the NCO 
stretching vibration at 4.44.5 p. The feasibility of this method as an ac- 
curate, small-scale hydroxyl-equivalent weight method of prepolymers has 
been confirmed. 

prepolymers. Figure 10 shows in duplicate the reaction of p-toluenesulfonyl 
isocyanate with a hydroxy-terminated, hydrogenated polybutadiene (OH- 
Telagen-S) at  room temperature in chloroform. The reaction is very rapid 
and already complete at the time the first infrared scan is taken (about 
15 min). The isocyanate absorbance at zero time is obtained from a Cali- 
bration plot of the isocyanate. The equivalent weight is calculated from 
the amount of isocyanate that has reacted with a known amount of pre- 
polymer. Figure 11 shows the corresponding reaction profile of P-BEP 
with p-toluenesulfonyl isocyanate. It is quite obvious from a comparison 
of Figs. 10 and 11 that the OH-group in P-BEP is less reactive than the OH 
group in OH-Telagen-S. Actually, it is not necessary to obtain the complete 

Figures 10 and 11 illustrate the method for two different OH-functional 
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l . . 1 1 1 l , , .  , , I /  

20 40 60 80 100 120 140 160 180 200 220 240 20 25 30 35 40 45 

TIME, MINUTES HOURS 
0 

Fig. 11. Equivalent weight determination of P-BEP, 369-148, by reaction 
with excess p-toluenesulfonyl isocyanate in CHC13 at room temperature. 

Reaction monitored by infrared. 

reaction profile; only the end point is needed to calculate the equivalent 
weight. 

Functionality Distribution MEasurements 

Prepolymers do not in general have theoretical functionality. The deter- 
mination of functionality distribution, that is, the percentages of non-, 
mono-, and difunctional polymer components, is therefore of particular 
importance, since functionality distribution will affect propellant mechani- 
cal properties. 

The method we have developed to determine the functionality distribu- 
tion of binder prepolymers is based oii the adsorption of prepolymer on 
activated silica gel and subsequent selective desorption by stepwise elution 
using solvent mixtures of progressively greater elution power. This tech- 
nique can effectively separate prepolyrners into non-, mono, and difunc- 
tional components. Nonfunctional polymer, which has no polar groups 
for adsorption by the silica gel, is eluted first from the column. 
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Fig. 12. Fractionation of OH-Telagen-S, 242 AM 148, by stepwise elution 
from silica gel. Silica gel/polymer ratio = 87/1. Elution profile. 

EQUIVALENT 
WT % WEIGHT 

FRACTION OF TOTAL (GRAMS/OH) FUNCTIONALITY 

I 5.2 1780 0 

I1 25.2 2270 2240 1.01 

I11 54.5 1730 850 2.04 

84.9% 

Fig. 13. Functionality distribution of OH-Telagen-S, 242 AM-148 AH. 

Monofunctional polymer, which is adsorbed on the column packing at one 
end of the polymer chain, is eluted next in response to a more polar sol- 
vent mixture. Difunctional polymer requires a progressively more polar 
solvent mixture to be desorbed, since it is adsorbed on the silica gel surface 
at  both ends of the polymer chain. Based on the elution profile, individual 
polymer fractions are appropriately recombined into three or more major 
fractions and analyzed for functionality. Prepolymers which have been 
characterized by this technique include OH-terminated hydrogenated poly- 
butadienes (OH- TelagenS), COOH-terminated hydrogenated polybutadienes 
(COOH-Telagen-S), and COOH-terminated polyisobutylenes. Typical pre- 
polymer samples analyzed to date contain 0-7% nonfunctional polymer, 
and 16-33% monofunctional polymer. 
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Fig. 14. Refractionation of difunctional OH-Telagen-S by stepwise elution 
from silica gel: elution profile. 

EQUIVALENT 
WT % WT. (GRAMS/ 

FRACTION OF TOTAL f i n l o  MOLE OH) FUNCTIONALITY 

CHARGED 100.0 1650 8 3 0  1.99 
POLYMER 

TO COL. 

I 22.6 1700 8 8 0  2.02 

I1 70.0 1530 7 60 2.01 

Fig. 15. Refractionation of difunctional OH-Telagen-S by stepwise elution 
from silica gel: analysis of fractions. 

Figures 12-21 summarize the results on the determination of functional- 
ity distribution for a number of OH- and COOH-terminated prepolymers 
based on the above-mentioned method. The respective elution profiles and 
analytical results on the functionality determination of the recombined 
polymer fractions are shown separately for each polymer sample. 
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Fig, 16. Fractionation of COOH-Telagen-S, 242 AM 151 BH. by stepwise 
elution from silica gel. Silica gel/polymer ratio = l O O / l .  Elution profile. 

EQUIVALENT 
WT % WEIGHT 

FRACTION OF TOTAL Gn), (GRAMS/OH) FUNCTIONALITY 

I 10.8 2550 6500 0.39 

I1 28.5 3000 3 100 0.97 

111 57.2 3000 1515 1.98 

Fig. 17. Functionality distribution of COOH-Telagen-S, 242 AM 151 BH. 

To assure that difunctional polymer was not converted to non- and/or 
monofunctional polymer on the silica gel column, we refractionated a 
difunctional OH-Telagen-S fraction and analyzed the eluted polymer. 
Figures 14 and I5  show the corresponding elution profile and analyses 
of the front and main fraction. The elution profile and analyses show 
conclusively that no conversion to non- or monofunctional polymer had 
taken place. 

elution schedule that is used for COOH-functional prepolymers. 
Figure 20 indicates in some detail a typical solvent composition and 
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Fig. 18. Fractionation of COOH-Telagen-S, 242 AM 194 BH, by stepwise 
elution from silica gel. Silica gel/polymer ratio = l O O / l .  Elution 

profile. 

EQUIVALENT 
WT % WT. (GRAMS/ 

FRACTION OF TOTAL (Mn)o MOLE COOH) FUNCTIONALITY 

I 3.3 -- 8 200 

I1 15.3 2850 2830 1 .o 

111 73.6 2620 1318 1.99 

Fig. 19. Functionality distribution of COOH-Telagen-S, 242 AM 194 BH. 

In the case of the P-BEP prepolymer, this technique of fractionation 
was not applicable because dzcomposition takes place on the column. The 
polymer was fractionated instead by molecular weight using fractional pre- 
cipitation to determine whether functionality was dependent on molecu- 
lar weight. Figures 22 and 23 show the molecular weight distribution 
curve and correlation of functionality with molecular weight for P-BEP 
9542-60B. Above a molecular weight of 2700 (78% of the polymer) 
there is no significant dependence of functionality on molecular weight. 
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Fig. 20. Fractionation of COOH-polyisobutylene (CTF’IB), EMD-590, 
lot CP321-1, by stepwise elution from silica gel. Silica gel/polymer 

ratio = 118/1. Elution profile. 

EQUIVALENT 
WT % WT. (GRAMS/ 

FRACTION O F  TOTAL &)p MOLE COOH) FUNCTIONALITY 

I1 16.83 3300 3340 0.99 

I11 78.01 2040 1030 1.98 

96.65% 

Fig. 21. Functionality distribution of COOH-polyisobutylene, EMD-590. 
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Fig. 22. Integral molecular weight distribution curve of P-BEP, 9542-60B. 

In the low-molecular-weight range (1500 and below), however, there is a 
significant decrease in functionality, the functionality dropping below 1 .O. 

CONCLUSION 

Molecular weight measurements of a given polymer in different solvents 
give identical molecular weights when extrapolated to infinite dilution, 
although measurements at finite concentrations in different solvents may 
give widely varying results. For the determination of accurate number 
average molecular weights it is therefore important that apparent molecu- 
lar weight measurements are extrapolated to infinite dilution [(Mn)o] to 
eliminate concentration effects. The concentration dependence of molecu- 
lar weight for a given polymer-solvent-temperature system cannot be pre- 
dicted and must therefore be determined experimentally for each such 
system. 

Carboxy- and hydroxy-functional prepolymers have been fractionated 
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Fig. 23. Variation of functionality with molecular weight for P-BEP, 9542- 
60B. 

by functionality by adsorption of the prepolymers on activated silica gel 
and subsequent selective desorption by stepwise elution using solvent mix- 
tures of progressively greater elution power. 
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Discussion of Paper by Adolf H. Muenker and Boyd E. Hudson, Jr. 

Functionality and Functionality Distribution Measurements of 
Binder Prepolymers 

W. Kray: Have you compared your number average molecular 
weight measurements by VPO with other conventional 
methods, such as ebullioscopic and cryoscopic measure- 
ments? 

A. H. Muenker: No. 

R. F. Landel: I would first like to compliment you on your very 
beautiful and very important piece of work. I have three 
questions: (1 ) Have you run any polyether-backboned 
materials such as polyoxypropylene? These are polar 
materials and hence might have different elution prob- 
lems than those encountered with the hydrocarbon- 
backboned polymers you discussed. (2) Have you ex- 
amined any polymer which has both primary and second- 
ary hydroxyls (or carboxyls), and if so, can you see a 
difference in the fractionation behavior? (3) Could you 
comment on the accuracy of the analytical method as 
compared with some of the standard techniques? For 
example, in a hydroxyl analysis, mercuric acetate tech- 
nique is the standard. 

A. H. Muenker: (1) We did not run any polyether except for P-BEP 
(a difluoroamino-containing polyether), which was in a 
category by itself. This material had special problems 
since it decomposed on the column. (2) No, we only 
examined polymers with secondary groups, but I suspect 
we would not see any difference. (3) We chose the toluene 
sulfonyl isocyanate method, which is accurate within 1-3%. 
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