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SUMMARY

A method tor the identification of the basic constituents of polyesters, polyim-
- ides and polyamides. alone and in combination with each other. is proposed. It con-
sists in splitting the polvmers into the parent monomers followed by their gas chroma-
tographic analysis. For the identification of amines and polyalcohols. and for the
analysis of acids, hydrazinolysis and aminolysis with tetramethylammonium hydrox-
ide. respectively, are recommended. The reaction conditions were studied and the
analysis of various polvmers is discussed.

INTRODUCTION

Polyesters. polvamides and polyvimides are important polycondensation-type
polymers, which have found a wide practical use.

Polyesters are the condensation products of polybasic acids (Ac) and alcohols
(Ao):

AN CC-AC-CO0-20-0 WU

Polyamides are formed by the condensation of dibasic acids (Ac¢) and diamines
(Am). or by polymerization of lactams of amino acids: .

TENSY CO-AC-CO- NEH-AM-NH NN

Polyimides are the final products of the reaction of polvearboxylic acid anhy-
 drides (Ac) with diamines (Am):

co co r
’.\)‘(\r : \/,:c l>r;-.:\m-l\' QI\J

If the radicals Ac and Am in polyimides are aromatic rings. the polymers pos-
sess excellent thermal stability. In order to improve their solubility and other proper-



136 O. MLEJNEK, L. CVECKOVA

ties that are important from the point of view of applications. the polyimides are
frequently combined with polyesters or polvamides. The polyester-imides and poly-
amido-imides obtained in this way represent a new class of polycondensation poly-
mers with wide variations in technical properties according to their chemical struc-
tures.

For the identification of particular units, the polymer chains have to be split
into the parent monomers. The splitting of polyesters is well known and easily ac-
complished by re-esterification reactions and alkaline or acid hydrolysis: the latter
method can be also used for polyamides. The polyimide linkages are more difficult to
- split and require more effective reagents such as hydrazine hvdrate (HH) and tetra-
methvlammonium hydroxide (TMAH).

Although the reaction of HH with alkyl phthalimides has been known for many
vears'. its application to polyvimides was introduced only in 1967-1968 by Dine-Hart
and Wright®%. For technical purposes. this reaction was used by Jones* as a method
tor cleaning and preparing printed integrated circuits. With other polvmers, hydra-
zinolysis was applied only for the hydrolysis of poly(ethvlene terephthalate) in the
determination of diethylene glvcol® and methyvl ester end-groups®.

The pyrolysis of TMAH salts of organic acids and phenols has been proved
to be a useful method for the preparation of methyl esters fer gas chromatography
(GCj)*~1. However, we found only one mention of the splitting properties of this
reagent: Bitmer er «l.'* prepared the TMAH salts of faty acids by the aminolysis of
the triglycerides with TMAH.

Ia the identification method proposed in this paper we utilized both HH and
TMAH for splitting polycondensation polvmers according to the following scheme:

y Hy NHEXN-CO-AC-CO-NHNH ,+ HX-R-XH
NN CO-AC-CO-X-R-X r\!\'
Ta s~

“atooc-ac-cod+ 2 fiew 30"

o <

where X == O or N and R == Ao or Am. In the hvdruzinolvsis with HH. free amines
or alcohols and hydrazides are formed. while aminolysis with TMAH leads to the
formation of TMAH salts of the parent acids. The reaction products of the alcohols
and amires in the latter instance are not known.

EXPERIMENTAL

Instrumentarion

A Carlo Erba (Milan. ltaly) Model 2201 gas chromatograph with dual flame
ionizaticn detectors was used. Free amines. trimethylsilyvl (TMS) derivatives of amino-
alcohols and acid methyl esters were separated on a 120-cm long glass column of 3.3-
mm 1.D.. packed with 32} of XE-60 on Chromosorb W AW DMCS. 0.20-0.25 mm.
The temperature of the column was programmed from 80 to 200° at the rate of 5°/min.
The TMS ethers of polvols were analyzed on a 1.5-m long aluminium column of 4-mm
1.D.. packed with 3%, of SE-30 on Chromosorb W AW_ 0.20-0.25 mm. with the

temperaiure programmed from 80 to 2207 at 5°/min. In some instances other special
columns were used.
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A simple pyrolytic device was used for the conversion of the T\/IAH salts of
the acids being analyzed into the corresponding methyl esters. It consisted of a three-
way glass stapcock with a large T-bore. One arm was wrapped with resistance wire to
form an electric oven, the opposite arm was provided with a rubber stopper and the
third arm. perpendicular to the first two, served as the carrier gas inlet. The liquid
samples, injected in a micro-boat fixed on a I-mm O.D. stainless-steel wire. were in-
serted after a short drying period by pushing the boat first through the rubber stepper
and then, after opening the stopcock. into the oven. The sampling was thus accom-
plished without interrupting the flow of carrier gas.

Reagents

Hydrazine hydrate (HH) (Ciba. Basle. Swntzerhmd) was used as a 30 solu-
tion in water. Tetramethylammonium hydroxide (TMAH), for polarographic pur-
poses. was obtained from Merck (Darmstadt, G.F.R.) and used as a 10% solution in
water. -
A mode! polvimide (MP) was svnthesized from trimellitic zmh_vclridc and 4.4'-
diaminodiphenvimethane in this Institute.

Polyv(ethylene terephthalate) (PET) mat was obtained from Viledon-Werke
(Weinheim. G.F.R.).

Other reagents and standards were of technical grade or better and were used
as received without purificatien.

Procedures

For hydrazinolysis. 5 mg of finely powdered sample was weighed into a glass
micro-ampoule (0.35 mm L.D., 6 cm long). 40 #1 of HH was added with a Hamilton
microsyringe and the ampoule was sealed over a micro-burner. After 1 h at 50° with
accasional stirring. 1-2 ul of the clear solution above the precipitate that had formed
was injected into the gas chromatograph for amine analvsis.

Polvamides and amide-modified polvmers (amido-imides) were first hyvdrolvzed
with 30 ul of concentrated (37%) hyvdrochloric acid for 8 h at 1207 in the above man-
ner. The hydrochloric acid was then evaporated at 80-100° and 10-20 torr and the
residue was treated as above.

For the analysis of polyols, their TMS ethers were first prepured. For this
pupose. 20 gl of the clear solution obtained after hydrazinolysis was transferred into
another ampoule. 100 g of hexamethyldisilazane containing 0.5% of trichloroacetic
acid was added and the ampoule was sealed and heated for I h at 50°. Afier cooling
the ampoule, 2-3 ul of the clear solution was injected into the gas chromatograph.

For aminolysis. 3 mg of finely powdered sample was weighed into a glass
ampoule, 50 gl of 107, TMAH was added and. after sealing the ampoule. it was heated
for 1 h at 150°. After cooling the ampoule 1o room temperature, 1-2 g of the clear
solution was injected into the micro-boat and evaporated for 2 min at 110° in a hori-
zontal electrical oven. The boat was inserted into the pyrolytic device, first into the
cold zone and then. after expelling the air. into the hot zone. which had been pre-
heated to 340°. After I min. the boat was drawn out of the hot zone and the tempera-
ture programme was started for the separation of the acid methyl esters.
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Fig. 1. Separation of free diamines on 1.2-m column packed with 39 of XE-60 on Chromosorb W
AW DAMCS at 100-220" (8 'min). 1 = Hexamethyvienediamine: 2 - p-phenyilenediamine: 3 n-
phenyienediamine: 4 = 2.4- - 2.6-toluvienediamine: 5 = naphthalenediamine: 6 - 4.4-diamino-

diphenvimethane - 44 °-diaminodiphenyl ether: 7 -: benzidine.
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Fig. 2. Scparation of methyl esters of polybasic acids. Conditions as in Fig. 1. Acid derivatives:

1 =- oxalic: 2 -~ fumaric: 3 = maleic: 4 == ftaconic: 3 -- adipic: 6 - hexahvdrophthalic: 7 =
tetrahydrophthalic: 8 = terephthalic: 9 -+ isophthalic - o-phthalic: 10 - sebacic: 11 = trimellitic:
12 -- cyclopentanctetracarboxylic: 13 - pyromellitic.

RESULTS AND DISCUSSION
Gus cliromuarography

By using the chromatographic columns described above, we were able to
separate most of the diamines, polybasic acids and polyols that occur in technical
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materials (Figs. 1-3). Difliculties appeared in the analysis of alcohol-amines and
phenol-amines, which, like polyols, require the deactivation of free hydroxyl groups
by silvlation. Under the recommended silylation conditions, only hydroxyl and
carboxyl groups and not amines react. which allows them to be distinguished by
either altering elution time or by an elimination technique in which the chromato-
erams obtained before and after silylation are compared.
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Fig. 3. Separation of TMS cthers of polvols on 1.5-m column packed with 3%, of SE-30 on
Chromosorb W AW 4t 80-220 (5" min). 1 -~ Ethvlene giveol: 2 - 1.2-propylene glhveol: 3 -+ 2.3-

butyleneglveol: 4 = 1 3-butvlene glycol - necopentyl glveol: 5 - [ 4-butyvlene giveol: 6 - diethylene
glyveol: 7 - zlycerine: 8 - wrimethylolethane: 9 - 1 8-octanediol: 10 - trimethylolpropane < hex-

anetriolz 11 -« tricthylene glveol: 12 - erythritol.

Under the chromatographic conditions described. some complicated poly-
functional compounds are irreversibly retained. This is the case with 3.3".4.4"-benzo-
phenonetetracarboxylic acid methyl ester. which requires a substantially higher tem-
perature that cannot be used with the silicone nitrile polymer phase XE-60. Lower
aliphatic diamines are separated more satisfactorily either on supports modified with
potassium hydroxide. on Chromosorb 103, on Tennwalt phase. or on moditfied carbon
black (Supeico, Bellefonte, Pa., U.S.A.). which is convenient also tor ethanolamines.

Hydrazinolvsis

In order to establish the optimal conditions for hydrazinolysis. we studied the
reactions of MP and technical-grade PET. First 1 mg of finely powdered or thinly cut
saumples wus made to reactin seitled ampoules with 50 ul of the reagent at virious tem-
peratures. In defined time intervals, 1-z1 portions were injected into the gas chromato-
graph for the determination of 4.4'-diaminodiphenylmethane (formed from MP) or
1.2-ethanediol (formed from PET). The peak areas of parent monomers as a function
of the reaction time at various temperatures are shown in Figs. 4 and 5.
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Fiz. 1. Reaction rite of hydrazinolysis of @ model polyimide expressed as the dependence of the peak
aren of $4-diaminodiphenvimethane (Ppp ) on reaction time. Temperature: 127 12,50 2 3,100

It 1s-obvious that the reaction with MP is very rapid and is completed in a few
minutes. PET. however, reacts more slowly and the temperature dependence 1s more
prolonged. This different behaviour results not only tfrom the different reaction rates
due to the diverse chemical structures and degrees of polymerization. but also from
the form of the samples (the former was a fine powder and the latter a thinly cut mat).
Hence the reaction rate is determined also by the rate of diffusion of the reagent into
the sample. Therefore. occasional stirring and suflicient time must be used so as to
ensure that the reaction i1s completed.

50 1CC B0
Time {min}

Fig. 5. Reaction rate of hydrazinolysis of poly(ethylene terephthalaie) expressed as the dependence
of the peak area ratio of ethylene glveol (£, ;) and internal standard (£5) on reaction time, Tempera-
ture: 1, 25°:.2.357: 3,55 .

The wide range of the peak areas obtained tor 4.4 -diaminodiphenvlmethane
(Fig. 4) may be explained by its partial retention in the precipitate of trimellitic acid
hydrazide. In fact. the addition of an equal amount of methanol to the reagent im-
proved the precision. With the polyols. the presence of methanol is unsuitable because
of its concurrent reaction with silylation reagent.

The excess amount of HH used is not critical: we found the same extent of
reaction when 25, 50 and 100 xi of HH was used for | mg of sampie.
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We were not able to obtain similar results with cither aliphatic or aromatic
polvamides which are resistant to HH.

Aminolvsis 7
' In order to establish the optimal conditions of aminolysis with TMAH, we

proceeded in the same manner as described above. We determined the trimellitic acid
trimethyl! ester following the same procedure, after reaction of | mg of MP with 50 ul
of TMAH at various temperatures. The ratios of the peak arcas of the trimethyl ester
of the parent acid and the internal standard as a function of reaction time are shown in
Fig. 6. Contrary to the case with hydrazinolysis, this reaction requires the use of high
temperatures in order to achieve completion in a reasonable period of time. The vield
of reaction products i1s more sensitive to excess of the reagent. and a minimum of 50
el of TMAH per 1 mg of sample must be used.
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Fig_ 6. Reaction rate of aminolysis of a model polyvimide with terramethylammonium hyvdroxide
expressed as the dependence of the péak area ratio of trimellitis acid methyl ester (£,) and internal
standard (£) on reaction time. Temperature: 1. 100 20 125 - 3. 150 .

From the quantitative viewpoint. the conditions used tor the pvrolvsis of the
TMAH sults of acids in order to convert them into methyl esters are also important.
We found that the optimal pyrolysis temperature is 350 -+ 107 and the drving time of
the salts before pyrolysis should not exceed 2 min. .

When we applied the procedure to the splitting of polyesters and polyamides.
we obtained similar results. It seems that the reaction with TMAH is widely applicable
and that it can be used for all classes ol polvmers.

Application ro the analysis of polvmers
We tested the method by analyzing the basic components in a large number of
poivcondensation and polvaddition polvmers of known composition (model sub-
stances. defined polymers and technical materials analysed by infrared (IR) spectrom-
etry). The polymers included polyesters and alkvds, aliphatic and aromatic polva-
mides. aromatic polyimides and their combinations. polyurethanes and epoxides cured
with dibasic acid anhydrides. The results obtained are discussed below.
' The reaction with HH is advantageous for the analysis of parant amines in
polvimides and polvester-imides. Polvamides and polvurethanes remain unreacted
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and first require hydrolysis with hydrochloric acid, followed by evaporation of the
excess of acid and conversion of the amine hydrochlorides formed into free amines by
the addition of excess of HH. Higher polyols. aminoalcohols and aminophenols must
be silanized before GC analysis.

The reaction with TMAH is more universal and may serve for the identifica-
titon of the acids in polyesters. polvamides. polvimides (also in their combinations)
and in polyvester—epoxides. On the contrary to hvdrazinolysis, this reaction is inade-
quate for quantitative purposes.

When analyvzing polyester—imides, one must take care in the identification of
some polvols and diamines. After hydrazinolysis, free lower diols (C.-C,) may appear
on the chromatograms of amines: in this case it is useful to compare the chromato-
erams before and after silylation.

During the aminolysis with TMAH and the pyrolysis of salts formed. the isom-
erizaiton of unsaturated acids occurs. Thus maleic and fumaric acids form the same
reaction products and cannot be distinguished in this way.

; In both types of splitting reaction amino acids cannot undergo subsequent GC

analysis owing to the formation of non-volatile products (hydrazides with HH and
unkaown products with TMAH) and a different analvtical method must be used in
this nstance.

The practical application of the methods described demonstrated that the
wide ringe of modern heteropolvmers has a very rich variety of basic components.
which are particularly complicated in combinations of polvmers. It is therefore advis-
able to combine the methods described with other identification methods. such as
thin-layer. liquid and gel permeation chromatography. and especially IR spectrom-
etry.
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