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Polyamide acid powders of pyromellitic dianhydride and 4,4'-diaminodiphenyl 
ether base were prepared in tetrahydrofuran, in the heterogeneous phase. The imidiza- 
tion of these powders was investigated by thermogravimetric, calorimetric and mass- 
spectrometric methods. 

According to the TG and DSC data, the temperatures of the beginning and maxi- 
mum rate of imidization increase with increasing temperature and duration of imidi- 
zation. 

A linear relationship has been found to exist between the weight loss and the reac- 
tion heat of the imidization process. The reaction heat corresponding to unit weight 
loss increases with decreasing molecular weight. 

Dicarboxylic anhydrides, applied as chain-terminators, do not affect the thermal 
properties of polyamide acids to an appreciable extent. 

Imidization has been found to be a complex process, in which decomposition of 
polyamide acids also takes place besides dehydrocyclization. The kinetics of imidiza- 
tion are satisfactorily described by a first-order dehydrocyclization and a parallel first- 
order decomposition. The weight loss during imidization is higher than the loss cal- 
culated on the basis of dehydrocyclization, which must be due to the release of the de- 
composition products of the polyamide acid, the release of solvated or complexed 
tetrahydrofuran, or that of possible oligomeric clusters. 

The most widespread representatives of thermoresistant plastics are aromatic 
polyimides, prepared by the reaction of aromatic tetraearboxylic dianhydrides 
and aromatic diamines [1-7] ,  according to the following reaction scheme: 

CO CO "~JNH - CO CO- NH--Ar%"~ 
0 5  \ A r  / "~.0 + NH2--Ar'--NH 2 I~- \ / \ / / - -  Ar --D,-- 

CO ~CO HOCk" \COOH 

(PAA) 

~CO .CO 
A/cat'.re.. ~x.,N / ~h-  / ~N_Ar~,. .  

~ C Q  / ~ C O  ,,'~ 
(PI) 

The polyamide acids (PAA) formed in the first step of the reaction are well 
soluble in polar solvents. The second step is a dehydrocyclization (imidization) 
reaction carried out by thermal or chemical methods [4-9] .  The characteristics 
of the imidization reaction, which basically determines the properties of the poly- 
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imides (PI), have been studied widely [9-14]. It has been found that polyamide 
acids are generally solvated with large amounts of solvent [10-  13], and that the 
presence of the solvate shell interferes with the determination of the thermal 
properties of the dehydrocyclization process, and also affects the course of reac- 
tion [13]. 

In order to eliminate the interference, various authors [7, 10, 13] have applied 
solvate exchange with solvents of low boiling points. This method is applicable 
to remove strongly-bound solvents. With regard to the equilibrium nature of PAA 
formation, however [16, 17], extraction may change the equilibrium conditions. 

With the aim of studying dehydrocyclization and eliminating the above diffi- 
culties, we have prepared polyamide acid powders in a solvent of low boiling 
point, tetrahydrofuran, in which the product is insoluble. The reacting monomers 
are dissolved in tetrahydrofuran, whereas the resulting polyamide acid precipitates 
in the form of a fine powder (heterogeneous reaction), and thus it can presumably 
be prepared in a solvent-free state. The imidization of the resulting product can 
be studied more easily, since now the removal of bound solvent is not superimposed 
on the chemical process. 

We were concerned with the preparation of polyamide acids based on pyro- 
mellitic dianhydride (PMDA) and 4,4'-diaminodiphenyl ether (DAE), and with 
a detailed investigation of their imidizations. 

However, the molecular weights of the polyamide powders prepared by the 
above heterogeneous reaction are relatively low (20.000 to 50.000). As a com- 
pensation, reactive end-groups were built into the polyamide acid, which, under 
the conditions of imidization, yield cross-linked products through a thermal 
transformation [18]. The reactive end-groups were formed by adding maleic 
anhydride (MA), or other dicarboxylic anhydride which yields maleic anhydride 
in a thermal reaction, as chain-terminator. 

The investigations were generally performed by micro methods with 1 -  3 mg 
of sample, and thus the temperature and pressure gradients within the sample 
could be neglected in the investigation of processes involving simultaneous heat 
and mass transport. 

Experimental 

Material and their purification 

Pyromellitic dianhydride (PMDA, m.p. 559.8 K) and 4,4'-diaminodiphenyl 
ether (DAE, m.p. : 462.5 K) were purified as described previously [4]. 

Cis-3,6-endo-methylene-l,2,3,6-tetrahydrophthalic anhydride (norbornene dicar- 
boxylic anhydride, NDA) was prepared in a Diels-Alder reaction from cyclopen- 
tadiene .and maleic anhydride [19]. The crude product was recrystallized from 
benzene, and dried in vacuo (m.p. 540.3 K, decomposition at 590-600 K). The 
mass-spectrum of the recrystallized product can be seen in Fig. la. 

9,10-Dihydroanthracene-9,10 endo-~,fi-succinic anhydride (ASA) was prepared 
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by Diels-Alder reaction from anthracene and maleic anhydride. The crude product 
was recrystallized from toluene, and dried in vacuo (m.p. 531.2 K). The mass- 
spectrum of the pure substance can be seen in Fig. lb. 

Both adducts are thermally unstable, and decompose irtto-their constituents 
(MA and cyclopentadiene or anthracene, respectively). This process can easily 
be detected in the mass-spectra. The most intense fragment of NDA (Fig. la) 

+ 

i s t h e m / e = 6 6  I ~ }  ion, whereas the most  characteristic f ragment  o f  

ASA (Fig. lb) is the m/e = 178 ion. 

100-- a) 

50-- 

Hz 

CH2 

H --CH 

~o 

iH I 
tO0 150 

role 

Fig. la. Mass spectrum of norbornene-dicarboxylic anhydride 

The decomposition temperatures of both compounds are higher than the tem- 
perature of dehydrocyclization, and thus the unsaturated end-groups will be 
attached to completed polyimide chains. 

Maleic anhydride (MA): The commercial substance (Reanal) was recrystallized 
from chloroform, and then dried in vacuo at room temperature (m.p. 323.7 K). 

The reaction medium of precipitation polyaddition was anhydrous tetrahydro- 
furan (THF). 
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Fig. lb. Mass spectrum of anthracene-maleic anhydride adduct 

Instrumental methods 

The structures of the products eliminated during imidization were determined 
by mass-spectrometric investigations. The mass-spectra were recorded with a 
Jeol J M S - 0 1  S G - 2  spectrometer and data processing system. The heats of 
imidization and the melting points of  starting compounds were determined in 
a calorimeter (Perkin-Elmer Model D S C - 2 ) .  Thermogravimetric investigations 
were carried out in a Cahn-type micro thermogravimetric (TG) instrument. The 
molecular weights of THF-soluble products were determined with a Knauer-type 
vapour pressure osmometer (VPO), and those of P A A  powders by viscosimetric 
methods [20]. EPR spectra were recorded on a Jeol J E S - P E  instrument. 

Preparation oJ P A A  

The heterogeneous polyaddition reaction was performed at 298 + 0.1 K, in 
a three-necked flask under a stream of  inert gas. Solid P M D A  was added at a low 

Table 1 

Compositions and properties of polyamide acid powders 

Sample 

PAA-T 
PAA-T 1 
PAA- TR t 
PAA-TR~ 
PAA-TR 3 

D ~  j 
Composition, mole 

P M D A  Chain 
terminator 

1 
0.95 
0.95 0.1 
0.95 0.1 
0.95 0.1 

Chain 
terminator 

m 

ASA 
NDA 
MAA 
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rate to the stirred THF solution of DAE. Chain-terminator anhydrides were added 
together with PMDA. 

After the addition of the anhydride component, the solution immediately 
became opaque. In order to complete the reaction, the mixture was stirred for 
one hour, the precipitated yellow-white PAA powder was filtered, washed five 
times with anhydrous THF, and then dried in vacuo at room temperature. 

The compositions and properties of the PAA powders prepared are given in 
Table 1. 

Results and discussion 

The TG curves of PAA powders can be seen in Fig. 2. The characteristic tem- 
peratures, weight losses, and the heats of imidization are listed in Table 2. 

Table 2 

TG and D S C  data of P A A  powders 

Sample Ami, % Tma x, K To, K Area, % AH~, J/g 

P A A - T  
PAA-T~ 
P A A - T R t  
PAA-TRo  
PAA-TR 3  

13.9 
13.3 
16.8 
13.8 
13.8 

467.0 
461.5 
460.5 
472.0 
473.0 

703 
663 
673 
733 
703 

3.8 
1.4 
1.0 
0.6 
0.6 

143 
182 
206 
159 
176 

Ami -- weight loss of imidization process 
T m , x -  temperature of the maximum rate of imidization reaction 
To -- decomposition temperature of the resulting polyimide 
Amd --  weight loss measured from start of decomposition process to 773 K 
AH,  - -  reaction heat of imidization process 

In order to determine the kinetics of imidization reactions, PAA powders were 
heat-treated at various temperatures for various periods. This heat-treatment was 
carried out in a DSC apparatus at a heating rate of 320 deg/min to predetermined 
temperatures, and the maintained under isothermal conditions for given periods. 
After heat-treatment, the samples were cooled down quickly (320 deg/min) and 
subjected to TG and DSC investigations. 

In studies on the kinetics of isothermal imidization it must be taken into account 
that the reaction may progress to a certain extent during heating to the tempera- 
ture of measurement (particularly at high temperatures). In order to determine 
the extent of transformation in the heating and cooling steps, the samples were 
heated at a rate of 320 deg/min, and after the desired temperature was reached, 
they were cooled down at the same rate. The result of this measurement was 
accepted as the conversion corresponding to the starting time (t = 0) of imidi- 
zation. 
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As an illustration of the resuks obtained with thermal treatment, Fig. 3 shows 
the DSC curves of a P A A -  T sample treated for 10 rain at various temperatures, 
and Fig. 4 shows the TG curves of samples heat-treated at 448 K for various 
periods. The properties measured after heat-treatment are given in Table 3. 

The TG curves of untreated P A A  powders (Fig. 2) have the same run as those 
of P A A  prepared in solution [13]. However, the weight losses corresponding to 
the imidization process are nearly 5 700 higher than the theoretical values (8.6 70). 
(In the case of P A A - T R  1 the calculated weight loss for thermal decomposition 
of the end-groups is 12.4 70.) The temperature pertaining to the maximum reac- 

TemperQture, K 

300 400 500 600 700 800 

5 

10 

15 

20 

< 25 

T 
Fig. 2. TG curves of polyamide acid powders. 1 -- P A A - -  T; 2 -  P A A - -  T~; 3 - -  P A A - -  TRt;  

4 - -  P A A - -  TRy; 5 - -  P A A - -  T R  3 

dQ 
dt 
o. 
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w 

400 450 

5 

4 

500 550 
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Fig. 3. D S C  curves of  P A A - -  T samples treated at various tempera tures  for  10 minutes. 1 --  
3 9 8 K ;  2 - -  4 0 8 K ;  3 - -  4 2 3 K ;  4 - -  4 4 8 K ;  5 - -  4 9 8 K  
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Table 3 

TG and D SC  data of heat treated PAA powders 

413 

Sample  

P A A - T  

PAA-T~ 

Hea t  t rea tment  

Tempera -  Dura t ion ,  
ture, K rain 

423 0 
10 
28 
45 

120 

448 0 
5 

10 
28 

120 

~ -  o 
5 

10 
15 
45 

127 

473 0 
5 

10 

Amt TE 
% K 

13.0 406 
9.4 416 
7.0 421 
6.3 435 
5 426 

13.0 403 
6.6 424 
6.7 430 
3.4 I 438 
1.8 459 

3.7 l 441 
2.0 448 
0.8 435 

9.5 398 
2.0 408 
0.8 453 

T~ 

466 
470 
480 
476 
484 

467 
482 
486 
497 
507 

480 
485 
490 
495 
500 

467 
477 
513 

K 

728 
718 
693 
713 
728 

723 
710 
718 
710 
718 

- - 6 7 3  
718 
713 
713 
720 
670 

713 
716 
716 

Ti -- starting temperature of imidization reaction 

AHi 
J/g 

135 
100 

94 
94 
49 

135 
82 
77 
47 

8 

180 
98 
94 
47 
52 
22 

123 

Temperature ~ K 

300 400 500 600 700 
0 

15 

~ zc 

Fig. 4. T G  curves of P A A - - T  samples treated at 448 K for various periods. 1 --  untreated;  
2 - -  0 m i n ;  3 - -  5 ra in ;  4 - -  10min ;  5 - -  28ra in  
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tion rate is higher than that of  P A A  prepared in the homogeneous phase [13]. 
In the course of  heat-treatments of  samples, the initial temperature of  imidization 
increases, and the weight loss and reaction heat corresponding to imidization 
decrease when the temperature or the duration of  heat treatment increase (Table 3). 
A linear relationship was found between the weight loss and the reaction temper- 
ature (Fig. 5). 

1 2 -  

"~ 10-- 

8- 

6 

4, 

2 

0 

I p 
o q5 �9 ~ 1 7 6  ~ / J e  �9 

~ 2 1  o./.. 
o 

o �9 

5O IO0 
tXH ; 3/g 

Fig. 5. Relationship between imidization weight loss and reaction heat with P A A - -  T (1) and 
P A A - -  7"1 (2) samples 

0 I1 [ -P" 

20 40 60 80 100 120 

Time ~ mlrl 

Fig. 6. Evaluation of the TG curves of samples heat treated under isothermic conditions on 
the basis of first order reaction (i = 1 -- Amt/Am o) 1 -- PAA--  T at 423 K; 2 ~ PAA--  T 

at 448 K ;  3 - -  PAA--  T~ at 473 K 
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The Figure 5 clearly shows that with increasing temperature or duration of heat- 
treatment (low weight losses or reaction heats), the deviation of the experimental 
results decreases. This is due to the fact that the evaluation of DSC curves taken 
on samples with high conversions becomes more accurate because of the smaller 
changes in specific heat [13]. For the two products with different molecular 
weights, the weight losses related to unit reaction heat are close to one another. 
In the case of P A A  - T (M,~ ~ 50.000) this is 0.7 g/m J, and for P A A  - T 1 ( M  w 8 .000 

to 10.000) 0.9 g/mJ. Consequently, the reaction heat corresponding to unit weight 
loss increases with decreasing average molecular weight. 

�9 - [Z 1o i4 

- I . I ' i ] . , . .  
20 40 60 80 100 120 

Time,min 

Fig, 7. Evaluation of  TG data according to [17]. ! - - P A A - - T  at 423 K ;  2 . - - P A A - - T a t  
448 K ;  3 - -  B A A - -  7"1 at 448 K ;  4 - -  PAA- -  T~ at 4"13 K 

From the thermogravimetric data of isothermal heat-treatments, kinetic calcu- 
lations [17] were performed under the assumption of a first-order reaction. Figures 
6 and 7 show the kinetic curves obtained. (DSC data, owing to their high devia- 
tions, cannot be used for kinetic calculations.) 

It is clear from the Figures that imidization cannot be described by the equation 
of first-order reactions. Moreover, the data cannot be linearized on the basis of 
second-order reactions, either. Since the imidization process cannot be described 
by a single equation, the kinetic data were analyzed in terms of the reaction scheme 
suggested by Kamzolkina et al. [17], which also takes into account the degradation 
of P A A  (process with rate constant ks): 

ks kl > 
PMDA + DAE ~ " PAA P[ 

k~ 

According to this model, the maximum rate of the decomposition of P A A  is 
located at 448 K, and t = 15-20  rain. After this point the dehydrocyclization 

J. Thermal Anal. 16, 1979 



416 VARGA et al.: INVESTIGATIONS OF POLYIMIDES IlI. 

reaction, in which PI  is formed, becomes increasingly dominant. The rate con- 
stants calculated for P A A - T  at 448 K are k 1 -- 0.04 rain -1 and k 2 -- 0.02 rain -1 
and those for P A A - T  1 are k 1 = 0.07 rain -1 and kz = 0.03 rain -1. The value of 
k3 could not be determined from the measured data. 

The reaction scheme which takes into account the decomposition of PAA is 
in accord with the observation that the imidization weight loss of untreated 
samples is higher than the loss calculated from the dehydrocyclization reaction. 

With the aim of the direct detection of the products formed in the decompo- 
sition of PAA,  mass-spectrometric investigations were carried out. The mass- 
spectra measured after the thermal treatment of PAA powders are shown in Fig. 8. 

% 
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'/o 
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50 

PAS-T 303K 

I, ll I JlE I t  I I L - - . ~ , , -  
50 100 150 200 250 m/e 
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hi I1, i i  a II I ~ I ~ , , ' ~ ,  , '  I ~ .  
50 100 150 200 1 ~ }  665 "m/e 

PAS-T 1 303K 

II , IIJ 
50 100 m/e 

PAS -T  1 568K 

I I Ii II [l 
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Fig. 8. Mass spectra of various po]yamide acid powders 
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It can be seen that in addition to the characteristic fragments of the mono- 
mers [4], fragments with high mass number (m/e ~ 218) also appear in the 
spectrum. They are most probably doubly-charged fragments of oligomers. Sur- 
prisingly, THF (m/e = 72) can also be detected in the spectrum; this is released 
from the sample only after heat-treatment, at high temperatures (373-383 K). 

The presence of THF can be attributed, in our opinion, to two factors: 
(a) THF has a certain solvation effect on PAA powders too, and 
(b) it may form a charge-transfer complex with PMDA or with the terminal 

anhydride groups [22], which decomposes at higher temperature with the release 
of THF. The presence of such a complex is confirmed by the observation that 
PAA powders give an EPR signal (Fig. 9) which can be assigned to the radical 
ion form of the charge-transfer complex. 

Fig. 9. EPR spectrum of untreated PAA--T 

In addition to the degradation process, the traces of monomers and oligomers 
in the mass-spectrum may also be due to the fact that they are present as clusters 
in the PAA powders. 

In order to prove this assumption, we analyzed the small amount of material 
which remained in THF solution. A portion of the filtered mother liquor was 
evaporated at room temperature, in vacuo, and the solid residue was pulverized 
and dried again. The greyish product was investigated by TG, DSC and MS 
methods. 

The TG curve shows four overlapping weight loss processes. Up to 373 K mois- 
ture is released (Am ,,~ 5 ~). This is followed by the imidization process (Am ,,~ 

9.5 %), which has a maximum rate at 420 K. The weight loss step corresponding 
to the imidization process partly overlaps with a process causing a weight loss 
of ca. 20 ~ up to 673 K (decomposition temperature). DSC measurements have 
shown that this latter can be divided into two steps. The maximum rate of the 
first process is at 500 K (Am ,,~ 11 ~), and that of the second at 568 K (Am ,,~ 9 %). 
These two processes correspond to the release of oligomers. According to the MS, 
too, the solid residue contains large quantities of dimers and trimers (fragments 
at role = 200 to 300). The same fact is indicated by the average molecular weight 
M n = 700 + 15 determined from the mother liquor. This molecular weight arises 
from the large amounts ofdimers (M = 636 and M = 618) and trimers (M = 836). 
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In the T G  curves o f  untreated samples a 1 - 2  % weight loss step, starting at 
5 5 3 - 5 6 3  K and terminating at decomposit ion,  could be observed. This corre- 
sponds to the second step o f  the release o f  oligomers. The first decomposi t ion step 
overlaps with the weight loss step o f  imidization. However,  taking into account  
the data obtained f rom the investigation o f  the distillation residue, this value does 
not  exceed 3 %. The remaining weight loss excess o f  ca. 2 % is due to the release 
o f  oligomers and monomers  obtained f rom the decomposit ion o f  P A A .  

The results indicate that, even when the thermal investigation o f  P A A  powders 
is thoroughly  planned, several complications may arise; one must reckon with 
possible complex formation,  the weak solvation effect o f  the solvent, and the release 
o f  clustered monomers  and oligomers, which may all affect bo th  the calorimetric 
and the thermogravimetr ic  results. 

It is noted finally that  when the data o f  dynamic T G  measurements were evalu- 
ated by means o f  the Horowi tz -Metzger  formal kinetic equation, a second-order 
reaction was obtained (with an apparent  activation energy o f  (90 ___ 21 kcal/mole). 
In the light o f  the above results, it can be stated that in the application o f  such 
types o f  equation one must  proceed very carefully, and the conclusions drawn 
should also be checked by other methods. 
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RI~SUM~ - -  Les polyamides en poudre r6sultant du dianhydride pyromellitique et de l'6ther 
4,4'-diaminodiph6nylique ont 6t6 pr6par6s en phase h6t6rog6ne dans le t6trahydrofuranne. 
La formation d'imides h partir de ces poudres a 6t6 6tudi6e par thermogravim6trie, calorim6trie 
et spectrom6trie de masse. 

D'apr6s les r6sultats obtenus par TG et DSC, les temp6ratures du d6but de la formation 
d'imide et la vitesse maximale de la r6action augmentent avec l'accroissement de la temp6ra- 
ture et de la dur6e de la r6action. 

On a trouv6 une corr61ation lin6aire entre la perte de poids et la chaleur de formation de 
l'imide. La chaleur de r6action correspondant h l'unit6 de perte de poids augmente quand le 
poids mol6culaire diminue. 

Les anhydrides dicarboxyliques utilis6s en bouts de chaines n'ont pas d'effet appr6ciable 
sur les propri6t6s thermiques des polyamides. 

On a 6tabli que la formation d'imide est un processus complexe, au cours duquel, outre la 
d6shydrocyclom6risation, une d6composition des polyamides a 6galement lieu. La cin6tique 
de la r6action peut 6tre d6crite de faqon satisfaisante par une d6shydrocyclom6risation du 
premier ordre et une r6action de d6composition parall61e 6galement du premier ordre. Lots de 
la formation d'imide la perte de poids est plus 61ev6e que celle calcul6e h partir de la d6shydro- 
cyclom6risation, ce qui provient sans doute du d6gagement des produits de d6composition du 
polyamide, du d6gagement du t6trahydrofuranne solvat6 ou complex6 ou bien de celui des 
inclusions oligom6res 6ventuelles. 

ZUSAMMENFASSUNG - -  Polyamids~iurepulver von Pyromellitdianhydrid und 4,4'-Diamino- 
diphenyl~ther wurden in Tetrahydrofuran in heterogener Phase hergestellt. Die Imidisierung 
dieser Pulver wurde durch thermogravimetrische, kalorimetrische und Massenspektromet- 
rische Methoden verfolgt. 

Nach TG- und DSC-Angaben steigt die Temperatur des Beginns und der Maximalgeschwin- 
digkeit der Imidisierung mit steigender Temperatur und Imidisierungsdauer an. 

Ein linearer Zusammenhang wurde zwischen Gewichtsverlust und Reaktionswiirme des 
Imidisierungsvorgangs gefunden. Die der Einheit des Gewichtsverlustes entsprechende Reak- 
tionswfirme nimmt mit abnehmendem Molekulargewicht zu. 

Als Kettenende angewandte Dicarboxylanhydride beeinflussen die thermischen Eigen- 
schaften der Polyamidsiiuren nicht in merklichem MaBe. 

Es wurde festgestellt, dab die Imidisierung ein komplexer Vorgang ist, in dem aul3er der 
Dehydrocyclisierung auch eine Zersetzung der Potyamidsiiuren stattfindet. Die Kinetik der 
Imidisierung kann durch eine Dehydrocyclisierung erster Ordnung und eine parallele Zerset- 
zungsreaktion erster Ordntmg befriedigend beschrieben werden. Der Gewichtsverlust w~ihrend 
der Imidisierung ist htiher als der aufgrund der Dehydrocyclisierung berechnete Verlust, was 
der Abspaltung von Zersetzungsprodukten der Potyamids~ure, der Freisetzung von solvatier- 
tem oder komplexgebundenem Tetrahydrofuran oder eventueller oligomerer Einschli.isse 
zuzuschreiben ist. 
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Pe3 ioMe - -  BBIJIH I l onyqenb i  n o p o m K H  IlOnrtaMajiHOfi I~rlCJIOTBI B reTeporeHHO~ ~ a 3 e  H B paCTBO- 
p e  T e T p a r H ] I p o ~ y p a H a  H3 ~aaHrH)IpHjIa  IIHpoMeHJIHTOBO~ KHCJIOTBI H 4,4-jIHaMHHjIH~eHHJIOBOrO 

3~bnpa. F I M m m 3 a l m ~  aTnX IIOpOmI~OB 6blJIa HCCJIejIOBaHa TepMoFpaBHMeTpH~IeCKrlM, r a J I o p n -  
MeTptlqeCKIIM H MacC-ClleI(TpOMeTpHHeCKHM MeTOjIaMH. COFJIaCHO JIaHHBIM TI"  It ~IrlqbdpepeHIm- 

aJIbHO~ CKaHHpyIome.~ KaJIOpHMeTpHH, TeMIIepaTypa HaqaYlBHO~ II MaEcHMaJIBHO~ cKopocTH 
tlMtldlIt3allHII yBeJHtqHBaeTcH C yBeJIHqeHIIeM TeMrlepaTypI,  I H IIpO/~O3ImttTeJIBHOCTII llMg)IlI3a- 

l /mi .  H a ~ e H a  JItlHe~HaH 3aBHCHMOCTB MemAy I ioTepe~ Beca H TenJIOTO~ p e a r l I m t  I42r163 
TeliJioTa pealmHri, COOTBeTCTByromaH e~HHHIAe IIOTepn Beca,  yBeYmq~iBaeTcsi c yMeHBmeHneM 

MOJIeKy~tpHoro  Beca.  AHrH~IpH)xBI ~HKap6oHOBBIX lCHC:IOT, HCNOY~3yeMBIe B KaqeCTBe 06pBIBa- 
TeJIe~ l~erm, He oKa3BIBarOT 3aMeTHOrO BYLHHHHH Ha TepMMqecKrte CBOI~CTBa IIOanaMH~HBIX KrlCJIOT. 

H a ~ l l e H o ,  HTO NM~I~H3aI~Hfl $1BJI$[eTC~I CYlO;~KHBIM n p o t l e c c o M ,  B KOTOpOM I(pOMe ~ler~tApolmK:m- 

3a l / rm,  TaKme HMeeT MeCTO pa3~omeHr le  1/03IIIaMH~HBIX KHC~OT. I(HHeTHKa HMH)IH3alLHH y]IOB- 
HeTBOpHTeYmHO OI/HCBIBaeTcfl pealmae~ AerH~IpoIJHK~aH3aI~HH I l epBoro  l lOp~t~ra H impamlem,rlO 
n p o T e K a l o m e ~  p e a K I m e ~  p a a ~ i o x e r m a  Tome I l epBoro  rlop~)xxa. I I o T e p a  Beca IlprI HMH)IH3aI~rlH 
BBIme, HeM n o T e p n  Beca,  BI,IKIacJIeHHOI'O Ha OCHOBe peaKtlnr~ ~eFH~10OIIHKJIH3aKHH. ~TO ~OJDKHO 

6blTb o6ycJIOBZleHO BBI~Ie~eHHeM IIpo]IyKTOB pa3~omeHrI~  ~IO~HaMIa~HO~ KHC~IOTBI, BBI~eJIeHHeM 
COYlBBaTHpOBaHHOFO H~IH 3aI~0MII~IeKcHpOBaHHOrO TeTparr t~lpoqbypaHa rlym Bbl~eJIeI-IHeM B03- 
MOmHBIX OJIttroMepHBIX BKYlIOqeHH~. 
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