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SUMMARY 

The behaviour of some amine antioxidants and antiozonants and of some model 
substances (phenols, aromatic hydrocarbons, and amines) during gel permeation 
chromatography are reported. The investigation was carried out on a polystyrene 
gel chromatograph with tetrahydrofuran as the solvent, at 30”. The elution volumes 
were found and the molar volumes determined by calibration with standard hydro- 
carbons. The behaviour of the amine compounds is characterized with respect to 
the important structural factors affecting their elution volumes. The gel permeation 
chromatographic analysis of amine stabilizers in polyolefins and rubbers can be com- 
bined with other methods for qualitative and quantitative determination. 

INTRODUCTION 

The identification and determination of stabilizers in polymers are very difficult, 
especially in rubbers and their vulcanizates. These compounds are added to the 
polymers in very low concentrations, and their determination sometimes is rendered 
still more difficult by further additives (e.g., plasticizers, fillers, dyes, vulcanization 
accelerators, retarders, and products of their oxidation or thermic transformation, 
etc.), which are present in greater concentrations. 

The aromatic amines rank among the most active oxidation inhibitors, breaking 
kinetic autoxidation chains or preventing ozonolysis. However, their disadvantage 
consists in a transformation into coloured oxidation products which impart an inten- 
sive colour to the products. This is why they are primarily used for the stabilization 
of polymers in which this does not matter: mainly for rubber and, to a limited extent, 
polyethylene, polypropylene, polystyrene, and polyamides1-2. On an industrial scale, 
polynuclear aromatic amines, diary1 amines, arylene diamines, their derivatives, and 
the condensation products of amines are predominantjy used. 

l Part XLVL: J. Polym. Sci., Symposium No. $0 (1973) 319. 
l * Presented at the 7th French-Czechoslovak Conference on Ageing of Polymers, Oct. 30- 

Nov. 2, 1972, LuhaEovice, Czechoslovakia. 
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A number of authors have attempted to analyze the amine antioxidants and 
antiozonants because of their technical importance. Chromatographic methods were 
used for qualitative determinations in most cases. Thin-layer chromatography on 
silica gel layers with various solvent systems has been the method most frequently 
used3-20. Antioxidants contained in rubber extracts were analyzed by paper’5*2”23 
or gas-liquid chromatography2d27, Quantitative determinations are best carried out 
by physical methods, such as spectrophotometry’“* ” - 21 * 28*2g, nuclear magnetic reso- 
nance and mass spectrometry “. The stabilizers are first extracted from the polymer 
by an appropriate organic solvent. Determination directly in the polymers is possible 
by the luminescence method 2s. The most recent findings in the field of analysis of 
amine antioxidants and antiozonants were summarized by Cromptonzo. 

The gel permeation chromatographic (GPC) method, which has proved useful 
for other types of stabilizers, has not yet been used in their determination30’34. So 
far, this method has been applied in the analysis of some rather simple aromatic 
amines, and their behaviour has been compared to that of similar hydrocarbons, 
alcohols and esters35*3G. The work reported here is devoted to the GPC analysis of 
important amine antioxidants and antiozonants. The experimental results obtained 
with the individual stabilizers are used in analyses of rubber extracts and in the in- 
vestigation of the loss or transformation of the active stabilizing component during 
oxidation and ageing of the polymers. 

EXPERIMENTAL 

Chemicals 
Commercial samples of amine stabilizers and pure aromatic model compounds 

(hydrocarbons, amines, phenylene diamines and phenols) were used for the investi- 
gation of gel chromatogiaphic behaviour. The trade names and producers of the 
stabilizers are listed in the notes to Table II. Standard aliphatic hydrocarbons and 
esters were used for calibration. 

Gel clrromarograpily ._ 
The samples were analyzed on a gel chromatograph built in the Institute of 

Macromolecular Chemistry. Tetrahydrofuran (THF), distilled prior to use, was used 
as the elution agent. The chromatographic system consisted of a series of six stainless- 
steel columns (1200x8 mm) and was connected to an R403 flow refractometer 
(Waters Ass., Framingham, Mass., U.S.A.) and to a 254 nm flow UV analyzer 
(Development Works of the Czechoslovak Academy of Sciences, Prague). The data 
provided by both detectors and the photocell which was used for checking the volume 
of the elution agent were recorded. The measurements were carried out at 30”, the 
flow-rates of the elution agent through the columns were 35-45 ml/h and the pressure 
in the columns was about 5 atm. The columns were packed with Copolymer ST-DVB, 
No. IX polystyrene gel (United Chemical and Metallurgical Works, Usti, Czecho- 
slovakia), 0.040-0.056 mesh. The samples were injected as 2-5% solutions in THF 
in amounts of about 0.5rt=O.l ml into the columns. The elution volumes, V,, charac- 
teristic of each compound in the given system and corresponding to the size of the 
molecules of the given compound in THF solution, were determined. 

Since the GPC method does not allow a direct determination of the molecular 
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weights or molar volumes of the samples under investigation, calibration was made 
by using standard compounds in the form of a graphic dependence of their molar 
volume on the elution volume 3540. Normal hydrocarbons (pentane, hexane, heptane, 
dodecane, hexadecane, octadecane) and aliphatic esters (octyl adipate and octyl 
sebacate) were used as standards. The molar volumes (ml/mole) were plotted against 
elution volumes, V, (ml), in the calibration curves, as shown in Table I. The molar 
volumes were calculated from the atomic volumes and structural coefficients”. 

TABLE I 

THE BEHAVIOUR OF STANDARD COMPOUNDS IN GPC AND MOLAR VOLUMES 
CALCULATED AFTER REF. 36 5. 

Compound Molcclrlar weight Molar vohme VS 
(nrl/niole) h0 

n-Pcntnne 72.15 118.4 
n-Hcxane 86.18 140.6 
n-Hieptane 100.20 162.8 
rr-Dodecanc 170.33 273.8 
rr-Hexadccane 226.43 362.6 
n-Octadecane 254.48 414.4 
Octyl adipate 270.14 495.4 
Octyl sobacatc 326.24 613.8 

246 
239 
233 
220 
212 
206 
200 
192 

# 

RESULTS AND DISCUSSION 

The results of the GPC measurements of the elution volumes of aromatic 
amines under investigation, their molecular weights, calculated molar volumes and 
the effective molar volumes observed and read from the calibration curves are given 
in Table II. A comparison of the calculated and effective molar volumes revealed 
deviations in the behaviour of all amines investigated here, compared to similar 
aliphatic hydrocarbons. 

The behaviour of the compounds in THF solution and in contact with a swollen 
gel is affected by several factors. We deduce from literature data35V37*3s and from 
experimental data obtained by measurements of various types of compounds that, 
similarly to phenols, the gel chromatographic behaviour of aromatic amines is pre- 
dominantly affected by the formation of solvates due to intermolecular hydrogen 
bonds between the amine and ether groups of THF. 

2 ..I...... 0 3 
Solvation with tetrahydrofuran leads to an increase in the volume of the ,molecule 
of the aromatic amine under investigation and a d&crease in V,. To make possible 
a comparison with the behaviour of aromatic amines, data on selected alkyl phenols 
are given in Table III, measured under comparable conditions. 
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gation. An example can be seen in the behaviour of several aromatic hydrocarbons 
in Table III. Deviations in the V, values compared to the assumed molar volumes 
have been found by Coupek et al. 3o. Since a comparison with a series of amine com- 
pounds was necessary, we repeated the measurements under conditions when different 
absolute V, values were found. The comparison of relative relationships has con- 
firmed our earlier assumptions; a negative difference between the calculated and the 
determined molar volumes was observed in all cases under investigation. This is true 
for both mononuclear and binuclear aromatic hydrocarbons. The aromatics associate 
with the gel, which is also aromatic; owing to sorption, therefore, they remain in 
the gel pores much longer than similar non-aromatic compounds. Steric effects also 
play their part here, especially in the case of bulky substituents. 

All the factors outlined above are met in the analysis of aromatic amines. As 
can be seen from Table II, the minimum deviation between the calculated and effective 
molar volumes appeared in the case of diphenylamine; here, influences tending to 
increase and to decrease the molar volume occurred at the same time as result of 
the presence of two aromatic nuclei and one imino group. The maximum negative 
deviation was observed for N,N’-di-sec.-butyl-p-phenylenediamine and N,N’-bis-4- 
(N,N-dimethylamino)phenyl-p-phenylenediamine. 

Some basic findings about the effect of the structure of the compounds in- 
vestigated in this work on the GPC behaviour are as follows. The deviation between 
the observed and calculated molar volume of benzene was - 51.8. Substitution of 
a benzene ring not containing any solvatable group with small alkyls was reflected 
in deviations in the range from -23 to -886. Introduction of one -OH or -NH2 
group into the benzene ring increases the calculated, as well as the effective, molar 
volume of benzene by approximately the same value. The deviation between the 
calculated and the effective molar volume is also comparable. It is interesting to 
compare the behaviour of the benzene derivatives containing two solvatable groups. 
The effective molar volumes of o- and p-aminophenols differ but little from the 
calculated volume. A high solvation took place in the case of m-aminophenol. A simi- 
lar trend was found in the series of isomeric phenylenediamines. In this case, however, 
there is a strikingly great difference between the o- and p-isomers, the latter even 
exhibiting a negative deviation. 

In the case of primary amines with one benzene ring and small substituents in 
the ring, hydrogen bonds between amine groups and THF can play a specific role. 
A comparative investigation of the GPC behaviour of selected monoalkylphenols 
showed that in all cases, even if the less bulky substituent was at position 2, solvation 
took place. The same holds for 2,4-xylenol. The effective molar volume for all other 
dialkylphenols analyzed here was the same or smaller than the assumed volume. The 
effect of the substituent in anilines similarly substituted in the ring with a methyl 
group was less regular; in particular, a marked difference is seen if 2,4,6-trimethyl- 
phenol and 2,4,6_trimethylaniline are compared, for which a similar trend in the sol- 
vation effect might have been assumed. An irregular effect on the volume due to 
solvation can be observed when comparing 2,4,6_trimethylaniline and 2,3,5,6-tetra- 
methylaniline. Less regular influences on the retention time of the substitution of 
simple aromatic amines, in comparison with phenols, was also observed in column 
liquid chromatography41. 

The presence of two condensed aromatic nuclei has a strong effect in the 
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naphthalene series. Introduction of the solvatable group is either virtually not reflected 
in a decrease in the negative deviation from the calculated molar volume (c$, L- 
naphthol), or the solvation makes the effective molar volume only approximate to 
the calculated volume (both examples were isomeric naphthylamines). 

Substitution with one polar group in the diphenyl series (4-phenylphenol) brings 
the effective molar volume somewhat nearer to the calculated one. The effect of sol- 
vation is particularly marked in the presence of two amino groups, as can be seen 
in the example of benzidine. Experimental data show, however, that hindrance due 
to a mere methyl group in o-toluidine suppresses the effect of solvation in this 
case. 

If the aliphatic substituents are bonded to a nitrogen atom, the possibility of 
solvation decreases, and the aromaticity of the compound plays the predominant role 
in the GPC analysis. This fact can be perfectly demonstrated for the series aniline, 
N-methylaniline and N,N-dimethylaniline. If nitrogen in aniline is substituted by an 
aromatic residue, a decrease in the observed molar volume can be expected compared 
to the calculated one, owing to the concurrent effect of the decreased solvation power 
and increased portion of the aromatic groups. This assumption is fully valid for 
phenyl-2-naphthylamine or N,N’-bis(4-dimethylamino)diphenylamine, but is not ful- 
filled for diphenylamine. In accordance with the preliminary data, the presence of 
a solvatable group in diphenylamine will raise the value of the molar volume observed 
(e.g. 4-aminodiphenylamine). Similarly to the aniline series, a decrease in solvation 
due to substitution at the nitrogen atom must also be assumed for the phenylene- 
diamine series. From the viewpoint of their activity, the derivatives of p-phenylene- 
diamine are of importance; they rank among well-known antioxidants and anti- 
ozonants. In the group of aliphatically N,N’-disubstituted derivatives, compounds 
were studied which differed to a great extent in the volume of the substituent. How- 
ever, with the exception of compounds substituted with methyl groups (the con- 
clusions hold also for N,N’-dimethyl-2-methyl-p-phenylenediamine and N,N,N’- 
trimethyl-p-phenylenediamine) and with sec.-butyl, the assumption concerning limited 
solvation was not fulfilled. Further interactions among molecules of analysed com- 
pounds, eluant and gel packing probably occur specifically in the system studied. 

A completely anomalous behaviour was exhibited by the N,N’-disubstituted 
derivatives of p-phenylenediamine, in which one of the substituents on the nitrogen 
atom or both of them were aromatic. For these derivatives, larger elution volumes 
than those found were assumed, as the aromatic substituents on the nitrogen atom 
are capable of restricting the formation of hydrogen bonds with THF. 

Some of the amine compounds investigated here exhibited negative peaks in 
refractometric detection, that is, they had a lower refractive index increment than 
THF, or the shape of the peaks was unusual (Fig. 1). To prevent errors due to an 
incorrect determination of the peak of a compound, a combination of refractometric 
and UV detection proved useful. 

The purity of commercial samples of amine antioxidants and antiozonants was 
investigated along with their GPC behaviour. The majority of the derivatives of 
p-phenylenediamine contained various admixtures, which however were present in 
small amounts only, compared to the main component. Judging by the colour and 
elution volumes, a part of the impurities consists of oxidation products. 
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Fig. 1. Chromatogram of N,N,N’-trimcthyl-p-phcnylenediamine: refractometric detection, 1 vol- 
ume count= 1.98 ml. 

CONCLUSION 

The investigation revealed the possibility of applying GPC analysis to aromatic 
amine stabilizers. At the same time, anomalies in behaviour were observed requiring 
the use of standard compounds in qualitative analysis and a combination with specific 
colour tests and paper or thin-layer chromatographic methods. The work should be 
regarded as a basis for analyses of stabilizing systems containing aromatic amines in 
polyolefinic and rubber materials, and for a study of their oxidative transformations. 
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