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The y-radiolysis of simple a mmonium carboxylates at 77 K gene rates radical anions in yields 
comparable with those found in parent carboxylic acids. The structure of radical anions as derived 
from their ESR spectra and their behaviour on thermal annealing and photobleaching is mostly 
analogous to that found in carboxylic acids. The fast photobleaching of radical anions allowed 
to estimate the amount of radical anions in the sum of all paramagnetic products after y-ra dio­
lysis. These amounts ranged usually 50%, only in ammonium acetate the unexplainable 75% 
of radical anions were found. Very efficient photolytic and therma l transformations of radicals 

• UV. 
RCHCOO-~ RCH2 were observed in ammonium acetate (R = H) while in the propionate 

& 

(R = CH3) both radicals decayed during photolysis. 

ESR studies of paramagnetic species in y-irradiated aliphatic monocarboxylic acids at low tem­
peratures have contributed to the explanation of processes proceeding during radiolysis and during 
the thermal and photolytic annealing of radicals stabilized at low temperatures l

-
4

. Recently, 
the photobleaching property of the radical anions trapped in simple aliphatic acid~ upon y-radio­
lysis at 77 K was established and the content of radical anions, about 50% of all paramagnetic 
species, was determined by quantitative ESR spectroscopys. Similar studies with salts of aliphatic 
acids were restricted mainly to alkali metal acetates . ]n anhydrous alkali metal acetates irradiated 
at 77 K the CH2 CO- radicals, sometimes accompanied by CH3 radicals, were always found 
by ESR method and the stability of CH3 radicals at 77 K was dependent on the nature of alkali 
metal cation6 . The presence of water of crystallization generally enhanced their stability 7 - 9. 

The radiolytic dammage in ammonium salts of aliphatic acids was studied by ESR only in am­
monium acetate} 0 , 11 and ammonium trifluoro acetate} 2. ]n the former case the ESR spectrum 
obtained after y-radiolysis at 77 K was ascribed to the methyl radical exhibiting interaction 
with distant protons of matrix while in the latter case the assignment of the ESR spectrum to the 
radical anion was preferred. 

In this paper, the paramagnetic species trapped in ammonium carboxylates after 
y-irradiation at 77 K are thermally and photolytically annealed and their formation 
and annealing processes are followed by ESR spectroscopy. The nature of para­
magnetic species and annealing processes are compared with those previously ob­
served in parent carboxylic acids 5

• 
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EXPERIMENTAL 

Ammonium salts of acetic, propionic, n-butyric, iso-butyric and pivalic acids were prepared 
by neutralization of acids with aqueous ammonia. Solutions were evaporated in l'GeliO and am­
monium salts were purified by sublimation at 10 - 1 Pa and about 333 K. A ll ammonium salts 
were crysta lline materials except ammonium n-butyrate which remained a viscous liquid. Crystals 
of sal ts were powderized and sea led in evacuated Spectrosil tubes. Single crystals of ammonium 
acetate were grown by slow sub limation in vaclio. They were fixed in positions corresponding 
to crystallographic axes. Sample irradiations, photolytic and thermal annealings and ESR mea­
surements were carried out as described in the preceding study on carboxy lic acids5

. T he first 
derivative and integrated ESR spectra were recorded simultaneously, the former for the qualita­
tive, the latter for the quantitative evaluation of spectra. Amounts of radical anions stabilized 
at 77 K were estimated from the difference in the total amounts of paramagnetic species observed 
before and after photolysis of samples. 

RESULTS AND DISCUSSION 

Results obtained on photolytic and thermal annealing of radicals trapped in y-ir­
radiated ammonium carboxylates at 77 K are summarized in Table]. Special fea­
tures of processes proceeding in the particular salts are discussed separately. 

AIIl1l10niuIII acetate. The y-irradiated polycrystalline samples gave the ESR spec­
trum consisting of four broad lines in intensity ratio 1 : 6 : 6 : 1 with the splitting 
a = 2·3 mT (Fig. 1). After 30 s photolysis .this spectrum disappeared and the re­
maining spectrum intensity decreased to 25% of the original value. This spectrum 
was composed of the quartet of narrow lines with intensity ratio 1 : 3 : 3 : 1 and 
a = 2·25 mT belonging undoubtedly to the methyl radical and of the anisotropic 
spectrum characteristic for the CH1COO- radical. 

Upon thermal annealing at 130 K the original ESR spectrum was mostly substituted 
by the spectrum of CH2 COO- radical. This process was accomplished by warming 
to 175 K and the pure polycrystalline spectrum of CH1COO- radical was obtained 
in the intensity corresponding to 91 % of all paramagnetic species formed by y-irra­
diation at 77 K. Further warming to 200 K did not change both, the line shape and 
the intensity of the spectrum. The lower intensity of the M j = 0 line in comparison 
with that observed in the spectrum of CHzCOOH in acetic acidz

,s,13 can be explained 
either by slower reorientation of the CH 2 group in the acetate matrix or, more 
likely, by the presence of CH3CO radical giving the single-line spectrum in the 
thermally annealed sample of acetic acid. 

The CH2 COO- radical obtained by thelmal annealing to 200 K could be converted 
to the methyl radical by photolysis at 77 K; nearly total conversion was achieved 
after 5 min photolysis. When the sample was then warmed to 200 K the methyl 
radicals disappeared by the abstraction reaction giving rise to CH2 COO- radicals. 
Total loss of radicals in such a cycle was about 5% only. These results show that the 
CH2COO- radicals observed in addition to methyl radicals in the y-irradiated 
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TABLE 1 

Total yields of free radicals (G(R) in ammonium carboxylates y-irradiated at 77 K. the amount of radical anions and photolytic and thermal 
annealing 

Ammonium acetate; G(R) = 3'0; 75% of radical anion 

hv -- [CH3 + CH2COO-] 
hv 

[~CH3COONH4)-] t08K 

CH3 

T I~ hv 

• t30K .~I 
CH2COO- [(CH3CONH4)- + CH2COO-] CH2COO-

Ammonium propionate; G(R) = 4·2; 50 ± 10% of radical anion 

[

(CH3CH2COONH4)-] Ia" [CH3 CH2 + CH3CHCOO-] 

CH3 CH2 
• t08K • 130K. 

CH3CHCOO- [(CH 3 CH2COONH4)- + CH3CHCOO-] CH3CHCOO-

Ammonium butyrate; G(R) = 4'7; 50 ± 5% of radical anion 

[
~CH3CH2CH2COONH4)-] lav [CH2CH2CH2 X + alkyl radicals] 

CH2CH2CH2 X 
130K " 

Other radicals --- [CH3CH2 CH2 CO + CH3CHCH 2 COO - ] 

Ammonium isobutyrate; G(R) = 4'4; 60 ± 20~";; of radical anion 

[

«CH3h.CHCOONH4)- ] lav [(CH3hCH + (CH3hCCOO-] 

(CH3h CH 
• 130K . • 

(CH3hCCOO- -- [(CH3hCH + (CH3}zCCOO-] 

Ammonium piva late; G(R) = 2'3; 50 ± 10% of radical anion 

[

«CH3hCCOONH4)-] 
• lavor t30K . . 

(CH3h~ SmlUltaneous decay of all radicals 

(CH3hCCOO-
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sample after 30 s photolysis should be present even in higher concentration before 
photolysis . In analogous experiment with the sample irradiated at 77 K and warmed 
to 200 K , about 17% of CH 2COO- radicals was replaced by methyl radicals after 
30 s photolysis at 77 K. 

The single crystal study was also performed on y-irradiated ammonium acetate 
in an effort to find the reason for the large linewidth of the original spectrum. The 
four-line spectrum (approx. 1 : 4 : 4 : 1) showed small angle dependence of the 
hyperflne coupling (a = 2·20-2·34 mT) but the linewidth well observable on outer 
lines changed from 0-4 to 0·8 mT showing the additional doublet splitting at the 
maximum linewidth . The linewidth variation of the inner doublet could not be 
measured so exactly as it overlapped with weaker, strongly anisotropic spectrum 
of CH2 COO - radical. After warming to 200 K the single crystal spectra showed 

that the CHi:oo- radical was the only paramagnetic species present. 

These results are analogous to the ESR results obtained by Kispert and coworkers1o
•
11 

on X-irradiated single crystals of ammonium acetate at 77 K. They interpreted the ESR spectrum 
of fo ur lines with varying linewidth as the spectrum of methyl radica l being in interaction with 
distant protons of the matrix. The principal hyperfine couplings and direction cosines for protons 
of the methyl radical and fo r the closest matrix proton al = 0-47 mT, a2 = 0·63 mT, a3 = 0·89 
mT were determined by ELDOR measurement. The origin of this proton was established by the 
disappearance of the anisotropic splitting in the acetate containing deuterated ammonium group. 
The comparison of direction cosines for CH3- H with the crystallographic molecular structure 
of ammonium acetate revealed that the methyl radical did not move more than 0·03 nm from 

FIG. 1 

Integrated ESR spectra of ammonium acetate (a) after y-irradiation at 77 K and thermal annealing 
or (T) optical bleaching (ltv) 
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it s positio n in undammaged Illo lecule and that the distance o f o ne proton of NHt gro up to the 
unpaired electron was as low as 0·27 nm . Though these resu lts allowed the interpretatio n u r the 
spectrum as due to ra dical a nion the authors rejected it beca use the hyperfi ne splitting (0 2'3 
mT) seemed to be much lower than tha t found in the radical anion of ace tic acid (0 = 3·3 mT). 

We suggest that the photobleaching behavior of the radical giving the four-line 
ESR spectrum is indicative of the radical anion since all radica l anions trapped 
in simple aliphatic acids5

, aminoacids I4 .!6 and aliphatic perfiuoroacids4 could be 
bleached out by UV light. Also, the radicals trapped at 77 K in other ammonium 
carboxylates behave as the radical anions. The observed spectrum can be ass igned 
to the radical anion having the rotating methyl group in <x-position to the carboxyl 
carbon atom bearing the unpaired electron . The hyperfine splitting (/ = 2·3 mT 
is quite close to that observed in CHi=H COOH radica l in propionic acid 3 ((I = 

= 2·37 mT) or in CHi:HCOO - radical in <x-alanine!7 (a = 2·5 mT). The rotating 
methyl group of the radical anion should indicate that the matrix of ammonium 
acetate is rather soft as the rotation of methyl group of the radica l anion is frozen 
in acetic acid 2 and it is hindered in the CHi.' HCOO - radical in ex-alanine at 77 K 
(ref.!7). The different matrix structures of ammonium acetate and acetic acid are 
also reflected in the different behavior of CH 2COO - and CH 2COOH radicals 
upon photolysis 5

• The suggestion that radical anion is formed in ammonium acetate 
is supported by results of tile single crystal study on y-irradiated ammonium 
trifluoro acetate at 77 K (ref.!2) . In this case the main products were radical anion 
and CF 2COO - radical. The ESR spectrum of the radical anion appearing as a set 
of eight doublets was interpreted in term s of the frozen CF 3 group showing three 
inequivalent fluorine nuclei coupled with proton of the NH~' group. The principal 
values of the proton coupling (/1 = 0·65 mT, 02 = 0·75 mT, 0 3 = l'41mT fall 
into the range observed in ammonium acetate I 0 and reflect so the close structural 

similarity of both compounds . 

Ammonium propionate. The ESR spectrum shown in Fig. 2, observed after 
the sample irradiation at 77 K, consisted of components known from the study 
of y-radiolyzed propionic acid: a doublet of the radical anion with a = 2·7 mT, 
characteristic spectrum of ethyl radical and a quintet of CH 3 CHCOO - radical 5

• 

After 3 min photolysis the doublet disappeared and the total spectrum intensity 
decreased to 40% of the original value. The remaining spectrum corresponded to a mix­
ture of ethyl and CH 3CHCOO - radicals . The further photolysis increased the relative 
amount of ethyl radical but the total radical concentration decreased. Thus the 
total decrease of radical species during the photolysis of the y-irradiated sample 
cannot be accounted for the removal of radical anions only. By applying a correc­
tion for the simultaneous decrease of alkyl radicals concentration the estimate 
of the 50% concentration of radical anion in all paramagnetic species formed by y-ir­

radiation is obtained . 
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When the }I-irradiated sample was warmed to 108 K the doublet of radical anion 
was preserved, the ethyl radicals were replaced by CHl:HCOO- radicals by the 
hydrogen abstraction reaction and the total radical concentration did not change. 
At 130 K the marked decrease of the doublet intensity was balanced by the increase 
of CHl:HCOO - spectrum intensity so that the total radical concentration was not 
changed. After sample warming to J 75 K only the spectrum of CHi:HCOO­
with the intensity 63% of the original value was observed. Upon photolysis of this 
sample at 77 K the concentration of the radical decreased while that of ethyl radical 
increased but the total radical concentration decreased. The extended photolysis 
led only to a mixture of about equal amounts of both radicals. 

Ammonium n-butyrate. After the sample irradiation at 77 K the ESR spectrum 
shown in Fig. 3 consisted of a doublet of broad lines a = 2·7 mT and a complicated 
spectrum of alkyl radicals; nearly the same spectrum was previously observed in n-bu­
tyric acid under the same conditions3

•
5

. The doublet of presumably the radical anion 
was largely removed by 90 s photolysis and simultaneously the total spectrum 
intensity decreased to 50%. Further, one hour photolysis resulted in slow transforma­
tions of alkyl radicals and a small diminution of the total spectrum intensity by 7%. 
In this spectrum, the presence of CH2CH 2CH 2 X (X = COO- or H) radical charac­
terized by sharp isotropic bands separated by 6·7 mT was identified; the same radical 

FIG. 2 

Jl
08K J(30K b 

J2 17SK 
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Integrated ESR spectra of ammonium propionate (b) after y-irradiation at 77 K and thermal 
annealing (T) or optical bleaching (IIv) 
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has been observed in irradiated n-butyric acids and cx-aminobutyric acid 15 . 16 . 

A reliable identification of other radicals was impossible. After warming to 195 K 
the spectrum changed to a mixture of singlet at 9 = 2·0006 and the septet with the 
line shapes characteristic for H~ splitting of the CH)CHCH 2 COO - radical and the 
total spectrum intensity decleased by 9%. Warming of the sample to 240 K decreased 
the spectrum intensity to 5% only. The resulting spectrum contained an isotropic 
septet of sharp lines with a = 2·15 mT belonging obviously to (CH 3)i::coo­
radical in addition to the spectrum of unknown species observed also in ')I-irradiated 
n-butyric acid under similar conditions 3

.
5

. The analogous isomerization of CH 3 • 

. CHCH(NH3tCOO- to (CH 3)i:coo- has been observed earlier after warming 
of ')I-irradiated cx-aminobutyric acid to 100°C (ref. 1 5). 

When the irradiated sample was thermally annealed at 108 K the intensity of the 
doublet of radical anion decreased, while that of the singlet at 9 = 2·0006 corres­
ponding probably to an acyl radical 18 increased ; the total spectrum intensity de­
creased by 10% only . After warming to 130 K the doublet completely disappeared 
and the remaining spectrum consisted of the singlet and spectra of alkyl radicals 
among which the septet of CH 3CHCH 2 COO - radical as the main component was 
identified; the total spectrum intensity decreased to 87%. During further warming 
all radicals decayed and after 240 K the same spectrum as obtained in the photo­
lyzed and warmed sample was observed with the same intensity. 

FIG. 3 

Integrated ESR spectra of ammonium butyrate (c) after y-irradiation at 77 K and thermal an­

nealing (T) or optical bleaching (hv) 
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Ammonium isobulyrate. The spectrum of the sample irradiated at 77 K (Fig. 4) 
was composed of a singlet representing the main component, an octet and the small 
contribution of a septet (a = 2·15 mT). The 3 min photolysis caused the disappearan-

FIG.4 

Integrated ESR spectra or ammonium isobutyrate (d) after y-irra diation <,\. 77 K and thermal 
annealing (T) or optical bleaching (hl') 
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FIG. 5 

Integrated ESR spectra of ammonium pivalate (e) after y-irradiation at 77 K and thermal annealing 
(T) or optical bleaching (II v) 
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ce of the singlet and some increase of the septet spectrum in comparison with octet 
intensity; the total spectrum intensity decreased to 20/ u ' The singlet with 9 = 2·0023 
corresponds most likely to radical a ni on, the octet with the outer balld shape 
characteristic of H, splitting to (CH 3h CH and the isotropic septet is due to the 
(CH 3)i:'coo- radical. 

After warming of the irradiated sample to 108 K the total spectrum intensity 
decreased to 90% without occurring any observable change in relative amounts 
of radicals. At 130 K both, the singlet and the octet intensities, decreased and the 
septet intensity increased ; the total spectrum intensity amounted to 85% of the ori­
ginal value. After warming to 195 K only the se ptet of (CH 3)i=coo- radical was 
observed with the intensity of 50% of the original value. The subsequent sample 
photolysis at 77 K brought about further decrease of radical concentration but 
only a small amount of (CH 3)i=H (a few percent of the total intensity) appeared; 
this amount did not increase even after prolonged photolysis. These results show 
that the large decrease of the ESR spectrum intensity obtained after photolysis of the 
sample y-irradiated at 77 K can be accounted for the simultaneous photobleaching 
of all radicals present. 

Ammonium pivalale. The ESR spectrum recorded after the y-irradiation at 77 K 
(Fig. 5) consisted of a singlet at 9 = 2·0024, the isotropic decet and the contribution 
from the isotropic spectrum with an odd line number. Similarly to pivalic acids 
the singlet belongs probably to the radical anion, the decet to the (CH 3)/: radical 
and the ofdd line number spectrum is perhaps the septet of (CH 3)i:coo- radical. 
The intensities of both, the singlet and the decet, decreased rapidly on sample photo­
lysis. Thus, the septet spectrum the intensity of which decreased more slowly could be 
reliably identified - its spectrum was quite distinct after 30 min photolysis. Upon 
thermal annealing at 130 K the singlet intensity diminished and a much weaker 
asymmetric singlet at 9 = 2·0006 appeared ; also the septet spectrum became well 
observable. Between 130 and 200 K no spectral changes occurred. After warming 
to room temperature the septet intensity exceeded the decet intensity and the singlet 
of the acyl radical diminished. 

Because of the photolytical instability of all radicals formed in ammonium pivalate 
the rough estimate of the radical anion amount could be made only by subtracting 
the theoretical spectrum of (CH3hC radical from the overall spectrum. It showed 
that about one half of all radicals obtained at 77 K was due to the radical anion, 
similarly as in pivalic acids. 

CONCLUSIONS 

The ESR spectra of y-irradiated ammonium propionate, n-butyrate and pivalate 
show that all radiolytic intermediates are very similar to those formed in the cor-
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responding acids 5
• In ammonium isobutyrate the composItIon of radicals is also 

similar to that observed in isobutyric acid, but the ESR spectrum of the radical 
anion consists of the broad singlet while in isobutyric acid it is the doublet (a = 2·3 
mT). This difference can be accounted for various spatial orientations of the un­
paired electron orbital with respect to the C- H bond of <x-carbon atom in ammo­
nium salt and in acid. In the ESR spectrum of the ammonium acetate radical anion 
the rotating CH 3 group is responsible for the quartet hyperfine structure and the 
coupling to the distant matrix protons a m• x = 0·8 mT (ref. lO

) brings about the 
unusual width of lines. In the matrix of acetic acid the rotation of CH 3 group of the 
radical anion is frozen in such a position to give the large interaction with one Hp atom 
(a = 3·3 mT) (ref. 5

). 

The amounts of paramagnetic reduction products of y-irradiation in most cases 
range 50% of all paramagnetic products as in the corresponding acids 5

• However, 
the presence of large amount (75%) of photobleaching radicals in y-irradiated 
ammonium acetate at 77 K , ascribed to the radical anion, remains to be explained . 

The discussion of mechanisms of formation of paramagnetic products of radio­
lysis and their photo- and thermal annealing is practically the same as in the analogous 
study concerning the acids 5 when considering that the NH: group can dissociate 
to ammonia and a proton. 

The radical anions are formed by trapping the electron evolved in the ionisation 
action of y-rays. This reaction is probably followed by the stabilizing protonation. 
The alkyl radicals R3C (R = H, CH3, C2H~) are probably the products of the 
radical cation decomposition according to equation (A). The secondary radicals 
R2CCOONH4 formed in minor amounts by y"radiolysis at 77 K likely arise in the 
hydrogen abstraction from carboxylates by Ri: radicals according to equation (B) 
and/or by radical cations according to equation (C): 

(R3CCOONH4t + R3CCOONH4 ~ (R3CCOOH)(NH4t + 

+ Ri=cOONH4 . 

(A) 

(B) 

(C) 

The photobleaching decay of radical anions can be explained by the mechanism 
suggested previously for carboxylic acids 5 ,19,2o. The UV light releases the trapped 
electrons from the radical anions which are in equilibrium with their protonated 
form having the property of the neutral radical (equation (D). The mobile 
electrons (em) are selectively captured by remaining protonized tadical anions to af­
ford the nonparamagnetic decomposition products, e.g., according to equations 
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(E)-(H): 

. / OH 
R 3 CC"", + em 

ONH4 

hv --

R3CCOO - + NH3 + H2 

R3CCHO + NH3 + OH -

R3CH + CO + NH3 + OH ­

R3COO - + NH3 + H20 

213 

(D) 

(E) 

(F) 

(G) 

(H) 

The thermal annealing of radical anions lies in their decomposition yielding OH 
or R3CCO radicals or H atoms according to equations (I)-(K). All these inter­
mediates are able to abstract hydrogen atom from carboxylates to give relatively 
stable radicals Ri:COONH4 which are usually the ultimate paramagnetic products 
of the radiolytic decomposition of ammonium carboxylates. 
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