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Abstract-The presented results are the continuation of our work on paramagnetic molecular centers in 
the model clay compounds. Here it was attempted to incorporate /I-alanine in the ahuninium hydroxide 
matrix. A series of precipitates were prepared with the highest ratio of /I-alanine/Al = 0.22 obtained at 
pH=7. 

X-ray diffraction analysis revealed in addition to amorphous precipitates, microcrystalline 
samples of four different X-ray patterns in nine precipitates, indicating variations in the structure 
of aluminium hydroxide matrix with incorporated b-alanine. Selected samples were exposed to y- 
irradiation at 77 K, and at room temperature (293 K) in the presence and in the absence of air. In all 
the samples of amorphous structure no stable paramagnetic centers were determined by ESR after 
y-irradiation in air. 

In all samples of microcrystalline structure similar stable paramagnetic centers were determined by ESR 
after y-irradiation in air and in the evacuated tubes. These paramagnetic centers that we were unable to 
identify due to the poor resolution of the lines in the ESR spectrum can be most probably ascribed to 
structural defects introduced into the aluminium hydroxide matrix by /I-alanine. 

In all amorphous samples y-irradiated in the absence of air, the radical CH,CH,COOH formed by 
abstraction of amino group from the j?-alanine was determined by BSR. The radical was unstable in air. 
Thus in the absence of air /I-alanine may be considered as a storage site for the y-irradiation energy in 
the amorphous aluminium hydroxides. 

INTRODUCTION EXPERIMENTAL 

This paper is a continuation of our work on para- 
magnetic molecular centers in the model clay 
compounds. We have shown that in aluminium 
hydroxooxalates and in aluminosilicates which 
have been prepared and characterized by Bilinski 
et al. (1986, 1990) stable organic paramagnetic 
centers were formed by y-irradiation (Horvath et al., 
1988, 1991; Noethig-Laslo et al., 1990). It was 
found that structure of model clay compounds 
was important for the formation and stability of 
the oxalate radical. 

(a) Materials 

Chemicals AlC1,.6H,O (Merck, Darmstadt, 
Germany), NaOH (Kemika, Zagreb, Croatia), and 
/I-alanine (Sigma, St Louis, U.S.A.) were used to 
prepare stock solutions in bidistilled water. 

(b) Preparation of solid phases and chemical analysis 

It has been our interest to determine if other 
organic molecules either structured in the aluminium 
hydroxide matrix or present as an impurity could be 
the sites of the formation of long lived organic 
paramagnetic centers. 

Recently, in the y-irradiated novel compound, 
Al,O,(OH),O (leucine), x 5H,O we have determined 
the leucine radical, which was stable only in evacu- 
ated tube (Noethig-Laslo et al., 1991). 

Precipitates were prepared from aqueous solutions 
of /I-alanine and aluminium chloride at 7 c pH < 9.0 
and left to age in solution at room temperature 
for several days. The pH was determined prior 
to filtration through a Millipore filter (0.45 pm). 
Precipitates were dried in a desiccator and analyzed. 
Precipitation conditions together with X-ray analyses 
of precipitates are presented in Table I. Ratio of 
/?-alanine to aluminium in solution was varied from 
1 to 12 while in the precipitates it was found less than 
0.22. 

In the present paper we studied the formation 
and the stability of paramagnetic centers induced 
by y-irradiation in a series of precipitates formed 
from aqueous solutions of aluminium chloride and 
fi-alanine. 

Elemental analysis of solid phases was done by 
conventional methods: carbon, hydrogen and nitro- 
gen were determined by microanalytical methods, 
sodium was determined using a Perkin-Elmer fIame 
photometer model 3030 after dissolving the weighted 
solid in perchloric acid. Aiuminium was determined 
from the weighted residual after ignition during TGA 
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Table I. Precipitation conditions and analyses of obtained solids m AICI,..NaOH-8-alanine system (aged 7 days) 

Concentration in solution Chemical analysis of’ precipitates 
.-_. ._ ~. 

Sample [AICI,] [/l-&I] MOBI 9x0 % % % % % 
w 

Type of 
No. (mW (mW (mM) pH Al C II N Na L.O.I. X-ray’ 

1 20 20 60 8.60 25.36 2.15 5.27 I.00 2.60 48.56 0.06 0 
2’ 20 100 57 3 7.03 27.60 4.46 4.26 1.12 I 35 46.02 0.12 A 
3 IO 30 30 7.75 27.06 2.78 4.54 I .04 1.74 46.50 0.08 0 
4 IO 50 30 8.50 28. I5 4.46 4.55 1.53 I.31 45.17 (I.1 I 0 
5 IO 100 28 6.33 26.96 6.69 4.25 1.80 0.28 49.04 0.18 0 
6 IO 100 29 6.61 24.79 6.33 4.76 I .82 0.30 53.14 0 I9 0 
7 IO 100 29.2 7.05 25.62 7.74 4.14 2.58 0.35 51.58 0.22 A 
8 IO 100 30 7.33 27.20 3.64 4.01 I .93 0.48 47.92 0.10 B 
9 IO IO0 31 8.02 28.97 4.23 4.48 2.00 0.67 39.21 0.1 I c 

IO IO lo0 32 8 35 30.97 3.71 3.57 1.85 0.71 38 89 0.08 D 
II IO IO0 33 x.49 31.68 2.45 2.63 I 25 0 95 3X.84 0.05 1) 
I2 I 0 100 34 8.60 31.82 2.83 3.61 I.15 I.10 38.37 0.06 D 
I3 IO 100 35 X.86 28.42 2.76 3.93 I .06 I 53 44.22 0.07 D 
I4 IO 100 36 8.98 29.31 2.90 3.60 0.x I 1.55 42.50 0.07 D 
I5 IO I20 31 8.52 29.10 6.23 3.09 2.45 2.13 40.47 0.15 C 

L.O.I. Loss on Ignilion. 
‘Aged I day. 
bAged I4 days. 
‘For key IO type of X-ray spectrum see Fig. 3. 

measurements, taking into account the amount of 
formed Na,O. 

(c) Methods 

Infrared spectra were recorded on a Perkin-Elmer 
infrared spectrometer model 580 B. The spectra of 
the X-ray diffraction were done with a Philips 
PW 1050 X-ray diffractometer (Cu K, radiation). 
Thermogravimetric analysis (TGA) was carried out 
on a Cahn RG electroanalytical balance with heating 
rate of Z’C/min in air. pH values were measured by 
a Radiometer 26 pH-meter, using a combined GK 
2322 C electrode, calibrated by Titrival buffers. ESR 
spectra were taken using a VARIAN E-109 century 
line spectrometer equipped with a VARIAN variable 
temperature control unit. Temperature was measured 
with a thermocouple located above the ESR cavity. 
Temperature was varied from 100 to 373 K. Selected 
samples were evacuated at the pressure of 0.0133 Pa 
in specially constructed tubes attached to the stan- 
dard ESR tubes. @‘Co source (1.2 x IO” Bq) was used 
at a dose rate 4Gy/s. The dose per sample was 
IO kGy. 

RESULTS AND DISCUSSION 

ESR of y-Irradiated Aiuminium Hydroxides 
Precipitated with j?-Alanine 

(a) Y-Irradiation at room temperature 

Fifteen precipitates of aluminium hydroxide with 
fi-alanine (Table I) were y-irradiated at room 
temperature in evacuated tubes and in tubes opened 
to air. When samples were y-irradiated in evacuated 
tubes two different types of ESR spectra were 
obtained. Representative spectra are displayed in 
Fig. I: spectrum (a) of sample 15 (representative 
for samples 8-15) and spectrum (b) of sample 
2 (representative for samples l-6). When pure 
aluminium hydroxide, prepared in the range 7.0 < 

pH < 8.6, was y-irradiated under similar conditions 
and used as a blank, no ESR spectra could be 
detected. 

On the other hand, if the I5 samples were y-irradi- 
ated in air, stable paramagnetic centers were detected 
only in samples 8-15. All of them are characterized 
by similar ESR spectra, similar to the one obtained 
in evacuated tube (Fig. I, spectrum a). Pure alu- 
minium hydroxide and samples l-6 when y-irradi- 
ated in air gave no stable paramagnetic centers. 
In sample 7 a weak signal was observed, which 
decreased with time. 

Spectrum (a) shown in Fig. I (sample 15, Table I) 
is characterized by a strong line overlapping several 
poorly resolved lines. The line is not saturated even 
at the microwave power above 30mW. The other 
lines saturate unequally at lower microwave power. 
This indicates more than two different paramagnetic 
species in sample IS. Due to the poor resolution of 
the lines one cannot assign them to some particular 
paramagnetic center. 

When samples l-4 were y-irradiated in evacuated 
tubes, identical spectra were obtained, represented 
by ESR spectrum displayed in Fig. I, spectrum (b) 
for sample 2. Upon opening the tube to air 
spectrum (c) resulted after 24 min. After a longer 
exposure to air the ESR spectrum (c) in Fig. I 
faded away. Four outer lines in spectra (b) and 
(c) saturate at similar microwave power. Therefore, 
these lines can be assigned to one paramagnetic 
molecular center. The hyperfine splitting of 2.0 mT 
and the intensity ratio of I :2 between the outer 
lines indicate that one may assign these lines to 
the two triplets, i.e. triplet split by a doublet of 
4.0 mT hyperfine splitting. The outer lines of the 
triplet are anisotropic. This suggests that the hy- 
perline splitting of 2.0 mT is due to a-protons that are 
known to be orientation dependent. Such radicals, i.e. 
CHzCHICOOH, may be formed by the abstraction of 
the amino group from /?-alanine. 
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Fig. I. ESR spectra of selected aluminium hydroxides precipitated with B-alanine y-irradiated at room 
temperature in the absence of air, i.e. in an evacuated tube. Spectra were taken at room temperature 
(293 K). Spectrum a--sample 15; spectrum b+sample 2; spectrum c-sample 2, spectrum taken 24 min 

after opening the tube to air. 

The fact that ESR spectra were obtained only 
in the precipitates of aluminium hydroxides with 
/?-alanine, and not in pure aluminium hydroxide, 
suggested that the spectra are related to /I-alanine 
incorporated in the aluminium hydroxide matrix. 
/_?-alanine may be the center of the structural defects 
in the aluminium hydroxide matrix and in this way 
may be a susceptible site for the y-irradiation dam- 
age. /I-alanine can also be a storage site for the 
y-irradiation energy. In order to answer these ques- 
tions one has to determine the primary irradiation 
sites in pure aluminium hydroxide and in aluminium 
hydroxides precipitated with j?-alanine. 

(b) y-Irradiation at 77K 

In order to study primary paramagnetic sites 
formed by y-irradiation, experiments were performed 
at 77 K. Results are presented in Fig. 2. ESR spectra 
(pure aluminium hydroxide prepared at pH 8.6, 

spectrum c; sample 15, spectrum a; sample 2, spec- 
trum b) indicate several paramagnetic species. 
Hypertine doublet of the splitting 5O.OmT observed 
in spectra (a) and (c) can be ascribed to hydrogen 
atoms (Noethig-Laslo ef al., 1990). These lines de- 
creased upon warming the samples and disappeared 
at 139 K. The lines denoted by stars in spectrum (c) 
(Fig. 2) can be assigned to Cl, molecular ions 
(Noethig-Las10 ef al., 1990). These lines disappeared 
at about 210 K. The central part of the spectrum (c) 
in Fig. 2 disappeared at 221 K. Above that tempera- 
ture no stable paramagnetic center was observed in 
the pure altinium hydroxide. 

On the other hand, in the samples precipitated with 
fl-alanine (spectra a and b in Fig. 2) at temperatures 
above 221 K, spectra similar to those observed at 
room temperature prevailed. 

In samples 1-4 a hyperike doublet of 50.0 mT, that 
is due to hydrogen atoms was not observed (spectrum 
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Fig. 2. ESR spectra of aluminium hydroxides precipitated with /j-alanme and ;-irradiated at 77 K. Spectra 
were taken at 100 K. Spectrum a-sample IS: spectrum &sample 2 and spectrum c- --pure aluminium 

hydroxide precipitated at pH 8.6. 

b, Fig. 2). ESR spectra of these samples are practi- 
cally identical, i.e. they are characterized by identical 
central parts. It is of interest to note that hydrogen 
atoms are trapped in the amorphous pure aluminium 
hydroxide, but not in the amorphous precipitates 
with /I-alanine (samples l-6). Hydrogen atoms are 
inevitably formed in these samples. They can diffuse 
through the matrix and can be involved in the 
reaction mechanism by which y-irradiation energy is 
transferred to the B-alanine molecule. In these com- 
pounds (samples l-6) a stable paramagnetic center 
detected at room temperature is the CH,CH,COOH 
radical. The radical was formed by abstraction of the 
NH, group, presumably as a consequence of the 
reaction with hydrogen atoms. Thus in amorphous 
aluminium hydroxide samples precipitated with /l- 
alanine, this molecule may be. considered as a trap for 
y-irradiation energy. It is stable only in the absence 
of air. 

In sample 15 (representative for samples g-l 5, 
Table I) hyperfine splitting due to the hydrogen 
atoms was detected at 100 K (spectrum a, in Fig. 2). 
Spectra recorded upon warming the sample at room 

temperature are similar to the spectrum a in Fig. I. 
More than two paramagnetic species can be envis- 
aged in this sample. These paramagnetic species 
remain unchanged upon opening tubes to air and 
remain stable for more than a month. These sites 
cannot be ascribed to the CH,CH,COOH. On the 
other hand, /?-alanine may be the center of the 
formation of the structural defects in the aluminium 
hydroxide matrix and in this way may be a suscep- 
tible site for the y-irradiation damage. This is corrob- 
orated by the fact that in pure aluminium hydroxide 
no stable paramagnetic centers were determined even 
in the absence of air. 

X-ray and Infrared Spectral Characteristics 

Samples I and 3-6 are X-ray amorphous, samples 
2 and 7 are poorly crystalline, while samples 8-1 S are 
of good crystallinity with variable pattern. Character- 
istic X-ray patterns are presented in Fig. 3(A-D). 
Unfortunately, single crystals have not yet been 
prepared for structural analysis. 

In Fig. 4 are compared IR spectra of: sample IS 
(spectrum a), sample 2 (spectrum b), pure /?-alanine 
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Fig. 3. Characteristic X-ray spectra of selected microcrystalline samples taken from Table 1: A-sample 7; 
El-sample 8; C-sample IS; D-sample 14. 

(spectrum c) and pure aluminium hydroxide (spec- 
trum d). 

An approximate qualitative description of IR spec- 
tra will be given using the assignments of Mizushima 
and Nakagawa (1956), Jakovitz et al. (1967) and 
Quintard-Dorques et al. (1986). The strong symmet- 
ric COO- stretching vibration exists in @-alanine 
(spectrum c) at 14OOcm-’ and the symmetric NH, 
deformation at 1505 cm-’ according to Quintard- 
Dorques et al. (1986). In sample 2 (spectrum b) and 
in sample 15 (spectrum a) corresponding lines are 
observed at 1420 and 1470ctn’. Significant re- 
duction in peak intensity at 1470 cm-’ was observed 
in sample 15 (spectrum a). 

The three bands in the range 1260-134Ocrn’ 
assigned by the same authors in pure /I-alanine 
(spectrum c) to the CH, wagging are visible in spectra 

(a) and (b) at the same positions. The most pro- 
nounced difference in IR spectra (a) and (b) is in 
the region 1100-950 cm-‘. The appearance of three 
distinct bands at 1070, 1030 and 975cm-’ in the 
spectrum (a) of sample 15 can be assigned to -NH, 
deformation vibrations according to Mizushima and 
Nakagawa (1956). These bands in the IR spectrum 
give strong evidence for structural difference in 
samples 2 and 15. 

In the absence of X-ray single crystal data we 
can only tentatively propose that in the sample 15. 
j?-alanine is coordinated to aluminium hydroxide 
matrix via the NH* group. Simultaneous coordina- 
tion via the COW group in spectra a and b as a 
bridging ligand between the two aluminium atoms or 
between Al and Na ions cannot be excluded. 
Namely, symmetric COO- is only slightly shifted 
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Fig. 4. Infrared spectra of aluminium hydroxide precipitated in the presence of p-alanine compared with 
the infrared spectra of pure aluminium hydroxide and pure B-alanine. Spectrum a-sample 15; spectrum 
b-sample 2; spectrum c-pure /?-alanine; spectrum d-pure aluminium hydroxide precipitated at pH 8.6. 

compared to spectrum (c). Such bridging of COO 
groups was found in aluminium hydroxooxalates by 
Bihnski et al. (1986) and Matkovic-Calogovic et al. 

(1987). 

CONCLUSIONS 

Precipitation of hydrolyzed aluminium was studied 
in aqueous solution in the presence of /I-alanine. Only 
a low ratio of /I-alanine/A 1 ( < 0.22) was found in the 
precipitates, even if the molar ratio of j?-alanine over 
aluminium chloride in solution was varied in the 
range l-12 (Table 1). 

Two groups of precipitates were determined by 
X-ray analysis: amorphous (samples 1-6) and micro- 
crystalline structure (samples 7-I 5). Microcrystalline 
samples were of four different types according to the 
X-ray patterns displayed in Fig. 3(A-D). 

y-Irradiation produced stable and long lived para- 
magnetic centers only in the microcrystalline samples 
(samples 8-15, Table I). These paramagnetic centers 
were stable in air even a month after y-irradiation. 
We ascribed these paramagnetic centers to defects in 
the aluminium hydroxide matrix that are introduced 
in the matrix by /I-alanine. 

In the amorphous aluminium hydroxides precipi- 
tated with /3-alanine (samples 14) no stable para- 
magnetic centers were formed when the y-irradiation 
was carried out in the presence of air; in the absence 
of air, on the contrary, the y-irradiation induced the 
formation of the CH,CH,COOH radical. It disap- 
peared slowly after opening the tube to air. 

These results suggest that the formation and stab- 
ility of the paramagnetic species in the aluminium 
hydroxide precipitated in the presence of /3-alanine 
depends on the structural properties of the alu- 
minium hydroxide matrix. 
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