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STUDY IN THE LABORATORY OF THE ONE-STAGE WATER
EXTRACTION OF SUGARS FROM KORINTHIAN RAISINS

KONSTANTINOS M. SIPITANOS AND ATHANASSIOS D. PAPARGYRIS N
Laboratory of General and Inorganic Chemical Technology. University of Thessaloniki. Greece.
Received 22-3-78 .

Summary

The one-stage water extraction of sugars from Korinthian raisins was studied
experimentally for the determination-of the optimum conditions to be applied. It was found
that for obtaining the best results from this extraction it was necessary to keep certain
conditions concerning:

the currants welght to water volume ratio,

the extraction temperature, and

the extraction time (duration).

The optimum extraction conditions were accomphshed by determining the sugars as
well as the nitrogen compounds in the exfract.

- By keeping constant one parameter each time the other two were studled The
obtained results are presented in Table 4 and in Figures, 3, 4 and 5.

The changes observed above the optimum conditions are subject to discussion.

In the case of extraction of nitrogen compounds, the currants weight to water volume
ratio was kept constant in all series of experiments, viz. 1:5, while thie temperature changed.
The extraction time varied while the temperature was kept constant for each exper]ment
The results obtained are presented in Figures 6 and 7.

Key words: Korinthian raisins, One-stage water extraction, Currants, Extracted sugars,
Optimum extraction temperature and time, Extracted nitrogen compounds.

Introduction

Customarily, part of the annual produce of currants in Greece (Korinthian
raisins variety), although edible, is not consumed as such, but is rather used as raw
material for the production of sugar extracts, alcohol, raisin syrups and vinegar. In
this way the producers succeed in making useful the whole amount of their product.!

None of the other raisin producer countries (U.S.A., Australia, etc) face such
‘a problem, since their product is consumed-as edible in local and international
markets, but in Greece the problem remains vital for the producers and the national
economy. It is reported that more than 40% of the 1971 currant produce was
industrialized and about 58% was exported abroad as edible® ‘

Accordmg to 1966 statistical documents, Greece is at the top of the
Korinthian raisins world production covering 84% of the total.* -

In spite of the significance of the problem, and as far as we know no
systematic work on water extraction of sugars from currants has appearedin local or
international b1b11ography
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Composition of Currants

It should be noted that currant composition is influenced by many factors such
as soil, cultivation techniques, climatic conditions, etc.
The average composition of Korinthian raisins is given’ in Table 1.

TABLE 1. Composition of Greek Korinthian raisins.

Percentage on natural Percentage on dry

currant basis currant basis

Acidity in sulfuric acid - 1,305 . 1,591
Acidity in tartaric acid 1,997 2,434
Sugar . 66,1 80,58
Tannic substances 0,757 0,923
‘Total ash . 1,892 2,307
-Extracted solid matter 75,30 91,79
Insoluble matter 6,739 "8,215
Water content 17,961 . —

pH (10g of dry currants’

in 1 lit of water) 3,65 -

TABLE 2. Results of chemical analysis of Korinthian raisins used.

Percentage content " Method used!*
Reducing sugais - 71,0* LANE-EYNON
‘Water- content - . 15,0 - Conventional
Ash L 1,62 Classic
Nitrogen' compounds . 0,42 ’ KIJELDAHL

" KIELDAHL-MATVEEF

*In. Tal:rles 2,3, 4 5 ‘6, and 7 all values are means of five replications. -

It has been found, after six hours extraction, that the average content of
currants in water insoluble materials is 4,86-7,97%;, in potassium 0,708-0,95%, in

1.0;05-0 ,078%"%and'in proteins 2,3-2, 6%7 # It has also been found that during
amins A and C are destroyed, whlle vitamins B are not affected.
far as the sugars are concerned it can be said that they consist mamly of
fmctose nd glucose with a ratio of about 0,92°. .Pectin substances, contained in'.
Korinthian:currants, i.e. polygalactourenic acid products, are about 0,85%" and:
they are found in their cell walls.%'"? The amourit of the tanic substances preseft-
has been found to be 0,3-2%, it has also been found that they are constituents: of the
‘currant skin.?
" . With regard to proteins, it is reported™ that during de
of their cross bonds takes place, which results in |
‘molecule,-and the polypeptidic chains are unrolling. ang

T

on

, breaking off
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Experimental work

Particle size and chemical analysis of currants

For the experiments of the present work currants-of 1972 harvest were used.

The mean diameter of the currants was determined granulometrically by
screening,'® and the result taken was 7,5 mm.

The findings from the quantitative analysis of the currants for reducing
sugars, water content, ash and nitrogen. compounds are presented in Table 2.

Extraction apparatus :

The extraction experiments were carried out by using the apparatus shown in
Figure 1.

It consists of a 1 lit double wall glass flask E, into Wthh the currants are
placed. For the temperature regulation of the extraction experlments water is
circulated by a thermostat from A to B. F, C and D are thermometer, pipe for the
addition of the extraction water, and extract outlet pipe, respectively.

N

EXTRACTION APPARATUS OPERATING FOSITION OF THE
EXTRACTION APPARATUS

FIG. 1

Determination of optimum extraction conditions

In order to determine the optimum extraction conditions, i.e. a) the optimum
currants weight water-volume ratio, b) the optimum extraction temperature and c)
the optimum extraction time (duratlon) first the optimum currants weight
water-volume ratio was determined and then keeplng constant this ratio the
determlnatlon of b) and c) optimum followed.

Determination of optimum currants weight water-volume ratio

In determining thi$ ratio 100 g of currants were extracted at 71°C for 1 hour,.
while the volume of water used was varied. The results are presented in Table 3.

Plotting of the amount of extracted sugars against the used volume of.
extraction water is given in Figure 2.

It can be seen (Table 3) that for 100 g of currants, if the amount of extraction
water from 100 ml increases the amount of extracted sugars also increases till the
volume of extraction water reaches the value of about 500 ml. A farther increase of
the amount of the extraction water beyond this value has no significant effect on the
extracted amount of, sugars.
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Determination of optimum extraction temperature and time

For the determination of the optimum extraction temperature and time in all
the experlments 100 g of currants and 500 ml of extraction water were used. For
each series of experiments the temprature was kept constant but the time of the
extraction varied.

The results are given in Table 4.

Plottings (a) of the amount of extracted sugars against extraction time at
constant extraction temperature, (b) of the amount of extracted sugars against
extraction temperature at constant extraction time and (c) of the extraction time
against extraction temperature at constant amount of extracted sugars, are glven in
Flgures 3,4 and 5, respectively.

TABLE 3. Effect of extraction water volume on the amount of extracted sugars.

Extraction water volume (ml) Extracted sugars, g

110 14,76 a*

150 118,84 b

200 ) 21,20 ¢

300 23,27 d ~
400 2432 ¢ ‘
500 24,69 f

600 24,73 £

700 24,90 £

800 25,18 g

*Means in a column followed by the same letter are not different at the 1% level of significance.
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FIG. 2: Amount of extracted sugars in relation to extraction water volume at.71°C temperature for 1
hour extraction time.



TABLE 4. Effect of the extraction duration on the amount of extracted sugars at various extraction temperatures.

Time Quantity et extracted sugars at various temperatures (g)
(hr) 25°C 35°C 45°C 50°C 57°C 60°C 65°C 71°C 75°C 78°C 80°C 83°C 86°C 90°C 93,5°C
1/6 721 a 8,61 9,02 9,42 9,77 - 10,01 10,40 10,61 a 11,22 11,61 12,07 15,81 a 16,32 16,43 . 16,51 a
1/3 8,52* 10,32 10,78 11,00 11,10 11,21 11,86 12,52 15,31 17,00 18,03 19,00 20,087 21,31 22,36
1/2 1095b 12,65 12,98 13,02 14,01 15,32 18,23 20,00 b 21,20 22,70 23,06 23,87 b 24,41 24,80 25,02 b
1 16,79 ¢ 18,07 18,30 18,51 19,02 20,00 22,87 24,69 c 26,94 27,03 27,72 28,93 ¢ 29,10 29,51 29,62 ¢
2 22,21 23,96 26,12 28,40 29,08 30,07 31,22 32,30 32,52 32,60 33,12 33,30 33,43 33,76 34,17
3 26,20d 28,64 31,42 34,21 35,01 37,53 37,98 38,33d 36,21 35,63 37,51 37,70d 37,92 38,00 38,27 4
4 29,49 32,01 35,93 37,61, 40,42 42,51 42,57 42,62 40,31 38,84 42,27 40,49 42,32 43,00 42,47 .
5 32,40 e 36,00 39,13 40,72 43,81 ° 46,51 47,41 50,78 ¢ 43,10 41,02 43,29 42,27 e - 44,61 44,71 46,01 e
6 34,72 38,67 42,44 44,82 47,23 50,03 51,04 54,16 45,03 42,40 44,02 43,91 45,31 45,50 49,02
7 37,20 f 41,00 . 47,12 . 47,90 50,21 53,00 ~ 53,92 57,51 £ 47,21 43,60 45,51 44,50 f 45,62 46,00 51,51 f
8 38,90 43,26 48,01 50,43 52,00 55,50 56,15 58,00 48,73 44,46 46,00 44,68 45,67 46,43 53,02
9 40,90 g 45,29 50,20 52,51 54,20 57,51 58,41 59,09 g 50,50 - 4492 46,12 44,70 § 45,72 46,71 56,01 g
10 42,51 47,91 52,21 54,30 55,71 59,02 59,80 60,05 52,00 45,60 46,20 44,76 45,83 46,83 57,42
12 46,01 h 50,03 55,46 57,31 58,41 61,71 61,89 62,02 h 54,72 46,61 46,50 44,81 £ 45,89 47,12 60,12 h
15. 49,03 i 53,01 57,81 59,22, 60,40 62,51 62,60 62,80 h 57,60 47,20 46,50 45,00 £ 46,00 47,20 62,00 i
20 53,10 57,09 59,00 60,20 61,85 63,75 64,77 64,91 i 60,09 47,57 46,51 45,03 46,02 47,22 63,17 i
30 53,12 ; 57,12 59,01 60,61 62,95 64,21 64,79 65,01 i 60,02 47,59 46,61 45,01 £ 46,02 47,21 64,02 i
40 53,17 j 57,10 59,05 60,79 = 63,05 64,51 64,81 65,01 i 60,07 47,60 46,61 45,03 f = 46,02 47,23 64,00 i
45 53,17 57,13 59,07 60,79 63,07 64,50 64,81 65,01 60,07 47,60 46,60 45,04 46,01 47,22 64,06

“Means not followed by a letter have not been analysed statistically (Tables 5, 6 and 7)

SNISIVY NVIHLNIHON WO¥d SHEVONS 40 NOLLOVILXA

6ST
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FIG. 4: Extraction isochronous

As can be seen from Table 4, Figure 3, in the case of constant temperature
extraction the amount of extracted sugars increased with extraction time up to a
value, above which there was no significant change. It may be said that in this time
the extraction process reached the state of equilibrium. The required time for this
equilibrium to be reached was about 20 hours for the extractlon temperatures of 25,
35, 45, 50, 57, 60, 65, 71 and 75°C.

Between the temperatures of 75°C and 86°C the time required for this
equilibrium to be reached decreased: it was approximately 15, 8, 7 and 6 hours for
the temperatures of 78, 80, 83 and 86°C, respectively.

At the temperatures of 90°C and 93,5°C it was observed that the time
-required for the equilibrium to be reached increased again, and it was equal to 8 and
30 hours, respectively. '
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FIG. 5: Extraction isobars.

Under constant extraction time and up to 2 hours the amount extracted sugars
increased by increasing the temperature from 25 to about 93,5°C (Fig. 4). From 2 to
45 hours extraction time the amount of extracted sugars increased by increasing the
temperature up to about 71°C, then it decreased from 75 to about 83°Cand finally it
increased again from 86 up to about 93,5°C. .

Determmaﬂon of extracted nitrogen compounds

For this determination experiments were carried out at constant extraction
temperature within the rﬁnge of 25 to 93,5°C. The extraction time was for all
experiments constant and equal to 25 hours The currants weight water-volume
ratio was in all cases equal to 1:5: The results are given in Table 5.

Plotting of the amount of extracted nitrogen compounds against extraction
temperature is given in Figure 6.

Extraction experiments were also carried out under constant extraction time
equal to 1, 5, and 25 hours at temperatures of 50, 71, 83 and 93,5°C each time.

The results from the extraction experiments are given in Table 6.

Plotting of the amount of extracted nitrogen compounds against extraction
temperature is given in Flgure 7.

The results of the nitrogen compounds extraction experiments showed that:

1) For 25 hours extraction time an increase in the .extraction temperature
from 25 up to 50°C was followed by an increase in the amount of extracted nitrogen
compounds (Table 5). Then for the extraction temperature region above 50 and up
to 71°C the extracted amount of nitrogen compounds gradually decreased. By
increasing the temperature above 71 and up to 83°C the amount of extracted
nitrogen compounds was increased again, and, finally, for extraction temperature
higher than 83 and up to about 93,5°C the amount of extracted nitrogen compounds
was again decreased.
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TABLE 5. Effect of the extraction temperature on the amount of extracted nitrogen compounds.

Extraction Amount of extracted Extraction Amount of extracted

temperature Nitrogen compounds temperature Nitrogen compounds

°C (mg N) °C (mg N)

25 88,0 a 75 107,6

35 97,8 .78 113,8

40 102,0 80 119,2

50 110,4 : 83 1244 d

55 109,5 - o 85 115,3 -

60 108,8 90 103,6

65 107,8 93,5 92,2 b

71 107,0 ¢ -

TABLE 6. Effect of the extraction temperature at various extraction durations on the amount of
extracted nitrogen compounds.

Extraction Amount of extracted Amount of extracted Amount of extracted
temperature Nitrogen compounds Nitrogen compounds Nitrogen compounds
°C in 1 hour, mg N in 5 hours, mg N in 25 hours, mg N
50 48,8 a 98,4 b 110,4 ¢
71 56,0 b 103,4 ¢ : 107,0 b ;
83 70,0 ¢ 106,2 d 124,4 d
93,5 70,1 ¢ 86,6 a -~ 92,2 a

TABLE 7. Effect of extraction temperature on the pH values of after-extraction-currants pulp.

Extraction tempera-

ture °C RH
25 3,56
71 3,31
83 ‘3,15

93,5 3,02

2) In the case of extraction under constant temperature, equal to 50, 71, 83
and 93,5°C in each series of experiments and for extraction time 1,5 and 25 hours,
the amount of extracted nitrogen compounds was increased Wlth temperature
(Table 6).

The difference of the amount of extracted nitrogen compounds between 1
and 5 hours extraction decreased.as the extraction temperature increased.
Generally a similar pattern was also observed for the amount of extracted nitrogen
compounds difference between 1 and 25 hours extraction. This difference was
almost the same for the temperatures of 71 and 83°C.

3) In one hour extraction experiments, there was observed a gradual increase
in the amount of extracted nitrogen compounds as the temperature increased from
50 to 71 and then to 83°C, while the corresponding value at 93,5°C was about the
same with that received at 83°C. :

4) Under constant extraction time equal to 5 and 25 hours, in each case, an
increase of the amount of extracted nitrogen compounds took place until extraction
temperature reached 83°C and then a decrease followed the temperature of 93,5°C.
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FIG. 7: Isochronous of amount of extracted Nitrogen compounds in relation to temperature.

5) The plottings of the amount of extracted nitrogen compounds and sugars,
for 25 hours extraction, against extraction temperature (Figure 8) showed that at
temperatures 71, 83 and 93,5°C the amount of extracted sugars was maximum,
minimum, and maximum, respectively, though the amount of extracted nitrogen
compounds was minimurm, maximum, and minimum, i.e. when the amount of
extracted sugars was maximum, the amount of extracted nitrogen compounds was
minimum, and vice versa. g
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After-extraction-currants pulp pH change in relation to -extraction temperature
The pH measurements were carried out by using a METROHM E396B
pH:meter with compound calomel-glass electrode type EA120X. The pulp used
was produced by pulping the currants which had been extracted for 25 hours at
different extraction temperatures. The observed pH values for 25, 71, 83, and
93,5°C are given in Table 7.
Plotting of extraction temperature against pH is given in Figure 9.

Discussion

The results of this experimental work are as follows:

1) In the case of constant time extraction and up to 2 hours the amount of
extracted sugars increased when temperature increased from 25 to about 93,5°C
(Table 4). This may be due to the following reasons:

a) To the increase of the denaturation velocity of the protoplasmatic proteins
as the extraction temperature increased. A consequence of thisfactis that diffusion.
- is enhanced as in’the case of sugarbeets.!s

b) To the increase of the mobility of sugar molecules with increasing
temperature, and

¢) To the expansion of cell wall and currants skin pores. A variety of other
factors may also be at work here.

2) In the case of constant extraction time higher than 2 hours the amount of
extracted sugars increased when the temperature increased from 25 to 71°C. This
fact also may be due to the reasons mentioned above.

3) In the case of constant extraction time higher than 2 and not greater than
45 hours a decrease in the amount of extracted sugars was observed as the
temperature increased from 71 to about 83°C then a further increase in
temperature up to about ‘93,5°C resulted again in an increase in the amount of
extracted sugars. - -

The decrease of the amount of extracted sugars in extraction temperatures
from 71 to about 83°C is probably caused by: )

a) The inhibition of the diffusion of sugars because of the differentiation of
structure of the protoplasrnatlc proteins, which takes place at long heatmg periods
at these temperatures.”’

b) The ]ellyflcatlon of sugars, caused by the presence of pectins, under proper
pH values of cell juice.!

.c) The loss of inflexibility of cell membranes and skin of currants, which is
acceptable for sugarbeets.’” There may also be other reasons determining this
decrease.

As far as the amount of extracted nitrogen compounds is concerned the
experimental results are as follows:

25 hours extraction

1) When extraction temperature increased from about 25 to 50°C, an increase
in the amount of extracted nitrogen compounds was noted which is probably due to
the increase of mobility of protein molecules with temperature. This phenomenon
seems to rule over all other factors in this case, because the protein denaturation,
which inhibits the extraction, takes place at small velocity for these temperatures.

2) When extraction temperature increased from about 50 to 71°C the amount
of extracted nitrogen compounds decreased. This may be due to the velocity
increase of protein denaturation witith temperature.”” This phenomenon may be

v
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considered counterpoise to and of greater magnitude than the increase of protein
mobility. If this is true the result is the gradual decrease of the amount of extracted
nitrogen compounds in this temperature range.

3) When extraction temperature increased from about 71 to 83°Can increase
in the amount of extracted nitrogen compounds was again observed.

The following probable causes may be considered in attempting an
explanation of this phenomenon.

- a) The increase of protein molecules mobility . whlch rules over the

denaturation effect.

b) The change of protein molecules shape.

¢) The enlargement of cell walls and .currant skin pores.
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It may be said that these phenomena take place before the loss of inflexibility
and blocking of cell walls and currant skin, because of jellyfication which is caused
by sugars, in presence of pectin substances under favorable pH value of currant cell
juice.

4) When the extraction temperature increased from about 83 to 93,5°C the
amount of extracted nitrogen comounds decreased again. This is probably due to
complete coagulation of proteins, because the large micelles that are formed cannot
pass through cell walls and skin of currants.

Conclusions

1) In the case of extraction temperature 71°C, for 1 hour, and with constant -
amount of currants, the amount of .extracted sugars increased with the amount of
extraction water, till the ratio of currant weight to water-volume reached the value
1:5. When the value of this ratio decreased the amount of extracted sugars did not
change significantly. Therefore it may be concluded that the optimum currants
weight to extraction water-volume-ratio under the mentioned extraction conditions
is about 1:5.

2) Working with 1:5 currants weight to extraction water volume ratlo and
under counstant temperatures the amount of extracted sugars increased with
extraction time. The amount of extracted sugars reached a maximum, depending on
temperature, after which a further increase in extraction time resulted in no
significant change in the amount of extracted sugars. The extraction time for
maximum amount of extracted sugars to be achieved depended also on
temperature, and for 71°C it was about 20 hours.’

3) The amount of extracted sugars from 100 g currants under 20 hours
extraction time and temperatures of about 50, 57, 60, 65, 71 and 93,5°C was 60.20,
61.85, 63.75, 64.77,64.91, and 63.17 g, respectively. Since the total sugar content
of the currant samples used was 71%, the corresponding percentages of these.
amounts are 84.71, 87.11, 89.80, 91.23, 91.42, and 88.97.

The amount of extracted sugars from 100 g of currants under 30 hours
extraction time and at 93,5°C was 64.02 g, that is 90 17% of the total amount of
sugars. '

GeneraIly it may be conluded that the maximum amount of sugars thatcan be
extracted by using only one extraction may be achieved by observing the following
optimum extraction conditions:

a) Currant weight to water volume ratio: 1:5.

b) Extraction temperature: Between 60 to 70°C.

¢) Extraction time: About 20 hours.

4) With respect to the amount of nitrogen compounds co-extracted with
sugars at 25 hours extraction time and at temperature of 71, 83, and 93,5°C, it was
found that the maximum values of nitrogen compounds correspond to minimum
ones of sugars, and vice versa. } .

HepiAnyn

Egyaamgwmn ueAétn amiflc ué vepd Enyviicews TV oaxxang ano v
xopivdiaxni oraqnéa

Stv egyama adT yivetaw 2QyooTnoLoxd netgauanxn p,e)»e’m yta OV
1te00dlogoud t@v BéAtiotov cuvinxkdv dmorjyYemg TV coxydowv dmd THV
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roguvitant otapido pug wo pévo xyOiion pé vepd. Ztiv Aoy Poddnxe &
[Sé)\ﬂotog Aéyog Pdooug oracpiéag/(’ﬁynov VEQOT. Mt otadegn o) 'c'?]v
TOQAUETOO  TEOGOLOQLOT ROV J'IZSLQOLU.OL‘CL%OL 1 ﬁe)mom ﬁeguongaow wol 1)
BérTiot 6LOLQ’K8L0. g &nyviicemwg g noLTiQLo TV nooomta TOV TOQOAO-
Bavouévarv canydowv. ITapdAnia Eyivov mpoadlogLopol xol ToT OMroT L dTovu
oTO - EnUALOpOL. .

T ovumépoopo oy mEorvmTeL elvol 8t yid vO mwogoAngdel f| péyiot
duvari) moodTTo conydewV dITd THV RO BLonT oTaQida pE pd pdvo Exnyviton
meémelL vo TnenYoilv oi dxdlovdeg ouviijxes:

1) Bépog otagpidag mog Eyrno vegol énkaioemg 1:5.

2) Ogppoxgaoia éxyviioems: MeraEv 60 nai 70°C

3) ALaQ%SLa £nxv)\tosmg 20 erg seplmou.

¢ 8,71 dgoed -mv moodmTO TOV ovve%xvhigouevmv ué 10 obmyaga 6o T
otapida dfwtovxwv ololdv sagotefinxre ot ué drboxera nyviioeme 25 Gpeg
yia tig Geouongacisg 71, 83 xai 93,5°C ol pueyorltepeg TUMES oaxrydowv otd
EnyvAoua éwuo'cmxoﬁv ot umg()‘csgeg TLUES dtmrm’)xmv ovotdv xol dvriotgocpa.

Téhog, yi0 ®G¥e mELQOPOTLXA) nagom]gnon Sivetan ol M o mbovi
aitiohoyta.

‘Opodoyia: Kogivdaxn otapida, Mio pévo &xyohion pé vepd, Stagides, Exyxvhiépeva
odxyaga, Béhtiom deguoxpacia xal didpxeio dxyviiosws, Exyvlopeves dlwtotyeg ovaieg.
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Summary

The investigation of the interaction of Feg I) and Cu(II) with toluoquinone and
oligomeric products of its oxidative condensation’ is extended here to more complicated
polymeric species, having a closer resemblance to the natural humic acids. This resemblance
is reflected in the electronic, vibrational and ESR specta, as well as in some properties
relavant to their function in nature, such as the acidity, complex formation capacity etc, and i is
attributed to specific similarities in structure.

Key words: Humic acids, oligomeric and polymeric species, oxidative condensation, complexes.

Introduction

The general objecti'ves of the investigation have been formulated in the first
paper of this series' (Part I) where we reported our findirigs on the interaction of
Fe(Il), Fe(Ill) and Cu(Il) with toluoquinone and its oligomeric products of
oxidative condensation. These products are known components in the soil.>* In this
paper-we extend the investigation to more complicated polymeric ligands. In the
line connecting the two extremes, namely the natural systems (soil, natural waters,
sediments etc.) on the one hand and “‘pure” chemistry on the other, Part I lies closer
to “pure” chemistry, whereas Part IL lies closer to the natural end of the line. This
means that in Pait I the restrictions 1mposed by the system are more severe and
hence the. treatment is inherently less v1g0r0us

Experlmental

" “Artificial” humic aCJd The artificial humic acid* used in this work is
obtained by the spontaneous condensation of toluoquinone in acid solutions.

Three to five ml of concentrated H,SO. are added to 100 ml of a saturated

solution of toluoquinone, containing ca 2g toluoquinone. The mixture is condensed
.atlow temperature to ca 25'ml. The dark-gray precipitate formed is filtered, washed
with cold water to remove SOa , toluoquinone and toluohydroquinone, and is dned
under vacuum.

* Abrevxated AHA. The component of humic substance of a natural source (soil, lake deposits
etc.) which is soluble in dilute alkali but insoluble in acid, will be abbreviated NHA {(Natural
Humic Acid) and the Component of humic substance of 4 natural source which s soluble both in
dilute alkali and acid will be abbreviated NFA (Natural Fulvic Acid).
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Typical dnalysis of the product
, C 67.77, H 4.55, O 27.47 (oxygen from the difference) conesponds fairly
well to the formula

(C 68.85, H 4.91, 0 26.23)

The concentration of the acid vary from 0.5 to 9 N and instead of sulphuric,
hydrochloric or phosphoric acids can be used. The same product is also apparently
obtained from the oxidative condensation of toluohydroqulnone in alkaline
solutions.*® The condensation of hydroquinones in acid solution is generally more
difficult.

Polymerization products analogous to those obtained from toluoquinone and
by an analogous procedure were laso obtained from simple o- and p- benzoquinone
and from ethylquinone (ethyl-p-benzoquinone) The analyses gave:
polymer from o-benzoquinone C 62.65, H 4.78 O 32.57 :
polymer from p-benzoquinone C 66.01, H 4.56 O 29.43

“polymer from ethylquinone . = C 70.69, H 5. 74 O 23.57
The corresponding calculated values on the basis of the general formula

:0H 0

R -

] OH (o] . X o ‘
for R = H C 66.05, H 4.62, O 29.35
for R = GH;s C 69.56, H 7.24, 02318

Mixtures of AHA wirh copper and iron salts. Mlxtures contammg ‘AHA and

Cu(II) or Fe(III) in various initial ratios were prepared as follows:

(a) Copper (II) nitrate (Cu(NOs),.3 H,O) was added to a suspension of AHA in
water or dilute alkali. The precipitate was filtered, washed with water and dried
under vacuum at 80°C. Its color varled from dark green to brown, dependmg on
the composition.

(b) The metal salt [Cu(NOs;),.H.O or Fe(N03)3 5H,0] was added to a
homogeneous solution of AHA in a water-methanol mixture (90:10). The
solution was then condensed on a steam bath and the prempltate formed
filtered, washed with water and dried under vacuum at 80°C.

(c) The acid (H2S0.) condensation of toluoqumone was done in the presence of
Cu(Il) or Fe(III).

The analysis of the various mixtures depends on the initial amounts of the
reagents used and on the method of preparation. Typical oomposmons together
with the IR spectra etc are given in the results (vide infra).

Titrations: Aqueous solutions of AHA (0,5-5%) are acidic (pH — 4.3) and
with 0,IN NaOH they give titration curves with one dominant break.

Total and phenolic acidity were determined following the methods developed
by Blom, Edelhausén and Van Krevelen® and by Brooks and Starnhell” as modified
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by Schnitzer and Gupta.® In the first of these methods the sample is treated with
calcium acetate and the released hydrogen ions are titrated potentiometrically
(glass-calomel electrodes) with 0.1N NaOH to PH 9.8. In the second method the
sample is treated with barium hydroxide and the excess base is titrated with 0.5M
HClI to pH 8.4. In the blank experiments the solutions did not contain AHA but the
procedure followed otherwise was exactly the same to that folloerd for the samples.
The calcium acetate method presumably measures the acidity dué to the
carboxylic groups whilst the barium hydroxide method measures the total acidity.
Phenolic acidity is obtained from the difference. Solutions of AHA containing
known amounts of Cu(II) or Fe(Ill) were also titrated with 0.0IN NaOH.

Instruments and Analysis.The same instruments were used for performing
the elemental analysis and taking the electronic and vibrational spectra. as in the
" previous paper of the serie’. ESR spectra of powder samples were taken with a
Varian ESR spectometer at a modulation frequency of 9055 GHZ. Spin content
was estimated by comparison with diphenylpicrylhydrazyl.
Copper was determined, as previously, gravimetrically as CuSCN-and/or
CuO and electrolytically, and iron gravimetrically as Fe;Os.

Results

Acidity. The results of the titrations of the artificial humic acid are given in
Table 1. This table also contains values for typical soil humic acids, for comparison
purposes. ’

The reliability of the ‘“standard” methods used was assessed® by applying
them to a number of pure carboxylic acids (Table II). The curves of Fig. 1 were
obtained by titrating with NaOH AHA solutions and AHA solutions containing
Fe(III) or Cu(Il). At relatively small metal ion to AHA ratios there are minor
inflexion points but one break dominates (Fig. Ia); at larger metal ion to AHA
ratios more breaks are clearly seen. (Fig. Ib). The behavior is analogus to the
behavior of natural humic acid®. -

FIG. 1. Titration curves of solutions of AHA with 0.01M NaOH. All solutions contained 0.025 gof
AHA dissolved in 250 mli of water (curves 1,1), 2ml Cu(NO3)2-0.02 M (curve 2), 5 ml Cu(NOg)z 0:.01M
(curve 2), 2ml Fe(NO3)3 0.01 M (curve 3) and 5 ml Fe(NO3)3 0.01 M (curve 3)
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FIG. 2. Electronic spectra of I: AHA ( tlus work), II: NHA (ref 10)and III NFA (ref 1 0 ). Absarbance in
arbitrary units.
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FIG. 3. Comparison of IR spectra of I AHA (this work), Il NHA (ref 10) and III NFA (ref 10).

Spectra. UV and visible spectra of our artificial humic acid are compared in
Fig. 2 to the spectra of natural humic and fulvic acids. The minimum for AHA at ca.
400 nm is essentially the onset of the strong absorption in the UV. The
corresponding onsets of the absorptioni of NHA and NFA lie also in this region.

IR spectra of NHA and NFA'® and a typical spectrum of AHA are shown in
Fig. 3.

Representative spectra of mixtures containing AHA and Fe (III) are givenin -
Fig. 4. The corresponding initial compositions and analyses of the products are
given in Table III. Fig. 4 includes spectra of mixtures of Fe (IIT) with natural fulvic
acids.'' Fig. 5 gives the IR spectra of the products obtained by condensation in the
presence of copper sulphate (Table IV). These products are hard, resin-like and
they show a characteristic sharp absorption in the UV around 340 nm (Fig.-6)

The spectra obtained by adding Cu(Il) after condénsation resemble very
closely those of the Fe(III) mixture depicted in Fig. 4, but they are distinctly
different from the corresponding spectra obtained by adding Cu(II) before
condensation (Fig. 5).
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FIG. 4. IR spectra of mixtures containing Fe(IIl) and AHA or NHA. Ratios of Fe(Ill) over AHA (see
Table III). I 1:2, IIT 2:2, IV 3:2, V 4:2. Ratios of Fe(IIl) over NFA (from ref 11):a without Fe(IIl), b
1:1, ¢ 3:1, d 6:1.
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FIG. 5: IR spectra of the products of condensation of toluoquinone in the presence of Cu(II) (see Table
V). Ratios of Cu(ll) over toluoquinone II 2:3, IIF 3:3, IV 6:3, (I blanc, without Cu(Il)- ).
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FIG. 6. Details of the é]ectrom'c spectra of the product of condensation of tolyoquinone in the presence:
of Cu(Il) (Table IV). :
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FIG. 7. Typical ESR powder spectra. of: I AHA (this work), IT Unhydro]yzed NHA from Smtzer]aud
(ref. 12) and IIT hydrolyzed NHA from England. (ref. 1 )

- The ESR spectrum of AHA resembles also closely the analogous spectra of ‘
natural humic acids (Fig. 7) and spin concentrations are comparable12 (Table V).
The g value correspondmg to the mflectlon ‘at 3219 5:Gi is 2. OlOO

Discussion

Ttis 1mportant to point out from the outset that ina multlsomponent system
such as that studied here, direct and simple correlation of properties (e.g. spectra)
and structure is virtually impossible. Yet, if we want thé knowledge gathered notto
remain in the form of uncorrelated fragments we must try to systematize it andsince .
direct correlation between properties and structure is. unattamable, the obvious.
alternative is indirect correlation. The method used here is based .on a -double
comparlson to the simpler related systems (monomer dimer, etc.) reported
prev1ously and to the available data for natural products Moreover in making this
comparison we have concentrated on. the propertles which are relevent to the
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function of humic acids in the natural environment, and more specifically to the role
they play in the ecology of the soil or natural waters.

The acidity data clearly show that the total number of acid groups obtamed by
the barium hydroxide method is a lower limit, whereas the number of carboxyhc
groups obtained by the calcium acetate method is an upper limit.

-~ The, deviation from theoretical values should mainly be determmed by the
number and the positions of the hydroxyl groups..

. These conclusions are based on the data for monomeric g:arboxyhc acids
(Table II) and for our artificial humic acid (Table I) which does not contain carboxyl
groups, but it is reasonable to extend them to natural humic ac1ds as well.

“The. titration curves of humic acid-metal ion mixtures (Fig. 1), especmlly
those obtained with excess metal ion, indicate fairly strong interaction persisting in
solution. In the first paper of this series it has been concluded that the dimer and
trimer of toluoquinone can form with metal ions polynuclear chelated complexes
through properly positioned hydroxyl and carbonyl groups. The titration data
suggest that this conclusion may be extended to the polymer. Moreover, the
resemblance of the curves for artificial and natural humic acids is consistent with the
assumption -that  natural humic acids can form real complexes.as.well. This
resemblance appears even more 1ntr1gu1ng if one recalls that our artificial humic
acid differs from the hatural products in the degree and/or the kind of condensation,
the nature of the active polar groups, and the complexity. Yet, it seems that what is
qualitatively more important.in complex formation capamty, is the relative
positions of the active groups.

Proper relative positions for chelate formatlon may be regarded as the
common feature all humic acids, more or less, have and explains to a large extent the
remarkable similarity in their function in the environment in spite of the many
differences in their composition and origin. Polar groups (e.g. -OH, -C=C,-COO,
-SOsH, -NH: erc.) in places favoring chelation are expected to inerease the capacity.
for complex formation. In the changes having this effect one can classify
condensation (e.g. compare toluoquinone with its dlmer or trimer") hydrolys1s,13 ¥
aminolysis, sulfonation, oxidation etc.

In contrast, any-change resulting in a decrease of nelghbormg actwe groups,"
such as furan ring formation, esterification, formation of species with active groups’;
remote from each other etc., are generally expected todecrease complex forma ti
eapacity. - . :

The understanding of the factors affectmg complex formatmn capacrcy has
alsg.practical valie: Thej e isSuearstake Here is essenfialIy undersfandmg‘the way tha t
humic acids participate in the mechanisin of metal ion transport in the environ,
More specifically it can help in selecting the kind of treatment natural sou
humic acids, such_zs lignite, shonld lme;snb}ected;ta af ]
@¥¥66§1V§ﬂ6§§ in this repqect anduse them e.g. asfertilizer

the dlmer and tnmer but stnkmgly srmllar to t
“réd shift and broadening can: bé ‘attribui
. Tha -speetal- 91m11«amty 0 thexn-atuxial '
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Moreover, the overlap of the absorptions from the various condensation products
present in the multicomponent system precludes any attempt to discern peaks and
attribute them to individual species:

Yet, the overall shape of the spectrum still contains cons1derable 1ndormat10n
regarding the kind and distribution of strong absorbers.

The situation in the IR region is quite similar (Fig. 3). The spectra of AHA,
NHA and NFA havea broad countour line instead of well resolved peaks but they
are still useful: not because one can discern group  frequencies but rather because
they have absorptions in the regions expected on the basis of the spectra of the
monomer, dimer and trimer. Moreover although we cannot talk about
displacement of group frequencies upon complexation, we can still see (Figs 4 and
5) some gradual changes in shape, which do not prove complexation but are
certainly consistent with it. We can also state-that, the products obtained by
condensation in the presenceofa metalion (Fig. 5) are of a different nature than'the
products obtained by mixing the metal salt after acid polymerization (Fig. 4). This
statement is further supported by the different plysical appearance (hardness;
colour, etc.) and the sharp peaks in the UV (Fig. 6) which are only observed with
mixtures obtained .by- condensation in the presence of metal ion. In the
condensation process the metal ion can act as a Lewis acid, but it probably also
forms bridged polynuclear structures. In nature both condensatlon paths ‘are in
principle possible. -

Finally, our artificial hurmc acid- also resembles natural humic acids
(especially the hydrolyzed ones) in its ESR spectrum (Fig. 7) and free radical
content (Table V). The spectrum indicates low symmetry and/or contribution from
two species. The high value of g can be attributed to the small extent of
condensat1on

TABLE 1I: Act1v1ty of Aruﬁaal and Natural Humic Acids

Total ac1d1ty

Substance’ -COOH(meq.g'l) , (meq gh Ref. o
Humic acid , v . - i

Gray wooded O-HA-T * - 3.0 87 9

Gray wooded ©-HA2. . * 28 89

Podzolic 02-HA-1 -~ .. . 22 . 5.7. 16

PodZOhc OZ-HA 2 .27 " ot determined 8

‘Fulvie acid C S ’" ‘ ) - :

Graywooded oFA 85 142 9

Gray wooded B2FA =, 91 . .. 118 - 17

Potzolic Bh-FA-~ . . SETE % N c.o124 16

‘Artificial Humiic Acid' -~~~ . 234 . 845 .

" * This work
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TABLE 1II: Acidity data for some aromatic carboxylic acids

Total number of acid

COOH groups per molecule groups per molecule -
Acid - —
Found by Found by
Calculated  the Ca (0Ac)2  Calculated  the Ba(OH):
o-phthalic 2.0 2.0 2.0 2.0
1,2,5-benzene- ’ . ’ .
tricarboxylic 3.0 - 3.0 3.0 3.0
1,2,4,5-benzene- ’
tetracarboxylic 4.0 4.0 4.0 i 4.0
" Salicylic a 1.0 1.0 2.0 .20
2,4-dihydroxy- )
benzoic 7 1.0 1.9 S 3.0 © 1.6
Gallic . 1.0 2.5 4.0 3.8
2,5-dihydroxy

benzoic. . 1.0 13 3.0 1.9

TABLE III: Representative mixtures of AHA with Fe(IID)®

Initial iron and carbon Iron and carbon analysis
percentage in reaction of the product
mixture™ o
Fe ‘C " Fe c
@ 158 455 14.8 477 ‘
I 23.7 34.1 34.1 37.0 : . -
v . 28.5 27.3 27.3 30.6
A% 31.7 1227 29.2 » 242

@ See Fig. 4 B
"7 From the amounts added initially
91 corresponds to the blank

TABLE IV: Representative mixtures of AHA with Cu(I)®

Initial éopper and carbon Copper and carbon analysis
percentage in reaction of the product
mixture :
Cu ~ C Cu C
1© 146 292 119 302
C 17.1 226 16.3 21.8

v 20.4 13.5 L 212 11.6

@ See Fig. 5
® from the amounts added initially
“ 1 corresponds to the-blank
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TABLE V: Comparison of free radical content of artificial and natural humic acidis

Sample . 10718 spins -g'1

Artificial humic acid j 10

B. Podzolic, B soil horizon, California
Medecino Country

soil (2% humic acidy - ) 0.02
Part extracted into ethanol- benzene g 1.0
water soluble fraction . 0.8
alcohol soluble fraction ’ 15.0
Fraction soluble in ethanol-water mixture 2.2

C. Podzolic, B soil horizon, England
(Delawere Forest, Chesire)

humic acid - -. 0.2

humic acid hydrolyzed for 3n 0.5

humic ac1d hydrolyzed for 4h 0.9

D.. * Commercial sample (Fluka, Buchs, S. G) o .
. .humic acid - 0.7, .

humic acid hydrolyzed for 3h 0.5

Hepidnyn
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OEemv gmentelveron o oumr]v €0 'mv e@ya(na %ol o8 ﬂokvnkouwteganokvp.egn
p,ogtoc OV uowtCovv ma@mooorego ue QUOLRA Xovp,moc OVOTATLRA TV eéacpwv il
v 0d4Twv. ‘H Ou.OLO‘IZT]‘COL bt oL dmodideTan o ovyuengl.p.eveg noweg dopég,
dvrovoridTar ot nkent@ovma pbopate-(oy. - 2) naﬁwg #ol. oTdL q)ocopwwon;._
v:‘ne@m‘)gov (ox 3) xnoil ESR (Hw V, oy. 7) SAAG:nod o mgwusvsg L(‘)Lom'wg TTOV
Eouv oyéon- ug Tov-dAo-TTov J'tOLLCQ’UN T4 youutro dE€a ot ooy, oam)g Y ‘r]
OEv'm'ca Toug xal of yapaxrtoerotirig toug 6uddeg (Iiv. I, I, ox. 1), ) ixavémtd
ToVg V& oynuatitovv oVUTAOKRA; KA. .

References and Notes

- 1 Scoullos M., and Katakis D.: Chimika Chronika, New Series, 7, 65 (1978) .
. 2 Burges N.A., Hurst HM., and Walkden S.B.: Cosmochim. Acta 28, 1547 (1964).
3 Khan S.U: and Schnitzer M Can. J. Soil Sci. 52, 43 (1972). : )
4 Erdtman H. and Stjernstrom N.E.: Acta Chem. Scand. 13, 653 (1959) -
5 Erdtman H. and Granath M.: Acta Chem. Scand. 8, 811 (1954) ’
-6 Blom L., Edelhansen L. and Van Krevelen D.W.: Fuel, 36, 135 (1957)
" 7 Biooks J.D. and Stetnhell S.: Austr. J. App. Sci 8, 206, (1957)
8 Schnitzer M. and Gupta U.: Soil. Sci. Soc, of Am. Proc. 29, 274, (1965)°
"9 Schnitzer M. and Gupta U.: Soil. Sci. Soc. of Am. Proc. 28, 374 (1964). -
10 Schnitzer M:: “Soil Biochemistry” Vol. 2, Marcel Dekker Inc, New York (1971).‘ -



HUMIC ACID STYDIES, III. NITROGEN REDUCTION. 179

11 Schnitzer M.: Soil. Sci. Soc. Am. Proc. 33, 75, (1969)

12 Steelink C. and Tollin G.: Biochim. B1qobys Acta 59, 25, (1962)

13 Forsyth W.G.C.: Biochem J. 46, 141, (1950)

14 Jakab T., Dubach P., Mehta N. C and Deuel H.: Z Pflauzeuemahr Dung. Bodeuk 97, 8 (1963)
15 Schmtzer M. and Khan S.U.:-“Humic substances in the Environment” A Douglas McLacen edt.,
_ Marcel Dekker Inc. New York (1972)

16 Schnitzer M. and Desjardins J.G.: Soil Sci. Soc. Amer. Proc., 26, 362 (1962)

17 Wright J.R. and Schnitzer M.: Trans 7th Intern. Congr. Soil Sci. 2, 120 (1960)



Chimika Chronika, New.Series, 8, 181 — 186 (1979) .
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the Reduction of Dinitrogen by V(II) in the Presence of Humic Acids.
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A

Summary

Preliminary experiments'show that in the presence of artificial or natural humic acids,
V(II) in alkaline solutions reduces dinitrogen to ammonia. The existerice in the humic acid of
active groups- in relative positions allowing ‘chelate complex formation is a necessary
prerequlslte for the reduction. Provided that this condition is fulfilled, nitrogen fixation by
mixtures containing V(II) and humic acids should to a large extent be independent of the
composition and origin of these acids. The preliminary results reported here are compared to
results from other systems-which have been reported in the literature and are interpreted on
the basis of a tentative generalizeéd mechanism. .

Key words: Humic acids, chelate complexes, dimtrogen fixation — reduction

Introductlon

The numerous studies on nitrogen fixatlon have been reviewed by several
authors.”® One of the objectives of these studies is the simulation in the laboratory
of the action of nitrogenase by non- enzymat1c modelsystems. Nitrogenase has been
isolated® from various  soil microorganlsms both - symbiotic and free- 11V1ng
Underlying this effort is:the assumption-that biological nitrogen fixation via
nitrogenase is the only path available under mild natural conditions. Here we
explore the possibility for non-biological nitrogen fixation in the soil by a path
involving humic acid without direct participation of microorganisms. The necessary
background infromation has been reported in the first two papers’® of this series, .
where we studied the interaction between some metal ions and toluoquinone as well
as the successive products of its oxidative 2,5 or 2,6 condensation to an artificial
humic acid and made a comparison with natural humlc acids.

The selection of the appropriate reducing metal ion was based on the work of
Nikonova®'® who demonstrated that vanadium.(I) complexes with monomeric
aromatic ligands having hydroxyl groups in neighboring positions (e.g. catechol,
pyrogallol, gallic acid, 2,3- dihydroxynaphthalene chromotroplc acid, etc.) can
reduce nitrogen. *

- Our artificial humiic acid is iot monomeric, and instead of having two or more
neighboring hydroxyl groups, it has in nelghboring positions one hydroxyl and one
carbonyl group. :

Natural humic acids also contain. carboxyl groups. Yet in spite of the
differences, we find that both artificial and natural humic acids can play a role
analogous to-that of .the ligands investigated by Nikonova.
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Experimental

Materials: The preparation and/or purification of toluoquinone, toluohydro-
quinone and the dimer, trimer, polymer, etc. of toluoquinone, have been
described.”® Here, in addition to. these hgands we also tried several other
commercially avallable hydroqumones, ‘namely hydroqulnone “p-
dihydroxybenzene),  reésorcinol ~ (m-dihydroxybenzene),  catechol ° (o-
dihydroxybenzene), 5-methylresorcinol (1,3-trihydroxybenzene). We also used
protocatechuic acid (3,4- dlhydroxybenzow amd) and the polymers obtalned from
o- and p-benzoquinones: - - ’

Anhydrous VCL.2CH;OH was prepared from VCl3.6H,O: Ten grams of
VCl3.6H>O were dissolved in 500 ml of ethyl or methyl alcohol and acidified slightly
by passing gaseous HCI. 70 ml of pure benzene were then added and the mixture
distilled. The remaining VCl; contained 0.08% water. 200 ml of a saturated solution
of VCl; in freshly distilled alcohol (containing traces of iodine) were acidified with
dry HCI (g) up to 10% in HCI and electrolyzed (12-15V, 1A, 25-30 h) in a
deaerated cell having a porous container to prevent mixing of the chlorine produced
with the V(II) solution. A platinum plate acted as a cathode and a carbon rod as
anode. The inert atmosphere.was sustained by purging the cell with oxygen-free,
dry argon. Solid VCL,.2CH;OH can be obtained by removing the alcohol by
distillation under hlgh vacuum, but in most expreriments the solution was used as
such. ,

Solutions of VCl, in water-alcohol mixture were obtained by a. similar
procedure, except that in this case one can use concentrated instead of gaseous HCI.

Some solutions of V(II) in hydrochloric acid media were also obtained by
reducing the ‘cooresponding V(III) solution with magnesium metal or zinc
amalgam. The organic reagent was most of the times used in alkaline solution. After
mixing with the acidic vanadous solution care was taken to have pH values in.the
range from 8 to 11. Fine adjustments were made with dilute aqueous or alcoholic
hydrochloric acid or sodium hydrox1de solutions.

Natural humic acid (NHA): We used two samples of natural humic acid
obtainef from the Soil Research Institute, Canada Department of Agriculture,.
Ottawa. We also separated two similar samples from Greek soil by a modification of
the method developed by Schnitzer and Gupta.*>. Two kg of a forest soil sample-
were treated with ca. 7.1. of 1.5N NaOH at 50°C. The mixture was vigorously
shaken for 8 hours in an argon atmosphere to avoid possible oxidation by air.:The
solution was then filtered and the filtrate, after being condensed, was passed
through an ion exchange resin to remove cations and then evaporated to dryness at
50°C. The yield is small: (2 g from 2 kg of soil: Analysis: C 51.80, N 3,60, H 4.65.
The sample used was retreated with few ml of warm NaOH INin order to be sure
for the absence of any NH;s traces. :

General experlmental procedure and analysis ~

A stream of nitrogen (1 atm) was passed through a series of pur1f1cat10n traps,«
then through the reaction vessel and finally.through another series of traps for
analysis of the products. Only glass or polyethylene tubing was used for the.
connections. Nitrogen was purified by successively passing it through ‘traps
containing - pyrogallol (in alkaline solution), V**wg), ‘a Katalyzator- R-3-11
(purchased from B.A.S.F.), anhydrous CaCls, andsilica gel. The.reaction vessel was-
fitted with a syringe to-admit the V(II) solution and with a thermometer. A
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thermostat was used to control the temperature. The products were analyzed by
- passing through two traps filled with dilute hydrochloric acid (pH — 3) also

containing an indicator. The first of these traps was also connected to a PH meter.

Usually, any ammonia produced remained in the first trap, but in a few cases traces
- were also detected in the second trap.

Formation of ammonia is indicated by the change in pH and the color of the
indicator in these two traps. It was further confirmed by adding alkali to the solution
of the traps and then mildly heating. Gaseous ammonia was detected with an
acid-base indicator, or by the Nessler reagent. In some cases it was also collected
and titrated. Detection of hydrazine was done with p-dimethylaminobenzaldehyde.

Results and Discussion

The results of the experiments performed are summarized in Table 1. Each
run in this Table represents several experiments in duplicate or triplicate, under
different conditions of pH, temperature etc. The time of purging nitrogen through
the reaction mixture was typically 24 hours. All experiments were also successfully
performed using ethanol instead of methanol.

Although the experiments were of a semi-quantitative nature it ¢an still be

, stated that the yields, under otherwise identical conditions, were generally higher at
higher temperatures and higher in methanol rather than in mixed methanol-water
solvents.

Hydrazine was detected only in the first stages of run No. 4, but under the
conditions. of our experiments it is further reduced to ammonia.

Mixtures of V(II) with* teluoquinone, toluohydroquinone, hydroquinone,
o-benzoquinone; or resorcinol and its methyl derivatives gave no indication of
nitrogen fixation. The corresponding experiments were performed in methanol, ata
pH range between 9.5 and 10.5 and a temperature range between 25 and 30°C. In
these experiments vanadous ion was prepared electrolytically. These negative
results can be taken as blanks for the experiments in which nitrogen was reduced.
Nevertheless, seveal other blanks were also performed in which nitrogen was
passed through mixtures containing only the organic component or only V(II), or
the organic components mixed with V(III) instead of V(II). Ouly in the blanks of
vanadous prepared by reduction with magnesium metal were ammonia and
hydrazine detected. In all other cases, including vanadous solutions (without the
organic component) prepared electrolytlcally or by reduction of V(III) with Zn-Hg,
results were negative.

Alkaline vanadous solutions prepared by reduction with magnesium contain

- Mg(OH),, which is coprecipitated with V(OH), and it is known™ that vanadous in
magnesium hydroxide gels can reduce nitrogen. With electrolytically prepared
V(II) the reaction mixtures shown in Table I are homogeneous even at the higher
pH used. The behavior of V(II) which was obtained by reduction with zinc amalgam
+is similar to that of V(II) obtained electrolytically, except that there is
coprecipitation of zinc and vanadous hydroxides containing small amounts of the
organic compound.

Under the conditions of our experiments, therefore, in the presence of
monomeric compounds having hydroxyl or quinone groups in. meta- or
para-positions to each other, V(II) does not reduce dinitrogen. In contrast, this
reduction takes place if the monomeric compounds have oxygen donor groups
ortho- to each other. It is particularly interesting that polymeric products, even
those obtained from inactive para-monomers, are active. Condernsation obviously
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@ of nitrogen to ammonia

TABLE I: Reaction mixtures yielding reduction

Run Mixture pH range  Temperature Solvent
range (C°)
1 V(dD, catechol( ' 9.5-10.5 25~ 60 methanol, methanol-water (2:1)
2 V(H) pyrogallol( ) 9.5-10.5 25 -35 methanol, methanol-water (2:1)
3 2 protochatechuic - 9.5-10.5 25-.55 methanol .
acid® :
4+ V(II), artificial humic 9.5-11 25 - 60 methanol, methanol-water (2:1)
acid from toluoquinone . ’
5  V(ID), artificial humic 9.5-10.5 25 - 60 methanol-water (2:1)
aced from o-benzoquinone ) ) o
6  V(II), natural humic acid 9.5-10.5 25 - 60 methanol-water (1:2, 1:1, 2:1)

(a)Mixtures of V(II) with toluoquinone, toluohydroquinone, hydroquinone, o-bénzoquinone, resorcinol and its methyl
ﬂsnvatlves gave no indication for nitrogen fixation.

Confirming Shilov et al. loc. cit.
C )Accompamed by decarboxylatlon

increases complex formation capacity by bringing active groups in relative positions
allowing chelation and the evidence strongly suggests that this is the common
characteristic distinguishing active from non-active compounds. The results further
show that hydroxyl groups can partly be replaced in this capacity by quinone or
carboxylic groups.

The significance of this simple conclusion is obvious. Most of the components
in the complicated mixtures described by the collective' name ‘natural humic
substances” have neighboring active groups of this sort. It would then seem that
nitrogen fixation under the appropriate conditions is quite a general property of
these mixtures, to a-large extent independent of composition and origin.

The mechanism of the non-enzymatic reduction of dinitrogen by V(OH).,
which is known to be a powerful reducing agent, has been discussed by Denisov et

al,** Lorenz et al,*> and by Zones et al,'® basically within the context of their
experiments with V(OH), -Mg(OH). gels. On the basis of their systematic
investigation Zones et al convincingly conclude that the reaction proceeds through”
a vanadium-nitride-type intermediate formed by a two-electron oxidative addition.
This intermediate is subsequently hydrolyzed to cis-diimide, N>H; and transformed
further to hydrazine. Diimide is formed even in the absence of Mg(OH),, butin that
case it decomposes into the elements, the decomposition being catalyzed by base,’
as well as by V(II) and V(II).

The basic premises of this mechanism and partlcularly the intermediate
formation of diimide could also be used for explaining the results reported here.
These results, however, clearly indicate that complexation — in fact chelation —is
an important factor in stabilizing the intermediate reduction products and/or in
reducing them further eventually all the way to ammonia. Mg(OH), is therefore by
no means unique in promoting nitrogen reduction. Itis only a special case within the
more general context explored here and elsewhere,”® which includes
heterogeneous as well as homogeneous systems, hydroxyl, carbonyl and/or
carboxyl complexing agents, solid host lattices, monomeric and-polymeric ligands.
The limited specificity of Mg(OH), among the hydroxides so far investigated is
probably due to its ability to provide an immediate environment around V(II)
resembling the environment provided in the more general case by the active
complexmg agents.
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Summary

The reactions of benzonitrile oxide and 2,6-dichloro-benzonitrile oxide with some
trimethylsilyl  enol ethers gave - through a - regioselective 1,3-dipolar eyelo "addition
5-trimethylsilyloxy-A?-isoxazolines which were converted to 1soxazoles by treatment with
hydrochloric acid. Silyl enol ethers prepared from aldehydes gave 4-substituted isoxazoles
while those prepared from ketones gave 5-monoe--or 4,5-bis-substituted isoxazoles. The
structure of the new isoxazoles is conflrmed by their spectral data (1H—NMR MS)..

Key words: -Trlmethylsﬂyloxy-A -isoxazolines, regioselectivity, 1,3- -dipolar cycloziddltlon :
nitrile oxides, substituted isoxazoles preparatlon spectroscopy, silyl enol ethers

Introductjon .

" The isoxazole ring is mainly'synthesized through the long known methods of
condensmg 1,3-dicarbonyl compounds, a-acetylenic ketones or aldehydes with
hydroxylamine and also directly through the reaction of n1tr11e oxides -with'
acetylenes.” Isoxazoles are also synthesized via the appropriate, more or less
stable; A2-lsoxazohnes prepared through- the reaction of nitrile- oxides with
enamines,”* enol der1vat1ves and other olefins substituted in the a-position with-a
suitable leavmg group A2 1soxazolmes can also be converted to 1soxaz01es by~
oxidation.” -
Recently® we have studled reactions between the nitrile oxides 1 (a b) and ‘
the trimethylsilyl- enol ethers CH,COCH= C(OSIMB3)CH3, CHsCOCH=
=C(0SiMe;)CHs, 2a, 2e and found that in all cases a regioselective 1,3-dipolar
cycloaddition of the nitrile oxide to the dipolarophile occurs, leading originally to
the formation of the corresponding 5-trimethylsilyloxy-A*-isoxazolines 3. The:
_isoxazolines 3 (w1th R = CH;CO- or CsHsCO- and R =CHa); prepared?from the.

above first two dipolarophiles, were generally unstable ‘and converted to ‘the.
corresponding isoxazoles 4, before their isolation, while 1soxazohnes 3(ai L ) (T :
1), prepared from 2a, Ze, were stable.
It is now reported that these stable 1soxazohnes can be easﬂy converte
‘corresponding isoxazoles by short treatment with methanolic hydrochloric
also that the reaction between nitrile-oxides and trimethylsilyl enol ¢ 1
finally utilized for'the preparation of isoxazoles, alkyl- or aryl— -
‘or 5- or both posmons of the isoxazole ring, depending on'the:
ether used. -
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Results and discussion

In this paper we wish to report a convenient synthesis of isoxazoles 4(a-j)via
the corresponding 5-trimethylsilyloxy-A2-isoxazolines 3(a-j) (Table I), accord1ng
to the follow1ng general reaction sclieme:

@&N 5 + RCHECIOSIMe, R —— GG SOUMeOH C—C-F
lrl‘ (l: 60"C [rL 1]

\/ 0SiMe, \O/c—R
W(a\—b) 2(a-e) 3(a-j) ) - 4Alasj)
. la:X=H 2a:R=H, R'=CsH;s
b:X=2,6-Di-Cl b:R=R’=CHj (cis:trans 30:70)
' . c:R=H, R'=C,Hs

d:R=C;Hs, R'=H (cis:trans 60:40)
e:R-R'=-(CH.)s- (>98%)°

‘ Sllyl enol ethers are eas1ly prepared in good .yields by several methods
through the silylation of carbonyl compounds.'® Trimethylsilyl enol ethers 2(a-e)
were prepared by treatment of the corresponding ketone or aldehyde with
triethylamine and chlorotrimethylsilane® and were used in the reactions studiéd in
the form of isomeric mixtures. Inall reactions the nitrile oxide I was added in excess
(two equivalents). In method A the benzonitrile oxide Tawas prepared in situ, while
in method B freshly prepared 2,6-dichloro-benzonitrile oxide 1bwas used. Method
B gave generally better yields (Table I). Compounds 3 were isolated from the
reaction mixture by column chromatography in a crude form, usually as mixtures
with some of the corresponding furoxan (dimerization product of 1) and were
" converted :to.. the corresponding. isoxazoles 4 d1rectly, during . the separatlon
‘ procedure or upon short heating with 10% HCI in methanolic solution. It is

interesting to note that the reaction of the cis; transisomeric mixturé of the silyl enol
ether 2d with the nitrile oxide 1a resulted probably to the formation of only.one
isomer for the corresponding A’-isoxazoline 3gand not to a mixture of the two
- possible stereoisomers, as it is indicated by the 'H-NMR spectrum of the
cycloaddition product. The same was also observed in the reaction between 2dand
1b. The "H-NMR spectra (in CCL) of products 3g and 3hshowed for their Cs-H
proton only one doublet at 8=5.97 (J=6.5 Hz) .and 5.87 ppm (J=6 Hz)
respect1vely
_ The prepared known isoxazoles; w1th except1on of isoxazole 4b(see Tables I,
II), are identical to those reported in the literature, while the structure of the new-
compounds' 4 is confirmed by their spectral data (‘"H-NMR, MS). Compounds
-4(a,b,d,f) show in the "H-NMR spectra a peak at 8 = 6.0 - 6.5 ppm (Table II),
‘characteristic for their Cs-H proton,'**>"> compounds 4(g,11 ) show a péak at-d =
-8.20 ppm, characteristic for their Cs:H proton'*'> and compounds 4(c,e)show two
»:equal singlets at & = 2.4 and 2.0 ppm for the protons.of their two methyl groups.
Although the 'H-NMR spectrum: of compound 4b differs significantly to that
" reported in the 11terature“ (Table II), we consider that the observed chemical shift -
forits; C.-H proton at 8 = 6.53 ppm is in good agreement w1th the proposed
_structure,since the same proton of compound 4aresonates at 8 = 6.73-ppm. Table
II shows that the same difference is also observed in chemical shifts of the G-H
‘proton of isoxazoles. 4f (5 = 5.98 ppm) and 4d (8 = 6.22 ppm).



TABLE L. .Isoxazoles 4 prepared from 1 and 2 via the corrésponding 5—Trimethy1si1y10xy-A2 -isoxazolines 3.

Starting Method X R R’ Yield® m.p. Molecular * Calculated/Found
Materials ' - B (%) ~ “formula ° T o
Reaction - Recryst. . %C %H %N
1 2 time (h) Solvent Lit.m.p. (b.p.) :
a la 2a A H H CeHs 45 142-143° C15H1;71NO
. (12) . . S CCl 141° -
b 1b 2a 2,6-Di-Cl H CeHs 36 58-59° ,C15H9C£2NO ' 62.09 3.13 4.83
(30) . . . : CCl4/P. Ether 75-76> ’ 6195 - 3.23 5.03
c 12 2b° A H CHs CH3 5 oil (GLC)° C11H;;NO¢ 7627 640  8.09
: -(10) ) - : i ’ o 76.68 ~ 6.52, 7.51
d 1a  2¢° “A H H CHs 35 ol (GLO)® C1iHuNO?
oy - . z : oil (GLC)'®
€ 1b 2b° B 2,6-Di-Cl CH3 CH3 32 95-96° C11HoCI,NO® 54.57 3.75 5.78
. (48) B ) : CH30H . 54.56 3.73 5.76
f 1b 2c° B '2,6-Di-Cl H C2Hs 46 oil (GLC)® C11HoCIL,NO® 54.57 3.75 5.78
(48) ; : ) 5434 392  5.64
g la 2d A - H C2Hs H 4 oil (GLC)® C11H11NO
‘ + (10) : . (155°/13 torn)®®
h 1b 2d B 2,6-Di-Cl1 CyHs H 12 oil (GLC)® C11HoCI:NO 54.57 3.75 5.78
(36) ' .54.89 3.85 5.39
i la 2e A H -(CH2)4-~, 7 52-53° Ci13H13NO )
: (12) - . C2HsOH/H20 53-54°°
j 1b 2e B 2,6-Di-Cl -(CH2)4~ 17 123-124° Ci3H11Cl2NO 58.23 4.13 522
(30) (C2H5)20 v 5825 4,09 5.3

_Preparation of 3

Compounds 4

STTOZVXOSI 40 NOLLVIVdTdd

a: Total yield of 4 based on dipolarophile 2 used.
b: A mixture of 2b:2c in the 80:20 ratio was used.

c: See experimental, preparation of compounds 4. - : : :
d: Isoxazoles 4c and 4d were prepared in mixture and separated by column chromatography. Isoxazole 4d was eluted first.
e: Isoxazoles 4e and 4f were prepared in mixture and separated by column chromatography. Isoxazole 4f was eluted first.

681
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Compounds 4(a-j) gave in their mass spectra the expected- molecular ion
() with a high relative intensity and in some cases as the base peak (Table II).
The general fragmentation process of the compounds studied resembles that
reported for similar isoxazoles,'”>'S involving in the case of the 5-substituted
isoxazoles 4(a,b,d,f) and the 4,5-dimethyl-isoxazoles 4(c,e) mainly the loss of the
substituent R’ (M R’ peak), the loss of the radical R’"C=0 (M - R'CO peak) and
the formation of the cation R’-C=0" and in the case of the 4-substituted isoxazoles
4(g,h) the loss of R (M - R peak), RC=C=0 (M - RC=C=0 peak) and CO (or
C:Hs) (M - 28 peak). Loss of stable neutral fragments (C2H4) was observed in
compounds 4(i,j) where the 4- and 5- positions of the isoxazole ring are bridged by
an aliphatic side chain.

From the reactions studied it is ev1dent that the pronounced directional effect
of the trimethylsilyloxy group in the 1,3-dipolar cycloaddition of nitrile oxides to
trlmethylsﬂyl enol ethers can be utlhzed for the preparation of suitable substituted
isoxazoles, via the corresponding 5-trimethylsilyloxy-A2-isoxazolines. Silyl-enol
ethers prepared from aldehydes lead in this way to the formation of 4-substituted
‘isoxazoles, while those prepared from ketones lead to the formation of 5- =mono- or
4,5-bis-substituted isoxazoles.

NMR and MS spectral data of Compounds 4(a-j).

TABLE II.
Compound * -NMR (ccL) T MS »
8 ppm m/e (relative intensity, 101'1)
4a 7.95-7.32 (ml 10H); 221 (63, - ), 193 (6), 144 (16,"M - C¢Hs), 116
6.73 (s, 1H, C4-H). (4, M - CsH5CO), 105 (100, CsHsCO), 77 (54, CsHs),
. : 51 (16).
4b 7.97-7.30 (M, 8H); 289 (32, ), 254 (11, M - CI), 212 (11, M-~ C¢Hs),
. 6.53 (s, 1H, C4-H).? 184 (4, M - CsHsCO), 105 (100, CsH5CO), 77 (45),
51 (12).
7.75-7.30 (m, 5H); 2.37 (s, 3H, 173 (100, ), 158 (45, M - CHs), 131 (24, M - CH2CO)

4e

4
4e
4f
4g

4h

4j

Cs-CHs3); 2.06 (s, 3H, C4-CH3)
7.88.7.32 (m, SH); 6.22 (s, 1H,
Cy-H), 2.80 (q, 2H, J=7.5 Hz).
1.36 (1, 3H, J=7.5 Hz).
737 (brss, 3H); 2.42 (s, 3H,
Cs-CHs); 1.78 (s, 3H, Cy4-CHs).

173 (87,

51 (28)-
241 (100,

171 (28), 43 (49, CH3CO).
241 (31,
184 (22, M - GzH5CO), 173 (14), 57 (8, C;H5CO).

34(brs 3H); 5.98 (s, 1H, .
Cs-H); 2.87 (q, 2H, J=7.5 Hz),
1.38 (t, 3H, J=7.5 Hz).

8.18 (brs, 1H, Cs-H); 7.77-7.32 173 (59, ), 158 (99, M - CHs), 146 (16), 145

130 (36, M - CH3CO), 77 (26), 51 (14), 43 (14, CH3CO)
), 145 (31), 144 (100, M - CzHs), 117 (15)
116 (39, M - CzHsCO), 77 (58), 57 (12, C;HsCO),

), 226 (91, M - CH3), 199 (64 M - CH2CO)
198 (53, M - CH3CO0), 174 (17), 173 (22), 172 (27),

), 226 (7, M - CHs), 212 (100, M - CoHs),

(m, 5H); 2.60 (q, 2H, J=7.5 Hz),

1.23 (t, 3H, J=7.5 Hz).

8.29 (brs, 1H, Cs-H); 7.40
(br.s, 3H); 2.30 (q, 2H, T=7.5
Hz); 1.13 (¢, 3H, J=7.5 Hz).

7.83-7.30 (m, 5H); 2.87-2.48
(m, 4H); 2.03-1.69 (m, 4H).

.7.37 (br.s, 3H); 2.92-2.63

(m, 2H); 2.45-1.67 (m, 6H).

(15, M - 28), 144 (36, M - CoHs), 130 (62), 118 (71),
104 (21, M - C;HsC=CO), 103 (28), 77 (100).

241 (60, ), 226 (100, M - CHs), 214 (9), 213
(13, M - 28), 212 (13, M - CoHs), 206 (15, M - CI),
198 (49), 178 (67), 173 (12), 172 (20,

M - C;HsC=CO0), 171 (13).

199 (100, ), 198 (60), 171 (18), 170 (44); 143
(75), 130 (20), 129 (23), 119 (46), 117 (15), 103
(35), 102 (21), 101 (22), 77 (68), 75 (40), 51 (32).
267 (100, ), 239 (9), 238 (7), 232 (36, M - CI),
213 (29), 211 (45), 204 (64), 198 (25), 174 (18),
173 (13), 172 (26).

a: Lit™ & = 7.35-6.65 (m, ArH), 6.10 ppm (s, 1H, C3-H) (in. CDCl)
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Experimental Part

M.p’s. are given without correction and were determined with a Kofler
hot-stage apparatus. '"H-NMR spectra were obtained in carbon tetrachloride with a
Varian A-60A spectrometer with tetramethylsilane as internal standard. The mass
spectra were obtained with a Hitachi Perkin-Elmer RMU-6L mass spectrometer;
the ionization energy was maintained at 70 eV. Earlier reported procedures were
used for the preparation of the benzhydroximic acid chloride,” 2,6-dichloro-
benzonitrile oxide* and trimethylsilyl enol ethers 2(a-e).> Compounds 2a, 2d,.2e
were prepared by silylation of acetophenone, butyraldehyde and cyclohexanone -
respectively, while compounds 2b and Zc were prepared as a mixture in the ratio
80:20 by the silylation of butanone Compounds 2band 2dwere prepared and used
1n the form of cis:trans 1somer1c mlxtures given in the reactlon scheme:

General Procedure for the Pfeparaﬂon of 5-Ti Hmetby]s1]y]oxy~A2 -JSoxazo]mes
3(a-j).

Method A:In this method the benzonitrile oxide lawas prepared in situfrom
benzhydroximic acid chloride. To a stirred and ice-cooled ethereal solution (70 ml)
of benzhydroximic acid chloride (18 mmol) and dipolarophile 2 (9 mmol) a -
stoichiometric amount (18 mmol) of triethylamine in ether (30 ml) was added
dropwise during 1 h. The reaction mixture was stirred for further 2 h under cooling
and then for 10 h at room temperature. The triethylamine hydrochloride was
filtered off, the filtrate was partly concentrated under reduced pressure and
petroleum ether was added to precipitate most of the produced furoxan. The
furoxan was filtered off, the solvent was evaporated and the residue ‘was
chromatographed over silica gel, using hexane / ether gradient elution.

Method B: An ethereal solution (50 ml) of freshly prepared
2,6-dichloro-benzonitrile oxide 1b (18 mmol) and the dipolarophile 2 (9 mmol)
was heated under reflux (30 - 48 h). The reaction was monitored by T.L.C. The
solution was partly concentrated, petroleum ether was added to precipitate most of
the produced furoxan and the mixture was then worked-up as in method A.

In both methods some furoxan was usually eluted very close to, or along with
the cycloaddition product 3. The content of each fraction was checked by "H-NMR
Generally compounds 3 were more or less slowly converted to the corresponding
isoxazoles 4 during the separation and purlflcauon procedures as well as during
prolonged standing.

General Procedure for the Preparation of Isoxazoles 4(a-j).

In a methanolic solution of the above isolated crude compounds 3 10%
hydrochloric acid was added and the mixture was heated for 10 min at 60° C. The
cooled reaction mixture was diluted with water and extracted with chloroform. The
water-washed and dried (NaZSO4) extract was-evaporated and the residue was
chromatographed on silica gel using light petroleum ether/ether (85:15) mixtures
as eluent; each fraction was checked by 'H-NMR. The liquid products 4c, 4d, 4fand
4h, listed i in the Table I, were further purified by G.L.C. on a Silicon SE 30, 2'/4 ft
column at 162°, 177°, 177° and 175° C respectively, while the liquid 4g was also
purified by G.L. C on a 51m11ar 4 ft column at 155° C.
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IlepiAnyn

Hapaoxevn Toogaloriowv mo NitothoSeldia nai ToiuedvAiootlvio-evoradégeg,
Sa’ uéoov tdv o’wnaro{xwv 5—TQLM£19U/100LAUAO§U Az-wo;-'aé‘o/lwdw

va goyaoio avTh segrygdpetol 1) obvieoy Thv Loogalo)wwv 4(a-j) i
uéoou. TV 5- r@msﬁvakvkoEv A?-160EaCohvayv 3(a-j). Ol évdoeig - 3(a-j)
mogooxevdlovron Amd TN otepeoexhextint) (regioselective) 1,3-8utolxi)
RUHAOTTROCU N T@V ViToLhoEetdiwvy 1(a,b) otovg toiuedviogiivio-gvorottépeg
2(a-e) nol petorteémovror. otd: dvtiotoo tooEatdhia 4(a-j) ué 'c'?]v énié@aon
usﬁowokmov draivpotos végox)\mgmov 6Egog. Ogtousvsg 4o Tig svu)oag ‘3
giva a@xsra dotadels »al usrargeatovrat ot evwoetg 4 duéowg uera 1)
oxm uatiopd tovs. ‘H 60|m mO ngorewetau YL TO vEQL LGOEaCéMa CUUPOVEL UE T
cpaouara "H-NMR xai Tig X 00oxTHOLOTIRES SLULOTACELS TOV TAQATHEOTVTOL OTC
paopato uaCng TOUG. -

e ovpmsgaoua n@on’unra ‘b1 pts ™y uédodo avr’n na@aonsva?;owal,
eBnola EArvio- nal an)»o DITONATECTUEVA LOOEOLCOMOL Oi sihvho-svoraidépee
TOV ngoegxovrat o ak&evésg dlvovv 'ce)\ma 4- vnoxa‘tsomusva LOOEaCOMa
gv@d ol olhvlo- svo)\au‘}egeg TOV ngoegxovrat omo xetoveg 6wovv 5- uovo M
4,5-8-Oonareotnuévo 100E0LOM.
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Summary

By ‘equilibrating. repeatedly the same soil sample with fresh portions of a dilute -
ammonium salt solution, a wide range of ammonium concentrations in the soil phase can be
achieved, with little variations in the total ionic concentration of the outer solution. Changes
in the activity coefficients of the ions in the solution are thus minimized, and by considering
the repeated equilibrations as a series of ion exchange equilibria an equation‘is derived which
can be used to plot the experimental data in a linear form. The maximum amount of
ammonium that can be retained by the soil, and the relevant ion exchange equilibrium
COCfflClent can be determined from such a plot.

The method is applied to 4 soil Orders and it is shown that the experimental results
‘conform to the equation derived. The exchange equilibrium coefficients and the maximum
retention capacities-of the various soil Orders studied were found to be characteristic of each
Otrder, thus providing a new parameter for soﬂ evaluatlonm relatlon toammonijum fertilizers
application. . . .

) Key words, Repeated equilibrations in soils, Ammonium in soils, Ion exchange in soils.

INTRODUCTION .

When a soil sample is in contact with an ionic solution ion migration occurs
from one phase to the other, and this phenomenon has been the object of numerous
inverstigations, since it has a great theoretical and practical importance, €.g. in
fertilizing soils. In most of the cases studied the theoretical analysis of the results has
been based either on the notion.of adsorption at a solution-solid interphase, or on
ion exchange equilibria between the two phases in contact. Adsorption at a
solution-solid interphase is usually described by the Freundlich equation, but this
has the dlsadvantage of not providing the means to calculate the adsorption
maximum. This is why equations of the Langmulr type are usually employed, and
these permit the calculation of the adsorption maximum. However, the assumptions
underlying the Langmuir equation (localized monolayer on a uniform surface with
no lateral interactions etc.) are rarely met in soils, and therefore the use of such an
equation seems rather unrealistic, being only an empirical method to analyze the
experimental - data.” Curved Langmuir plots have often been interpreted as
adsorption on two types of sites.’>?



194 H. VRETTA / KOUSKOLEKA and N.A. KATSANOS

Various equations describing ion exchange equilibria have been derived and
these have been reviewed by Helfferich,* while their applicability to soils discussed
by Babcock.’ The main problem here seems to be the variation of the equilibrium
‘coefficient (equilibrium quotient) with the total concentration of the solution and
with the ratio of the amounts of the competing ions. This is usually attributed to the
variation of the activity coefficients.of the ions in the outer solution and in the solid.
Thermodynam1c equ1l1br1um constants can be calculated as described by Ga1nes
and Thomas.®

We were 1nterested in the ab1l1ty of Greek so1ls to adsorb ammonium from
solution, and it occured to us that by repeated equ1l1brat10ns of the same soil sample
with fresh portions of the same dilute ammonium salt solution, a wide range of
ammonium concentrations in the soil phase can be achieved with little variations in
the total ionic concentration of the outer solution. Under these conditions changes
in the activity coefficients of the ions in the solution are minimized, and if the change
in the ratio of the activity coefficients of the competing ions in the soil complex is
small, the repeated equilibrations mentioned above can be used to determine both,
the maximum amount of ammonium which can be retained by the soil and the
relevant equilibrium coefficient. This can be done by considering the repeated
equilibrations as a series of ion exchange equilibria, and deriving on th1s basis an
equation to analyse the expenmental data B .

Theoretical

Consider the constituent RA of the soil, contammg the- exchangeable cation
A with valence z, in contact with a solution of an ammonium salt. We assume that
adsoprtion of solvent and of negative ions from solution by the soil is negl1g1ble and
that the following ion exchange equilibrium is established with each fresh portion of
ammonium salt solution: . ,

zNH', + RA = A + R(NH,)z R @)

The equilibrium coefficient for the nth equilibration, expressed in terms of molar
concentrations for the outer solution and equivalent fractlons for the solid, can be

. written as
(x0/2) (Nnm,)%
S (2)
(© - )" (N :
where: :
c = initial concentratlon of each port1on of ammomum solut1on
(mol. I');
Xn, .« ' = decrease in the initial concentration of the ammonium solut1on
‘ ) in the nth equilibration (mol ;- o
(NNH,,)H, (Na)n = equivalent fractions of the ions NH*; and A=*, respectwely, in
the solid after the nth equilibration (d1mens1onless) :
The equivalent fraction (NNH4 n can be set equal to the expressmn :
(VW) E x
o : =t ,
(Nng)n = ————— 3)

q
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where

3 x = cumulative concentration of ammonium removed from the n portions of
i=1 solution after n equilibrations (mol./");

V . = volume of each portion of solution (J);

w = weight of soil sample (kg); ‘

q = number of equivalents of exchange sites per kg of soﬂ which isequal to the

maximum amount of ammonium that can be retained by the soil (mol
NH", per kg soil).
By substituting in Eq. (2) 1-(Nng,)a for (Na)a, and the R.HLS. of Eq. (3) for
(Nnm,)s, One obtains after rearrangement

=z K@gF —z K@g)' I ox ©)

¢ — Xp 1

Thus, if K does not change appreciably from one equilibration to the other, we can
choose a suitable value for z (1,2 or rarely 3) and plot the L.H.S: of Eq. (4) versus
2 x;, obtaining a stralght line. The slope and the intercept of this line will permit the
domputation of q ( ) and K by means of the relations: -

Vintercept | slope | *

Q==

- The value of q is then calculated from the known ratio w/V (kg/D).

, andK = o)

slope z (intercept)*!

" Experimental

Soil Samples

The soil samples were from selected Alfisols (Nos. 28, 29), Vertisols (Nos. 34,
39), one Entisol (No. 54) and one Inceptisol (No 60). They were obtained from
different regions of the Country and from the first horizon of classified profiles.
Their characteristic properties as well as the depth from which they were obtained,
are given in Table L.

, After air drying the samples were passed through a 1000 p sieve. All

determinations and adsorption experiments were carried out on this soil fraction.
Determinations for soil characterlzatlon were done according to the established
methods of soil analysis.”
' The easily exchangeable NH™*, was determined as folldws. A soil sample (3 g)
was brought in a 50 cm® PVC centrifugé tube with 30 cm® NH,Cl 1N, pH 7.0, and
agitated on a reciprocating shaker for 30 min. After centrlfuglng, the supernatant
liquid was decanted off. This was repeated 3- times. The remaining soil precipitate
was thoroughly washed once with ethanol and 6-8 times with aceton (till free 6f CI )-
Then the soil swas treated with KCI 2N, pH 7.0 in the same way as above The
supernatant phase after each centrlfugatlon was transferred in a 100 cm?® volumetric
flask and made to volume with KCI. The exchanged NH"; in this solution was
determined by the Kjeldahl method

Adsorption expenments ’

The soil sample (3.g) was repeatedly (15 times) equlhbrated ina stoppered
PVC centrifuge tube with a portion of 0.01 or 0.02 mol. I* solution of ammonium
chloride, so that a soil: solution ratio of 1:5, 1:10 and 1:15 was obtained: The
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TABLE I: Some soil characteristics

. Soil Soil Depth  Texture Horizon Soil CaCOj3 Cation exch. Easily
sample Order (cm) paste (%) capacity’ exch. NH"4
pH (me/kg) (me/kg)
28 alfisol 0-5 loam — 7.1 0 100 71
29 alfisol 5-30 loam — 6.5 0 60 . 45
34 - .vertisol © 0-20 clay Ap 7.0 0 328 286
39 vertisol 0-20 - clay Ap 7.4 0 396 390
54 entisol 0-24 loam Ap 7.4 12.8 244 75
0-14 17.1 336 102

60 inceptisol . clay-loam Apl 7.5

equilibration was attained by shaking the mixture on a reciprocating shaker for 10
min. It was found by exper1mentat10n that after 6 min shaking the equlhbratlon was
practically complete, and that increasing the time of shaking beyond this did not
have any effect on the results. After that, the sample was centrifuged at 3000 rpm,
the supernatant liquid phase was transferred to a PVC bottle with a drop of phenyl
mercuric acetate preservative to avoid ammonium oxidation. Before ammonium
determination the extracts of every equilibration series were kept in 5° C for 24 hr. -

Ammonium was determmed by the conventional steam distillation method in
a special distillation apparatus.’

The distillate was received in a 2% solution of boric acid contalnmg amixture
of bromocresol green and methyl red indicator, and the ammonium was titrated
with 0.01 N sulfuric acid, solution. )

All experiments were run in duplicate. The variation of the values obtained
were not statistically 51gn1f1(:ant and were within the hmlts of experimental error.
Their mean value was used in all calculations.

Results and Discussion

" Examples of the use of Eq. (4) to plot experimental data are shown in Figure
1. These results were obtained with soil sample No 34 (a Vertisol) by using a
different w/V ratio in each run, and with two ammonium solution concentrations. It
is seen from the Figure that all results conform to Eq. (4) with z = 2, In Tables 11
and III we give the values of q and K, respectively, which were calculated from the
slopes and intercepts of such plots by standard least-squares procedures The errors
given with each q or K value were found by the method of propagation of errors.

The results compiled in these two Tables show that the differences in the -

values of q or K found from experiments with different soil to solution ratios, and
with ammonium solution concentrations differing by a factor of 2, are not
statistically significant in most cases. This indicates that the assumptions made in the
derivation of Eq. (4) are realized experimentally, in spite of the high heterogenelty
of the soils. One of these assumptions, namely that adsorption of negative ions from
solution is negligible, was confirmed experimentally by determining the
concentration of chloride ion in the solution phase after each equilibration with
fresh portion of ammonium chloride solution. No change in the chloride ion
concentration was detected. Also, the soil was found to adsorb a negligible amount
of solvent during the repeated equilibrations. Changes in the ratios of the activity
coefficients of the competing ions in the solution and/or the solid phase may occur,
but these obviously lie within the fiducial limits laid by the experimental errors and-
the various computations of q and K.
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FIG. 1. The results.of repeated equilibrations of the soil sample No 34 with two ammonium chloride
concentrations (c), plotted according to Eq. (4). . .

O, @ w/V = 1/5kg.ll; :w/V =1/10 kg [';

u] (left ordinate divided by 10): w/V = 1/15 kg [ : P i
empty symbols correspond to ¢ = 10.6 mmol. rt whlle filled-in symbols to ¢ = 21.2 mmol. [ 1

TABLE II: Maximum retention capacities for ammonium (q / mmol per kg soil) of various soils, determined
by plotting experimental data, according to Eq. (4). Three ratios w/V (kg/l) and two ammonium chloride
concentrations (¢c/mmol. I'' ) were used. The temperature of the experiments was 25° C. All errors associated
with the q values are standard errors, calculated by regression analysis

Soil ) Cow/V o =1/5 w/V = 1/10 - w/V = 1/15
sample ) z — -
= 10.6 c =212 c = 10.6 c = 10.6
28 (alfisol) , 1 26 + 2 32 =3 36 = 1 37 +6
29 (alfisol) 1 22 =1 — 28 + 3 25 + 3
34 (vertisol) 2 182 =9 . 190 = 10 195 = 8 1190 = 20
39 (vertisol}. 2 200 = 10 — . 231=5 240 = 15
54 (entisol) 1 — 755 66 £ 5 —
60 (inceptisol) 1 — . 98 = 3 70 = 10

TABLE III: Eqmlzbrium coefficients (K) at 25°C, for the exchange adsorption of ammonijum by soils from
aqueous ammonium chloride solutions of concentration ¢/mmol. ", and w/V soil to solution ratio (kg/1). The
K values and their associated standard errors were calculated by regresston analysis from plots of
expenmenta] data according to Eq. (4) .

WiV .=1/5 WiV =110  w/V = 1/15

Soil sample z - - ‘

) = 10.6 c =212 -¢=10.6 ¢ = 10.6
28 (alfisol) 1 0.22 = 0.01 0.090 =-0.007 0.15 = 0.01 0.11 = 0.01
29 (alfisol) 1 0.230 = 0.008 — 10.14 = 0.01 0.15 = 0.01
34 (vertisol) 2 9.5 = 0 9 7.9 = 0.7 9.5 = 0.7 8 x2
39 (vertisol) 2 15 = . — 12.7 = 0.5 9+'1
54 (entisol) 1 — 0.53 = 0.02 0.39 = 0.02 —
60 (inceptisol) 1 — 0.38 £ 0.01 - 051 = 0.07 —
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As it is seen in Table II the maximum retention capacities for ammonium, q,
seem to. be characteristic of each soil and are comparable to the C.E.C. and to the
easily exchangeable ammonium (E.E.A.) of Table I. Itis, however, notéworthy that
q is found always smaller than these two parameters, and this probably reflects a
basic difference of methodology for determining q and C.E.C. or E.E.A. For q we
employed a certain number of equilibrations with a dilute ammonium solution,
comparable in concentration with the ionic strength of the soil solution in situ (ca
10%), and calculated its value by.a virtual extrapolation using mathematical
relations. By contrast, the C.E.C. and E.E.A. were found by saturating the soil with
solutions having 100 fold greater concentrations, and these undoubtedly influence
the values of C.E.C, and E.E.A. found. One therefore is inclined to believe that the
method of determining maximumi retention capacities, as developed here, is more
reliable, thus providing a measure of the fate of the ferfilizer ammonium added in
the soil. In fact, we see that the Vertisols act as a better reserve of the ammonium
ion, preventing leaching, oxidation etc., thus permitting a better lise of it by the
plants

The equilibrium coefficient, K, for the exchange of ammonium (Table 1II)
gives a characteristic parameter of the affinity of the soil- Order for binding
ammonium. This parameter is independent of variations in soil to solution ratio and
ionic concentration of the environmental solution. Moreover, the application of Eq.
(4) forz = 1 or z = 2 gives information as to the kind of cations adsorbed in the soil
complex of each soil Order. This is confirmed by determining the exchangeable
cations of the various soils. For the cases with z = 1 the monovalent were found to
outweigh the divalent cations, whilst when z = 2 the divalent were found in
considerable excess. For example, for the Alflsol No 28,the monovalent (Na+XK)
were 5.07 and the divalent (Ca + Mg) 2.80 mmol/kg. For Vertisol No 34 the Na+ K
were 2.63 and thé Ca + Mg 9.95 mmol/kg. . .

The fact that z = 1 for Entisol No 54 and Inceptisol No 60, in spite of the fact
that. these two soils contain free CaCO; (cf. Table I), seem to suggest that the
mondovalent cations of the soil complex do not exchange easily with Ca**

Acknowledgements

The authors wish to thank Mr. G. Antonakopoulos and Mr. P. Tsakaleris for
providing certain soil samples, and also Mrs. Margaret Barkoula for her help.

HepiAnyn

‘H ueﬁoéog v meveu'tnuusva)v exxv}uaeaw yia IOV n@oa&ogl,ouo n]g ueyLo*n]g
{xavétrog avyxgamoea)g Guuwviov 0(.71,'0 &daqpn, nadws xnol TOV oxerman/'
OUVTEAEOTOV {00QpoTiog v
Mg e:rcowu)»nuusvsg s&tooggomqoug 0D 0UTOU 6ewuon:og eéoccpovg pé véa
waOe cpogo: JTJOOO‘I:‘I’]‘IIOL agatou 6La7»vuat0g £vog auuwvwmou akatog,
emrvyxower(u w,oc J‘I:EQLOXY] ovynavrgo)oewv :n:@oogocpovuevov auuwwov o*mv
£daquxt) pdom, g pineeg udévo ueraﬁoksg nils okmng iovixdlg ovyuevrgwoewg 00
éEwregmoﬁ 6La)mp.arog "EtoL ol petaforéc TOV TUGAV TOV OUVTEAEOTHV
gvepyotntog TV 1Oviwv Tod dradldpatog J'I:EQI,OQLCOV‘I:OLL oto e)»(xxl,oro "Av.oi-
gmovelAnuuéveg eEtooggonnoeLg Yewondodv dg oeLpd {oogeomidv tovovtah-
hoyfls, £Edyeton -pias EElowon, 1 Omola XENOLUOTOLELTAL VIO THV YOOPLHT)
GeLndviot) TV TELQAUOTIRDY GITOTELECUATWY VIO Yoauuexd] poeer). ‘H peyiotn
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nooétng TOD oUY®QOTOUMEVOD dItd TO eéacpog dupwviov xal 6 ovvre)»eomg -mg
Looggomou; tovovtalhayic wrogotv va ngooétogwﬁovv 4rtd TéTOLES YOOPINES
TAQAOTACELS.

‘H uédodog Epaoudlerol.ot Sidpopeg TGEeLs £dagpdv xal T EneEepyacio Tdv
meleauoTn®V drrotekecudTwy dwodeinviel &t adTd Teoosagudlovrol s T
éEaxﬁsan ﬁscog‘nuw?] gElowon. Oi ovvieheotég iooggomﬁag xol 1 peylomn
troavédtng ovyugarnoewg TV 6L0choguw gdapdv, T Omola eueksrnﬂ*noav
svgsﬁ*noow vér glvo xagamngw’rw.a xé0e é&acpmmg ta&ewg nol EToL ouviototv
vE0, TTOQAUETQO YL TV BELOASGYNON TMV E8pdV, v OYEOEL U TNV XENOLUOTO(NoN
AupovIoR®Y MITOCUATWOV.
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Summary

GaSe, grown by the Bridgeman technique, was examined under an electron and an
optical microscope. Besides the usual partial dislocations, black rings, very alike to
dislocation loops, were attributed to the chloroform used for preparing the specimens.
Dendritic growth was observed which was considered to be due to Se degradation by time.

Key words: crystal growth, partial dislocations, dendrite formation.

Introduction

GaSe is one of the most promising materials among the A™BY' group
semiconductors. Therefore it has received increasing interest in the past few years.
It has very interesting optical properties, an expected band anisotropy and high
photosensitivity. It exists in different crystal modifications™ and is built up of four
two dimensional sheets of like atoms in the sequence of Se-Ga-Ga-Se. Strong
covalent bonds occur within the multiple layers and only weak van der Waals forces
act between neighboring layers. Glide along the basal plane is easy and it occurs
between nelghbormg multiple layers.

Electron microscopy and etch-pit exammatlon have been used to study the
microstructure of GaSe. Dislocation networks,>* growth spirals with either regular

- or irregular arms on the basal plane®® and high-angle twins’ have been observed.

The aim of the present paper is to present some interesting features of GaSe,
which arose during an electron-microscopy study of good single crystals grown for
optical measurements.

CRYSTAL GROWTH

GaSe single crystals were grown using the Bridgeman method, from elements
of 99.999% purity manufactured by “Koch-Light”’. The elements, in stoichiometric
proportion, were placed in a quartz tube which was evacuated to about 10 mmHg
and then sealed off. The ampoules were made with double walls. The lower part of
the inner tube (either 10 or 13 mm in diameter) had a conical shape about 35 mm
long. The ampoule was put in a cold vertical furnace which was then heated up at a
rate of about 25° C/hour, until a temperature of about 1000°C was reached. The
temperature profile of the furnace is given in Fig. 1. At the start of the growth the
ampoule was placed between the points T; and T,. It was held there for several
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hours and then it was lowered down into the cooler zone at a speed of about 0.8
mm/hour. The obtained crystals could be easily cleaved into thin plates.

3001
200

100

L 1

075 10 15 20 25 30 35 40 45 50 | —cm

FIG. 1: Profile of the furnace temperature.

FIG. 2: Grid of partial dislocations in GaSe, typical for a layer-structure material.

@ ' (b)

FIG. 3: Micrographs of the same area under different diffraction condition.
(a) Stacking fault contrast. : )
(b) One set of bounding dislocations, marked by broken lines in (a), is out of contrast. g = 1210 -
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Results and discussion

A JEM 100 U electron microscope and a Reichert-Zetopan optical
microscope were used for the examination. Using a cellotape stripe, specimens were
obtained by repea ted cleavage of the layered structure single crystal. After that, the
glue of the stripe was dissolved with chloroform and finally the specimens were
fished up on copper grids from a distilled-water bath. ’

In the hexagonal close-packed structures (like GaSe) a dissociation of a
perfect dislocation into two partials is energetically favourable. These two partials
produce a dislocation ribbon and the distance between then (so-called “width of the
ribbon’’) depends on the kind of dislocation and the stacking fault energy vy of the
material®. When vy is quite small, it is easy to observe such dissociation by usual
electron microscopy, otherwise special techniques are needed.’® Figure 2 is a typical
micrograph of a grid of part1a1 dislocations in GaSe. The distance between vertical
partials (one set missing) is of the order of 1200 A, which means that GaSe is a low
stacking fault energy material.

Figure 3 shows another area under different diffraction conditions. Looking
at the vertical set, the stacking fault contrast only appears in 3a, while in 3b one set
of the bounding dislocations occurs, the second one (marked by broken linesin 3a)
being out of contrast. According to the g-b = 0 criterion,'® the Burgers vector of the
invisible dislocations must be 1/3 [1010]. Therefore they.are partials in screw
orientation.

During the early stages of the investigation, black rings of the order of
microns in diameter appeared. Typical examples of these are shown in Figure 4a.
The rings affect quite heavily the stress field of the partial dislocations (Fig. 4b),
some of which go vertically into the “faulted” region. As in some cases part of a
possible dislocation loop (like in A of Fig. 4b) as well as lines of no contrast seemed
to appear, we did tilting experiments to examine the case of dislocation loops with
an inclined Burgers vector.''* The results were negative. Stereo pictures showed
the existence of a surface step in the region of the black line. Then we examined the
crystals under an optical microscope, before and after the preparation of the
specimens. The original crystals showed no rings, while these were present in the
final specimens, as is obvious in Fig. 5. Therefore, the most reliable explanation for
the formation of the rings is that, during the course of dissolution of the cellotape by
chloroform, some bubbles are formed with cellotape on their surface. It is this
cellotape which forms the rings, when the bubbles break out during the cleaning of
the specimen with distilled water. The idea of pre-existing dislocation loops with a
[0001] Burgers vector, which had climbed up to the crystal surface, where the steps
produced were ‘““decorated” by cellotape, seems rather unlikely (see also Fig. 5).

Finally, some short of dendritic growth has been observed, mainly near grain
boundaries. An example isshown in Figure 6. Besides the main spots of GaSe, some
extra spots (such as the ones at A and B) are visible, much easier on the negatives.
The questions arose of how these dendrites were formed and what material they
were made of.

Figure 71is a set of mlcrographs of another area. Fig. 7a and 7b are bright and
dark field images respectively and 7c is the corresponding diffraction pattern,
correctly oriented. The same kind of extra spots as in Figure 6b are now clearly

~ visible. B-type extra spots are visible also near the 1010-type main diffraction spots,
while a faint diffraction ring, passing over both A and B spots, can be seen. Type A
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spots are in the same directions to the main spots but B-type form an angle of 20°
with the main diffraction spots of 1120 or 1010-type and their total diffraction
constructs another 0001 hexagonal pattern. By indexing this pattern it was found d
= 2,104 A, for the new 1120 spots. This value is very near to the corresponding
value for Se (d = 2,184 A). Figure 7b was taken using spot E. The symmetrical
features of Fig. 7a (marked by C) are not visible on it, while bright areas are clearly
visible.

It is well known (see for example refs 13,14) that the origin of the dendrites
results from the kinetics of crystal growth. Dendritic growth results from
“competition” for regions which are “favourable”, that is regions of higher
concentration (in growth from the vapour phase or from solution) or regions of

FIG. 4: (a) Micrograph showing black rings in GaSe.
(b) Micrograph showing the reaction of the stress field of the partial dislocations when they approach the

ring.

FIG. 5. :
Black rings under an optical microscope. Notice that these are formed even over cracks or grain .
boundaries (ving D).
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(&)

FIG. 6: (a) Dendrite features in GaSe.
(b) The orresponding diffraction pattern (see text for details).

() (b

FIG. 7: (a) Bright-field jmage. ' :
(b) Dark-field image taken using spot E.
(¢) The corresponding diffraction pattern (see text for details).

larger undercooling (in growth from the melt). On the other hand, in slow growth
there is no shortage of such regions and hence no need for dendritic growth. This
was the case during our crystal growth (cooling rate 0.8 mm/hour).

From all these data it is concluded that selenium was released and was
precipitated in the GaSe matrix with a morphological appearance of dendrites.
Recently, during crystalization of amorphous Ge,Se;., formation of dendrities of
pure Se was reported.”” .

This formation is more likely to be due to a time degradation rather than to .
the crystal growth itself. In support of this hypothesisis that Gouskof and Gouskof®”
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found different values for hole mobilities in crystals a and b of GaTe. Crystal a was
measured five months after its preparation while crystal b was measured
immediately after growth.

There are two ways of growth, in both of them selenium has its ¢-axis parallel
to the c-axis of GaSe:

I) Microcrystalline selenium grows with a preferential orientation formlng
20° with the correspondlng crystallographic direction of GaSe. Due to this, B spots
and faint diffraction rings appear on the diffraction pattern of GaSe. Figs. 7b, ¢
support this hypothesis.

II) The selenium atoms grow epitaxially on GaSe, forming a lattice with
crystallographic directions parallel to the corresponding ones of GaSe. This leads to
the appearance of A spots on the diffraction pattern. Unfortunately, we did not
manage to take any dark-field images of these spots. Nevertheless, comparing Figs.

" 7a and 7¢, we can find that the features of 7a, like the ones marked by C, have their
sides parallel to the 1010 crystallographic directions of GaSe.

Conclusions

- From the material presented, the following conclusions can be drawn:

1) Because of the large distance between the partials, GaSe is a rather small
stacking fault energy material.

. 2) There are no dislocation loops. Black rlngs very alike to them, were found
to be due to the chloroform used for preparing the specimens.

3) Due to a time degradation, selenium is released, which precipitates in the
GaSe matrix in two ways: epitaxially, with its axies parallel to the corresponding .
ones of GaSe or as microcrystalline Se, with the c-axis parallel to the c-axis of GaSe,
but having a and b axies preferentlally forming 20° with the corresponding ones of
GaSe.

OEPIAHWH

Mixgooromxés maparngroeis o¢ GaSe.

Kouvotaihor GaSe (ean(xwmng doyifig), o éwasthﬁnxow ué 'm] uédodo
Bridgeman, &Eetdomxoy ue NAEXTQOVIXO %Ol - dmTLnd umgooxomo Oi
xxlaauarmsg sEagyoong, TOV nagamgnﬁnxow SLXOW UeTaED TOUg ULl omoc-cozcn
p.syoz)»vtsgn &md 1000 A, modypa wod delyver 8t 10 GaSe elvon DAnd ué puxgn
gvégyela OYNUATLONOT ocpoc}\uaw)v smo‘mL/iaong Emong nagamgnﬂnxow
oot ®OxAoL, O 1) ovmsgttpoga TOUg suowd;s us ™ ovuatsgmcpoga HURAR DV
gEapudoemv. Tehds ouwg Bgsﬁnxs ot T]'IZOL'V smcpowsuxxo cponwousvo %ol
dpelddTav ot cellotape wov moéueve oThv Emupdvela Yotega &md T dudEnEn
Puoaridmv yhweopoguiov, 0td oTddLo Tig magaoxevtic TV detyudtov. Téhog
maoatnofinxe oynuatiopoc devdoLrdv, ol dmoiol &modsdnnav otd &t 10 GaSe,
ue to ségaoua Tob xeovov, xdvel Se. To Se adtd vddeton o1d mAéypa to¥ GaSe
®otd 00 tedmoue, Exovtog xal atovg do EEaymvixn doun: glte dvanmtiooetal
gmtaloxd ug xQUoTahhoyQoLroVs BEoveg dxoufdg magdiiniovg pe Tovg
dvtioToryovg tol GaSe eite oxnuotitel proxrQuotolixo Se, pue plo tootiuntéa
xardoroon 8mwov ol EEovéc Tov oxnuotiCouy 20° ut tovg dvtiotoryovg tot GaSe.
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