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DETERMINATION OF THE ISOTOPIC COMPOSITION OF LEAD 
IN MINERALS BY M I -1309 MASS SPECTROMETER

K . BALTHAZAR -  VASS, O. K A PO SI, L. SEBESSY*

D epartm en t o f Physical C hem istry and Radiology, B udapest PO B  328, H ungary  1445

Summary

Chemical and mass speetrometric procedures were developed for the 
determination of the isotope composition of lead in sandstone minerals. 
For the measurements, MI— 1309 type mass spectrometer and single fila
ment silicate emitter was used. Instrument was calibrated by NBS lead 
isotope standards. At a concentration of the 208Pb about 50 per cent, the 
207Pb and 206Pb isotopes over 20 per cent the relative error of instrument 
does not exceed ±0,2 per cent in case of 208Pb isotope, ±0,3 per cent in 
case of 207Pb and 206Pb isotope and ±2% per cent of 204Pb isotope respec
tively. Results show that lead isotope ratio determination was carried 
out by satisfactory precision for the purposes of the uranium mining 
researches.

I. Introduction

Each lead ore deposit has its characteristic isotope ratios which are 
fixed during mineral ore genesis, and this unique feature can be used for 
geochemical purposes and to indicate the source of lead pollutants in the 
environment as well [1].

The lead isotope composition analysis as a tool for pullutant source 
indicator and that of the geologic age determinations is based upon the 
fact that the extreme isotopic variability of natural lead is well established 
[2]. I t results from the fact that 206Pb 2®7Pb and 208Pb are formed continu
ally by the decay of 238U, 235U and 232Th, respectively. Isotope of 204Pb 
is not known to be created by any radioactive decay process, consequently 
it can be used as a reliable reason for the separation of the “common” and 
“radiogenic” portion of natural lead samples [3]. The lead isotope ratios in 
a given time are, therefore, a dependent function of the parent uranium- 
thorium abundances, their decay schemes, and the age of the systems. The 
isotopic ratio of common lead mined in our days results from the addition
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to the original lead of the radiogenic lead — 206, 207 and 208 isotopes form
ed from the decay of uranium and thorium.

The application of the very well known lead — uranium geochronolo- 
gical method [4] and the indication of the source of lead pollutants in the 
environment [5, 6, 7] is based upon the facts mentioned above, and there
fore an accurate lead isotope composition measurement is required. Two 
methods are known for the lead isotope ratio determination: the photoelec
tric Fabry —Perot interferometric procedure [8] and the most elaborated 
and reliable mass spectrometrie method [9, 10].

The aim of this study was to elaborate the mass spectrometrie deter
mination of the isotope composition of lead contained by uranium yielding 
sandstone mined in Hungary with such an accuracy that gave it possible 
to get useful information, together with other types of measurements, 
for uranium mining researches. In comparison to the accuracy required 
in isotope ratio determination for geochronometry and isotope abundance 
measurements for uranium mining research, the latter is moderate to a 
certain extent.

II. Experimental

Chemical preperation.

For the extraction of microgram amounts of lead from the row 
samples, the chemical treatment developed by Maynes and Me Bryde 
[11] after modifying for our purposes was used.

A weighted amount of samples was ground (granulatione 100/nn) 
then dryed at about 110°C for one hour. About 200 mg from the dried 
samples was heated on sandbath in a platinum crucible consisting 0,5 cm3 
of concentrated nitric acid, 0,5 cm3 of concentrated perchloric acid and 3 
cm3 of hydrogen fluoride solution up to a point, when perchloric acid 
fumes appeared. Having cooled the mixture, 2 cm3 of hydrogen-fluoride 
was added to it then evaporated to dryness.

The dry sample was wetted by some drops of concentrated nitric 
acid and it was dissolved by diluted perchloric acid and evaporated to 
dryness again. Precipitate was dissolved by treating with 15 cm3 of hot 
hydrochloric acid (5 mol/dm3) and filtered through glass wool and shaken 
several times with diethylaether to remove iron from the solution. Lead 
could be separated by extraction with dithizone dissolved in chloroform 
then the extract was treated with concentrated perchloric acid in order to 
decompose the lead dithizonate. The residue was evaporated to dryness 
and the lead was converted into lead nitrate for the purpose of the mass 
spectrometrie analysis using 2% diluted nitric acid. The efficiency of the 
lead extraction from ores by this procedure was about 85%.

All the chemicals used in this study were analytical grade without 
any further purification.
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Mass spectromelric analysis

The determination of the isotopic composition of lead requires samples 
ranging in size from several micrograms to several milligrams, depending 
on the compound used and on the mode of ionisation. Thermal ionisation 
is usually preferred for the use of samples of small quantity as far as the 
problem with background from residual gases and hydrocarbons in the 
mass spectrometer and impurities in the sample is minimised. Lead ions 
are produced thermally with a rather low yield from lead sulfide [12], 
sulphate or nitrate on hot rhenium or tantalum filaments, but the volatility 
of the compounds makes it impossible to raise the filament temperature 
sufficiently in order to increase the ionisation efficiency.

Several technique have been developed to increase the efficiency by 
special treatment of the filament surface [13, 14]. One of the most sophis
ticated sample preparation method was developed by Cameron et al [15] 
and was used and published by Heinonen [16]. According to this tech
nique, about 1 mg of the moist silica gel was placed on the rhenium filament 
The lead sample in form of nitrate solution (containing about 3 — 5 mg 
lead) was pipetted on the gel and dried under an infrared lamp. Then five 
microliters of phosphoric acid were added with a concentration of 0,25 
mol/dm3. Samples and gel are dried onto the filament by passing a small 
current (1,3—1,5 A) through it and the filament is raised slowly to red 
heat in air to eliminate superfluous phosphoric acid (for about ten minutes) 
and to develop glasslike surface on the filament. Emission of lead ions was 
thus obtained at a level of approximately 10 _13 amp for at least 20 minutes.

After some preliminary measurements, the following analytical proce
dure developed by Tshuhonin and Levskv [17] and modified by us has so 
far been found to give the strongest, most reproducibly stable ion sig
nals. Owing to the high work function, tungsten filament was used instead 
of rhenium as ionisator. 10/t 1 A120 3—Si02 suspension was pipetted on the 
filament and dried by passing a small current (1,1 A) through it. After 
some minutes of drying, the lead samples were mounted onto the filament 
and they were dried again. Then again Si02 — A120 2 suspension and finally 
10/til of 0,25 mol/din3 phosphoric acid was loaded onto the dry silica gel 
film. The emitted surface was developed by passing a 2 A current for five 
minutes through the filament. The A120 3 — Si02 suspension was produced 
by mixing 30% A1203 and 70% Si02 suspension. Phosphoric acid is pre
pared by dissolving ultra-pure grade P20 5 in high purity water. Stable, 
slowly decreasing ion beams of 10 ~12 ampers was thus obtained for at 
least 1 hour.

Samples for calibration purposes were prepared by dissolving NBS 
Common Lead SRM —981 and Equal-Atom Lead SRM —982 standard 
in nitric acid [18].

Analyses have been made with mass spectrometer MI— 1309 using 
single and triple filament ion source. The instrument is a mass spectro
meter with 12 inch radius and 90° sector magnet equipped with an ion 
counter SI —03. The source was operated at 3 kV. Data were taken by
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using the plate collector, 10s ohm electrometer input resistor as a preamp
lifier for SI—03, and the strip-chart recorder (Fig. 1.).

6 DETEKMINATION OF THE ISOTOPIC COMPOSITION OF LEAD

Fig. 1. Mass spectrum  of lead isotopes in case of sam ple 4.

After developing the emitting surface, the ion source was placed in 
the mass spectrometer and the instrument was heated for one hour. During 
the measurements, pressure in ion source did not reach 10-4 Pa.

Measurements began by slowly upheating the ionising filament, that 
is the evaporator in case of triple filament procedure. At a lower filament 
temperature region (below about 1200°C) hydrocarbon backrgound was 
slow in burning away and a low temperature lead phase is ionised and bur
ned off. After some minutes, the rapidly decaying signal began to level 
off and then grew as the filament temperature rose and as the galss-like 
lead phase of higher temperature (1500°C) began to ionise. After a short 
period of relatively rapid growth, the signal will level off and data-taking 
may begin 20 to 30 minutes after the filaments are first turned on.

Isotope ratio measurements represent the average of 15 to 20 scans 
across the isotope peaks during stable emission. Scanning was made 
automatically from lower to higher mass number and the slow decrease 
in the peak height was taken into account by linear extrapolation method. 
Fig. 1. shows mass spectrum of Pb sample obtained from two sequences 
of scan.



III. Experimental results

For the evaluation of mass discrimination effects encountered in the 
operation of our mass spectrometer and for establishing its overall reli
ability first the NJBS lead isotopic references were run repetitively, using 
a new filament for each measurement. The results of the measurements are 
given in Table I. and compared to some results reported from other labo
ratories. [16, 18].

Table I .

Isotope ratios of comm on lead SR M -9 8 1  standard obtained from literature and measured
by us.
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206
204

206
207

200
208

C atanzaro ......................... 16,937 1,0933 0,46123
H e in o n e n ........................... 16,73±0,1 1,096 ±0,001 0,4649 ±0,0088
our r e s u l t s ......................... 16,45 ±0,1 1,100±0,01 0,465 ±0,004

Table I shows that the isotope ratio measured by us using single 
filament method slightly differs from the “absolute isotope abundance” 
measured by Catanzaro [18]. The reproducibility of our isotope ratio mea
surements was very near that reported by Heinonen [16], who made inves
tigations with the same type of MI — 1309 mass spectrometer, using triple 
filament method.

According to the literature, results obtained by the single filament met
hod appears to be less accurate than the triple filament one [19]. Table 
II. compares the precision of isotope ratio data on analyses of lead SRM — 
981 standard using single and triple filament method.

Table I I .

Isotope ratios of common lead SR M -9 8 1  standard measured by us w ith single and triple
filam ent methods

206
204

206
207

206
208

s in g le  f i la m e n t  .................. 16,45 ±0,1 
16,86 ±0,1 o
 o

 
o

H
-H

- 
©

 ©
o

 o
 

»—•
 *—

» 0,465 ±0,004 
0,461 ±0,005

Comparison between these two sets of results may be considered a 
comparison of the precision of the single and triple filament Pb silicate 
methods. The result shows that no noticable difference was found bet
ween the precision in case of the tw-o different procedures. In addition, 
the triple filament method, does not appear to give as efficient ionisa-



tion as the single filament Pb silicate technique, in use. This is the reason 
beside the simplicity why single filament ionisation technique was used 
in our further investigations.

Lead isotope ratios have been determined for different uranium- 
containing sandstone are compiled in Table III. The total lead content 
of the sample solution was measured by atomic absorption method. The 
reproducibility of the determination at a concentration of the 208Pb about 
50 per cent, the 207Pb and 206Pb isotopes over 20 per cent the relative error 
of instrument does not exceed ±0,2 per cent in case of 208Pb isotope, ±0,3 
per cent in case of 2U7Pb and 2o6p b jsotopes and ±2%  per cent of ’2MPb 
isotope respectively.

Table I I I .
Isotope ratios of lead in uranium -containing sandstones mined in H ungary

8 k . balthazAr - vass et  al.

Sample Lead cont 
mg/cm3

200
204

200
207

206

208

i í . i 100.2 ± 0 ,5 4 98 ± 0 ,02 2,680 ± 0 ,02
2 i,6 27,8 ± 0 ,2 1,64 ±0 ,03 0,671 ±0,01
3 2,6 19,5 ± 0 ,2 1,31 ± 0 ,02 0,527 ±0,004
4 2,3 19,9 ± 0 ,2 1,28 ±0,01 0,517 ±0,008
5 1,7 20,1 ± 0 ,2 0,287 ±0,006 0,529 ±0,007
e 1,0 21,4 ±0,1 1,455 ±0,005 0,588 ±0,005
7 0,8 26,5 ± 0 ,2 1,74 ±0,02 0,727 ±0,007
8 3,3 20,3 ± 0 ,2 1,27 ± 0 ,02 0,504 ±0,01
9 1,4 20,0 ± 0 ,2 1,24 ±0,02 0,510 ±0,02

10 1 ,6 20,5 ± 0 ,2 1,34±0,01 0,510 ±0,005

Results show that lead isotope ratio measurement was made with 
satisfactory precision for the purposes of the uranium mining researches 
and the diversion in total lead concentration effected only a little the pre
cision of the determination. It means that the measuring method can be 
developed for lead isotope ratio determination based on this technique for 
samples having much less lead content in the hope that precision of deter
mination didn't diminish remarkably.
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SPECTROPHOTOMETRIC DETERMINATION OF STABILITY 
CONSTANTS OF CYCLODEXTRIN COMPLEXES

L. B A R C Z A -J . S Z E J T L I* -A . BUV ARI
D epartm ent o f Inorganic and  A nalytical Chem istry, B udapest Muzeum k rt. 4/B , H ungary

1088,

Summary

The theoretical and practical conditions of spectrophotometric deter
mination of cyclodextrin inclusion complexes with 1:1 or 1:2 stoichiomet
ries through competing reactions have been discussed. The methods and 
calculations are detailed with ground compounds as phenolphtalein 
(at pH =  10.5) and methyl orange (at pH = 2,6).

Introduction

The cyclodextrins are cyclic compounds built up of glycopyranose 
units [1, 2]. The properties of the molecules are determined by the facts 
that the primary and secondary alcoholic hydroxyls are on their outher 
surface and the inner cavity has exact geometry and rather hydrophobic 
character. I t  follows that the cyclodextrins are well dissolved by water 
and are able to form inclusion complexes acting as host molecules. The 
host —guest interaction is influenced by sizes, steric factors, etc. and 
strengthened by other types of secondary bonds, first of all by hydrogen 
bonding. As a result, the formation constant of complexes with different 
guest molecules can be different, but to know their value as the measure 
of interacions is important.

The cyclodextrins contain 6, 7 or 8 glycopyranose units and are called 
a —, /3— or y-cyclodextrin. In the next, we shall deal first of all with 
cycl oheptaamylose (/3-cyclodextrin).

I t is known that several acid-base indicators form cyclodextrin- 
complexes, too, and their absorption (at constant pH) or acid-base beha
viour (in function of pH values) are changed by complex formation [3]. 
The phenomena can easily be followed by spectrophotometric measure
ments and give the possibilities not only for the determination of forma
tion constants of cyclodextrin — dye complexes but for that of other incl
usion complexes through competing reactions. The indirect method is
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simple and quick but can be used first of all if only single complexes with 
1:1 or 1:2 stoichiometries are formed. Most of the experiences with cyc
lodextrin complexes show those cases and the simplicity or complexity 
of system under investigation can be controlled by the method rather 
simply, too.

The Benesi — Hildebrand’s method is often used in spectrophotometric 
determination of formation constants [1, 2], which is based on relatively 
high excess of one of the reactants. In this case, its amount bound in 
complex compound can be neglected, that is, its total and free concentra
tions can be regarded to be equal. This assumption simplifies the evalua
tion of measured data but gives good results only for 1:1 complexes. 
Because of the great difference between the concentrations of reactants, 
this stoichiometry can be hardly controlled or even the complexity can 
be covered [4].

Because of these disadvantages, we have chosen an other solution 
with nearly same concentrations. The method, its chemical and mathe
matical background will be discussed in detail.

Background

The colour change is characteristic for acid-base indicators in func
tion of hydrogen ion concentration because of the following general reac
tion:

12 L. BARCZA EX AL.

I t depends on the properties of the dye whether its both forms or only its 
protonated or unprotonated form absorb on the wavelength of the highest 
absorption.

If  only one species absorbs, the well-known relation between the 
measured absorbance (reduced for 1 cm cell length) and concentration is:

( 1 )

( 2 )

(3)

and the connection is, if both species absorb:

(Of course, these equations are valid only if the protonated form were 
chargeless and the unprotonated one were an anion. There is even no 
difference with Eq. 2 if the absorbing species were not the unprotonated 
but the protonated one.)

Applying the law of mass action for reaction 1, the acid formation 
constant of the given indicator is obtained:

(4 )



Similarly, the mass balance is needed:
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(5)

(6)

which can be combined with Eqs. 2 and 4 as

Eq. 6 contains only one unkown parameter (as e can be measured 
separately) and the expression for it is:

(?)

In reality as the A values are mesured in buffer solutions, the iCIH[H+] 
product is more interesting and it can be calculated using the data mea
sured in buffer solutions containing only the acid-base indicator:

(8 )

The s value must be measured at higher pH’s and is needed for the 
calculation of free indicator concentration:

(9)

in every points of the series.
If the solution contains cyclodextrin, too, the expression of the 

mass balance given in Eq 5 will be changed:

( 10)

since complex compounds, are formed between the indicator and cyclo
dextrin molecules:

( 11)

which can be characterized by the following relationship:

( 12 )

Substituting Eqs 4 and 12 into Eq. 10, we obtain:

(13)
Also the mass balance of cyclodextrin must be taken into account:



from which the free concentration of cyclodextrin is found to be
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( 15)

The known part of Eq. 13 and the primary data can be drawn into 
an ziril expression:

(16)

(17)

which makes easier to combine Eqs 13 and 15:

The last equation contains only the stability constant of cyclodextrin- 
dve complex as unknown parameter, it can be calculated on the basis 
of known and measured data:

(18)

The case where only one species absorbs was considered so far. 
There is not any big difference in calculations if both forms of the acid- 
base indicator are active. Based on Eqs 3 and 4, the correlation for free 
dye concentration is as follows:

(19)

where the molar absorptivities e, and e2 must be measured at suitably 
low and high pH values separately.

To solve Eq. 19, the K iH value (or more precisely, as the work is 
done in buffer solution, the i f IH[H + ] product) must be known, too. 
Comparison of Eqs 4,5 and 19 shows that

(20)

( 21 )

or in another form:

All of the constants needed for calculation of free dye concentration 
(see Eq. 19) can be measured with solutions containing only the acid- 
base indicator by spectrophotometric method easily.

I t follows that the data of cyclodextrin —dye (and buffer) systems 
can be solved for K 1D like in the first case (Eq. 18), too.



In the next steps, the guest molecules giving inclusion complexes 
of unknown stability with cyclodextrin must be considered. I t  has to be 
assumed (and proved by experimental data) that there is no interaction 
between guest and dye; between guest and the ions of buffer and even 
the interaction between guest and host (the cyclodextrin) has an 1:1 
stoichiometry.

The stability of the last complex can be defined as

STABILITY CONSTANTS OF CYCLODEXTRIN COMPLEXES 16

( 22 )

and the forms of mass balances will change as follow:
(23)
(24)
(25)

As [I] can be calculated from Eqs 9 or 19 directly, only the [D] value 
is unknown in Eq. 23 but it can be expressed (using Eq. 16, too) as

(26)

(27)

Rearranging Eq. 25:

and substituting this into Eq. 24, we get

(28)

(29)
Introducing the following simplification:

our first object is fulfilled as

(31)

that is, the stability constant of host-guest interaction can be easily cal
culated using the spectrophotometric data.

The next possibility to be discussed is that only one complex forms 
but with 1:2 guest — cyclodextrin stoichiometry. The constant of this 
interaction is:



and Eqs 24 and 25 are to be rewritten as follow:

16 L. BARCZA ET AL.

(32)
(33)

I t  can be seen that neither the determination of [I] (see Eqs 9 or 19) 
nor that of [D] (see Eq. 26) are influenced by the change of stoichiometry.

Combining the two last equations and using Eq. 29 in its original 
meaning, the solution is in this case:

(34)

The crucial difference between solutions 30 and 34 is that — within 
the limit of errors — a constant can be computed for 1:1 complexes with 
[D] on first power but for 1:2 complexes with that on second power. I t 
follows that if a system containing 1:2 species has been evaluated like 
a system with 1:1 stoichiometry, the results calculated would show a 
typical trend in function of the cyclodextrin concentration. Of course, 
this phenomenon is true in the reverse case, too, and gives a good tool 
for controlling the stoichiometries.

Interactions are relatively rare (more exactly, they are rare or not 
recognized in systems investigated so far) with 1:1 and 1:2 complexes 
of the same stability, that is where the two species occur in the same order 
of concentration. Although it is not too complicated to solve such prob
lems using a short computer program, this question is beyond our present 
discussion.

However, some further complications must be mentioned. These 
are the influence of ground electrolyte (buffer); the possible interaction 
of dye and guest molecules, and the possibility of formation of mixed 
complexes.

The high complexing ability of cyclodextrin is generally sufficient 
to form complexes with the ions of ground electrolyte and buffer solution, 
too. Although the stability constants of these complexes are by two or 
three orders of magnitude lower [5] than those of host-guest interactions 
investigated, they could not be totally neglected, first of all because the 
formation of mixed complexes among the inorganic ions, guest molecules 
and cyclodextrins is probable [5]. To lower these influences, electrolytes 
with known inertness must be chosen in low but constant concentration, 
and the degree of their influence must be controlled experimentally. 
If there is any doubt, the experiments are recommended to be repeated 
at other constant total electrolyte concentration.

The interactions between the guest molecules and the electrolyte 
(buffer) solution must be excluded. An acid can not be studied at higher, 
a base at lower pH values, of course, as the buffer itself would change 
(and significant differences are known to exist between the stabilities of 
protonated or unprotonated species [1, 2]).



The guest molecules must not interact also with dye molecules 
(or, at least, the simple evaluation method must not be used in that case). 
All of the later mentioned phenomena can be detected easily. We have 
to prepare two solutions without cyclodextrin: the first one contains the 
dye and the ground electrolyte, the second one is a mixture of the dye, 
the ground electrolyte and the guest under investigation. The identity 
of absorbances excludes practically the mentioned disturbances.

Finally, the possibility of formations of mixed complexes must be 
mentioned as their effect is not generally proved by any trends of stability 
constants calculated without taking them into account.

To detect them, the constants must be measured at different total 
concentrations of guest and the identity of the values (within the limits 
of errors) excludes the probability of mixed complex formation (at least 
in the concentration range investigated).

Experimental

Method using phenolphtalein

The complex formation and competing reactions of phenolphtalein 
can be optimized by buffering to pH = 10.5 and by measuring at 550 
nm wavelength. Its best (constant) concentration (using cells with 1 cm 
length) is 3 X 10 ~s M. As its alcalic solution is not stable, a rather concent
rated (and stable) solution was prepared with ethanol and a mixture of 
this solution with sodium carbonate solution was diluted by water every 
day freshly. Sodium carbonate served as buffer and ground electro
lyte at the same time in 5 x  10-3 M concentration, i. e., the sodium con
tent was 10 ~2 M throughout.

Since the stability of phenolphtalein — cyclodextrin complex is rather 
high (under the mentioned circumstances and at 25 °0, 7fjD = 2.16 X101), 
the best cyclodextrin concentrations lie between 2 x l 0 -5 and 3 x l 0 ~ 4 
M. To produce this range, two cyclodextrin solutions (2X10-4 and 
5 X 10 _ 4 M) were used. Stock solution was prepared from the substance 
to be investigated, too, and its concentration depends on the stability 
of its inclusion complex. As it is unknown at the beginning, a concentra
tion of 10-4 M can be proposed (that is, the concentration of stock solu
tion is about 10-3 M). Of course, higher concentrations of guest molecu
les can (and must) be used when the stability constant of its cyclodext
rin complex is lower.

The temperature must be kept constant during the investigations at 
least within ±0.5 °C.

The method is as follows:

Preparation  o f th e  reagent solution: 2.00 cm3 o f phenolphtalein solution (7.5 X 10“ 3 
M in abs. alcohol) and 2.00 cm 3 o f 1.25 M sodium carbonate solution are p ipetted  in to  a  
50.00 cm3 volum etric flask and  dilu ted  up  to  the m ark  w ith  freshly boiled and  cooled 
distilled w ater. 1 .00—1.00 cm3 parts  o f th is solution are dispensed in to  fourteen 10.00

2 ANNALES — Sectio Chimica — Tomus XVI.
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cm3 volum etric flasks (w ith th e  highest accuracy as th e  reproducibility  o f calculations 
depends first o f all on th is step). Then 1.00 — 2.00 — 3.00 — 4.00 — 6.00 cubic cm-s of 2 X 10~4 
M cyclodextrin solution are p ipetted  into flasks 2 — 6 and  sam e volum es of its  5 X 10-1 M 
solution into flasks 7 — 13. Flasks 1 and  14 are the  blanks. A fter filling up , the  absorbances 
are m easured in 1 cm cell a t  550 nm .

F or determ ining th e  m olar abso rp tiv ity , some solutions w ith  3X  10-s  M phenolphta- 
lein and  10-2 M sodium  hydroxide contents have to be prepared and  measured.

U sing the d a ta , th e  K id  value can be calculated for each point, and  — if  there  are 
no trend , only random  deviations in values — th e ir m ean can be used.

In  th e  n ex t step , th e  reagent solution is p ipetted  into 16 flasks as earlier, then  10~3 
M stock solution of substance under investigation is prepared and  its 1.00 (or 2.00) cm3 
parts  m easured into flasks 2 — 15. Flasks 3 —14 will sim ilarly contain cyclodextrin in 
Increasing am ounts; th e  m easurem ents and  calculations for K o d  are also similar.

Method using methyl orange
As it  is well-known, bo th  th e  p ro tonated  and  unpro tonated  m ethy l orange species 

absorb. The complex form ation between cyelodextrin and m ethy l orange can be studied  in 
presence o f formic acid (pH  =  2.6) a t  520 nm  th e  m ost favourably  if the  concentration 
o f m ethy l orange is 2 X 10~s M. As th e  s tab ility  of its  cyelodextrin  complex is lower (K id  =  
=  4 .65X lO 3) th an  th a t  o f th e  phenolphtalein, th e  cyelodextrin concentrations m ust be 

in  th e  range o f 4X  10-1 and  6 x  10-3 M.
The pH  is stabilized by  4 X lO -3 M formic acid and  th e  constan t ionic stren g th  by 

10-2 M sodium  chloride. The values o f £, and  ?, can be m easured using 2 X 10-s  M m ethyl 
orange solutions in 10-2 M hydrochloric acid and 10~2 M sodium hydroxide, resp.

I t  is recom mended to  prepare stock solutions: 5 X lO -3 M m ethyl orange; 1.00 M 
formic acid (for sodium  chloride: 2.50 M); 4 x l 0 -3  and  10-2 M cyelodextrin solutions. 

The steps o f th e  m ethod are sim ilar to  those discussed for phenolphtalein.
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PENETRATION AND DISTRIBUTION OF WATER IN SOIL MODELS
OF FINLAND

p . f o d o r - c sA n y i * ,s . t a k a l a **, l . A LH O N EN  -  HONGISTO**, J .  K . MIETTX- 
N EN **, P . V A K K IL A IN EN +, J .  SO V ER I++.

Summary

The migration and distribution of HTO was determined in different 
types of soil in function of the amount of precipitation. The type of soil 
had a greater effect on the movement of HTO than the amount of preci
pitation. The velocity of infiltration was between 16 and 6 cm per day 
in gravel and 0.5 cm per day in fine sand (at the same amount of precipi
tation). By two times greater irrigation the velocty of infiltration in fine 
sand increased from 0.5 to 2.1 cm per day.

Under normal precipitation conditions the activity would stay in 
the upper layer for a long time and the plants could continuously incor
porate the tritium from the fine sand. Uptake of the HTO would be 
possible for plants with long roots even after 1 year.

The loss of activity ( ~40% and ~30% for gravel and for fine sand, 
resp.) was high due to evaporation.

Large amount of tritium is released into the environment from some 
types of light water cooled reactors. The most important source of 
tritium is the lithium hydroxide (added into the primary cooling system 
to prevent corrosion) in gLi(n,a)JH reaction. According to cautious US 
estimation the tritium released from this reactor type will increase about 
50 times of the present level and will reach the 166 PBq (4.5 MCi) by 
2000. This great potential environmental contamination necessitates 
to study the movements of tritium in different types of soils and the 
incorporation of tritium in plants.

The experiment at issue is a Finnish — Hungarian joint programme 
while in Hungary it is forbidden to use tritium as tracer in the nature, 
the Finnish partner has already made such kind of investigation suppor
ted by an IAEA (International Atomic Energy Agency) contract. This

* D epartm ent o f Physical C hem istry and Radiology. B udapest P . O. Box 328, 
H ungary  1445.

** D epartm ent o f R adiochem istry, U niversity  o f Helsinki. U nion inkatu  35, H el
sinki 17, F inland.

+ L aboratory  o f W ater Resources, Helsinki U niversity  o f Technology.
++ N ational Board of W ater, F inland.
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and similar experiments with tritium are useful for both Hungary and 
Finland since the nuclear power stations in Loviisa and in Paks (under 
construction) are of the same type and may have similar problems.

The purpose of the programme was to determine the migration and 
distribution of tritiated water in different types of soil in a lysimeter 
as a function of depth and time and to study the effect of the irrigation 
on the movement. The retention time of tritiated water in different types 
of soil should be known. This has a great effect on the uptake of tritium 
by plants and vegetables growing on the contaminated soil.

The soils — gravel and fine sand — represent the most important 
types in Finland and are suitable for the Hungarian conditions, too. The 
amount of irrigated water simulated the climatic factors in Hungary.

When sudying the environmental contamination hydrological ques
tions are to be answered: How does the water infiltrate in different types 
of soil if the amounts of water are equal; and, on the other hand, when 
the types of soil are equal and the amounts of water differ?

These questions give an idea of the interrelation between precipi
tation and the formation of ground water depending on geological and 
climatic factors.

Tritium has proved to be an ideal indicator when studying the dy
namics of soil water because natural water containing tritium behaves 
practically like ordinary water and the isotope effect can be neglected. 
[!]• ' ' . . .Tritiated water has already been used as hydrological tracer in the 
1950-ies. But only a few studies have been performed in geographical 
environment like that in Finland.

Measurement of tritiated water in soil

The water movement in fine-grained soil in unsaturated zone (above 
the ground water) is mainly due to diffusion, capillary and adhesion 
forces. In saturated zone (below the ground water) the diffusion pre
dominates. These basic phenomena are affected by other factors as cli
matic conditions (temperature, precipitation, evaporation) and mecha
nical properties of the soil. The ratio of evaporation and infiltration de
termines the quantity of ground water.

The movements of the soil water also depend on the degree of satu
ration of the soil. If  the soil is far from saturation, an appreciable part 
of the infiltrating water is taken up by the soil pores because of adhesion 
phenomena and only when the saturation deficit has been filled will the 
ground water formation begin.

I t is possible to find the geohydrological relation between precipi
tation and ground water formation by measuring tritium in water samp
les from the unsaturated zone. The propagation of a tritium pulse in the 
soil layers illustrates the movements of the soil water and how these are 
influenced by evaporation, diffusion and soil frost.

20 P. fodor- csAnyi et  al.



In winter, when the soil is frozen, the hydrological sequence is bro
ken, the tritium pulse will stop moving. In the stage of formation the 
frost layer attracts water from lower zones, the movement of the soil 
water is temporarily reversed [2] and the ground water table sinks. This 
phenomenon was also observed in the present experiments. The melting 
of snow and frost in spring increases the soil moisture and the level of 
the ground water table rises.

In summer evaporation dries the soil surface. As a result, the 
moisture gradient rises and ground water table sinks. Summer rains stay 
usually in the upper layer of soil. During autumn evaporation decreases 
significantly and practically ends in November. Therefore, soil moisture 
increases and the ground water table rises.

Methods

Field experiments were started in Otaniemi on three experimental 
plots of the lysimeter of the Laboratory of Water Resources, Helsinki 
University of Technology.

The experimental plots — lysimeters — (10 m2 and 1.5 m of depth 
each) were specially prepared, that is artificially filled homogenously 
with different kinds of soils [3] (Fig. 1). For this experiment one plot of 
gravel and two plots of fine sand (all without plants) were chosen. A 
water-collecting system was built under the plots to measure the sub
surface flow. The moisture of the soil was measured by neutron-scattering.

The plots were labelled once with tritiated water which was applied 
directly on the soil using an ordinary garden sprinkler (21 June, 1977 
a windy, warm day). The amount of water was 4.0 1/m2 (or 40 mm*), the 
activity was 65.12 MBq/m2 (1.76 mCi/m2) and 56.98 MBq/m2 (1.54 mCi/m2 
on fine sand and gravel, resp. After labelling the plots were irrigated 
several times, first one hour after labelling by a known quantity of water.

We started the experiment by irrigating 30 mm of rain water during 
two hours to the plots No. 3 and 5 and 60 mm to the plot No. 6. These 
kinds of rain occur in Finland once in 2 years and once in 50 years, 
respectively. During the following 17 days we irrigated 40 mm to the 
plot No. 3, 54 mm to the plot No. 5 and 36 mm to the plot No. 6. At the 
same time the amount of precipitation was 40 mm.

During the experimental period (in 1977 and 1978) the precipitation 
was 578 mm; the total amount of irrigation water was 102.9, 88.6 and 
134.8 mm on the plot No. 3, No. 5 and No. 6, resp.

Soil sampling was started one day after the labelling. The sampling 
was carried out in the following way: soil cores (two parallels) were taken 
by a special device (with 2.6 cm of diameter and 15 cm of length) at every 
15 cm from the surface to 135 cm depth. The device was pushed into the

* In  order to  got the am ount of w ater in litres the am ount in mm is to  be multiplied 
by factor 10.
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Fig. 1. L ysim eter profiles (No. 3 fine sand, No. 5 gravel, No. 6 fine sand).

soil; after each 15 cm of penetration it was withdrawn and the soil was 
placed into a glass vessel which was closed and weighed. Finally the hole 
was filled with the same kind of soil. Parallel to the soil sampling water 
samples were taken of the water leaving the lysimeter bottom (subsurface 
flow). The subsurface flow was 137.0 and 277.2 mm on the fine sand plots 
No. 3 and No. 6 resp., and 419.3 mm on gravel plot No. 5. The total 
amount of tritium in each sample was determined by measuring the 
amount and activity of the soil water [4]. The amount of water in soil 
cores was determined by weighing the soil samples before and after 
drying them at 108 °C. At the beginning two parallel methods were 
used to determine the activity of soil water: a) isotope dilution and b) 
freeze-drying. Since both methods gave the same results the simpler 
isotope dilution method was used.
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In the isotope dilution method a known amount of water (about 
100 g) was added to the soil sample, mixed and after several hours filtered. 
Activity of the water was measured by a liquid scintillation counter 
(LKB —VVallac 81 000) using 8 cm3 water and the same amount of 
Insta—Gel scintillation solution. The samples to which the isotope 
dilution method was applied were measured without distillation, the 
quenching effect of the salt content — measured by the external stand
ardization method — was found to be negligible. The tritium content of 
the subsurface flow water was also measured.

The error of the procedure was ~  ±25% without the error of the 
labelling (see p. 34).

Experiments

The gravel profile (No. 5) (Table 1, Fig. 2) showed that the activity 
as a function of depth decreased continuously during the first day after 
labelling. On the second day, the maximum activity was between 30 — 45

24 P. FODOR-CSÀNYI e t  a l .

Fig. 2. T ritium  ac tiv ity  (dpm/core) o f soil w ater in gravel (No. 5) as a function o f depth .



cm. I t moved to 45 — 60 cm on the eighth day. On the twelfth day after 
labelling a heavy rain (22 mm) washed most of the activity into the 
ground water (which was 60 cm from the surface). After 150 days the 
total activity of tritium within the whole range of the profile (from 0 to 
135 cm) was no more than 100 times the background. The activity of 
water collected under the plot reached its maximal value (Fig. 3). The 
remaining small radioactivity migrated backwards during the winter 
period and the distribution of the activity became approximately homo
geneous in the whole profile (330 days, Fig. 2).

DISTRIBUTION OF WATER IN SOIL 25

Fig. 3. Specific ac tiv ity  of the w ater flow through  th e  lysim eter; gravel (No. 5).

As a function of time, tritium activity decreased after labelling 
rapidly in the layer 0— 15 cm (Fig. 4). In layers 30 — 45 and 45 — 60 cm, 
the acitivities reached the maximum after 2 and 8 days, resp. This 
corresponds to a mean daily advance of infiltration of 16 cm at the 
beginning and 6 cm at the end of the experiment.

The subsurface flow (419.3 mm) did not contain significant tritium 
activity until the beginning of August (Fig. 3). The activity of water



began to increase 50 days after labelling and the maximum level was 
found 143 days after labelling.

The loss of activity calculated from the sum of the tritium activities 
(Table 1) and the original activity of the sprinkled water was about 40%. 
The same value was calculated from the original activity of the sprinkled

26 P. FODOR —CSANYI ET AL.

Fig. 4. T ritium  ac tiv ity  (dpm/core) o f soil w ater in gravel (No. 5) as a function o f tim e
after labelling. D epth  o f ground w ater table.



water and the cumulative tritium flux of the subsurface flow (4193 1) 
of the gravel.

In the fine sand plot No. 3 (Fig. 5, Table 2) tritium activity decreased 
with depth during the first twenty days, e. g. first the maximum of total 
activity could be found between 0 —15 cm and then it moved down

DISTRIBUTION OP WATER IN SOIL 27

Fig. 5. T ritium  ac tiv ity  (dpm/core) o f soil w ater in fine sand  (No. 3) as a function o f  dep th .

very slowly. After 121 and 150 days the maximum was found at 30 — 45 
and 75 — 90 cm, resp. After 150 days 90% of the total activity of the 
whole profile was between 60 and 135 cm, approximately continuously 
distributed. The total activity of the column shows large variation due 
to the irregularity of the samples. Evidently, some areas were more 
efficiently wetted with the labelling solution than the others (seep. 34). 
This plot was irrigated by the same amount of water as the gravel one.

The activity migrated backwards during the winter period and 
showed higher values in the upper layers. This migration continued 
during the very dry period of May, 1978.

The upward movement of the activity in winter is caused by the 
soil frost. As the soil freezes the water is moving toward the freezing zone



for thermodynamical reasons. In May the upward movement is due to 
the abundant évapotranspiration.

As a function of time after labelling the total activity of tritium 
(Fig. 6) decreased in layer 0 — 15 cm very slowly but a heavy rain in late

28 P. FODOR —CSÀNYI ET AL.

Fig. 6. T ritium  ac tiv ity  (dpm/core) o f soil w ater in fine sand  (No. 3) as a function o f tim e
afte r labelling. D epth  o f ground w ater table.



July washed the tritium to deeper layers. In layers 15 — 30, 45 — 60 and 
60 — 75 cm maximum activities were reached after 34, 121 and 150 
days, resp. This means that the velocity of infiltration is 0.5 cm per day. 
The subsurface flow (137.0 mm) of fine sand No. 3 had no tritium activity 
370 days after labelling (until June 1978).

In the fine sand plot No. 6 (Fig. 7, Table 3) which was irrigated by 
double amount of water the tritium activity decreased with depth

DISTRIBUTION OF WATER IN SOIL 29

Fig. 7. T ritium  ac tiv ity  (dpm/core) in soil w ater in fine sand (No. 6) as a function  of dep th .

continuously on the first and second day after labelling, e. g. the maxi
mum activity was between 0 — 15 cm during 2 days and moved then 
downwards with a greater velocity than in the fine sand No. 3. Between 
8 and 20 days the maximum was at 30 — 45 cm, between 34 and 90 days 
at 45 — 60 cm, after 121 days at 60 — 75 cm; 95% of the total activity of 
the whole profile was between 90 and 135 cm after 150 days. Here the 
velocity of infiltration varied from the initial 2.1 to 0.5 cm per day.

The total amount of irrigation water used was ca. 30% higher on 
plot No. 6 than on plot No. 3 by the end of the experiment and this 
difference was practically eliminated by 1 year precipitation (780 mm).



This explains why the velocity of infiltration was the same by the end 
of the experiment on the two fine sand plots.

The differences in activity profiles and in velocities are evidently 
due not only to the irrigation but also to the differences of the ground

30 P. fodor- csAn yi et  al.

Fig. 8. T ritium  ac tiv ity  (dpm/core) o f soil w ater in fine sand (No. 6) as a function of tim e
afte r  labelling. D epth  o f ground w ater table.



water tables. In the plot No. 3 the ground water table occasionally rose up 
to 30 cm below the soil surface. In plot No. 6 its maximum was at 60 
cm below the surface (Fig. 8.)

The total activity of tritium as a function of time after labelling 
(Fig. 8) showed the same difference between the two fine sand profiles 
as did the maximal activity as a function of depth.

The subsurface flow (277.2 mm) of the fine sand No. 6 did not contain 
significant tritium activity (350 dpm/cm3) after 370 days.

In fine sand plots many holes were found during the experiment 
which caused great variance in the results, as seen when comparing the 
sum of the activities of the columns. For example, the values of plot No.3 
belonging to 48 day after labelling had to be cancelled because of such 
irregularities.

The loss of activity calculated similarly to that in the gravel was 
about 30% in both fine sand plots.

Conclusions
Our experiment shows that the movement of tritiated water is very 

different in the two types of soil, in gravel and in fine sand. The velocity 
of movement was much greater in both of these soils than in a field expe
riment in Ruotsinkylâ, South Finland (fine sand <%/ 40%, clay ~  10%, 
silt ~50% with plants) [5].

From the results on the three plots it can be concluded that the 
type of soil has a greater effect on the movement of tritiated water than 
has the amount of precipitation. Under the same amount of rain-f irri
gated water the total activity of tritium in gravel (No. 5 ) was under 
75 cm 13 days after labelling and after 150 days the gravel contained 
practically no activity any more. The fine sand No. 3 contained the maxi
mal tritium activity between 25 — 30 cm after 34 days and 1 year after 
labelling the total amount of tritium was in this plot between 60—135 
cm. The velocity of infiltration was 16 cm per day at the beginning and 
6 cm per day by the end of the experiment in gravel and 0.5 cm per day 
in fine sand.

Additionally the results of the experiments were influenced by phe
nomena connected with soil frost and évapotranspiration. In the begin
ning the velocity of infiltration in fine sand increased from 0.5 cm to 2.1 
cm per day by two times greater irrigation. I t  means that under normal 
precipitation conditions the activity would stay in the upper layer for a 
long time and the plants could continuously incorporate the tritium from 
the fine sand. Uptake of the labelled water would be possible for plants 
with long roots even after 1 year.

If we compare the climatic data of the experimental period and the 
data of a normal year we can notice that precipitation in 1977 was greater 
than the average (except in August), the thickness of the snow cover 
was small in 1978. The frost layer of the soil was very thick (60 — 80 cm) 
and stabilized quite a lot of water. The spring of 1978 was unusually dry.
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Activity of tritium , dpm per core,

cm 1 d 2 d 8 d 13 d 20 d 34 d

0 -  15 1 335 441 696 576 | 603 228 128 346 | 613132 25 920

1 5 -  30 164 996 128 692 201 811 | 607 597 183 549 762 995

3 0 -  45 

4 5 -  60

62 87 

4 435

10 887 
9 312

3 477 

6 372

21 312 

9 625

480 309 

27 932
|  391 829

6 0 -  75 4 500 - 4 080 e m p t y 18 433 180 390

7 5 -  90 — - - - 8 939 64 379

9 0 -1 0 5 - - - - - 24 907
1 0 5 -1 2 0 — - - - - 15 000

1 2 0 -1 3 5 - — — — 3 000

2 1516x10s 845X 103 8 1 9 x 1 0 s 767 x 1 0 s 1332x10s 1468X 10s

kB q 25.27 14.08 13.65 12.78 22.20 24.47

(/tCi) (0.68) (0.38) (0.36) (0.34) (0.60) (0.66)

Activity o f tritium dpm per core,

cm 1 d 2d 8 d 13 d 20 d 34 d

0 -  15 |l  123 218| 553 414 67 041 42 089 32 054 7 282

1 5 -  30 156 881 10 268 105 519 e m p t y 304 869 69 867

3 0 -  45 KQ 17Q 14 601 | 375 476 | 537 513 532 210 1 685 564
4 5 -  60 9 535 e m p t y 14 681 405 600 1

6 0 -  75 26 008 - 8 187 13 238 71 388 282 128

7 5 -  90 13 015 — 3 118 - 31 098 327 688

9 0 -1 0 5 e m p t y - - - - 125 945 |
1 0 5 -1 2 0 - - - - - e m p t y

1 2 0 -1 3 5 — —

2 1418x10s 578X 103 599X 10S 607 x 1 0 s 1377X103 1498 x 1 0 s

kB q 23.63 9.63 9.32 10.11 22.95 24.97

( i«Ci) (0.63) (0.26) (0.25) (0.27) (0.62) (0.67)
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in fine sand (No. 3)
Table 2.

00 d 121 d 150 d 830 d 351 d 370 d

46 441 18 535 9 672 10 929 23 557 51 096
| 246 452 | 49 343 5 071 7 366 45 117 154 330
201 218 306 307 4 356 48 146 92 596 105 916

47 593 282 240 65 821 88 708 131 160 154 022
9 491 209 306 317 143 233 275 230 076 131 582
4 145 154 873 | 386 175 192 987 | 384 115 154 550
7 133 167 856 321 066 81 435 133 724 76 087
9 867 134 719 355 209 97 318 em pty em pty
4 021 89 405 274 504 67 628 em pty 85 020

* \g ro u n d  w a
te r table

576 X 103 1412x10® 1739X103 827 X 103 1040 X lO 3 913X10®
9.60 23.53 28.98 13.78 17.33 15.22

(0.25) (0.63) (0.78) (0.37) (0.46) (0.41)

in fine sand (No. 6)
Table 3.

48(1 90 d 121 d 150 d 330 d 351 d 370 d

22 390 3 961 276 772 8 776 13 565 45 292
239 652 118 105 2 184 1 238 9 332 26 358 103 303
219093 217 067 52 506 1 199 3 087 93 297 135 038
664 547 | 389 979 218 446 1 864 24 776 98 670 230 520

22 359 162 623 | 402 464 | 10 850 58 861 275 798 232 584
107 654 67 718 182 695 133 033 188 761 340 954 253 274

32 049 108 125 174 896 305 576 | 371 1 3 9 | 316 617 em pty
- 78 817 203 018 272 359 368 508 244 153 em pty
- 35 684 126 649 338 669 310 464 141 348 153 119

\g r o u n d
w ater
table

1308 X103 1182X103 1363X103 1065X10® 1344X 103 1551 X lO 3 1152X10®
21.80 19.70 22.72 17.75 22.40 25.85 19.20
(0.58) (0.53) (0.61) (0.47) (0.60) (0.69) (0.52)

3  ANNALES — Sectio Chimica — Tomus X V I.



The loss of the activity ( ~40% for gravel and ~30% for fine sand) 
calculated from the total activity of the soil and that of the labelling wa
ter was high due to evaporation. The total activity is deviated by 
another type of error not considering that of the sampling procedure 
( ~ 25%): viz. the error of the labelling. The sprinkling method we 
used does not give uniform activity at the beginning of the experiment 
and this leads to the greatest error of the calculation. Another problem is 
encountered when sampling under ground water table. The activity of 
the first sample is correct even under the ground water table but in the 
case of further course, the active water may flow into the hole from the 
most active layer above and disturb the measurement.

The conclusion is that labelling should be performed in an evapo
ration-free period of the day, e. g., late afternoon in spring or night in 
summer. Many samples should be taken after labelling at 0 —15 cm to 
control the uniformity of the labelling. If it is necessary to know the 
activity of the soil water below the ground water table another sampling 
method should be used for it (e. g., to take the whole soil core under 
ground water table with a plastic tube and then cut it into 15 cm parts).

Further experiments should be performed in clay lysimeter as well 
as in fine sand and clay plots covered with grass. Not only the tritium 
activity of the soil profiles but that also of the grass should be analyzed.

A mathematical model will be developed enabling us to describe the 
movement of tritium in the soil, and to increase our understanding of 
the basic physicochemical processes governing this movement.
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Summary
The existence of a relationship between C-C bond energy and bond 

distance is studied. An empirical linear equation is suggested and its limi
tations are also discussed.

Bond energy terms were first introduced by Fajans in 1920 [1]. 
According to his assumption the bond energy term for a bond of a given 
type has a characteristic value independent of environment. Consequently, 
the bond energy terms can be considered to be additive and transferable 
from one molecule to another. Pauling [2] presented a table of bond 
energies developed on this assumption. Later on it became apparent, 
however, that the experimentally determined heats of formation of 
different compounds — even in the series of the relatively simple unbranch
ed praffins — cannot be accurately deduced from the sum of these 
bond energies. To improve the accuracy of reproducing heats of forma
tion, different bond energy schemes have been proposed taking into 
account the enviroment of the bonds. Laidler [3], for example, used three 
types of C — H (primary, secondary, tertiary) and one type of C -C  bond 
energy to calculate the heat of formation of paraffins. The Tatevskii 
method [4] applies three types of C -  H and ten types of C -  C bond ener
gies for the same purpose. Overmars and Blinder [5] deduced average 
C — C and C — H bond energies by applying the method of least squares 
to the heats of formation of a large number of alkanes.

The methods mentioned above show that bond energies — including 
the C -C  bond energy — are generally not transferable. They vary with 
the environment. The heat of formation of a large number of compounds 
can be estimated within a few kJ/moles by some of the bond energy sche
mes or the so called „group method” [6]. This does not necessarily mean, 
however, that the bond energy terms used in these estimations really 
represent the bond energy of the individual bonds.

Dealing with bond energies, it is advantageous to use heats of atomi
zation* instead of heats of formation, since heats of atomization can be

* H eats o f atom ization used th roughout th is paper were calculated from standard  
enthalpies o f form ation using 716.67 and 217.997 k j/m o l for en thalpy  o f form ation o f 
C and  H , respectively [15]. S tandard  enthalpies of form ation, except when otherw ise in d i
cated , were taken  from ref. [17].

3*



considered as sums of the individual bond energies. Direct and accurate 
calculations of the individual bond energies from the heats of atomiazation 
can only be done in a few cases when all bonds present in the molecule 
are identical (like in CH4 and C02). When not all of the bonds are equi
valent, the derivation of different bond energies from one single experi
mental data — the heat of atomization — is, of course, impossible. It 
may be helpful, however, if some of the individual bond energies can 
be deduced from other independent sources. I t has long been supposed, 
for example, that there is a correlation between bond length and bond 
energy. Empirical formulae have been suggested and used to calculate 
bond energies from experimentally determined bond distances by Clock- 
ner [7], Fleichenfeld [8], Mackle and O’Hare [9], Bernstein [10], Dewar 
and Schraeising [11], and others.

This paper presents a study on whether or not there exists a carbon- 
carbon bond length — bond energy relationship. Attention is focused — as 
far as possible — on reference systems built up entirely from carbon 
atoms. In these systems the environmental effects are minimized.

Carbon is known to occur in three different allotropie modifications: 
diamond, graphite and the recently discovered chain form [12].

Diamond. In diamond each carbon atom forms four equivalent 
bonds. The bond distance is accurately known from X-ray studies of 
Lonsdale [13]: 154.45 pm. The bond energy, 357.4 kJ/mol, can be derived 
from the experimental heat of atomization (714.8 kJ/mol [14]).

Graphite. The atoms form three equivalent covalent bonds with 
their neighbours in the same layer. The bond length as determined by 
Nelson and Riley [16] is 142.10 pm. A small fraction of the heat of ato
mization can be attributed to interlayer binding. This can be roughly 
estimated to be 6.8 kJ/mol* and subtracted from the heat of atomization 
(716.67 kJ/mol) before the derivation of the bond energy (473.2 kJ/mol).

In principle, the chain type of carbon can exist in two different forms: 
the cumulene type chain and the polvyne type chain. In the former, carbon 
atoms form double bonds with both neighbours, while in the latter, 
single and triple bonds are alternating. I t  would be attractive to use bond 
distances and bond energies characteristic of these elementar forms of 
carbon as references for an empirical equation. They are, however, not 
yet known with sufficient accuracy. That is why data of cumulene- and 
polyyne-type organic compounds are used.

The cumulene type chain. The length of the cumulene type central 
C —C bond in butatriene, as determined by Almenningen et al [21] 
using the method of electron diffraction, is 128.3 pm. The length of the 
similar bond in carbon suboxide is 128.9 pm (both expressed as rg values 
[22]). Irngartinger and Jâger [23] determined the bond distances of a

* The in terlayer binding energy is estim ated from the heat o f sublim ation of n a p h th a 
lene (72.9 kJ/m ol [17]) tak ing  into account th e  ratio  o f th e  atom ic weight o f carbon to  
th e  molecular w eight o f naphthalene. A sim ilar value (6.9 kJ/m ol) can be derived from the 
heat o f sublim ation o f an thracene, too.
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compound containing five cumulated double bonds. Their X-ray studies 
demonstrated that in the central region of the eumulene chain a shorter 
(126.0 pm) amd a longer (130.0 pm) bond are alternating. The average 
of the four bond distances mentioned above is considered to be the refe
rence eumulene bond length: 128.3 pm.

In principle, the heat of atomizaton of the chain type carbon can 
be derived from the heats of atomization of the homologous cumulenes 
or polyynes. The increment of the heat of atomization within the homo
logous series may well be expected to be equal to (or several times 
greater* than) the heat of atomization of the chain form of carbon, 
particularily, if data of higher members or the series are considered. 
Unfortunately, at present only the heats of atomization of the lowest 
members are known in both series.

There are two sets of data for estimating the heat of atomization 
of the eumulene type chain. I t can be calculated either from the heats of 
atomization of ethylene (2253.0 kJ/mol) and aliene (2829.9 kJ/mol), 
or from those of carbon dioxide (1608.5 kJ/mol) and carbon suboxide 
(2742.0 kJ/mol). The results of the calculations are 576.8 and 566.7 
kJ/mol, respectively. The average value, 572 kJ/mol, can be considered 
as the characteristic heat of atomization. At the same time, this is the 
numerical value of the eumulene type bond energy, as well.

The polyyne type chain. The heat of atomization of the polyyne chain 
can be derived from those of acetylene (1642.2 kJ/mol) and diacetylene 
(2829.9 kJ/mol). Its calculated value is 593.8 kJ/mol. The length of the 
two kinds of C —C bonds of diacetyelene are taken as reference bond 
distances of the polyyne chain. The lengths of the single and triple bonds 
are 138.4 and 121.8 pm [23], respectively. In this case, only the sum of 
the two individual bond energies can be calculated: 1187.7 kJ/mol 
(which is double of the heat of atomization).

The bond energy vs. bond length plot. The reference bond energies 
derived above have been plotted against the selected reference bond 
distances. Figure 1. shows that the dots do not fit in a smooth curve, 
although the correlation between bond energy (BE)  and bond distance 
(R) does not seem to be very far from linearity represented in the figure 
by the straight line and expressed by the following equation:

BE  =  1805.5-9.376 7? (1)
The position of the eumulene bond is well below the line, while those 

of the polyyne ones are above it. This indicates that at least one of the 
bond energies of the polyyne bonds (probably that of the triple bond) 
is higher than that required by Equation 1. I t should be noted however, 
that the polyyne reference bond distances were obtained from electron 
diffraction measurements. In many cases this method gives longer bond 
distance values for the same bonds than X-ray determinations do.

* Depending on the  difference in the  num ber of th e  constituen t carbon atom s of 
the tw o mem bers o f the series.
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Figure 1. Bond energy v. s. bond length  p lo t 
B E : bond energy (kJ/m ole), Ii: bond length  (pm). From  righ t to  le ft: diam ond, g raphite, 
polyyne single bond, cumulene, polyyne triple bond. Two alternative  positions ( | .  A) 
are indicated for both  kinds of polyyne bonds. The reason is th a t  only the  sum  o f th e  
two bond energies is know n. In  th e  first case d )  th e  bond energy of the  single bond is 
arb itra rily  calculated from the bond length  by E quation  1. while th a t  o f the trip le  bond 
is deduced tak ing  into account th e  sum  o f th e  tw o bond energies. In  th e  second case (A) 
th e  trip le  bond energy is a rb itra rily  fixed and th e  o ther one is deduced.

Slightly shorter reference bond distances — for example 137.7 pm for 
the single bond and 120.8 pm for the triple one — would fit in Equation 1. 
Moreover these are actual experimental data published in 1956 by Al- 
menningen et al [24], derived from electron diffraction studies on di
methyl-diacetylene. The cumulene system — from this point of view 
— looks quite different. Its bond energy lies farther from the straight 
line. With the bond energy taken above as characteristic for cumulene 
bonds, Equation 1. would give a length of 131.6 pm for the reference 
bond. This is not within the range of cumulene bond distances, but is 
rather characteristic for a terminal (sp-sp2) double bond. Thus, it seems 
unlikely that more reliable reference data should be found to fit into 
Equation 1.

The so called “isolated” C —H stretching frequencies obtained from 
studies on incompletely deuterated compounds are considered [30] to 
indicate the strength of the individual C — H bonds in their equilibrium



state. Therefore, the isolated C — H stretching frequencies can be expect
ed to correlate with the individual С —H bond energies. This opens an 
indirect and independent way for studying the problem outlined above.

Equation 1. was used to calculate С —C bond energies from С —C 
bond distances of six simple hydrocarbons (Table 1.). Since every 
molecule contains only one kind of С —H bond, it was possible to derive 
the C — H bond energies from the experimental heats of atomization and 
the calculated C — C bond energies. Data in Table 1. show that the stretch
ing frequencies are increasing parallelly with the C — H bond energies. 
Among data of ethane, methane,* ethylene and benzene** the correlation 
is linear and can be expressed by the equation:

ген = 210 + 6.69 BECH (2)
Table 1.

Calculated С —C and С —H bond energies of some simple hydrocarbons 
Correlation of С —H bond energies with С —H stretching frequencies
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A
kJ/mole llcc

pm
BECC

kJ/mole
BECh

kJ/mole
vCu  (cm ”1)

Kxper. [30] Calc. (Eq. 1.)

ethane 2826.0 153.3 [25] 368.2 409.6 2950 2950

m ethane 1663.5 — - 415.9 2992 2992

allene 2829.9 131.2 [28] 575.4 419.8 3049 3018

ethylene 2253.0 133.7 [26] 551.9 425.3 3055 3055

benzene 5525.1 139.7 [27] 495.7 425.2 3065 3055

benzene 5525.1 139.9 493.8 427.1 3065 3067

acetylene 1642.2 121.2 [29] 669.1 486.5 3336 3465

A: heat o f atom ization; It: bond length; BE: bond energy; «’с д :  C — H stre tch ing  frequencies (experim en
tal values are “ iso la ted” stre tch ing  frequencies).

All these can be considered as an indirect support of the validity of Equa
tion 1., as far as С —C bonds with lengths between 133 and 153 pm are 
concerned. On the other hand, comparing the experimental and the cal
culated ген-® in Table 1., it can be seen that allene and acetylene are 
exceptions. This may question the applicability of Equation 1. to C — C 
bonds shorter than 132 pm. The difference between the experimental 
and calculated rCH-s, °f course, may be attributed to the non-linearity 
of the j>CH — BECH relationship, too. This has to be taken into account 
particularily in the case of acetylene, since the С —H bond energy is 
much larger than that of any other compound in Table 1.

* I t  is notable th a t  d a ta  o f m ethane — although th is molecule does n o t contain 
C — C bond — also fit in E quation  II .

** Calculations s ta rtin g  from th e  slightly  longer second С —C bond distance give 
b e tte r f it in E quation  2.



The above considerations based on the presently available heats 
of formation and bond distance data of homologous cumulenes and 
polyynes as well as of those of diamond and graphite, lead to the conc
lusion that there is probably no bond distance — bond energy relationship 
valid for all kinds of bonds and making possible an accurate calculation 
of bond energy from experimentyl bond distances. Nevertheless, Equa
tion 1. can be recommended for an approximative estimation of C —C 
bond energy from bond distances, particularily in the region of 133 to 
155 pm. An example to illustrate the possibility of application of Equa
tion 1. is a recent finding [31] that only a part of the stabilization energy 
of benzene arises from the 0 — C bonds, the rest coming from the strengh- 
tening of the C — H bonds.
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SYNTHESIS OF y-GLUTAMYL AND Ő-AMINOADIPYL DERIVATIVES 
OF SOME AMINOALKANESULFONIC ACIDS*
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D epartm en t o f Organic Chem istry, Múzeum k rt 4/B , B udapest, H ungary  1088 and  

** Chinoin Pharm aceutical W orks, L td ., B udapest, H ungary

Summary

The synthesis of y-L-glutamyl-homotaurine, y-L-glutamyl-N-methyl- 
taurine, y-L-glutamyl-L-cysteic acid and ő-(L-a-aminoadipyl)-taurine 
is described.

A strongly acidic dipeptide, y-L-glutamyl-taurine was first isolated 
from protein free aqueous extract of bovine parathyroid powder by 
Furka et al. [1, 2]. Its potential biological effects were subjects of studies. 
I or example, it was shown to have an influence on the amphibian meta
morphosis [3]. This compound was also detected in other animal tissues 
and human blood plasma [4] and synthesized by Sebestyén et al. [5]. 
The four dipeptides described in this paper are derived from y-L-glu- 
tamyl-taurine by inserting either CH2 or C02 into the molecule: y-L- 
glutamyl-homotaurine (la), y-L-giutamyl-N-methyltaurine (lb), y-L- 
glutamyl-L-cvsteic acid (Ic) and <5-(L-a-aminoadipyI)-taurine (II).

In the course of the synthesis of y-L-glutamyl-taurine, the coupling 
of active ester derivative of protected L-glutamic acid with taurine gave 
satisfactory yield [5]. This method has also proved to be successful for 
preparation of the three y-glutamyl derivatives (la, lb and Ic). Benzyl- 
oxycarbonyl-a-benzvl-y-p-nitrophenyl-L-glutamate (III) [6] was coupled 
alternatively with triethylammonium salts of homotaurine (IVa) or 
N-methyltaurine (IVb) or L-cysteic acid (IVc) in a solvent mixture of 
pyridine and water to obtain protected dipeptides (Va, Vb and Vc). 
The reaction mixture was dried then the contaminants: p-nitrophenol 
and benzyloxycarbonyl-a-benzyl-L-glutamate were removed by extrac-

* A bbreviations follow th e  recom m endations o f the  1UPAC -  IU B  Commission on 
Biochem ical N om enclature [Biochem. J . 126, 7 7 3 -7 8 0  (1972)]. T rivial nam es o f amino- 
alkanesulfonic acids are used: tau rine =  2-am inoethanesulfonic acid; hom otaurine =
=  3-am inopropunesulfonie acid; N -m ethyltaurine =  2-m ethylam inoethanesulfonic acid; 
cysteic acid =  2-am ino-2-carboxy-ethanesulfonic acid.
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tion with ether of an acidified aqueous solution. The aqueous layer was 
evaporated and the protected dipeptide was extracted from the dry 
residue into chloroform to separate it from unreacted amino component 
remaining undissolved. The blocked dipeptide was not further purified 
but first submitted to hydrogenolytic deblocking and the contaminant 
triethylamine was removed afterwards by ion exchange.

Table 1.

Yields, physical constants and analysis of the synthesized compounds

Dipeptide la lb Ic I I

Yield (% ) ........................... 53a 40a 53° 26b
Melting point C ° ................ 207 -  0C ~  200 (dec.) 1 8 7 -9 2 2 2 -4
№ < C 5 , H 20 )  ........... +  19.5° n.d. +  6.6° +  13.5°
R f  (Solvent 1 ) .................. 0.18 0.20 0.11 0.21
R f  (Solvent 2 ) .................. 0.48 0.53 0.42 0.55
E lectrophoretic m obility  . 0.69d 0.70 1.18 0.66
F o rm u la ............................... c8h 16n 2o 6s CgHl5N20 8SNa c8h i4n 2o 8s c8h 16n 2o 6s

M olecular weight .............. 268.3 290.3 298.3 268.3
C % calcd/found .............. 35.82/35.35 33.10/32.74 32.86/33.10 35.82/35.34
H  %  calcd/found ............. 6.01/ 6.17 5.17/ 5.91 4.73/ 4.71 6.01/ 6.43
N % calcd/found .............. 10.44/10.25 9.65/ 9.41 9.39/ 9.41 10.44/10.65
S % c a lc d /fo u n d ................ 11.95/11.62 11.05/11.46 10.75/11.25 11.95/12.05

?  Calculated for benzyloxycarbonyl-a-benzyl-y-p-nitrophenyl-L-glutam ate 
° Calculated for (R)-y-(5-oxo-3-tosyloxazolid-4-yl)*butyric acid 
c M elting points are uncorrected 
“ R e la ti\e  to  th a t  o f cysteic acid 
nd.: no t determ ined
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a R = H R ' =  H n =  2

b cnXuIIoc
1___ R ' =  H n =  1

C R =  H R = C O O H n = 1

y-L-Glutamyl-homotaurine (la) and y-L-glutamyl-L-eysteie acid 
(Ic) were finally purified by recrystallization from aqueous ethanol and 
aqueous acetone, respectively. y-L-Glutamyl-N-methyltaurine (lb) was 
a hygroscopic material, therefore it was first converted to its non-hyg- 
roscopic sodium salt then recrystallized from aqueous ethanol. Yields, 
physical constants and analysis of the dipeptides are shown in Table 1.

For the synthesis of ¿-(L-a-aminoadipyl)-taurine (II), tosvl-L-a- 
-aminoadipic acid [7] was used as starting material. The a-carboxyl 
group was blocked by forming oxazolidone ring [8] to obtain (R)-y-(5- 
-oxo-3-tosyloxazolid-4-yl)-butyric acid (VI). This compound was coupled 
with sodium salt of taurine (VII) via mixed anhydride derivative, using 
acetonitrile-water mixture as solvent [5]. In this way protected dipep
tide (VIII) was formed. Splitting the oxazolidone ring by treatment 
with 4N sodium hydroxide led to ¿-(tosyl-L-a-amino-adipyl)-taurine 
(IX) which was submitted to detosylation by sodium in liquid ammonia. 
The dipeptide (II) was freed from contaminants by passing through a 
Dowex 50 then adsorbing on a Dowex 1 column. After elution it was 
recrvstallized from aqueous ethanol. Data are seen in Table 1.
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Experimental

Benzyloxycarbonyl-a-benzyl-y-p-nitrophenyl-L-glutamate was pre
pared by the method of Losse et al. [6]. (R)-y-(5-Oxo-3-tosyloxazolid-4- 
-yl)-butyric acid was synthesized according to Gut and Rudinger [8]. 
Preparation of homotaurine was performed by sulfitolysis of 3-bromo- 
propylamine using the method of Cortese [9]. Taurine, N-methyltaurine 
and L-cysteie acid were purchased from Fluka AG, Switzerland. All 
other reagents and solvents were also commercial products.

Paper electrophoretic tests were carried out on a horizontal cooled 
plate apparatus (Labor MiM, Hungary) at 31 V/cm, applying Whatman 
3MM paper and pH 6.5 buffer [10]. For descending paper chromato
graphy two different solvent systems were used (Solvent 1: n-butanol- 
pyridine-acetic acid-water 15:10:3:12, v/v [11]; Solvent 2: methanol- 
water-pyridine 20:5:1, v/v [12]). Peptide spots were detected with the 
ninhydrin-cadmium reagent of Heilmann et al. [13] and/or by the meth
od of Reindel and Hoppe [14].

Microanalyses were performed by the Microanalytical Laboratory 
of our Department.



General “procedure for preparation of y-h-glutamyl-aminoalkanesulfonic 
acids (la , lb and Ic)

Triethylammonium salt of 12 mmol of amino component (IVa or 
IVb or IVc) dissolved in a 2:1 mixture of pyridine and water (50 ml) was 
added to a chilled solution of benzyloxycarbonyl-a-benzyl-y-p-nitro- 
phenyl-L-glutamate (III) (10 mmol, 4.92 g) in the same solvent mixture 
(100 ml) and stirred first at — 5 C° then at 0 C° for 3 hours each. Stirring 
was continued at room temperature for 2 hours. The mixture was evaporat
ed then dried over sulfuric acid. The residue was dissolved in water, acidi
fied with hydrochloric acid then extracted with ether in a continuous ex
tractor for 8 hours. The aqueous layer was evaporated, the residue extract
ed with chloroform (50 ml). The undissolved material was filtered off and 
washed (2X20 ml of chloroform). The combined filtrate was evaporated, 
the remainder dissolved in 1:1 ethanol-water (100 ml) then shaken with 
hydrogen and 10% palladium-on-charcoal (0.2 g) for 10 hours. The 
filtrate from the catalyst was evaporated. The residue was dissolved in a 
mixture of formic acid, acetic acid and water (1:4:45, v/v) (5 ml), 
applied to a Dowex 50 column (2.2x40 cm) previously equilibrated, 
then eluted with the same solvent. 150 ml of eluent was collected, then 
evaporated and dried over potassium hydroxide.

Final purification of la, lb and Ic
Crude la  (1.7 g) was recrystallized from 75% aqueous ethanol. 1.42 g 

of pure end product was obtained (Table 1).
1.58 g of hygroscopic lb  was dissolved in water (2 ml), neutralized 

with 0.5N sodium hydroxide and evaporated. The crude sodium salt was 
recrystallized from 60% aqueous ethanol giving 1.16 g of pure material 
not any more hygroscopic (Table 1).

Crude Ic (1.75 g) was recrystallized from 66% aqueous acetone. Yield: 
1.57 g (Table 1).

b-(Tosyl-^-z-aminoadipyl)-taurine ( I X )
(ft)-y-(5-Oxo-3-tosyloxazolid-4-yl)-butyricacid(VI) (3.27 g, 10 mmol) 

was dissolved in acetonitrile (30 ml). The solution was cooled to —13 C° 
and triethylamine (1.4 ml, 10 mmol) was added. After addition of iso
butyl chlorformiate (1.4 ml, 10 mmol) the mixture was stirred at —13 C° 
for 10 minutes then taurine (VII)(1.87g, 15 mmol) in 2N sodium hydrox
ide (7.5 ml) was added. Stirring was continued at the same temperature 
for 3 hours then the mixture was evaporated. The residue was dissolved 
in 4N sodium hydroxide (15 ml), allowed to stand at room temperature 
for one hour, neutralized with glacial acetic acid and diluted with meth
anol (10 ml). After addition of 5,5-dimethyl-cyclohexane-l,3-dione (2.5 g) 
the mixture was brought to boil, then the precipitate was filtered off 
and the filtrate was evaporated. The product was submitted to detosy- 
lation without purification.
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ö-(l-oí-A minoadipyl)-taurine ( I I )

The whole amount of tosyl derivative (IX) obtained was dissolved 
in liquid ammonia (100 ml) and treated with sodium until a stable blue 
colour developed. The colour of the solution was discharged by the addi
tion of ammonium acetate. After evaporation of ammonia the residue 
was taken up in water (20 ml), applied to a Dowex 50 column (4x50 cm, 
in H +-form) and eluted with water. 300 ml of eluent was collected and 
evaporated. The remainder was applied to a Dowex 1 column (2.2X14 
cm) previously equilibrated with a mixture of formic acid, acetic acid 
and water (1:4:45, v/v), washed with 200 ml of the same solvent, then 
eluted with 200 ml of 0.5N hydrochloric acid. The eluent was evaporated 
and the residue was recrystallized from 75% aqueous ethanol yielding
0.7 g of the end product (Table 1).
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Summary

The possibility of indirect electrochemical transformation of simple 
secondary alcohols into the corresponding hydrocarbons was discussed. 
I t  has been shown that using a platinized platinum electrode of high 
surface area a high yield production of hydrocarbons from simple alcohols 
may be realized by subsequent anodic and cathodic polarizations. As an 
illustrative example the transformation of 2,3-butanediol into butane is 
presented and the experimental results are discussed.

The high yield facile electrochemical transformation of secondary 
alcohols into hydrocarbons, i. e., the electrochemical conversion of 
=>CH— OH groups into — CH2 — may be of preparative interest.

I t is known from the literature [1] that this process cannot be re
alized directly at noble metal electrodes. The possibility of the use of an 
indirect electrochemical method has been suggested in a previous com
munication [2]. The idea is based on the electrochemical behavior of 
ketones and secondary alcohols.

1. Secondary alcohols may be converted electrochemically at a 
platinized platinum electrode into ketones with a high yield [3].

2. In the course of the reduction of ketones carried out in acid media 
at platinized platinum electrodes hydrocarbons are obtained [4].

According to these statements the subsequent anodic and cathodic 
polarization in th presence of secondary alcohols should result in the 
following transformations: Anodic polarization;

Cathodic polarization;

In [2] some preliminary results were reported concerning the hydrocar-



bon formation from i-propanol and sec-butanol in order to show the 
possibility of the application of the procedure mentioned above.

There are two possibilities for the realization of hydrocarbon for
mation.

1. Subsequent anodic and cathodic polarizations on a platinized 
platinum electrode using a separated or indifferent auxiliary electrode.

2 Reaction can be carried out in a cell where two platinized plati
num electrodes, anode and cathode, are not separated. In this case the 
two steps shown above take place simultaneously. The formation of oxo 
compound occurs at the anode while the reduction of oxo compound 
takes place at the cathode following a migration process from the anode 
to the cathode. In connection with the rough scheme given above for the 
oxidation and reduction processes the following additional remarks 
should be made: The hydrocarbon is not the only product of the re
duction of oxo compound, the real picture of the processes may be giv
en by the following scheme

48 G. HOkANYI

The hydrocarbon/alcohol ratio in the products depends on the experi
mental conditions and the state of the electrode [4]. This means that a 
part of the oxo compound formed at the anode reverts to the secondary 
alcohol resulting in the decrease of the current efficiency with respect 
to the hydrocarbon formation. Another problem is the possible oxidation 
of the oxo compound. Thus the anodic oxidation of secondary alcohol 
should be carried out at potentials where the rate of this process may be 
minimalized.

I t  should be mentioned here that the formation of hydrocarbons 
may be expected in the case of primary alcohols, too, when using the 
procedure proposed for secondary alcohols. There are, however, two 
fundamental experimental problems which give rise to significant com
plications.

1. The oxidation rate of aldehydes is much higher than that of 
ketones and significant conversion of primary alcohols into aldehydes 
may be realized only with low rates in a very narrow potential range.

2. The reduction rate of aldehydes is low with respect to that of 
ketones and significant self-poisoning effects resulting in the decrease 
of the reduction rate may be observed.

Despite of these problem there are no doubts that the conversion of 
simple primary alcohols as ethanol, propanol into the corresponding 
hydrocarbons may be realized in some extent by subsequent anodic and



cathodic polarization. (Methanol constitutes an exception as the statio
nary reduction of formaldehyde at a platinum electrode cannot be obser
ved in acid media.)

In the present paper an interesting feature, viz., the transformation 
of a secondary diol, 2,3-butanediol, into butane is discussed in detail as 
an illustrative example.

Experimental

The experimental technique and apparatus used are described in 
previous communications [5], [6]. All experiments were carried out in 
the presence of 1 mol dm -3 H2S04 supporting electrolyte at 25 °C. A 
platinized platinum electrode of 100 cm2 geometrical surface area was 
used as a main electrode. The roughness factor of the electrode calculated 
from charging curves was 400. All pontential values quoted are given 
on r. h. e. scale.

Results and discussion

The results and discussion will be presented together since the se
quence of experiments and their interpretation were closely related.

The experiments were carried out on the basis of previous studies 
on the electrochemical behaviour of 2,3-butanedione and 2,3-butanediol 
[6]. According to the results of these studies the following processes 
should be taken into consideration:
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Oxidation of 2,3-butanediol:

No significant oxidation of biacetyl may be observed thus it may be 
considered as a stable end-product of the oxidation. Polarization curves 
obtained at different 2,3-butanediol concentrations are shown on Fig. 1. 
The rate of the first step of the oxidation, the formation of aeetoine, is 
higher than that of the second one, thus the accumulation of aeetoine 
in the solution phase may be observed during the initial section of the 
electrolysis.

4  ANNALES — Sectio Chimica — Tornus X V I.
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Fig. 1. Polarization curves of 2,3-butanediol a t  different concentrations (1) 2 X 1 0 -2 , (2) 
4 X 1 0 “ 2, (3) 1 .2X 10-* (4) 4X 1 0 -*  mol d m " 3.

Reduction of biacetyl:



In this case, too, the accumulation of acetoine in the solution phase may 
be observed in the initial section of the electrolysis. Polarization curves 
of different biacetyl concentrations are shown in Fig. 2.
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Fig. 2. Polarization curves o f biacetyl a t  different concentrations (1) 3 X 1 0 -3 , (2) 1 0 -2, 
(3) 3 X 1 0 “ 2 (4) 6 x l 0 - 2 (5) 2 x  10-1 mol d m " 3.

In accordance with these preliminary results the subsequent anodic 
and cathodic polarizations were carried out at 800 and 40 mV using a
0.5 mol dm -3 2,3-butanediol solution. Fig. 3. shows the volume of the 
gas evolved as a function of the absolute value of the charge passed 
through the system.

At the beginning of the procedure a relatively long anodic polar
ization was achieved in order to attain a significant reduction rate in the 
course of the subsequent cathodic polarization. A typical section of the 
current vs. time curve measured in the course of the alternating anodic 
and cathodic polarization is shown by Fig. 4. As the concentration of the 
reacting species is decreasing in the course of the electrolysis the reaction 
rate, i. e., the current measured should decrease.

From the experimental data there is a possibility to calculate the 
average value of the cathodic charge required for the formation of a mole 
of butane. This value lies between 8 —9 F indicating that a significant part 
of the cathodic current is consumed by processes resulting in different

4*
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Fig. 3. Volume of gas evolved as a function of th e  charge passed through th e  system  during 
subsequent anocdi (A) and cathodic (C) polarizations in 1 mol d m -3 HjSO« -1-0.5 mol d m -3 

2,3-butanediol (E  =  50 mV and  800 mV).

intermediates migrating in the solution phase (6 F for acetoine and 8 F 
for biacetyl). This result is in accordance with the expectations. Conside
ring the processes taking place during the anodic and cathodic polari
zation the following statements may be made:

1. The main process at the anode should be the formation of acetoine, 
but the formation of biacetyl may play some role. In addition to this in 
the course of cathodic reduction sec-butanol should be formed as side 
product. Its oxidation results in 2-butanone. Thus the current measured 
during anodic polarization is

where ia, ib, ?'but are proportional to the formation rate of acetoine, bia
cetyl, sec-butanone, respectively.
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Fig. 4. C urrent as a function o f tim e in th e  course o f subsequent anodic and  cathodic 
polarizations (E  =  50 mV and  800 mV).

2. The processes taking place in the course of cathodic cycle are as 
follows:

a) formation of acetoine i'a
b) formation of 2-butanone i'b
c) formation of sec-butanol ib
d) formation of butane iB

Thus it is evident from these considerations that the current efficiency 
with respect to the formation of butane should change depending on the 
role of the side-reactions. Despite this problem it is clearly demonstrated 
by the experimental results that there is a possibility for the easy trans
formation of the diol into hydocarbon.

It is hoped that the considerations outlined above may be extended 
to other systems, too. For instance the transformation of ethylene glycol 
into ethane may serve as an example. I t is known from previous studies 
[7] that under certain experimental conditions the main products of the 
oxidation of ethylene glycol are glycolaldéhyde and glyoxal.



Reduction of these compounds results in ethane [8]. Thus the trans
formation of ethylene glycol into ethane by alternating anodic and 
cathodic polarization may be realised in some extent.

The possibility of the indirect transformation of alcohols into hydro
carbons calls the attention to a problem studied almost 20 years ago. 
In the sixties the interaction of platinized platinum electrodes with 
different alcohols, aldehydes was studied under open-circuit conditions 
(see for instance in ref 9). A very slow formation of hydocarbons was 
observed, and the existence of self — hydrogenation processes was assumed.

The results of the study of the indirect electrochemical reduction of 
alcohols allows to suggest a possible mechanism for the hydrocarbon for
mation. For instance in the case of 2,3-butanediol and biacetyl or acetoine 
system there is no doubt concerning the existence of cathodic and anodic 
processes. In the first approximation the potential ranges where the oxida
tion and reduction processes take place seems to be far from each other. 
I t  is, however, evident that the rate of oxidation or reduction should 
be continuous function of th potential. The problem that what may be 
considered as a measurable rate is only a practical question depending on 
the size of the electrode and other experimental conditions. Using elec
trodes of high surface area products of very slow reactions may be detec
ted. In our case the reduction current measured is about 2 — 3x10 ~3 
A at 200 mV. The oxidation current of 2,3-butanediol is of similar order 
of magnitude in the potential range 400 — 450 mV. I t may be assumed 
that between 200 and 400 mV there is a potential value where the oxida
tion rate and the reduction rate is equal. Really an open circuit rest 
potential may be measured which lies in this potential range.

In accordance with the previous considerations a very slow forma
tion of hydrocarbon products may be expected at the rest potential.

Similar explanation may be given for other simple alcohol-oxo 
systems. Starting from alcohol a very slow oxidation, dehydrogenation, 
should precede the reduction process at least in the adsorption layer.
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Summary

The investigation of airborne radioactivity is important in assessing 
the inhalation hazard to the population. In order to evaluate the internal 
radiation dose absorbed in human respiratory tract and other organs as 
well, one has to know either the concentration or the size distribution 
of radioaerosol in surrounding air.

The present work reports on radioactivity concentrations related 
to the air volume and the aerosol mass, measured between 1976 and 
1978. Effects of atmospheric nuclear explosion and seasonal varation 
were observed. In order to differentiate the natural and artificial com
ponents of the activity, from each other an estimation method was 
introcuced based on the disintegration of gross beta activity.

The particle size distribution of radioaerosol sampled by Cascade 
Impactor has also been studied. Results show that 85 — 90% of the short
lived radon and thoron daughters are carried by the finest particles 
deposited on the last separatory stage.

Introduction

A considerable portion of internal radiation exposure to the popula
tion is caused by the inhalation of radioactive materials from the atmosp
here. These materials may origin either from natural sources or artificial 
processes including atmospheric nuclear explosions occasionally resulting 
in a significant contribution to the natural background level of activity.

In continental environment the natural radionuclides are dominantly 
terrestrial. The radon (222Rn) and thoron (220Rn) emanated from the

R esearch was supported  in p a rt by  th e  Scientific R esearch Council, M inistry of 
H ealth , H ungary  No. 6 — 13 — 1001 — 01 — 0/Szt.



earth’s crust, mineral stones, water, building materials, etc. resulting 
their decay products, radon and thoron daughters.

In case of collected air sample 72 hours after the end of sampling 
there is a radioactive equilibrium state between the short-lived thoron 
daughters and their mother element. In this state the natural beta activity 
is mostly derived from RaD (210Pb). The radon daughters of higher occur
rence probability in air than the thoron products, can reach the equi
librium already in the 5th hour. Retween hours 5 and 72 the prevailing, 
amount of beta activity comes from the disintegration of ThB (212Pb)

As is known, in open air and in normally ventilated room the equi
librium states can never bereached, because radon and thoron gas are 
continuously released from the earth or building materials. However, 
after the end of sampling emanation products restarting the decay series 
are supposed not getting onto the sample.

The biggest part of the natural radionuclides gets attached to aerosol 
particles very soon after their origin, in the order of seconds to minutes. 
[1] The aerosol deposition in human respiratory tract depends, in addi
tion to physiological parameters of the individual, on the physico-che
mical properties of aerosol, dominantly on the particle size. [2]

Therefore, investigations have been undertaken to determine both 
the environmental radioaerosol concentration and its distribution as a 
function of the particle size.

Radioactivity Concentration

Method

The sampling system was set up to collect the total aerosol detained 
by membrane filter, Synpor 3 or Synpor 4, with high efficiency.

The sampling station was located on a hill at Budafok to ensure out
door measurements undisturbed from considerable industrial air pollu
tion. The air suction was forced by a vacuum pump with a nominal air 
flow velocity 3 m3/h. One sampling period lasted for 24 hours. After 
calibration with mineral U-standard source, a scintillation detection of 
beta activity was earned out 72 hours after sampling.

Result

The histograms of Fig. 1 show daily values of the gross beta activity 
concentration related to the unit of air volume in mBq/m3 measured 
against the months of the last three years. On the horizontal axis no data 
are indicated below the limit accepted for evaluating concentration.

In October 1976, 1977 and in April 1978 a group of high peaks were 
found due to the nuclear atomic test of September 26, September 17 
and March 15, respectively.
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In spring periods of every year growths were observed annualy 
attributable either to the spring increasing concentration of natural 
radionuclides, because of the frequent frontal passages, or to the late 
effect of both previous explosions in September 1976 and 1977.
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Fig. 2. A ctiv ity  concentration in m Bq/m g and m Bq/m 3 m easured 72 hours after sampling 
against months of 1977 and 1978.



Characteristic fission products were identified by gamma spectro
metry in samples collected in the periods of either early or late effect of 
explosion. In spring samples, roughly 7 months after the explosion, the 
following nuclides were found having half-lives of longer than 40 days: 
1440e, 100Ru, 7 Be, 137Cs, 95Zr. While in October samples also nuclides of 
half-lives from 40 hours to 40 days were analysable as 141Ce, 140Ba, 140La, 
103Ru, 95Nb. [3, 4, 5]

A comparison between the averaged concentration either to the 
aerosol mass in mBq/mg or to the air volume in mBq/m3 is given in his
tograms of Fig. 2. The concentrations are drown against months of the 
years 1977 and 1978. In the histograms and in the following ones, too, 
the horizontal line sections indicate the deviation composed of the esti
mated sampling error and statistical deviation of the nuclear mesuring.

In Fig. 2 we point out, that the spring growths were more expressive 
in activity considering the aerosol mass than the air volume. I t  is caused 
by an other seasonal phenomenon. As it was experienced in a ten years 
long Hungarian assessment the aerosol mass concetration is almost two 
times lower in spring and summer than in winter. The activity concent
ration to aerosol mass can follow this variation. [6]

Estimation system

Method

The gross activity of collected aerosol can not be grown technically 
by the applied sampler. So the spectrometric analysis needs measuring 
time longer than 2 days. To avoid the long and expensive analysing 
prooess, a simpler method was introduced estimiting the natural and 
artificial components of activity. Namely, from the disintegration of the 
total beta activity during the first days after sampling there is an oppor
tunity to detect the occurence of artificial radionuclides having signi
ficantly longer half-live than that of the dominant natural products. 
On the fhird day the decay of natural activity in sample is at least 50%. 
Therefore, the ratio of the activities measured at the 72nd and the 48th 
hour after sampling, A72/A48, is 0.5 or less. The longer the half-lives of 
fission products, the greater ratio will be obtained. [7]

Result

In Fig. 3 the averaged data of A72/A48 and the activity concentration 
varied by this factor are illustrated against months of the years indicated. 
In periods, when the ratio exceeded the value of 0.5, fission products were 
present in the atmosphere.
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Fig. 3. R atio  of the activities measured a t  the 72nd and the 48th hour a fte r sampling 
against months of 1977 and 1978.

Activity-particle size distribution
Concerning the airborne activity the most importent factor is the 

particle size which determines the aerosol deposition in the human res
piratory system [2].

Particles of different densities and shapes follow the same deposi- 
tion/size relation when the size is expressed in terms of “Median Aerody
namic Diameter”, MAD, of unit density spherical paricles. The M AD can 
be measured by “Count”, “Mass” or “Activity” of the aerosol due to the 
indication of CMAD, MMAD and AMAD, respectively. [2, 8, 9]



Method
To classify particles by size an aerodynamic system was installed 

producing samples for radioactive measurement. The separator included 
three stages of “Casella” Cascade Impactor and a membrane filter.

At the degrees of Cascade Impactor the air entrance orifice is prog
ressively narrower thus increasing the air flow. Therefore, each successive 
stage has a higher efficiency for collecting smaller particles. [8] The filter 
constituting the fourth stage can capture aerosol also of the smallest size. 
[10]

3m3/h of total air flow velocity was applied trhough the separator 
either at the calibration or the experiments. The changes of the air veli- 
city in the impactor degrees are listed in Tabl. 1.
Calibration

To determine the size interval of aerosol deposited on each stages, 
monodisperse solid particles in the range of 0.55 to 7 /am MMAD were 
passed into the apparatus. Aerosol of carnauba wax or bissebacate was 
generated having aerodynamic diameter either smaller or larger median 
than 2 fi. The size distribution was determined by mass of aerosol frac
tion on the degrees.
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Fig. 4. Calibration of the “ Casella” Cascade Im pactor. 
Stages of separation: x  -  1st, O — 2nd, A — 3rd, □  — 4 til
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Fig. 5. Percentage radioactivity  obtained on the different separatory stages against 
tim e after sampling. The data  are averaged over the m onts indicated.

Stages o f separatiou: X 1st. O  — 2nd. A — 3rd. Q  — 4th



The calibration curves in Fig. 4 show the cumulative deposition 
probability against the particle size. They were obtained by integration 
of a differential graph including the measuring points and extrapolated 
line sections (deskedones.)

For getting visual information on fractionated environmental aerosol, 
scanning electron-microphotographs were made. Geometric particle size 
were estimated in the photos. Either the aerodynamic or the approsimate 
geometric size ranges are also listed in Tabl. 1.

Table 1
Characteristics of the Separation Used

ENVIRONMENTAL EADIOAEROSOL 6 3

Stages Air velocity 
m/s

Particle size

/<m MMAD* //m**

i 6 .6 3 . 5 - 1 . 5 - 2 0

2 30.6 1 . 4 - 9 0 . 5 - 4

3 82.5 0 .1 5 - 4 .4 0 .1 5 - 1 . 5

4 - 2 . 3 - 1
• by aerodynamic calibration

• • b y  “scanning” clectron-microphotographs of environmental 
samples

Result

In Fig. 5 the percentage beta activity on the stages against time after 
sampling was averaged over three months of the last year. The time inter
vals for averaging were fit to changes of the seasonal air stream. Data 
of samples having natural radioactivity only were taken into evaluation.

Far the highest portion of activity was found on the fourth stage, 
mainly just after sampling. This means that 85 — 90% of the short-lived 
radon and thoron daughters are attached to the finest particles. Regar
ding the considerable overlap of particle size ranges in the calibration 
and the fact that the preceding “rougher” degrees collecting also particles 
of the same size carry lower activity, respectively, it permits an assump
tion that the activity on every stage is mostly represented by the finer 
particles [11].

Discussion

Methods reported on and used for investigation of gross beta activity 
concentration of air render an opportunity to justify very small seasonal 
variation appearing simultaneously with artificial effect. Result of the 
measurement are includid in assessing the background level of environ
mental radioactivity in Hungary.



In the study for activity distribution as a function of particle size, 
first the method is taken into consideration. The biggest part of the ac
tivity was found on the last speratory stage collecting particles of the 
smallest size. I t is reasonable to classify this aerosol fraction into some 
more size ranges. On basis of the reported measurements there is intended 
to develop a further system.
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SECONDARY ION EMISSION OF CONCENTRATED ALLOYS
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H ungary

Summary

The paper gives the summary of the main results of [1]. The sputter
ing and secondary atomic and cluster ion emission of homogeneous con
centrated alloys are studied both experimentally and theoretically. As 
models, Fe-Ni and Fe-Cr alloys were applied. The sputtering and ion 
yield of constituents depend on the composition of the alloy. The possi
bility of extending the ion emission models is investigated in case of 
concentrated alloys. The influence of surface coverage on ion emission 
and the mechanism of diatomic cluster ion emission are studied. Some 
analytical conclusions are drawn on the basis of the former.

1. Introduction

The secondary ion mass spectrometry (SIMS) is a frequently used 
method in the analysis of solids and it can be applied successfully in 
cases when the depth and surface distribution of components of low 
concentration are to be determined [1 — 3 etc]. The principle of the met
hod was proposed by Herzog and Viehbock as soon as in 1949 [4], but no 
proper model has been elaborated for the description of the ion emission 
process induced by ion bombardment. Most of the studies deal only with 
pure metals and diluted alloys, and there are only sporadic experimental 
and theoretical work on more concentrated alloys (concentration of 
alloying components: c>5% ) inspite of its evident theoretical and prac
tical importance [5 — 13].

Therefore the goals of the studies summarized here were the following:
— to make systematic simultaneous studies on both processes of the 

secondary ion emission: on sputtering and on ionization,
— to study and to expand the validity of the theoretical models of 

the secondary ion emission to the concentrated alloys,
— to study the process of cluster ion formation,
— to evaluate the analytical capability of the SIMS method.

5 ANN ALES — Sectio Chi mica — Tomus XVI.



2. Experimental

The details of the experimental work have been published elsewhere 
[1, 14—17]. Domestically made SIMS apparatus was used and a meth
od elaborated by which it became possible to measure simultaneously 
the sputtering and the ion emission. From the density of the primary 
4 keV K r+ ion current the approximate value of the degree of surface 
coverage (0) could be calculated [18].

Homogeneous solid-solution-type Fe —Ni and Fe —Cr alloys were 
used as model materials, the composition of which covered the whole 
range (c = 0 — 100%). The reasons why this choice was made lie in their 
simple structure, medium and therefore in a well-detectable value of 
sputtering and ion yields and in their practical importance.

3. Theses

The most important results of our work can be summarized as 
follows.

1. The sputtering yield of constituents of the concentrated alloys 
deviates from that of the pure elements. The element of smaller sputtering 
coefficient (S) decreases, that of higher S  increases the sputtering coeffi
cient of the other component of the alloy [15].

2. The relative degree of ionization of components of alloys (a^i) 
depends on the concentration [16].

3. The matrix influences the emission of the component with low 
concentration, and this matrix effect can be described by the different 
theories of the secondary ion emission [1, 19]. The matrix effect and 
concentration effect can be separated by proper computation.

4. The secondary ion emission of alloys has been studied theoretically.
5. The influence of surface coverage has been investigated.
6. The formation of cluster ions has been interpreted.
7. The analytical capabilities of the SIMS method have been checked 

and the different data evaluation methods compared with the consequence 
that SIMS is semiquantitative method [1, 20]. Proposals have been made 
for new analytical methods by SIMS using cluster ions [1, 20, 21].

In the following chapters three important branch of results (4, 5, 6) 
are presented in a more detailed form.

4. Possibilities of the theoretical description for secondary ion emission
of concentrated alloys.

In case of dilute alloys, the degree of ionization (a + ) is influenced 
only by the matrix effect, while with concentrated alloys also by the 
concentration of the constituents of the alloy. The question is how the
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different models of the secondary ion emission can express these effects, 
what their parameters the concentration dependence of which is known 
or can be estimated are. The relative degree of ionization of constituents 
1 and 2
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Figure 1. Comparison o f calculated (ASI, L TE , A ntal, Jurela) and  m easured relative degree 
of ionization in th e  function o f alloy composition. (Param eter: bom barding ion density)

5*

where B, 0 , v and n mean the binding energy of the surface atom, the 
work function, the velocity of the emitted particles and a fitting para
meter, respectively.

where Q + and Q° are the partition functions of positive and neutral state 
of particles, respectively, el is the ionization energy, k is the Boltzmann 
constant and T  is the “temperature” of the emission spike, (c) expresses 
the probable concentration dependence of the quantity in question.

2. The adiabatic surface ionization model (ASI) [25] results in

can be expressed by the most important four models as follows (the 
basic concept of the models is described in more detail elsewhere [1 — 3]: 

1. The local thermal equilibrium model (LTE) [22, 23] and the non
equilibrium thermal ionization model (Jurela) [24] result in the same 
expression:



3. The pseudoatom emission model (PSI, Antal) [26] results in
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(4 )

where /3 is the function of the cl, 0, Fermi-energy and density of electronic 
states near the Fermi-level. The latter three can be dependent of the 
concentration.

Using partly experimentally known concentration dependence of 
the c — dependent quantities, making partly approximations by linear 
combination of values of pure metals, we calculated ar̂ , by the equations 
(2 — 4) as a function of the composition of the alloys. This and the experi
mental results are compared on Fig. 1. One can see that the agreement 
is only moderate. This indicates that some of the parameters of the models 
need better interpretation.

I t  has already been emphasized that T  in the LTE model cannot 
mean any real temperature [27, 28, 29], it can be considered rather as at 
fitting parameter. We observed that T  depended on the composition 
of the alloy [1, 16] and the different matrices had a significat T  value, 
in agreement with Morgan’s [30] report. Furthermore, we observed that 
T  depended on the degree of surface coverage by reactive gases (O) 
[1, 16]. Fig. 2. shows our experimental results completed by data taken

Figure 2. The change of T  w ith surface coverage (average values for Fe, Ni and  Cr and 
the ir alloys) x  — th is work, A — [31], O — [32].



from the literature [31, 32]. One can conclude that the higher the coverage 
the bigger is T  .which means that the chemical emission (see chapter 5) 
can be characterized by higher “temperatures”, if the chemical emission 
is described by the LTE model.

If in equation (2) the exponential function can be considered as 
Boltzmann-factor, kT means the average energy which can provoke the 
ionization needing el energy. This is, of course, much less than the kinetic 
energy of the emitted particles, which corresponds to about 50 000 — 
100 000 K. There is no evidence that this average energy changes signi
ficantly in function of 0  [27, 33], therefore we consider probable that in 
case of alloys it is not the denominator (kT), but the numerator (el) 
that changes with composition and coverage as well. In case of chemical 
emission, the real value of el is decreased in comparison to the emission 
of the clean metal surface.

The connection between T  and the quality of the emitting surface 
is supported also by the established correlation between the ionic charac
ter of the Me—O bond (I(Me —O), [34]) and the T  characteristic to the 
different metal matrices (Fig. 3.). On the figure values taken from the 
literature [30] are plotted as well.
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Figure 3. The T  values, characteristic  to  different m atrices in th e  function o f th e  ionic 
ch aracter o f th e  Me —O bond, x — th is work, *  — [30].

There is a problematic parameter in the ASI model, too, if we want 
to expand it to concentrated alloys. The linearly approximated work 
functions result in only moderate correlation between calculated and 
measured ion yields, while the 0  values calculated from experimental 
results are higher than the real ones [16]. Therefore, as Krohn [35] also 
proposed, 0  can be considered as a fitting parameter only. Without



more quantitative evaluation, we mention here the possibility of a 
phenomenological interpretation, that in the emission spike, where the 
atoms are strongly disturbed, not the work function of an undisturbed 
metal surface exists, but the superimposition of the electronic orbitals o 
more or less individual atoms. In reverse, a similar change was yielded 
by computations at metallic clusters of increasing size [36].

The possibilities of the expansion of the pseudoatom emission model 
to concentrated alloys by linear combination of the concentration depen
dent quantities, its discussion and comparison with all the experimental 
data available were presented in detail elsewhere [19].

5. The connection between the chemical and kinetic emission

I t is known that the secondary ion yield greatly depends on the cover
age of the solid surface by adsorbed or chemisorbed reactive gases (first of 
all by oxygen) [37, 38, 39]. The reason for this is that the so-called 
chemical emission [40], surpasses the emission from clean surface. As 
a consequence of this phenomenon, in case of alloys the relative ion yields 
of the components may change [7, 8]. On Fig. 4. the semilogarithmic plot 
of the relative ion yields vs. degree of surface coverage (0) is presented. 
(The values belonging to different concentrations are presented as bars.) 
On the figure values taken from the literature are also displayed at 0  = 
= 0  and 1. [7, 31, 41 —46]. According to the figure, the following empiric
al equation can be established:
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where a is characteristic of the change of ionization with changing surface 
coverage. (Ni/Fe: a = —0,86, Cr/Fe: a = 3,19).

As it was mentioned, at the end of the sputtering cascade two basic 
processes may appear:

1. Me — M e ------► Me + kinetic emission

2. Me —0 ------► Me+ chemical emission

(where Me and 0 mean metal and oxygen atoms.) These processes exist 
also at the sputtering of alloys. Our opinion is that at medium coverages 
both processes exist simultaneously to an extent corresponding to the 
degree of coverage. At not extremely high bombarding ion current den
sities (ip <10 mA/em2), when the emission cascades are independent 
from each other, the secondary ion current is the sum of the yield of the 
parallel processes:

(5)

(6)
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Figure 4. The relative degree o f ionization as a function o f th e  degree o f surface coverage 
(I -  th is  work, O -  [45], A  -  [31], •  -  [41, 42, 43, 44], x -  [46], +  -  [7])

Therefore, the relative degree of ionization of the components 1 and 2 of 
an alloy is:

(?)

( 8 )

Comparison of equations (5) and (7) yields

This expression indicates the connection between the experimental 
results of secondary ion emission of alloys and the outlined model of 
independt emission. By equation (8) also the degree of ionization of the



chemical and/or kinetic emission can be calculated and compared with 
the computed theories of the secondary ion emission [22 — 26 and 47 — 49].

The model of independent emission is supported also by the fact 
that the intensity of the cluster ions decreases significantly with the 
increasing surface coverage (Fig. 5.). I t  means that by the increase of the 
probability of the 2. process the neighbouring position of metal atoms 
on the surface (which is the condition for cluster emission) decreases. 
According to Fig. 5, the intensity of cluster ions related to atomic 
ions can be expressed as the function of surface coverage by the formula:
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(9)

where B  and a are constants, and« has similar meaning as a in equation 
(5).

Figure 5. The dependence of in tensity  o f cluster ions related to  monoatom ic ions in the 
function  o f th e  degree o f surface coverage. (Fe-Ni and  Fe-Cr alloys, cPe = 60%).



VVe have to mention here the analytical importance of the equation 
(5): the relative sensitivity factor of elements (RSF) [50, 51], which is 
practically equal to ar+,, can be calculated by the formula also for sufaces 
of different insulator or metallic characteristics, as it was also proposed, 
but not experimentally supported by McHugh [50].

6. The formation of cluster ions from concentrated homogeneous alloys

There is two possible ways by which di- or polyatomic cluster ions 
may form during ion bombardment of solids [1, 21]:

1. The cluster ion is sputtered directly from the crystal lattice keep
ing some information about the original solid structure"[10, 52, 53]

metal------► Me2------► Me2+

2. Monoatomic particles are emitted from the surface, which may 
form bigger aggregates under proper conditions. In this case the influence 
of the solid structure must not be so important [54 — 56]:

------ - Me + Me------► Me2-------Me+
metal

------ ► Me + Me+ ------*- Me^

By both ways only the neighbouring atoms can form a cluster 
presuming the existence of individual emission spikes. Consequently, 
in case of alloys, the probability of cluster ion emission is a function of 
the product of concentration of the constituents:
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Consequently the relative ion current of clusters related to monoatomic 
ions is:

( 10)

( П )

which means that the relative ion current is in direct proportion to the 
concentration of the element examined. (8rej and a?-e the relative 
sputtering and ionization coefficients of the cluster.) We have to call 
the attention to the analytical importance of this equation [21].

If however, the concentration dependence of /*,_ c, deviates from the 
linearity, both £rcI and /J î may depend on the concentration. This 
deviation can occur only when di- or monoatomic particle is released 
directly. In a broader concentration range (more than 60%) we ob
served this deviation, therefore we can conclude that the first mecha
nism appears more probable than the second one. Detailed proof is pub
lished elsewhere [1, 17, 21].



(12)

(13)

(14)

The stability of the cluster ion correlates with its dissociation energy 
(D + ). Applying the Hess-law on the cluster formation we obtain:

74 M. RIEDEL

where D° is the dissociation energy of the neutral cluster. The ionization 
energy of atomic (e/Me) and cluster (e/cl) particles does not differ signi
ficantly f56, 571. therefore

So correlation can be expected between the relative cluster ion intensity 
and the dissociation energy of the cluster. We expected this in exponen
tial form (by the analogy of atomic ions):

where A and B  are constants. On Fig. 6. we plotted the relative intensity of 
Fe^, Cr,f and Ni^ clusters (extrapolated to 0=  0) as a function of D° (ta
ken from [58]). The correlation isevident. From the slope T = 17 000 K can
be calculated if K = ----, which means that a relatively bigger amount

kT
of energy fall the share of cluster dissociation.

Accepting Joyes’ computations about the connection between the 
electronic structure of clusters and their intensity [57, 59], we can under-

Figure 0. Connection between the relative in tensity  of homogeneous clusters and the ir
dissociation energy.



stand the magnitude of the relative intensity of homogeneous (Fe2, Ni2, 
Cr2) and heterogeneous (FeNi, FeCr) clusters emitted from the alloys 
investigated (Table 1.).

Table l .
Relative intensity of cluster ions
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cluster ion relative intensity related to

Cr t .................................... 0,5 Cr+
F e f  .................................. 0 ,4 -0 ,5 Fe+
Ni+ ................................. 1,3 Ni+
Fe N i + ............................. a; 0,8 F e+
Fe Cr+ ........................... a  200 Fo+

(The experimental values are extrapolate 1 to & = 0 and c =100%.)

The electronic structure of the metals:
Cr .............. 3d5 4sl
Fe .............. 3d6 4s2
Ni .............. 3d8 4s2
Consequently, at the Fe2, Ni2 and FeNi from the outset, at Cr2 by 

forming a cluster, the electrons are paired. So their ionization is less 
probable than that of FeCr, which becomes of more stabil electronic 
structure by forming FeCr+ ion.

YVe calculated moreover the difference between the ionization ener
gies of Fe2 and the heterogeneous clusters, supposing that the degree of 
their ionization is proportional to

Taking T = 5000 K we obtained

These values evidently suggest that the most intensive ion should be 
FeCr+ among the others, even if the total quantity of clusters is equal.
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Summary

Basic polypeptides were prepared from reactive a-poly-L-glutamic 
acid derivatives with diamines having at least one primary amino group. 
Polyactivation of polyacids was achieved by active ester or mixed car
bonic anhydride method. 2-chloro-ethylester and p-nitrophenylester 
were used as active esters. The conditions and applications of the'proce- 
dure are discussed.

Introduction

Poly-(y-methyl-L-glutamate) (la) is a basic material in the synthesis 
of functional polymers with peptide main chain. In our previous papers 
[1, 2] a method was described for the preparation of several types of side 
gioup modified a-poly-L-glutamic acid derivatives. The polvpeptides 
obtained showed some important biological activities depending to a 
great extent on their macromolecular parameters [3]. The polymers 
were prepared from poly-(y-methyl-L-glutamate) (la) by means of 
aminolysis with 2-dimethylamino-ethylamine or other amines [1, 2]. 
The physico-chemical and biological characteristics of the end products 
were deeply influenced by the parameters of the side group modification 
reaction. In these reactions long reaction time and a great excess of the 
strong basic diamine with a changing heating period were generally 
used. Diamines served as solvents, too. In spite of these hard conditions, 
the reaction was inhomogeneous for some time at the start in most cases! 
At the same time, in consequence of the reaction parameters applied, 
not only aminolysis, but side reactions proceeded, too. Thus, the result! 
ing polymer structures [1, 2] were influenced by chain splitting, racémi
sation, hydrolysis of ester groups, and their not full conversion.

I he starting material (la) was prepared by the polvmerization of 
the N-carboxy-anhydride of y-methyl-L-glutamate [lj.'O nce precipi
tated from solution, it never dissolves in common solvents such as dimet- 
byl form amide or dichloromethane. That is why further chemical modifi
cations cannot be performed in homogenous systems.



In order to use mild reaction conditions in solution, on the one hand, 
the solubility of starting polymer must be increased. On the other hand, 
shorter reaction time, lower temperature and decreased quantity of the 
strong basic amine are needed.

Results and Discussion

In our experiments we intended to use shorter reaction times at 
room temperature with only equivalent amounts of diamine. For the 
improvement of the aminolysis it seemed reasonable to increase the 
activity of the starting polymer. Polymer activity together with solubi
lity can be changed by using other carboxylic derivatives in place of 
methylester. The level of activity in derivatives of glutamic acid can be 
well demonstrated by the values of infrared stretching frequencies for 
their carbonyl groups [10]. According to data of [10] the active esters 
and mixed carbonic anhydrides have very high activities against amino
lysis. So in the case of polymers a polyactivation is necessary for the 
suitable conversion.

Chemical activation of poly-(y-methyl-glutamate) can be achieved 
very simply by transesterification [4, 5]. Direct transesterification of 
poly-(y-methyl-glutamate) (la) proceeded smoothly in dichloro-ethylene 
with acidic catalyst in a yield more than 80 per cent, according to the 
method of Endo et al. [4]. With ethylene chorohydrin as alcohol compo
nent, polv-(y-2-chloroethyl-glutamate) (Ilia) was obtained. The ester- 
exchanged polymer thus obtained is soluble in common solvents such as 
dimethylformamide and chloroform. The nucleophilic substitution of the 
polymer (Ilia) proceeded easily on pendant ester moieties at 20°C [6]. 
The aminolysis with 2-dimethylamino-ethylamine took place at 60°C, 
but the conversion was not complete (see Exp.). Therefore, the 2-chloro- 
ethylesters were replaced with more active p-nitrophenylesters. In the 
case of mono- and oligomer derivatives, the p-nitrophenylester groups 
could be very well used for the preparation of 2-dialkylamino-ethylamides 
[7, 8, 9].

Poly-(p-nitrophenyl-glutamate) (Illb) can be synthesized either by 
polymerization of the suitable N-carboxy-anhydride (IV), or from a- 
poly-L-glutamic acid (II) as starting material.

The polymerization procedure needed the Leuchsanhydride (IV) 
containing p-nitrophenylester moiety as temporary protecting group [10] 
on the molecule. I t  was prepared from benzyloxycarbonyl-y-p-nitro- 
phenyl-L-glutamate in benzene with phosphorus pentachloride, but the 
polymerization of the several times recrystallized compounds (IV) was 
unsuccessful. Poly-p-nitrophenylester (Illb) could not be isolated from 
the reaction mixture.

a-Poly-L-glutamic acids (II) were prepared by hydrolysis of poly- 
(y-methyl-glutamate) (la) according to Bruckner et al. [11], and by
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acidolytic cleavege of poly(y-benzyl-glutamate) (lb) according to Idelson 
and Blout [12].

The polymer chain contained as many p-nitrophenylester groups as 
necessary for the reaction with diamine molecules. The good solubility 
and reactivity of the poly-p-nitrophenylester (Illb) resulted in basic 
polymers (V) with reasonable conversion. The reactions proceeded with 
equivalent amines as calculated for the number of active ester groups 
(see Exp.).
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Fig. 1. Synthesis o f reactive polyglutam ates and poly-N -(2-dim ethylam inoethyl)L-gluta-
mine from them .

Similarly good results were achieved by application of the mixed 
carbonic anhydride method. For the activation of a-poly-L-glutamic 
acid (II) isobutvl or ethylchloroformate were used together with a ter
tiary base such as triethylamine or N-methyl-morpholine. The reactions 
were carried out in dimethylformamide or acetonitrile. The polyactive 
derivatives ( I l lc - I I Id )  were treated without isolation with 2-dimethyl-



amino-ethyl-amine, producing basic polypeptides (V) with high degree 
of substitution.

The traditional mixed carbonic anhydride method could be replaced 
by the use of N-ethoxycarbonyl-2-ethoxy-l,2-dihydroquinoline [13]. 
The mechanism of carboxyl group activation by the reagent involves 
transient formation of a mixed carbonic anhydride intermediate [13].

According to our experimental data, the chemical activation of 
poly-glutamates accelerated the aminolysis, increased the solubility of 
starting polymers and the reactions took place at room temperature with 
equivalent amount of diamine. In this way the conversion of active 
groups was quantitative and optically pure polymers were obtained. 
The same reaction conditions could be applied for other diamines, too. 
The application of reactive poly-glutamates (III) can help to prepare 
other polymers containing important biologically active moieties.

Experimental

For infrared spectra Zeiss UR 10 Spectrometer was used. The melting 
points were uncorrected.

Determination of p-nilrophenylcster groups

1,0 mg sample of polymer containing more p-nitrophenylester 
groups was allowed to stand for two days in 25 ml of 0.1 N sodium hyd
roxide at room temperature. The absorbance of the solution was measured 
at 400 nm by UNICAM SP 700 spectrophotometer. Recrystallized p- 
nitrophenol was the suitable reference standard with molar extinction 
coefficient: 18 400. The quantities of p-nitrophenyl groups were expressed 
in milliequivalents per gram.

Quantitative determination of basic structural units

The amounts of basic structural units (VI) were determined by 
titrating samples (50—100 mg) with solutions of 0.1 N perchloric acid 
in 99.9% acetic acid [1]. The polymers were dissolved in acetic acid (30 
ml) containing two drops of solutions of Christal Violet (0.2 g in 100 ml 
of glacial acetic acid). The end-point of the titration was determined by 
the appearance of a blue colour.

Control of the optical purity

Samples (200 mg) of the polymer to be tested were heated with a 
solution of 6 N HCL (2 ml) at 105° for 24 hrs. in a sealed tube. Mixtures 
of L-glutamic acid and 2-dimethylamino-ethylamine, corresponding to 
the quantities formed upon total hydrolysis of the former sample, were 
treated for the same time under identical conditions. The measured
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optical activities of the two solutions were identical (within the limits 
of experimental error).

Preparation of poly-y-(2-chloroethyl)-L-glutamate (Ilia)

Poly-(y-methyl-L-glutamate) (4.3 g, DPW =  480) was suspended in a 
mixture of ethylene dichloride (50 ml) and ethylene chlorohydrin (50 ml).
0.65 ml cc. sulphuric acid was added. The mixture was kept 28 hours at 
60°C. After evaporation the residue was treated with anhydrous ether 
(150 ml). The crude product was washed with ether, then acetone, water, 
acetone and ether again. Then it was dried in vacuum over HgSO,, and 
finally over P2Os -5.35 g polymer was isolated (09%). Found: Cl; 14.70% 
Calcd: Cl: 18.5%. Active ester content: 4.2 meq/g calculated from Cl 
determination.

Aminolysis of poly-y-(2-chloroelhyl) -L-glutamate (Ilia)

Poly-y-(2-chIoroethyl)-L-glutamate (2.6 g) was dissolved in dimethyl- 
formamide (30 ml) and 2-dimethylamino-ethylamine (18 ml) was added 
to it. The solution was kept 10 hours at 30°C, then overnight at room 
temperature. The polymer was precipitated with anhydrous ether (250 
ml). The solvents were decanted from the precipitated material, the viscous 
residue was dissolved in anhydrous ethanol (10 ml) and treated with 
ether (30-50 ml) This procedure was repeated three times; finally the 
solid material was filtered off and washed with ether. The isolated hyg
roscopic amorphous powder (2 g) contained 2.8 meq/g basic structural 
unit (VI).

Preparation of poly-(y-p-nitrophenyl-L-glulamate) (Illb)

To a solution of a-poly-L-glutamic acid (0.52 g; 4 meq. acid DPW = 
=  80) and p-nitrophenol (1.39 g; 10 mmole) in anhydrous dimethylfor- 
mamide (10 ml) N,N’-dicyclohexylcarbodiimide (0.83 g; 4 mmole) was 
added at 0°C, with stirring. After three hours the reaction mixture was 
allowed to warm to room temperature and the reaction proceeded for 
additional one day. The white precipitate (dicyclohexylurea) was fil
tered and washed. The polymer was precipitated with a mixture contai
ning ether (100 ml), light petroleum (100 ml), ethyl acetate (20 ml) and 
acetic acid (2 ml). The solid material was washed with ether. After drying
0.80 g amorphous powder was isolated. Active ester content: 2.6 moq/g 
calculated from p-nitrophenyl determination. Characteristic frequencies 
of IR  spectra: v n h -3300; rc=o(COONp): 1765 rc=»o(amide): 1660; 
j>n o 2 : 1530, 1360 cm-1.
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Amtnolysis of poly-( y-p-nitrophenyl-L-glulamale) (M b)

The polymer p-nitrophenylester (2.5 g) was dissolved in a mixture 
of dimethylformamido (30 ml) and ethyl acetate (15 ml). 1.2 ml of 2- 
dimethylamino-ethylamine (mmole equivalent to the number of p-nit- 
rophenyl groups) was added dropwise at 0°C. After 5 hrs. the mixture 
was allowed to stand one day at room temperature, then it was poured 
into anhydrous ether (200 ml). The ether was decanted, then the residue 
dissolved in ethanol (15 ml) and treated with ether (80 ml). This procedure 
was repeated three times. 1.7 g polymer was isolated containing 3.1 
meq/g basic structural unit (V).

N -carboxyanhydride-y-p-nitrophcnyl-L-glutamate (IV)

To a solution of benzyloxycarbonyl-y-p-nitrophenyl-glutamate 
(4.02 g, 10 mmole) in 30 ml abs. benzene was added 2.4 g phosphorus 
pentachloride. The mixture was kept 10 minutes at 0°C and for 4 hours 
at room temperature. The precipitated end-product was collected, washed 
with light petroleum, dried and finally recristallized two times from 
ethyl-acetate light petroleum. Yield: 2.4 g (81.6%) mp: 170— 172° Anal. 
Calcd. for Ci2H 10O7N, (294.3): C 48.9; H 3.4; ONp 46.9. Found: C 49.0; 
H 3.5; ONp 46.5%.

Characteristic frequencies of IR  spectra: 
rc=o(anhydryde): 1805, 1870; rc=0(C'OONp): 1760; vnh: 3390cm-1

Preparation of poly-N-(2-dimcthylaminoethyl)-L-glutamine ( l ) with 
mixed carbonic anhydride method

A solution of a-poly-L-glutamic acid (1.1 g; 9 meq. acid, DPW =580) 
and triethvlamine (1.26 ml; 9 mmole) in anhydrous dimethylformamide 
(25 ml) was cooled to — 10°C, and isobutyl chloroformate (1.26 ml, 9 
mmole) added dropwise with vigorous stirring. After a further 20 min. 
at the same temperature, 1.18 ml (9 mmole) of 2-dimethylamino-ethyIa- 
mine was added dropwise. Stirring was continued 3 hrs at 0°C, then the 
mixture was allowed to stand overnight at room temperature. I t  was 
poured into a mixture consisting of chloroform (200 ml) and light pet
roleum (100 ml). The precipitated polymer was washed with chloroform 
and ether. After drying it was ionexchanged on Dowex 1 column. After 
freeze-drying 1.35 g white polymer was obtained with DS = 96 (degree of 
substitution). The degree of substitution of the obtained polymer was 
calculated from the quantitative determination of basic structural units 
(V): 4.68 meq/g.
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Summary

The concentration of atmospheric pollutants was determined with 
a quadrupole mass spectrometer. The analysis of contaminants present 
in a very low concentration was preceded by a preconcentration step 
by using a cold trap. The carbon dioxide content of the air and its varia
tion by aeration was investigated in a lecture hall. The concentrations 
of sulphur oxides and nitrogen oxides were determined in some places 
at the centre of Budapest. The determination of air pollution in industrial 
plants e. g. pharmaceutical factories is illustrated by some examples as 
well as the simultaneous mass spectrometric determination of organic 
compounds e. g. solvent vapours.

Introduction

Mass spectrometry is often employed in gas analysis mostly for the 
quantitative determination of trace contaminants. The term “trace” 
generally designates a component which is present in the matrix in a 
concentration smaller than 1000 ppm. The remarkable evolution of gas 
chromatographic techniques have substituted mass spectrometry in some 
fields of gas analysis e. g. in organic chemical analysis, however, mass- 
spectrometry remained indispensable in many fields such as analysis 
of inorganic gases of low molecular weight, determination of atmospheric 
pollutants, etc. [1 — 8].

The development of the so-called dynamic mass spectrometers has 
considerable assisted the spreading of mass spectrometric gas analysis. 
Some features of these class of instruments e. g. small size, great sensi
tivity, low background pressure, versatility, etc. make it especially 
suitable for gas analysis [2], while mass spectrometers with static magnet 
give, excellent performance in structural research, measurements of 
isotope ratio, investigation of solids, etc.

The main fields of application of mass-spectrometry are the following:



1. Determination of the composition and of the contaminants of 
gases. The continuous analysis of gas mixtures employed in industrial 
processes [3] belong to this class of application as well as the determina
tion of trace contaminant of high purity gases. The latter field also inc
ludes the determination of atmospheric pollutants which gained consi
derable importance lately as well as the use of mass spectrometry in 
biology and medicine (e. g. analysis of respiration, etc.) [4].

2. Analysis of vacuum systems e. h. telecommunication equipment, 
semiconductor devices, light sources, etc. [5]. The analysis of the so-called 
residual gases also belongs to this category.

3. Gas analysis in the high region of the atmosphere which can be 
performed with special, small-sized mass spectrometers only.

The present communication deals with gas analytical studies per
formed with a well-known type of mass spectrometers viz. a quadrupole 
mass spectrometer. A common feature of these studies is the fact that an 
amount of a few ppm of a trace contaminant had to be determined in a 
matrix consisting of one or more gases. The preconcentration was 
employed in order to increase the sensitivity of the analysis. The precon
centration consisted in freezing.

Shepherd and his co-workers [6] were among the first authors who 
applied preconcentration by freezing in gas analysis by mass spectro
metry. The air of Los Angeles was analyzed with this method. The 
authors reported the determination of contaminants in 10 ppm con
centration in a sample having a volume of 10s cm3. The components of 
the frozen concentrate were separated by isotherm distillation at low 
temperature and pressure and the fractions obtained by this operation 
were determined by mass spectrometry. The gas phase of the smog was 
found to consist mainly of a mixture of hydrocarbons and organic com
pounds containing oxygen, nitrogen and halogens.

Isotherm distillation preceeding mass spectrometric analysis is a 
rather cumbersome and lenghty procedure and thus it has lost signifi
cance in air pollution analysis. Nowadays the determination of volatile 
organic material in air is performed by very efficient gas chromato
graphic techniques [7].

The principle of the evaluation of mass spectrometric data

Mass spectrometric analysis consists of the following steps:
1. Evaporation of the material to be analyzed and suitable reduction 

of the pressure of the gas sample.
2. Ionization of the molecules of the material to be analyzed and 

production of an ion beam having suitable energy.
3. Separation of the ion beam according to specific mass.
4. Detection and recording of the ions corresponding to given mass 

numbers.

86 K. TOHKOS ET AL.



5. Evaluation of the mass spectra i. e. determination of the unknown 
concentrations. The evaluation is based on the fact that the peak heights 
of the mass spectra are proportional to the partial pressure of the given 
component in the ion source.

The kowledge of the transfer function of the mass spectrometer 
permits to correlate the mass spectrum to the composition of the gas 
mixture [8]. The transfer function is linear in the most favourable case. 
The complete transfer function is linear if each unit of the equipment 
exhibits a linear transfer function. The pressure reduction (k,) between 
the sampler and the ion source is the first factor which affects the coeffi
cient of proportionality between the concentration and the peak intensity 
of the spectrum lines [9]. Appropriate flow conditions must prevail in 
order to ensure that the gas composition of the ion sourve correspond 
to that of the sample.

The second factor is the ion source efficiency (k2) which depends 
on the quality and the mass of the gas. The ion source efficiency is mostly- 
affected by the possibility of ionization [10].

The transmission of the analyzer (k3) and the efficiency of the ion 
detector (kA) are the third and fourth factors, respectively. The former 
varies with the specific mass in the case of the quadrupole mass spectro
meter employed for the measurement, while the latter is mainly affected 
by the amplification of the electron multiplier which depends on the 
specific mass [11].

I t is obvious from the aforesaid that the overall proportionality 
factor between the concentration and the peak intensity (the so-called 
sensitivity coefficient) is different for each ion of each component.

I t  is advisable to determine experimentally the sensitivity coeffi
cients by calibration. Even the determination of gas mixture of extremely 
complicated composition is feasible if these coefficients are known.

The quantitative analysis must obviously be proceeded by a quali
tative one, i. e. by the identification of the ions and that of the componets 
corresponding to the ions. The determination of the mass number related 
to each peak is simple in the case of quadrupole mass spectrometer since 
the mass scale is linear. I t is far more difficult, however, to correlate 
the ions with the peaks of a given mass number [12].

Thus the evaluation of the mass spectrum requirs the knowledge 
of the quality and the relative frequency of coccurrence of the ions 
produced by all possible components under the given experimental 
conditions. This is the so called characteristic mass spectrum which is 
obtained by expressing the height of the peaks in the mass spectrum of 
the pure material in percentual form. The height of the largest peak is 
assumed to be 100 units.
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(1)

where is the absolute peak height of ions of mass M  of j-th compo
nent in arbitrary units, yilA (max) is the absolute height of the base peak



in the same units, rjM is the relative abundance of ions of mass M  of the 
j-th component the base peak being 100 units.

This experimentally determined spectra are tabulated for a large 
number of material.

The qualitative analysis is much simpler if the determination of 
some compents is desired only.

The experimentally observed peak height attributed to ions of mass 
M  of the J-th component is given by the following formula
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and (2)

(3)

where £jM is the sensitivity coefficient of ions of mass M  of the j-th com
ponent and the concentration c is expressed in volume per cent.

The reference peak is assumed to be free of superposition.
The sensitivity coefficient can be determined experimentally bv 

using a standard of known composition, i. e, an external standard. The 
ratio of the peaks yields directly the concentration ratio provided that 
the total pressure is identical during the calibration and the measure
ment.

(4)

where the quantities marked with asterisk refer to the standard.
The use of internal standards is advantageous only if the sensitivity 

coefficients are approximately equal. However, this technique must be 
employed in all cases when neither the pure gas nor their mass spectra 
are available.

The evaluation of the mass spectra is rather cumbersome if reference 
peaks exempt of superposition are lacking. The following formula is 
valid since the superposition is linear:

(5)

where M  = il/2 ..........Mm.
In such cases a set of m equations of n unknowns can be

written and the unknown concentrations c;. have to be calculated by 
solving the linear set of equations [13].

I t is advisable to determine experimentally the sensitivity coeffi
cients from the mass spectra of the pure components at the pressure 
applied in the analysis:

(6)



If the pure component is not available the sensitivity of the instru
ment has to be determined with n-butane or with some other reference 
substance. The relative sensitivity of each component as referred to the 
reference substance as well as the characteristic mass spectra can be found 
in tables. The sensitivity coefficients can be obtained by the following 
formula:
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(?)

where subcript max refer to the base peak.
I t is apparent that the above relation is valid only if the measured

value of ¿g is equal to the S$ value of the instrument used in the deter
mination of the tabulated data.

It is noteworthy that different data can be obtained by using dif
ferent instruments even if the latter are of the same type and have iden
tical technical data. Obviously the probability of the observation of 
different measuring data is much greater if different types of instruments 
are used. We had to take into account this fact since literature data refer 
to magnetic equipments whereas a quadrupole mass spectrometer was 
used in our experiments.

The selection of the proper method of evaluation depended on the 
actual conditions of our practical work. Thus it was influenced by the 
number of the components and their concentration, by the desired 
accuracy of the measurement, by the character of the transfer function 
of the quadrupole mass spectrometer, by the availability of pure gas for 
calibration or the characteristic mass spectrum.

The two methods of evaluation employed in experiments with 
preconcentration by freezing can be cited as examples.

A) In the first instance the objective was the determination of a 
single component. Pure gas were available and analytical peaks exempt 
of superposition could be assigned. Thus unknown concentration is cal
culated by the following formula:

( 8)

where y-ifA is the peak height measured in the sample introduced in the 
measuring space from the system having a volume Y  at pressure p-in, 
îM(ioo) ^  ^ e  peak height in the pure gas introduced in volume Y  and 

pressure pxin, pxm is the pressure of the air sample of volume X, p̂  is the 
pressure of the contaminants frozen in the trap having volume Y  after 
expansion. The pressure data refer to 20 °C.

B) I he second method is based on some neglection, however, it is 
more rapid than the previous one as all the components are determined 
from a single spectrum. The sensitivity coefficient is approximated by 
its most important factor, namely transmission The latter was deter



mined for the equipment used in this laboratory for the entire mass range 
using an accurately known standard material. In fact the above technique 
is equivalent to the internal standard met hod except that the sum of all 
the peaks instead of one peak is assumed to be 100 per cent. Thus presum
ably the average of the scattering of the sensitivity factors is obtained. 
The peaks to be analyzed were referred to the total peak height or total 
ion current assumed to be 100 per cent.

This method is generally not burdened with larger error than that 
encountered when using characteristic mass spectra and relative sensi
tivities in the analysis. In addition this method is also applicable when 
the latter data are unknown. Nevertheless the qualitative use of the 
characteristic mass spectra is also advantageous in this case.

The unknown concentration is given by the following formula
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where the symbols are identical to those used in equation (8).
Both evaluation procedures were employed to determine the same 

component and good agreement was observed between the results.

(9)

Experimental part

Sampling

The conditions of sampling are decisive factors in the determination 
of trace contaminants of gases. The following requirements have to be 
met during sampling and in the handling of the samples in order to obtain 
reliable and reproducible data:

1. The vessel containing the sample is vacuum-tight without the 
use of any lubricants.

2. The sample can be stored in the vessel for a long period of time.
3. No operation is necessary between sampling and measurement.
4. The total amount of the sample contained in the vessel is possibly 

employed for the measurement.
5. The sampling is as rapid as possible and do not necessitate cumber

some and bulky auxiliary equipments. The latter requirement is especi
ally important in the determination of atmospheric contaminants since 
sampling is not carried out in laboratory conditions in this case.

In the measurement of atmospheric contaminants one must take 
into consideration the fact that water vapour is present in the air in a 
large amount as compared to that of the trace contaminants even in 
the most favourable meteorological conditions. The water vapour cannot



be removed during the preconcentration by freezing (see later) without 
the danger of a change in the composition of the sample.

The main component of the frozen preconcentrate being water, the 
possibility of increasing the volume of the sample is limited as it may 
cause technical difficulties in the measurement. Thus the amount of 
the sample ensuring optimum measuring conditions had to be determined.

A volume of 100 cm3 (1,01 • 10s Pa, 20 °C) was found to be suitable.
A large sample volume can be used if not atmospheric samples are 

analyzed, e. g. determination of trace contaminants or composition of 
gas contained in cylinders. The detection limit increased when a larger 
amount of sample is employed.

According to the aforesaid considerations glass sample bottles 
having a volume of 100 cm3 were employed in this work. The bottles 
were provided with vacuum valves with teflon or viton sealing which did 
not necessitate the use of any grease. The vacuum taps ensured proper 
sealing even at a pressure of 1.33 10-4 Pa.

The following two methods were used for sampling.

1. The sampler was evacuated in the laboratory to about 1,3 Pa 
using an adsorption pump filled with activated charcoal and refrigerated 
with liquid N2. The bottles were properly sealed after evacuation and were 
only opened at the sampling site. Sampling was instantaneous with this 
technique and no auxiliary equipment was required. The use of adsorp
tion pump for the evacuation of the samples was found to be advantogeous 
as compared, e. g., to rotary pumps since the residual gases of the samples 
did not contain components that could cause background effects in the 
measurements. The residual gas in the vacuum space contained only such 
components which were characterized by a very low pumping speed of 
the adsoprion pump i. e. which had a low adsorption heat on active carbon 
surface. These components are mainly rare gases and nitrogen. In the 
case of air samples the main components of the residual gas were found 
to be nitrogen and argon present in an amount of 900 ppm. These com
ponents caused no difficulties in the measurement.

The above sampling technique was mainly used in the analysis of 
atmospheric samples.

2. The so-called flushing sampling technique was employed in the 
analysis of systems at pressures above the atmospheric one (e. g. cylin
ders, industrial equipments). In such cases the sampling bottle was flus
hed by the gas and the valve was closed. The accuracy of quantitative 
measurement could only be ensured if the pressure in the sampling bottle 
did not exceed the atmospheric pressure prevailing during sampling 
since the latter could be determined accurately. Thus an adequate T 
joint was inserted between the gas source and the sampler which ensured 
the equalization of the pressure permitting the accurate determination 
of the volume of the sample.
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Preconcenlrnlion with cold trap

The desired components of the gas sample were separated by freezing 
in a cold trap consisting of an U-shaped glass 250 mm long and 8 mm inner 
diameter filled with glass helices used in distillation columns in order to 
increase the active surface of the trap. The cold trap was evacuated to 
1.3 Pa using a sorption pump filled with activated charcoal and cooled 
with liquid N, before the preconcentration step. After evacuation the 
gas sample which was maintained at atmospheric pressure in the 100 cm3 
bottle was sucked into the cold trap. Than the sampler and the pump 
were detached from the system and the cold trap was heated to room 
temperature. The total amount of the sample was determined by measuring 
the pressure of the sample expanded to a known volume at room temper
ature. The next step of the preparation consisted in the introduction of 
the sample in the buffer vessel of the inlet system by means of a high 
vacuum valve connected to the ion source of the mass spectrometer 
through a molecular leak. The pressure in the buffer vessel was maintai
ned at 133 to 1,3 Pa while the pressure prevailing in the ion source was 
generally 1,3 • 10 ~3 to 1,3-10 —5 Pa.

Mass spectormetric analysis

The block diagram of the measuring system is shown in Fig. 1.
The background pressure in the ion source of the mass spectrometer 

was generally 5,3 • 10~° Pa. The ion getter pump ensured that the partial 
pressure of a few components only contributed to the background pres
sure. This fact is fabourable in the determination of trace contaminants. 
However, one must take into consideration that the ion getter pump 
cannot be loaded extensively. Thus argon is used during the introduction 
of the sample and consequently peak m/e 40 is continuously increasing. 
This fact must be taken into account in the quantitative evaluation of 
results.

Ultra-high vacuum system containing ion getter pumps are definitely 
unsuitable for the measurement of rare gases and hydrogen because of 
the low value of speed of evacuation of the ion getter pumps in respect 
of the latter gases. The use of diffusion pumps with cold trap or turbo- 
molecurar pumps is recommended for the analysis og fas mixtures contain
ing a large percentage of rare gases and hydrogen. In such cases sorption 
pumps cannot be employed as fore-vacuum pumps either.

The optimum time for pumping through the sample was experiment
ally determined using 100 cm3 of air sample at atmospheric pressure and 
the actual cold trap.

The amount of C02 found in identical air samples was measured 
during various times of suction. The optimum time was found to be 10 
min, i. e., this was the minimum time permitting the freezing of the total 
C02 content of the sample. The time interval was found to be also suffi-
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Fig. 1. Block diagram  o f the  m easuring equipm ent SP I, SP II-soprtion  pum ps; IG P  I, 
and  IG P  II-ion  g e tte r pum ps, M-sampling bo ttle  of volum e 100 cm3; T-cold trap ; B-buffer 
vessel; L-m olecular leak; R IB E R  type  OML-51 quadrupole mass spectrom eter analyzer;

P -P iran i vacuum  gauge.

cient for collection of other substances in concentration not exceeding 
10- ppm. The reproducibility of the analysis was studied be the measure
ment of six identical samples. The reproducibility of the peak intensities 
was found to be better than ±  2 per cent.

The evalutation of the analysis was performed both with direct 
calibration and with techniques based on the measurement of total ion 
current. Direct calibration for each component was deemed to be cumber
some in the case of multicomponent gas mixtures, especially those 
containing organic compunds. In this case the evaluation of the result is 
preferably performed on the basis of the characteristic mass spectrum 
and the total ion current knowing the amount of the sample.

Experimental results and their evaluation

Some examples are cited here among the investigations carried out 
with the methods described in the foregoing.

Table 1 shows the analysis of atmospheric samples taken in the 
neighbourhood of the university building at a distance of 1 m from ground 
level and at a height of 20 m on the roof of one building respectively.



Table 1.
Analysis of air samples near the m ain building of the Faculty of Sciences, Loránd Eötvös

University, Budapest
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Place of sampling
CO. no2 S02 H20

ppm

E ntrance  of m ain building 225 3,0 0,5 550

E ntrance  of m ain building 586 7,1 _ 640

R oof o f th e  m ain building 3080 25,1 11,1 4580

C ourt-yard 1202 21,4 11,0 5680

The humidity of the atmosphere depends on temperature and other 
weather conditions since water is present in the form of vapour at normal 
meteorological conditions. Additional studies are required in order to 
investigate the influence of humidity on the quality of air and on atmos
pheric pollution [14]. The actual values of water concentration are listed 
in Table 1 go illustrate only that the method applied in the analysis 
permitted the determination of the absolute amount of water. Since 
the components listed in Table 1 could be determined simultaneously 
from a single sample, serial analysis would permit the definition of the 
factor influenced by the variation in the water content.

Table 2 shows the variation of carbon dioxide concentration in 
lecture theaters at various points of time.

Table 2.
Carbon dioxide concentration in  a lecture theater

Sample CO. ppm

Before a lecture .................................... 650
A fter two hours’le c tu r e ...................... 2100
A fter 5 m inutes a e ra t io n .................... 1900

Preconcentration by freezing was employed in some instances for 
the determination of trace contaminants of gas cylinders. The main 
contaminant of ultra pure nitrogen was found to be oxygen in a concent
ration varying from 100 to 300 ppm. This fact deserves attention since 
such nitrogen gas cannot be employed without purification as the carrier 
gas in gas chromatographs, especially those equipped with electron cap
ture detector. The above mass spectrometric technique was found to 
be suitable for the determination of the contaminants of rare gases and



hydrogen. In this case, however, sorption pumps are unsuitable for evacu
ation of these pumps is very low in respect of hydrogen and rare gases 
on account of the low heat of adsorption of the latter. Rotary pumps can 
be employed in such cases provided that a cold trap is inserted between 
the pump and the system in order to eliminate oil vapours. The deter
mination of trace contaminants of rare gases has great practical impor
tance in many respects, e. g., a mixture of rare gases is employed for 
filling Geiger — Müller counter tubes and it is very important to know 
the composition of the gas mixture.

The mass spectrometric method is not restricted to molecules having 
a relatively simple mass spectra. I t is also applicable for the’ analysis 
of samples containing more complicated organic molecules if certain 
data of the latter are known. Atmospheric pollution measurements were 
performed in a plant of a pharmaceutical factory to control a certain 
production line. Similar measurements were carried out in a workshop 
and in the neighbourhood of a metal finishing plant, respectively, in order 
to determine the level of air pollution and the effectiveness of equipments 
used for environmental protection.

The sampling and the measurement procedure were identical with 
those mentioned previously. Obviously, the mass spectra recorded in the 
analysis of the latter air samples were much more complex than in the 
previously mentioned cases. This was due to the presence of a larger 
number of components, and, moreover, to the fact that many peaks 
could be assigned to several substances, i. e. “clean peaks” were scarcely 
observed. Thus the mass spectrum of a given component had to be cal
culated first in order to make possible the determination of the quantity 
of each component. Consequently the mass spectra of the components 
taking part in the technological process were recorded separately which 
permitted to determine the “clean peaks”. On the basis of this spectra 
the components present in the mixture could be identified by resolving 
the complex spectra to its constituents.

This technique is only succesful if the mixture is composed by less 
than six or seven components. However, it is quite useless in the case 
of mixtures of hydrocarbons since the molecules having similar strutures 
produce similar fragments as well. Consenquently the spectra can not 
be resolved.

The mass spectrometric technique can be considered important 
although similar analysis can be performed by CG-MS or even by CG 
methods as well. However, the GC —MS method is much more expensive 
than the MS technique while the sampling and sample prepration in gas 
chromotography is much more time consuming. The choice of the method 
depends on the available means and other consideration.

The data obtained during the measurements in the plant indicate 
the extreme values of pollution encoutered in the immediate vicinity of 
the equipments used in the technological process, (cf. Table 3). These 
data are helpful to devise how to decrease air pollution in the plant.
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Table 3.
Some measurement data in a pharmaceutical factory. Analysis of the air of a plant in the

pharmaceutical factory
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Vol. per cent

Component number of sample

1 2 3 4 5 6

iso-propyl alcohol 6,94 6,15 11,63

n1O _ 6,0-10-3

carbon tetrachloride 0,32 1,11 1,33 — — —

chloroform 0,90 1,86 2,59 — 4 .8 -1 0 -1 6,0-10-3

di-chloro m ethane 0,57 0,69 1,61 — 3 ,2 -1 0 -1 7,0-10-3

benzene — — — 6 ,5 - i o -* 4 ,0 -1 0 - 1 2,0-10-3

acetone 0,82 0,65 1,07 2,1 - i o - 2 3 ,0 -10 - 2 3,7 -1 0 -2

Table 4 shows the results of measurement which were performed in 
the finishing shop and neighbourhood of a plant manufacturing electro
technical equipments. The amount of the volatile components of the 
lacquers employed in the shop was determined during the technological 
process. Thus emission data could also be determined, knowing the com
position of the samples. However, this is omitted here since the air pollu
tion of the plant in question is limited to a small area and the amount 
of the pollutants is not considerable in industrial scale. Table 4 also 
contains the analysis data of the air sampled at the top of the exha
ust chimney. These values, however, could not be considered as emission 
data because the exhausted vapours were diluted with a large volume of 
air and were partly condensed in the exhaust system.

The metal sheets are coated with lacquer through calendars and 
transported by a conveyor belt to a 15 m long oven for baking. The oven 
are equipped with exhaust assemblies at the inlet, in the middle and at 
the lacquer.

The following conclusions can be drawn from the data of Table 4:
a) air pollution was found to be most severe near the calendars 

and in the finishing shop;
b) the exhausts systems were not sufficiently efficient although 

the concentration of the emitted contaminats was an order of magnitude 
smaller than that measured near the calendars;

c) the data of outdoor measurements are rather divergent as a 
consequence of changes in meteorological conditions. The results consider
ably depend on the direction of the wind thus the measured data only 
refer to the instaneous emission values at the site of the sampling.

In addition to mass spectrometric data the number and the quality 
of the volatile components were analyzed by gas chromatographic tech
niques as well. I t  is noteworthy that the gas chromatographic analysis



Table 4.
Analysis of air samples of a m etal finishing shop
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Place o f sam pling
hydrocar

bons xylenes 1-butanol nitrobenzene toluene

ppm

1. exhaust fan, above calender 3700 6300 3800 780 520

2. exhaust fan . a t th e  top  of the 
chim ney 300 100 500 20 15

3. exhaust fan . a t  th e  top  o f the 
chim ney 600 50 800 10 5,6

4. exhaust fan. a t  th e  top  o f the 
chim ney 200 300 600 20 17

inside th e  shop 17. March, 1978 1300 50 4600 20 —

a t th e  gate  17. M arch, 1978 300 20 800 10 —

in th e  court-yard  near th e  shop 
9. May, 1978 400 3,0 _ _ _

in  th e  court-yard  30 m from  th e  
shop 9. May, 1978 450 2,2 _ _

in th e  court-yard  50 m  from th e  
shop 9. May, 1978 440 1,5 _

in the court-yard  near th e  shop 
25. May, 1978 170 22 6,3

a t th e  gate  25. May, 1978 450 7,6 - 3,8 -

of air samples is rather difficult because of the large amount of water 
present in the sample. The mass spectrometric measurement is more 
rapid, while the evaluation of the results is somewhat time consuming. 
The opposite apply to the gas chromatographic technique. In our case 
the former method was deemed to be more convenient, since the technique 
of evalutation of spectra was at our disposal.
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NOVEL SET OF PYROLYSIS GAS CHROMATOGRAPHIC TECHNIQUES 
FOR IDENTIFICATION AND STRUCTURAL INVESTIGATION OF 

PHENOL-FORMALDEHYDE RESINS*
T. TÓTH  AND I. GYÖNGYHALM I

D epartm ent o f Chemical Technology 
B udapest, Múzeum k rt. 6 — 8, H ungary  1088.

Summary

A set of partly novel pyrolysis gas chromatographic (PGC) techniques 
based on the use of a temperature programmable furnace micro-reactor 
(MR) and a dual channel gas chromatograph (GC) have been developed 
for characterising macromolecules especially phenolic resins. The five 
MR techniques are distinguished by the different thermal exposure modes. 
The five GC modes are used to monitor the events that occur using the 
several heating modes.

These several options may be combined at will and selection of a 
particular combination gives information that enables the user to answer 
questions concerning thermal stability, crosslinking and qualifying of 
phenolic resins.

Introduction

Although the phenol-formaldehyde polycondensates are the most 
ancient organic polymers and PGC is not a recently developed tool of 
analytical chemistry either, few papers deal with the” application of PGC 
to phenolic resins and related materials. This is the more unfortunate as, 
even by other methods, only little information can be obtained on theses 
insoluble amorphous macromolecules.

Thus, a few very important questions, such as composition, degree 
of cross-linking and the nature of bridges or other heteroatomic groups 
and thermal stability as well, have not been satisfactorily answered as 
y e t[l, 2]. Consequently setting-up correlations among structural features, 
production parameters and properties are still impeded due to lack of 
a suitable analytical procedure, as stated by ZULAICA and GUIOCHON 
[1] who, however, have been two of the pioneers in this field. In an other

* This paper, in p a rt, was presented to  the m eeting o f the  T hird  In te rn a tio n a l 
Symposium on A nalytical Pyrolysis held in A m sterdam , 1976, and  an  ab strac t was p u b 
lished in th e  proceedings o f th e  Symposium (Jones, C. E. R . Cramers, C. A. editors: A naly
tica l Pyrolysis, Elsevier, 1977).
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paper MARTINEZ and GUIOCHON [3] proved a fragmentation picture 
based on some supposition for the thermal scission, on the one hand, 
and on the simplified, broadly conventional pattern of these resins, 
on the other hand. So they have got a good correlation between the com
position of the phenolic mixture used to produce these resins and their 
phenolic fragments. This fragmentation pattern has been used and justi
fied by more examples, and by several authors [4, 5].

The present paper was also induced by these publications and by 
a work using the techniques of thermal analysis [6] as well and its aim 
is to contribute by developing simple, well reproducible flexible MR — GC 
techniques to answer the above questions, especially those of cross- 
linking and thermal stability.

Experimental
Equipment. The pyrolysis unit used was a home-made furnace type 

MR, The M R has been made of a stainless steel tube with an i. d. of 3 mm 
and a length of 180 mm provided with an external electric heating. In 
the jacket two Pt/PtR h thermocouples are built in, which are calibrated 
for the temperature measured inside of the tube. One of the thermocoup
les was connected to a thermometer or to the second pen of the recorder, 
while the other to an electronic linear temperature programmer (“Prog- 
ramik”, type 2029, MIKI, Hungary, keeping a precision of± 3 °C, linear 
program reproducibility 1% with program rates 1, 2, 4, 10, 20, 30, 
40 °C/min) controlling the MR heating. The front side of the MR was 
formed as a GC injection port, serving for sampling. The other side was 
directly connected by means of a 1 mm i. d. stainless steel pipe maintained 
at 200 °C, to the GC column/s. No discernible extra peak broadening 
was caused by this connection.

Sampling of the solid insoluble powdered material was accomplished 
by pushing a platinum boat by means of a steel rod throughout a septum 
into the highest temperature zone of the MR. The boat is removable, 
therefore the sample can be weighed before and after each pyrolysis. In 
the case of MR/1 and MR/3 0.1 —0.5 mg sample is balanced with a pre
cision of ± 0.005 mg by a Sartorius balance. The sampling can be effected 
within one second. The residence time of the boat in the firing position 
for the “pulse” techniques has been standardized as 10 seconds. In the 
case of “pulse” techniques a chromatogram of the fragments (fragtogram) 
has been taken after each given thermal pulse.

Gas chromatographic methods. A JGC —810 (JEOL, Japan) dual 
channel gas chromatograph, including two mass flow controllers and 
two FIDs and a two-pen recorder, has been used. Retention time and 
peak area were read from an electronic digital integrator, model I) 26 
(Perkin—Elmer). The following experimental conditions were existing: 
column temperature was maintained at 140 °C; FIDs maintained at 
200 °C in a separate oven; when sample solutions were injected into the 
GC for peak identification and retention index measurements, the injec-

100 T. TÓTH, X. GYÖNGYHALMI



tion port was heated to 220 °C; high purity nitrogen was used as carrier 
gas; the inlet pressure of the carrier gas was sufficient to produce approxi
mately 0.07 m/s average linear speed in each case.

Each of the columns was made of a 2 m long stainless steel tubing 
of 3 mm i. d., except the filtering column which was 0.15 m long. The 
packing materials were as follows: column No. 1.: 8,5% Apieson L-(-1.5% 
Trimer acid on Chromosorb W AW 60/80 mesh; column No. 2.: 4% Tric- 
resil phosphate + 2% Apieson L +1 % o-phosphoric acid on Chromosorb 
W AW 60/80 mesh; column No. 3.: Porapack Q 80/100 mesh; column 
No. 4.: soda lime ground into 40/60 mesh sizes.

Monitor curve operation. In this GC mode no separating column was 
used. The MR and FID (or other GC detector) were connected by an 
inert tubing of suitable size (in our case 2m X 1 mm i. d. stainless steel 
pipe) and maintained at a temperature high enough to prevent conden
sation of the fragments. Connection is shown in Fig. 2. For a stabil detec
tor operation a certain pneumatic resistor has been applied between MR 
and the mass flow controller of the equipment. In the case of this opera
tion one of the thermocouples of MR was fitted to the second pen of 
the recorder. In this way the relevant temperature could be read at any 
point of the degradation curve.

Monitor curve and simultaneous component analysis operation. For 
sampling, intermittently, from the continuous pyrolysis stream into the 
separating column, a high temperature 4-wav val$e (Varian Aerograph) 
was used. This valve was built into the column oven of the GC and equip
ped with two 2 mX 1 mm i. d. pipes were arrange as shown in Fig. 2. 
At both valve positions half of the stream passes through pipe 1 into 
FID —1, while at the first valve position the other half passes through 
pipe 2 into the column oven air, at the same time pure carrier gas flushes 
into the pipe 3 and the GC column, and from there into FID —2, so that 
column stabilising (or fragtogram) takes place. All the three pipes are 
indentical. At the second valve position (after disconnecting manually 
the second flow-controller) the stream from MR purges pipe 3 and after 
a 10 second purging, the valve will be turned, then the flow-controller 
reconnected, and thus, the sampling is accomplished and separation takes 
place.

Model materials. Novolacs were made of pure phenol or pure cresols 
and formaldehyde (mole ratio 1:0.8) by the well known oxalic acid cata
lysed condensation. The phenol (Ph) and 3-methylphenol (3-MPh) 
novolacs have been cured with different quantities of hexamethylenetet
ramine (hexa) (5, 7, 10, 13, 16 and 20%) at the same temperature prog
ram. Maximum curing temperature was 180 °C for half an hour. The 
cured phenolic resins are indicated in the paper as Ph/5 —Ph/20, the 
m-cresolie ones as 3-MPh/5 — 3-MPh/20 according to the quantity of 
the hexa used.

For the PGC examination the cured resins were being extracted 
with acetone in a Soxhlet-type extraction apparatus during 20 hours, 
then dried at room temperature in vacuum for 2 days.
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Swelling in acetone. All the cured resins were ground and 0.63 — 0.32 
mm sieve fractions were collected. These fractions have been tested by 
swelling as follows: 3 g of resin was weighed into a 20 ml test tube with 
0.1 ml scaling and provided with a stop — cock. The minimum dry volume, 
found after vibration, was checked and then 20 ml acetone was poured 
into it. After 1 day the minimum sediment volume of resin, again obtai
ned after vibration, was read. The ratio of the expanded volume to the 
dry volume is called the “swelling”.

Discussion and results

In a fully cross-linked resin the self repeating, characteristic building 
unit can be symbolized as follows:
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where R and It' is H, CH3 or a longer aliphatic chain.
For the interpretation of the overall degradation product, the follow

ing assumptions were considered. In the case of a polycondensate the 
thermal degradation in an inert atmosphere cannot be a depolymerisa
tion, so the fragmentation can only be imagined as either an oxidative 
degradation [7], or a thermal scission. Since main building units are 
aromatic compounds and have high thermal stability, this fact deter
mines the overall reaction and so the pyrolytic products between suitable 
temperature limits will consist of mainly aromatic compounds, especi
ally phenols, detectable by FID. Thus, these compounds can provide 
the most significant information structural features. Furthermore, the 
yield of monomer or other caracteristic fragments, determined by the 
structure itself, are temperature dependent in a given period of time, or 
are time dependent at a given temperature. Consequently, this general 
thermal behaviour allows to detect copolymers or modifiers in a given 
macromolecule. In this respect the phenolic resins can be considered as 
“copolymers”, not only when the building units are different from one 
another, but even when some of them are connected to the others not 
by three, but one or two methylene bridges. In other words, this is the 
fact whenever the resin is a not fully cross-linked one. Thus, the higher
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Fig. 1.

Fig. 1. The five m icroreactor techniques 
(M /l -  MR/5).

Fig. 2.

Fig. 2. The five gas chrom atographic 
modes (GC/a — GC/e), C =  column; 

p  =  em p ty  pipe.



the cross-linkage, the more 2,6-dimethyl-phenol and 2, 4, 6-trimethyl- 
phenol fragments are expected to occur compared to those of phenol. 
Here it can be noted that the total yield of phenolic fragments from a 
sample of unit quantity is expected to be the larger, the more H is avail
able for stabilization of radicals produced by the thermal scission.

These properties and assumptions have been attempted to be utilized, 
or in some cases, they were even proved by the described MR — GC tech
niques.

In Fig. 1 the five MR thermal exposure modes are shown, while in 
Fig. 2 the five GC modes can be seen.

MR/1 Single short time pulse.
MR/2 Series of isothermal pulses.
MR/3 Series of stepped temperature pulses, temperature rising 

pulse to pulse.
MR/4 Continuous isothermal heating of long duration.
MR/5 Continuous programmed heating with linear temperature 

rise with time.
GC/a Optimised columns for phenol separations.
GC/b Different parallel columns, one for phenols, the other for lower 

boiling components.
GC/c Single column with effluent stream division to two detectors, 

one of the lines being equipped with an alkali “phenol filter”. 
GC/d Direct coupling of the micro-reactor to a detector to monitor 

degradation rates.
GC/e d) modified to permit simultaneous component analysis 

any chosen time.
MR techniques can be characterized as follows:
MR/1 is the well-known pulse technique.
MR/2 seems to be useful

— to detect what progress can be seen in pyrolysation after 
the subsequent thermal exposures

— to select the time of a useful pulse
— to determine whether any constructional change may 

occur after a pulse (i. e. if similar ratios of characteristic 
peaks are existing)

— to show whether a “copolymer” or any entrapped impu
rities are present

MR/3 is advantageous
— in detecting “copolymers” as well as low molecular 

entrapped materials
— in giving a cross section of thermal behaviour in first 

approximation
— in choosing the temperature for routine characterisation 

by MR/1.
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For MR/1, MR/2, MR/3 techniques either GC/a, GC/b, or GO/c can be 
recommended, according to the actual problem.

MR/4 can be used to follow the overall volatile fragment stream 
in time, permitting in this way a comparison of thermal 
stabilities of long duration at a given isotherm temperature.

MR/5 is similar to MR/4 but it can be used at any linear or other 
programmed temperature. Thus, MR/5 is very flexible and 
highly efficient for comparing and characterising thermal 
stabilities. In coupling MR/4 and MR/5 techniques to GO/d, 
one can simply monitor, while in coupling them to GC/e it is 
possible to scan fragment stream composition at any point 
in the monitor curve.

As it is known from GC analyses of free methyl phenol isomers, 
where short packed columns are used, one can make a compromise in sepa
rating the required peaks, even in the case of sophisticated phase mixing. 
Consequently, we made two optimized columns. Column 1 can rapidly 
separate all the six phenolic fragments expected from resins, assuming a 
random scission of bridges, in the case when R =  R ' = H, or it can se
parate all the eight fragments when R = H and R' = CH3. Column 2 
can be used to separate all the 14 peaks, but the separation of either 
2, 4, 6-trimethylphenol or 2, 3, 6-trimethylphenol from 2, 4-dimethyl-
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Fig. 3.

Fig. 3. E ffect o f hexam ethylenetetram ine used for curing on fragm ent ratio  derived from 
pyrogram s o f phenolic (a) and m-cresolie resins (b).



phenol and 2,5-dimethylphenol, respectively, (depending, in actual 
cases, on the ratio of Apieson L) is rather poor. In addition to these two 
columns, a Porapack Q column (Column 3) was used which completes 
well Column 1 and 2 as it can separate in the carbon number range 1—5 
rather selectively and fast at the same column temperature.

All these MR —GC combinations have been tested with the model 
novolacs and resins, as well as with various industrial products. Here, 
only the results concerning cross-linking and thermal stability derived 
by technique MR/l — GC/a with columns 1 and MR/5 — GO/d and GC/e 
with column 1 have been summarized.

Results concerning cross-linkage. The yield of 2,6-dimethylphenol 
and 2,4,6-trimethylphenol from pure phenolic novolac and the yields 
of 2,3,6-trimethylphenol and 2,3,4,6-tetramethylphenol from pure 
3-methylphenol novolac up to 600 °C are very small, consequently, on 
the basis of the fragmentation pattern these fragments should bear the 
information on the degree of cross-linkage. Thus, the ratios of these 
fragments to the o,o', p-non-substituted ones (i. e. phenol or 3-methyl
phenol) called fragment ratio (FR) were calculated and plotted as a 
function of the quantity of hexa used for the preparations. The curve 
of 3-methvlphenol resins starts from a higher level, as it is shown in Fig. 
3 (assumably due to a higher reactivity), but both curves become rather 
flat above the stoichiometric quantity of hexa and practically they arrive 
at the same value. In Fig. 4 the “swellings” are plotted agains hexa. As 
it is shown in this figure, the 3-methylphenol resins swell considerably 
better than the unsubstituted phenolic resins, and both approach a well 
definid limit as a function of hexa content.

] 06 t . t 6t h , I. G y On g y h a l m i

Fig. 4. Effect o f “hexa” used for curing phenol-form aldehyde (a) and m-cresol-formal-
deliyde resins (b) on swelling.



When FR and swelling values were plotted, the points representing 
the various resins gave the distribution according to Fig. 5. This figure 
shows some points obtained with industrial resins. All the points repre
senting pure phenol-formaldehyde resins can be found within a relatively 
narrow band, and here there is also a point originating in a cashew 
modified resin. On the contrary, the points of all other types of resins 
are typically outside of this band.

Results concerning thermal stability. In order to have a possibility 
for comparing the results obtained by MR/o and the thermal gravimetric 
(TG) techniques, some commercial linear macromolecules, such as poly
methacrylate, polystyrene, polyethylene and Dexsil 300, have also been 
tested (programmed heating from 150 — 700 °C with 20 °C /min rate). Sharp
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Fig. 5. P lo t o f fragm ents ratio  as a  function of swelling for d ifferent resins, o, d a ta  for 
model phenol-form aldehyde resin w ith 5, 7, 10, 13, 10 and 20% hexa; k , d a ta  for industria l 
phenol-form aldehyde resins o f unknow n hexa c o n te n t ,# ,d a ta  for model m-cresol-formal- 
dehyde resin w ith  13, 16 and  20%  hexa; v l ,  2, 3, 4 d a ta  for industria l furfural, cresol,

cashew or o ther modified resins.



symmetrical peaks were obtained with these materials where the tem
peratures belonging to the maximum (temperature of half life time) 
are reproducible within a few centigrades (340, 370, 400 and 580 °C fol
lowing the above order) which are easily comparable with values ob
tained by TG procedure (328, 364 and 406 °C, see reference [8]).
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Fig. 6. F ragm ent stream  m onitor curve (F ID  response) obtained by MR/5 and GC/d 
technique for phenol-form aldehyde resin o f different cross-linkage (none, 13% and 16% 

hexa used for ctiring o f th e  novolac).

Fig. 6 shows the monitor curve of phenol novolac, as well as resins 
with moderate (Ph/13) and high (Ph/16) cross-linkage. The first peak 
appears at 190 — 200 °C and originates from the unreacted monomer, 
respectively the acetone quantity entrapped during extraction, and its 
height decreases considerably with the increase of cross-linkage. Again, 
a considerable decrease can be observed with the second peak occuring 
at 360 — 380 °C and this peak seems to be the result of the materials 
yielded by the scission of building units linked by one or two methylene



bridges. At the same time the third peak occuring at 530 °C, which also 
is supposed to be originated in building units linked by three bridges, 
will dramatically rise with degree of cross-linkage. Simultaneous analyses 
of the fragment stream supported these assumptions.

Monitor curves obtained for phenolic resins by MR/5 technique are 
well reconcilable with the curve obtained by TG method, published in 
reference [6]. I t has been stated that the quotient of the heights of the 
second and third peaks in the monitor curve are in good correlation with 
liexa quantity. This quotient is called the “monitor curve peak height 
ratio” (MCPHR).

Combined results of cross-linkage and thermal behaviour. The area 
below the monitor curve originating in a sample of unit quantity will 
decrease with proportion of hexa used and show good correlation with 
other cross-linkage parameters. The reason may be the fact that the H
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Fig. 7. P lo t o f fragm ent ratio  os a  function of th e  m onitor curve peak height ratio  
(MCPHP), Symbols as for Fig. 5.



content of resin slightly lessens with a higher cross-linkage while the H 
quantity required for a similar yield of volatile phenolic fragments will 
grow considerably. This is supported by the fact that phenolic yield 
from 3-MPh resins is about 1.4 times higher than that obtained from 
respective phenolic resins.

The FR as a function of MCPHR is shown in Fig. 7. I t  can be seen 
that here, too, all points of pure phenolic resins are focused in a narrow 
band.

As a conclusion, it can be stated that in a three dimensional result- 
space defined by FR, MCPHR and swelling, phenolic resins may be 
characterised with a clear cut positioning, according to their cross- 
linkage and thermal behaviour. At the same time, any other resin-types 
are expected to be focused in characteristic bands or clusters where these 
bands and clusters have then to be located by means of adequate model 
materials.
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Abstract

Mössbauer spectroscopy has been used successfully for the study 
of the kinetics and mechanism of the corrosion of iron for ten years. 
A brief review is given of the special characteristics of Mössbauer spect
roscopy as applied to corrosion. Several applications of Mössbauer 
spectroscopy to other electrochemical problems are described herein.

The chemical form of cobalt was studied in cobalt-hardened gold 
electrodeposits. Mössbauer emission spectra revealed the presence of 
metallic cobalt in substitutional sites in the gold lattice and of a smaller 
amount of cobalt-oxy-hydroxide and cobalt cyanides.

Tin-nickel alloys were electrodeposited on the surface of copper. 
The Mössbauer phase analysis of the electroformed layer identified NiSn, 
elemental Sn and an intermetallie tin-copper compound. The compound 
was formed at the Cu-Sn interface. The ratio of the amounts of the detec
ted components was a function of the tin and nickel concentrations in 
the electroplating solution. The magnetic field at the tin nucleus in the 
NiSn alloy was 8 kOe (0,37 • 105Am-1).

Emission spectra of anodically formed 57Co(OH)2 deposited on a 
platinum electrode were recorded in situ: during anodic polarization at 
+ 600 to +900 mV (vs. saturated calomel electrode) in borate buffer. 
The Mössbauer spectra gave evidence of the formation of B -C o02 on 
the surface of the electrode.

Mössbauer studies of the passive film formed on tin were carried out 
in borate buffer at pH 8.5. The predominant tin species in the passive 
film was a tin (IV) compound and the thickness was a function of the 
applied potential and ranged from 0.8 to 2.5 nm.

Introduction

Several of the Mössbauer-active elements are of electrochemical 
importance as well, and this fact contributes to the use of Mössbauer 
spectroscopy (in this paper: MS) in the field of electrochemistry. Fig. 1. 
shows Mössbauer-active elements in terms of this position in the



Periodic system. Iron is the element that appears most frequently in the 
MS studies and in electrochemical studies as well. The experiments con
cerning iron corrosion form an important field of electrochemistry and, 
as we emphasized in a paper published ten years ago (I), MS is a very 
efficient technique for such researches.
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elements widely used 
elements used less frequentlyelements that can be measured with difficulties

Fig. 1. The occurence o f th e  (M össbauer-active) elem ents in the periodic system  having 
isotopes E y d O O  keV and  w ith th e  lifetim e <  10-5s.

In the past few years, more and more researchers made use of MS 
for the study of the corrosion mechanism of iron and, to a lesser extent, 
tin. At present, the number of publications on such experiments is of 
the order of one hundred. In this study we do not intend to compile a 
comprehensive monograph of electrochemical studies utilizing MS; our 
aim is to describe the application of the MS to several interesting problems 
in electrochemistry.

In the field of electrochemistry, MS can widely be applied beside 
the experiments as to corrosion. A joint research work carried out by 
the Department of Physical Chemistry and Radiology of the Loránd 
Eötvös University (Hungary) and the Lehigh University Center for 
Surface and Coatings Research (USA) within the period of 1976— 1978 
has demonstrated that MS can supply useful information concerning the 
process of passivation and the composition, the phase relations and the 
structure of electrodeposited coatings. In this paper we will describe 
these results since these experiments represent interesting applications 
of MS.



1. Corrosion experiments

The Mossbauer parameters and their temperature dependence of iron 
oxides and oxyhydroxides of different chemical composition (e. g. FeO, 
Fe203, Fe30 4, FeOOH) and of different crystal structures (e. g. a — FeOOH, 
[} — FeOOH, y-FeOOH) are different. Therefore, on the basis of the 
Mossbauer spectra, qualitative and quantitative analysis of the corrosion 
products can be made continuously during the corrosion. Table 1. sum
marizes the Mossbauer parameters of the iron oxides measured at different 
temperatures. The MS experiments can be carried out on rust taken 
from the surface, on thin film (<  1 mm) in absorption geometry and on
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Fig. 2. Mossbauer spectrum  of a-Fe in powder form a t room tem peratu re  (a) and  the 
tem peratu re  o f liquid nitrogen (b). Before recording th e  M ossbauer spectra, th e  sam ple 
was kep t in sea w ater for 2 m onths. The corrosion products /?-FeO OH , y-FeO OH  and 

FeOCl. The radioation source 67Co-Pt (3).

8  ANN ALES — Sectio Cliimica — Tom us X V I.



surface rust in situ in reflection geometry. The absorption technique is 
rather well-known (2), so it will not be described. We demonstrate a few 
examples of measurements in absorption geometry in Figures 2, 3, 4. 
These spectra yield information about the chemical composition of corro
sion products formed under different circumstances.
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Fig. 3. The wiistite lines containing p a rt o f th e  M ossbauer spectrum  of the scales formed 
heat-trea ting  steel (a). I f  the  steel sam ples were trea ted  w ith alkali-hydroxid before heat- 
trea ting , the  Mossbauer spectrum  of th e  w iistite formed in th e  scales changed (b). The 
spectra  were recorded a t  room tem peratu re  and the source was S7Co-Pt. The Mossbauer 
spectrum  over a  longer velocity range indicated the  presence of bo th  Fe3Oj and  Fe20 3. 
The M ossbauer spectra  o f these com ponents was no t effected by  prior trea tm en t in the 
alkaline solution. The change in  the  w iistite spectrum  and th e  increase o f th e  quadrupole 
sp litting  are explained by  the  fact th a t  th e  concentration o f defects in the  crystal lattice 
o f the w iistite particles (4) is increased b y  p re trea tm en t o f the  iron in th e  alkaline solution.

In reflection geometry, both the gamma-photons reemitted after 
the nuclear resonance and the conversion electrons can be deteced. 
Eighty-nine per cent of the 57Fe nuclei excited by the nuclear resonance 
absorption of the gamma rays and eightyfour per cent of the 119Sn nuc
lei decay to the ground state by conversion electron emission.

One of the means by which the excited state of 57Fe decays to the 
ground state is by the emission of K electrons of 7,3 keV energy and in 
a similar way 119Sn emits L electrons of 20 keV. Sixty per cent of the 
conversion electrons of iron result in the emission of KLL Auger electrons 
of 5,4 keV energy, and in case of tin, eighty-nine per cent of the conver
sion electrons result in the emission of LMM Auger electrons of 3 keV
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Table 1.
Mössbauer param eters of iron-oxides, -hydroxides and oxyhydroxides

H 6 A. VÉRTES ET AL.

Compound Position T
(K)

H
(kOe)

/IE
(mm/e)

<5
(mm/e)

Magnetic
transition

(K)

ot-FeOOH 0 510 _ _ 393,3
— 80 500 — — —

— 300 389 — +  0,61 —

/?-FeOOH — 80 465 0,12 +  0,29 295
0,20 +  0,37 —

295 — 0,62 +  0,39 —

(5-FeOOH - 80 525 — — —

300 _ 1,1 +  0,35 _

y-FeO OH 77 — — +  0,52 —
295 — 0,60 +  0,38 —

Fe(O H), - 95 - 3,13 +  1,36 -

195 — 3,06 +  1,29 —

298 — 2,92 +  1,18 —

FeO — 295 — 0,8 +  0,93 198
Fe3()4 F e3+(A) 298 493 0 +  0,25 —

Fe3+(A +  B) 77 514 0 +  0,44 —

Fe3+(A-t- B) 4,2 516 -0 ,0 6 +  0,042 —

F e2+’3+(B) 298 460 0 -f-0,(35 —

Fe2+(B) 77 499 -0 ,7 6 +  0,94 —

Fe2+(B) 4,2 510 -0 ,8 9 +  0,99 —

aF e2Oj — 296 518 +  0,06 +  0,39 260 és 956
— 83 542 -0 ,0 6 — —

y-Fe,O s — 300 502 — —

AE =  quadrupole splitting, 4 =  isomer shift (relative to  iron), H  =  inner m agnetic field. 1 his table 
contains the  average values o f  the  d a ta  in the  lite ra tu re . Original references are cited in (1).

* 1 kOe =  7.958-101 A m - 1

Fig. 5. Conversion electron spectrum  of tin  electrochem ically deposited on iron and heat- 
trea ted . The values for th e  thickness o f th e  various com ponents are: S n 0 2 =  3.5 nm , 

Sn =  115 nm , FeSn2 =  159 nm  (7).



energy. The emitted electrons can penetrate only very thin layers, since 
they lose their kinetic energy very quickly by scattering. For this reason, 
conversion electron spectroscopy yields information only from the outer 
layer of approximately 1000 nm.

In the case of the formation of layers of different composition, the 
thickness of the various layers can be measured on the basis of the res
pective Mossbauer spectra (6, 7) if the absorption coefficients of the con
version and Auger electrons are known. The area of the Mossbauer lines 
representing the given layers increases in parallel with the intensity of 
the conversion electrons from the layer in question. Fig. 5. demonstrates 
the use of the technique for tin electrodeposited on iron.

The analysis of the layers at different depths can be carried out also 
by a parallel study of the energy spectra and the Mossbauer spectra of 
the conversion electrons as well (8), since not only the intensity but also 
the energy of the conversion electrons emerging from the atoms decrease 
with the distance below the surface (see Figure 6). This method utilizes
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Fig. 6. Conversion electron Mossbauer spectrum  recorded from th e  surface of m etallic tin  
trea ted  by brom ine vapour. The energy of th e  detected electrons increase in a-c direction. 
I f  only th e  electrons o f th e  sm allest energy are detected, th e  line o f only the  deepest m e
ta llic  tin  appeared (a), then  th e  electrons of greater energy indicated th e  layers formed on 

the surface (SnBr2, SnBr4, S n02) as well (b, c) (8).
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Fig. 7. Conversion electron Mossbauer spectra  o f iron oxidised a t  225 °C. Times o f oxida
tion : a) O m inute, b) 5 m inutes, c) 15 m inutes, d) 120 m inutes, e) 1000 m inutes (9). After 

1000 m inutes, the  thickness o f Fe30 4 was approxim ately  12 nm.



a complicated and expensive measuring technique, so it has not been 
intensively used.

In  case of kinetical experiments, it is necessary to follow the chronolo
gical changes of the concentrations of the corrosion products on the 
basis of the Mossbauer line areas. The areas belonging to the Mossbauer 
lines of the given components can be described by the following equation:
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where a = constant; r) (v) is the degree of the absorption; v is the Dopp
ler velocity; t = f ’n0-; f  a n d /’ are the probabilities of the recoilless reso
nance absorption concerning the source and the absorber, respectively; n 
is the number of the Mossbauer atoms in one cubic unit of the thickness; 
a0 is the maximal cross section of the resonance absorption; 70 and I x are 
the modified Bessel function of zero and first order, and i = / —1. (In 
reflection geometry, this equation is valid only when the different com
ponents do not form independent layers but are homogenously dispersed.)

If a thin absorbent is used for recording the Mossbauer spectrum, 
so the t  value is small, then

(1)

(2)

which means that

Fig. 8. Conversion electron spectrum  of iron oxidised a t  350 °C for 5 m inutes (9).



and SO
S a n

and therefore the information on the concentrations of the individual 
Môssbauer atom components are found from the areas of the Môssbauer
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Fig. 9. M ossbauer spectrum  o f th e  atm ospheric corrosion product rem oved from steel 
surface. The spectra  were recorded a t  the  tem pera tu re  of liquid nitrogen (1 — 3) and liquid 
helium (4). Times o f corrosion: 1 — 3 m onths, 2 — 8 m onth , 3 — 24 m onths and 4 — 24 m onths. 
(R adiation source :57Co-Pd.) The corrosion products were: a-FeO O H  (antiferrom agnetic 
a t  80 K  and 4.2 K  tem perature) and  y-FeO OH  (at 80 K  it  is param agnetic, a t  4,2 K

antiferrom agnetic) (10).



lines specific constituents. (For example, with ¿ = 0.2, the relative error 
resulting from the approximation is 5 per cent).

If the use of thicker absorbents cannot be avoided (¿>0.5), the ratios 
of the concentrations can be calculated from the areas of the peaks by 
computer iteration of eqn. [1]. In such cases, however, preliminary mea
surements must be carried out in order to determine /.

Figures 7, 8 and 9 demonstrate the applications of MS to kinetic 
studies.

MS is suitable for the study of the particle-size-distribution of corrosion 
products as well. The collective spin relaxation time of the superpara- 
magnetic particles can be described by the following equation:
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where f 0 and K  are the frequency and anisotropy factors, respectively; 
V is the volume of the superparamagnetic particle; k is Boltzmann cons
tant, and T  is the thermodynamic temperature.

Fig. 10. The Mossbauer spectrum  of Fe2Os as a function o f th e  average particle size: a — 10 
±  1 nm , b —13.5± 1  m u, c —15 ± 1  urn, d —1 8 ± I  nm  and  (e) reference spectrum  (11).
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Fig. 11. T em perature dependence of th e  M ossbauer spectrum  o f Fe20 3 o f 1 3 .5 ± ln m
particesize (11).

When the value of x is higher than col' (namely, the reciprocal 
frequency of the Larmor precession of the Mossbauer nuclei having mag
netic moment), therefore during one turn of the magnetic moment of the 
nucleus the magnetic moment of the superparamagnetic particle does not 
change its direction, the observed Mossbauer spectrum shows hyper- 
fine magnetic structure. (In case of iron, 10-8 s <«Ul ’< 1 0 -7 s ) .  Consi
dering that r  depends both on V and T, the particle-size-distribution of 
the superparamagnetic particles can be determined on the basis of the 
temperature dependence of the ratio of the areas belonging to the mag
netic and the paramagnetic lines of the Mossbauer spectrum. (12). The 
dependence of the Mossbauer spectra of Fe20 3 on particle size and the 
temperature is demonstrated in Figures 10 and 11

2. Studies of Electrodeposites by Mossbauer Spectroscopy

The importance of electrodeposits is well-known in protecting metals 
from corrosion. E. g. gold electrodeposits have wide applicability in the



electronics industry in protecting substrates from corrosion. In many 
cases the gold electroplate is hardened by the codeposition of cobalt to 
the extent of 0,3 — 1,6 atomic percent (a/o). Such cobalt-hardened gold 
deposits have satisfactory contact resistances and exhibit serviceable 
wear resistance (13).

Electrodeposited NiSn also has exceptionally high resistance to 
corrosion in various atmospheres and aqueous solutions (14—16), inc
luding those which readily attack the pure component metals.

Although these deposits are extensively used commercially to protect 
electronic components, steel and other metals from corrosion, their chem
ical structures have not been determined. Since the 57Co isotope is the 
parent-element of the Mossbauer-active isotope: 57Fe and u9Sn is also 
a Mossbauer active atom, Mossbauer spectroscopy is an excellent tool 
for studying the chemical compositions and phase conditions of electro
deposits involving cobalt or tin.

2.1. The Chemical Slate of Cohalt in Cohall — Hardened Gold Eleclrodeposits

The chemical nature of cobalt in gold deposit can be determined by 
57Co emission Mossbauer spectroscopy. A previous study in which the 
emission spectra of a large number of cobalt oxides and cobalt oxyhydro
xides had been determined (17 — 20) provided an excellent background 
for this work. The fact that cobalt-hardened gold electrodeposits contain 
significant amounts of carbon, oxygen, nitrogen and hydrogen (18) 
and that nonmetallic inclusions have been observed in transmission 
electron microscopy (19) provide additional stimulus to perform such 
studies.

The principles of emission Mossbauer spectroscopy utilizing cobalt 
may be summarized as follows: Emission Mossbauer spectra of Mossbauer 
nuclei are obtained by doping a specimen with a source isotope and 
utilizing the specimen as a source in conventional transmission experi
ment. In the case of 57Co-doped specimens, the emission spectra arises 
from the s7Fe (daughter) atoms, and the observed isomer shift, quadrupole 
splitting and magnetic hyperfine splitting provide chemical and physical 
information about the host matrix. In the present case the cobalt (partly 
radioactive S7Co)-hardened gold deposit was used as Mossbauer-source, 
and the absorber was K.,[Fe (CN)6]-3H20  enriched in 57Fe, which has 
an isomer shift, 6, equal to —0,047 m m -s-1 relative to natural iron at 
298°K (21).

The 57Co decays to 57Fe by electron capture (Fig. 12) and the lifetime 
of the nuclear excited state giving the Mossbauer-effect is 10 ~7 sec. The 
electron capture produces an ionized K level in the 57Fe daughter atoms, 
and the de-excitation that follows by Auger cascade can produce charge 
states as high as 7 in the valence levels of 57Fe. For metals and alloys 
doped with 57Co only normal charge states are expected, since charges 
on the 57Fe atoms are rapidly equilibrated by highly mobile conduction 
electrons. The lifetime of the s7Fe excited state (10 _7 sec) is long enough
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for stabilization of charges: the Co111 parent atom is often followed by 
FeUI state, but the Co" generally results in both Fe11 and Fe1".

However, the 10 _7 sec is not long enough for the transformation of 
the chemical environment of iron resulting from the Co —Fe transfor
mation, so the Mossbauer spectrum still “remembers”, and reflects the 
chemical nature of the parentelement cobalt.
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Fig. 12. The decay o f 57Co to  stab le  67Fe

The plating baths utilized to form the gold deposits were proprie
tary solutions that are used commercially. The facts that are known about 
the composition of the plating baths are given in Table II. Three different 
plating solutions were used. One was a mixed phosphate-citrate bath 
and the other two were all-citrate baths. Cobalt was added as the sulfate 
in one allcitrate bath and as a proprietary chelate in the other two bath. 
S7Co was added to 10 ml of each bath as the chloride so as to achieve an 
activity of approximately 1 mCi. The deposit thickness in all cases was 
equivalent to 15 ±3 mg of gold/cm2 and the substrate was copper foil, 
15 X 15x0,5 mm. The conditions of deposition for each sample are given 
in Table 2.

The Mossbauer spectra of the gold electrodeposits recorded immedia
tely after deposition exhibited a broad band with a complex shape and 
a width at half-maximum of 1,3—1,6 mm/sec. Computer analysis of 
the components of the spectrum yielded the most satisfactory fit on the 
basis of six or more lines. The number of options in interpreting a spec
trum was so large that it did not appear useful to attempt quantitative 
interpretation of the spectra. The values of F  decreased dramatically 
with aging time at room temperature as shown in Table 3.



Table 2.
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Composition of plating solutions and deposition conditions

Sample
identifi

cation
Trade name and composition 

o f fci.e plating solution
Current
density

(mA/cm2)
Temp
(°C) pH

Time of 
deposition 

(min)

i Orosene-80
C itrate-phosphate electro ly te, 16,4 mg 
A u/m l as KAu(CN)2 and  1320 ppm  Co 
as C o -che la te .......................................... 10 32 4 ,9 30

2 A utronex-CI
All c itra te  system , 8,2 m g/m l Au as 
KAu(CN)2, 264 ppm  Co as CoS04. . . 10 32 4 ,3 30

3 Orosene- 80D
All c itra te  system , 16,4 m g A u/m l as 
K A u(CN)2, 1 320 ppm  Co as Co-chelate 10 50 4,7 30

4 Orosene-80
C itrate-phosphate electrolyte, 16,4 mg 
A u/m l as K A u(CX)2 and  1320 ppm 
Co as C o -ch e la te .................................... 1 32 4,9 300

Sample
No.

Aging time 
(days)

r
(mm/8ec)

i i 1,34
14 0 ,98
35 0 ,9 3

2 2 1,46
17 0 ,9 5

3 1 1,29
15 1,06

4 3 1,59
10 0 ,9 8

Table 3.
Values of the width at half-maximum of 
the broad peak as a function of aging time

The spectra obtained after aging for 10 — 35 days were interpreted 
on the basis of 3 components, the data for which are summarized in 
Table 4. The spectrum and the computer fit are given in Pig. 13 and 14 
for two deposits after aging at room temperature for 15 days. The deposit 
shown in Fig. 14 was cooled to 78°K and the spectrum shown in Fig. 15 
was obtained. No evidence of magnetic hyperfine splitting was detected.

A single heat-treatment experiment was performed in order to 
determine the fate of the cobalt species after such heat-treatment. Sample 
No. 3 was annealed for 24 hr at 400 °C in a nitrogen atmosphere and was
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cooled slowly to room temperature. The 
spectrum of the resulting sample is 
shown in Fig. 16. a. Computer analysis 
yielded single line components with 
Mossbauer parameters of d} = —1,12 
mm/sec and 0,72 mm/sec; ¿2 = -0,48 
mm/sec and jT2 =  0,88 mm/sec. The 
spectrum of the heat- treated deposit 
determined at 78 °K is shown in Fig. 
16. b. The spectrum was interpreted on 
the basis of two six-line components 
plus other lines of low intensity.

The large changes observed in the 
spectrum after aging of the gold elec
trodeposits at room temperature indi
cate that many of the cobalt atoms 
in the deposit immediately after depo
sition are in metastable sites and rear- 
rangments in crystallographic site take 
place. The broad peak observed shortly 
after deposition had values of r  in the 
range of 1,3—1,6 mm/sec which dec
reased to 0,9 to 1,1 mm/sec after aging 
for 10 — 35 days as shown in Table 3. 
The relatively large width of the lines is 
explained by the slightly different en
vironments of cobalt atoms since x-ray 
diffraction studies indicate the pre
sence of structural inhomogeneties, such 
as stacking faults, in gold electrode
posits prepared from solutions contai
ning cobalt and other metallic ions 
22). The spectrum obtained shortly 
after deposition probably represents 
a summation of changes that occurred 
while the spectrum was being recorded 
since it generally required 16 — 48 hr to 
obtain satisfactory spectra.

The interpretation of Mossbauer 
spectra when several components are 
present always results in a degree of 
uncertainty. The ability to obtain 
computer fits is determined by the 
restrictions that are placed on the curve 
fitting procedure. Much trial and error 
is involved and the final conclu-
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Fig 14. Mossbauer spectrum  of sam ple No. 2 recorded 15 days a fte r deposition.

sions are based on internal consistency and consistency with in
dependent experimental observations. The spectra obtained in this 
study are interpreted on the basis of three components present in all 
electrodeposits that were studied. It is recognized that other interpreta
tions of the data are possible. The main spectral component was a single 
line with b = —0,60 to —0,69 mm/sec and r  - 0,7 —0,8 mm/sec. The 
species responsible for this line is cobalt in substitutional sites in the gold

Fig. 13. M ossbauer spectrum  o f specimen No. 4. recorded 10 days a fte r deposition
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Fig. 15. Mossbauer spectrum  o f aged specimen No. 2 a t  78°K.

lattice since the normal value of a for 57Co in substitutional sites in gold 
is — 0,62 to — 0,63 mm/sec (23, 24). Violet and Borg (25, 26) have studied 
the state of iron in evaporated films of gold using Mossbauer spectroscopy. 
They obtained complex spectra when the iron concentration was in the 
range of 1,7 — 10,5 a/o. They interpreted their spectra in terms of two 
species (i) iron atoms with one or more iron nearest neighbors, and (u) 
iron atoms with no iron nearest neighbors. An explanation of the spectra 
such as shown in Fig. 13 and 14 on this basis appears unlikely because 
the cobalt concentration in the deposits prepared in this study were 
lower than the iron concentrations used by Violet and Borg.

The second spectral component consists of a species with d = — 0,44 
to —0,53 mm/sec and a quadrupole splitting of 0,91 — 1,06 mm/sec. 
Previous emisssion Mossbauer studies of many different hydroxides, 
oxides, and oxyhydroxides of cobalt (17) lead us to interpret this species 
as /3 —CoOOH. This material, obtained in a pure state by anodic oxidation 
of electrochemically deposited Co(OH)2, has Mossbauer parameters of 
d = —0,48 mm/sec and AE = 0,81 mm/sec. The larger value for AE for 
the species present in the electrodeposit is presumably a result of the 
more asymmetrical environment within the gold host lattice. The larger 
value of AE thus would be consistent with a very small particle size for 
the CoOOH within the electrodeposit, in agreement with the observations 
of Okinaka and Nakahara (19). The simultaneous presence in the deposit 
of elemental cobalt and a Co(III) species appears inconsistent on the 
basis of the strong reducing conditions existing at the cathode. Our 
interpretation of this finding is that the CoOOH is formed at the anode by 
oxidation of Co(II) and is carried to the cathode and occluded during 
deposition. Apparently reduction of CoOOH to metallic cobalt or a 
Co(II) species is incomplete and a small amount of this oxvhydroxide 
retains its chemical integrity during and after inclusion in the deposit.
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Fig. 16. Mossbauer spectra  o f aged specimen No. 3 a fte r  a  24 h r h ea t-trea tm en t a t 
400°C in a nitrogen atm osphere, (a) A t room tem peratu re , and  (b) a t  78°K.

The CoOOH species was found in all deposits and the fraction of the 
total area under the Mossbauer peaks ranged from 4 to 18%. It appears 
reasonable to assume that the Debye Waller factors of the cobalt and 
CoOOH species are approximately the same on the basis of the fact that 
the relative area fractions did not change singnificantly when the spec
trum was recorded with the specimen at room temperature or at 78°K. 
On this basis the area fraction should be proportional to the fraction of 
cobalt atoms existing in the elemental form (component No. 1) and in 
CoOOH (component No. 2.) The amount of oxygen combined in CoOOH

9  ANNALES — Sectio Chimica — Tom us X V I.



is thus calculated to be in the range of 0,006 — 0,03 weight percent (w/o) 
for the four samples given in Table 4. assuming a total cobalt concent
ration in the deposit of approximately 1%. This range is reasonable based 
on the measurements of Raub, Knödler and Lendvay (18) which indicate 
a total oxygen content in cobalt-hardened gold deposits of the order of 
0,05 w/o. I t  is likely that some oxygen in the deposit exists in a chemical 
form other than CoOOH.

The third component in the spectrum had values of d = —0,01 to 
— 0,11 mm/sec and a wide of AE from 0,60 to 1,15 mm/sec. Since the area 
under the peak wras approximately 25% for this species in specimens 1 
and 4, both of which were prepared in the citrate-phosphate electrolyte, 
it is tempting to associate this component with a Co species containing 
phosphate in these two preparations. Specimens 2 and 3, prepared in the 
all-citrate bath, had values of equal to 0,22 and 0,29 mm/sec, whereas 
specimens 1 and 4, prepared in the mixed phosphate-citrate bath, had 
much larger values of r  equal to 0,84 and 0,90 mm/sec. I t is thus suspected 
that this component is an ionic cobalt species complexed in different ways 
depending upon the composition of the plating bath. I t is possible that 
the doublet may result from the dauhter Fe(lV) state of iron as a con
sequence of an Auger cascade (20) or from a low-spin state of daughter 
Fe(II) and Fe(III) resulting from an environment containing the ON- 
ion. The Mössbauer emission spectrum of Co(CN)2 has more than 50% 
of its area located in the 0 ± 0,6 mm/sec velocity range (27). I t is worth 
noting that Okinaka, Koch, Wolowodiuk, and Blessington (28) have 
reported isolating Co3 [Co(CN)6]2 and K3[Co(CN)0] from cobalt-hardened 
gold electrodeposits.

No magnetic hyperfine splitting was observed in the Mössbauer 
spectrum of sample No. 3 taken at 78°K (see Fig. 15). The absence of 
such hyperfine splitting suggests that cobalt in the atomic state is not 
sufficiently aggregated to yield a magnetic spectrum. Thus all the evi
dence is consistent with the fact that cobalt exists as individual atoms, 
probably substitutional in the gold lattice, and that cobalt is probably 
not the sole cause of hardening.

The Mössbauer spectrum obtained after heat-treatment of the gold 
deposit at 400° in a nitrogen atmosphere, shown in Fig. 16. a, consists of two 
broad lines with Ó values of — 1,12 and — 0,48 mm/sec and r  values of 0,72 
and 0,88 mm/sec, respectively. The — 1,12 mm/sec isomer shift belongs to 
the Fe(II) oxidation state and the lack of major quadrupole splitting is 
evidence for cubic symmetry of the Fe(II) site. The isomer shift of — 0,48 
mm/sec is attributed to the Fe(III) state of iron. This state of iron is not 
unequivocal evidence that the parent cobalt species was also Co(III) 
since the higher oxidation state may be a consequence of an Auger cascade 
taking place after electron capture by Co(II). I t  is well known that the 
Mössbauer emission spectrum of CoO exhibits parameters characteristic 
of both the Fe(II) and Fe(III) oxidation states. The relative concentra
tions of these two species are a function of the number of vacancies in the 
CoO lattice (29 — 33). An increase in concentration of vacancies increases
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the fraction of Fe (III) present because of the trapping of the electrons 
by the anion vacancies. The Mossbauer spectrum obtained at 78°K of 
the heat treated deposit consists of the superposition of two sextets 
characteristic of Fe(II) and Fe(III) and several other lines. The values 
of the internal magnetic fields calculated from the six-line spectra are 
170 kOe for Fe(II) and 530 kOe for Fe(III). These values are in agree
ment with experimental values obtained by Ok and Mullen (29) for CoO. 
The other lines appear to be paramagnetic representations of the same 
components giving rise to the six-line spectra, but the complexity of 
the spectrum prevents certain identification. All the Mossbauer data 
are consistent with the conclusion that the major cobalt species in the 
heat-treated deposit is CoO, although the qualification must be made 
that the presence of a Co(III) species cannot be completely ruled out. 
These results thus confirm the observations of Thomas (34), who recently 
studied the oxidation kinetics of cobalt diffusing out of high current 
density plated gold and observed “cobalt to oxidize to what appears to 
be CoO.”

2.2. Mossbauer Spectroscopy of Electrodeposited Tin-Nickel Alloys
and Thermally Prepared Ni3Sn2, NiSn and Ni3Sn4 (35)

The stoichiometric alloy NiSn is a single phase, intermetallic com
pound with an hexagonal NiAs-type unit cell which can be obtained 
by electrodeposition (36, 37) and by argon sputtering (38). The compound 
is not generally shown as a stoichiometric compound in the phase dia
gram of the two metals since it is considered to be a thermodinamically 
metastable phase. However, from a practical point of view, electrode 
posited NiSn appears to be kinetically stable at its usual tempreature 
of formation (70°C) and at room temperature (39, 40). At elevated tempe
ratures NiSn decomposes exothermally into a mixture of two phases, 
Ni3Sn2 and Ni3Sn4 both of which are stable to high temperatures (36, 41). 
Bennett and Tompkins (42) used differential thermal analysis and found 
a decomposition temperature of 365°C for NiSn when samples were 
heated at a rate of 5°/min.

Tin-nickel alloys of a range of compositions were plated from the 
fluoride bath of Cuthbertson, Parkinson, and Rooksby (36) at a tempera
ture of 65°C and a current densitv of 5 mA/cm2. This basic bath contained 
50 g/1 SnCl2 • 2H20, 29 g/1 NaF, and 35 g/1 NH4HF2plus NiCl2-6H20  in 
the range of 0 — 400 g/1. The substrate was a copper foil, 30X25X0,005 
cm. The electrodeposits that were studied are summarized in Table 5.

Stoichiometric mixtures of nickel and tin equivalent to Ni3Sn2, 
NiSn and Ni3Sn4 were melted in high purity A120 3 crucibles in an a t
mosphere containing 20 parts argon and 1 part hydrogen. The melt was 
maintained at 1500°C for 1 min, at 1350°C for 4 min, followed by rapid 
cooling to room temperature. The thermally prepared alloys were 
broken into small particles between two steel plates and were then 
powdered in a mortar.
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Mössbauer spectroscpoy was carried out with a gamma ray source of 
Ca119mSn03 having an activity of 3 mCi. The spectrometer was operated 
in the “constant-acceleration” mode. Spectra were recorded both in 
absorption and using conversion electrons (43). All isomer shifts are given 
with respect to CaSn03.
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Fig 17. M össbauer spectra  o f therm ally  prepared m ixtures of nickel and tin  equivalent 
to  (a) Xi3Sn;> (b) NiSn, and (c) Ni3Sn4



Table 5
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Sample code 
number

Cone, of 
NiCI.,-6H,0 

in iia th “

Sn cone, in 
electrodeposit 

in a/o*

Amount of 
deposit in 

mg/cm2

i 0 100 8.5
2 10 92 12,8
3 20 86 17.9
4 25 82 13.6
5 50 60 15.0
6 100 53 16.2
7 200 48 13.6
8 300 46 8 .6
9 400 45 12.8

* The tin  concentration in the deposit was calculated from 
data in Ref. 30.

Reference spectra for the thermally prepared alloys are shown in 
Fig. 17. The isomer shifts exhibited a linear dependence on the nickel 
concentration as shown in Fig. 18. The measured isomer shifts are 1,74 + 
±0,02, 1,85 ± 0,02, and 1,96 ± 0,02 mm/sec for Ni3Sn2, NiSn, and 
Ni3Sn4 respectively. The value of the isomer shift of tin and the s-electron 
density at the tin nucleus decreases with increasing concentration of 
nickel as a consequence of the donation of tin valence electrons to the 
conduction band of the alloy. As the average number of nickel neighbors 
of the tin atoms increases, the population of the 5s orbital of tin decreases.

Fig. IS. Dependence o f th e  isomer sh ift o f tin , as a function of th e  com position, in th e r
m ally  prepared m ixtures equivalent to  Ni3Sn2, NiSn, and Ni3Sn,.

The doublet observed in all three thermally prepared alloys is a ttri
buted to a hyperfine splitting resulting from a magnetic field at the tin 
nucleus induced by neighboring nickel atoms. The eigenvalues of the 
magnetic hvperfine interaction can be written

(4)

where m,\ is the magetic quantum number m\ = 1 ,1 — 1, . . . .  — I, ¡i is 
the nuclear magnetic moment, —1,041 and +0,67 nm for the ground



and excited states of 119Sn, respectively, (nm = 5,04929 X 10-27 J T -1), 
I  is the nuclear spin with 1/2 and 3/2 value for the ground and excited 
state of tin, and II is the effective magnetic field. The m\ = — 3/2 — mi = 
=  — 1/2 transition results in the maximum difference in Em and thus the 
maximum splitting of the lines in the Mössbauer spectrum. The rela
tionship between AEm and the splitting of the lines in the Mössbauer 
spectrum is given by
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(5)

where Av is the separation of the split lines in cm/sec c is the velocity of 
light, Ev is the energy of the y radiation, 23,9 keV for 116Sn. The mag
netic field at the tin nucleus may thus be calculated, using a two-peak 
fitting as an approximation, to be 7,75, 8,00 and 8,85 kOe (6,15xl05, 
6,35X 105, and 6,95x10s A/m) for Ni3Sn4, NiSn, and Ni3Sn2, respecti
vely. These values are similar to the value measured by Edwards, Eyre, 
and Cranshaw (44) on the basis of Mossbauer studies of 0,19 weight per
cent (w/o) tin in iron containing 3,4 w/o nickel assuming each tin atom 
had three nickel atoms as nearest neighbors. These values are in the pro
per range relative to the value of 25 kOe for the tin site in FeSn2 (45, 46) 
since the magnetic moments of iron and nickel are 2,219 and 0,604 Bohr 
magnetons, respectively.

A typical Mossbauer spectrum of a tin-nickel alloy electrodeposit 
containing more than 50 a/o tin is shown in Fig. 19. The spectra were 
interpreted in terms of three components on the basis of all data collected

Fig. 19. M ossbauer spectrum  o f electroplated tin-nickel alloy (sample No. 5) a t  room tem 
perature. The spectrum  is m ade up  o f three com ponents: a singlet a ttrib u ted  to  elem ental 
tin , a  singlet a ttr ib u ted  to  a copper-tin  alloy, and  a doublet a ttr ib u ted  to  a nickel-tin

alloy. See tex t.



during the investigation and information in the literature: a doublet 
with an isomer shift of approximately 1,8 mm/sec attributed to a nickel- 
tin alloy; a singlet with an isomer shift of 2,5 ±0,06 mm/sec attributed 
to elemental tin; and a singlet with an isomer shift of 1,5 to 1,8 mm/sec 
attributed to a copper-tin alloy. This latter line was present when pure 
tin was electrodeposited on copper (see Fig. 20. a.) and was absent 
in samples 7,8, and 9 in which the deposit was essentially pure NiSn. 
Further evidence that the line at 1,5 — 1,8 mm/sec is due to a copper-tin 
alloy is found in the conversion electron spectrum. Figure 21. b. shows the
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Fig. 20. M ossbauer spectra  o f a tin  electrodeposit on a copper substra te  before heating 
(top) and  a fte r  heating a t 300°C for 3 hr (bottom ). N ote th a t  absorption  peak a t + 1 ,5  
mm /sec a ttrib u ted  to  a copper-tin alloy is higher in in tensity  a fte r th e  hea t-trea tm en t. 
The m inor peak a t 0 mm/seo is a  result o f th e  form ation of a sm all am oun t o f S n 0 2 on th e

surface



absorption spectrum and Figure 21.a. shows the same sample examined 
by conversion electron spectroscopy. The component attributed to the cop
per-tin alloy is visible in the absorption spectrum but is not strikingly 
apparent in the conversion electron spectrum, thus indicating that the 
component is not present in significant concentration near the surface 
of the deposit. The conversion electron spectrum originates from the outer
most portion of the deposit (ca. 100 nm) since the escape depth of the 
generated electrons is limited, whereas the absorption spectrum is an 
integration over the entire thickness of the deposit. It is well known that 
copper-tin alloys are formed at the interface when tin is electrodeposited 
on copper (47) and all the data are thus consistent with an interpretation 
based on the presence of a copper-tin alloy. A significant increase in the 
amount of the copper-tin alloy was observed when sample No. 1. was
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Fig. 21. Conversion electron spectrum  (top) and absorption spectrum  (bottom ) o f sample 
No. 3. The presence of a copper-tin  alloy is m uch more apparen t in the absorption spec

trum  because th e  alloy is form ed a t  th e  copper/tin  interface



heated in air at 300°C for 3 hr as shown by the spectra in Fig. 20. The 
minor singlet at approximately 0 mm/sec is due to Sn02 formed during 
the heat-treatment. The isomer shift of tin in the copper-tin phase indicates 
that the Cu/Sn ratio is greater than one (48) and that the tin is the dif
fusing species into the copper.

Figure 22 gives spectra obtained from sample No. 8 using conversion 
electrons (a) and in absorption geometry (b). The similarity of the spectra
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Fig. 22. Conversion electron spectrum  (top) and  absorptin  spectrum  (bottom ) o f electrode-
posited NiSn (sample No. 8)

in the two detection modes suggests homogeneity the deposit over the 
total thickness of the deposit. Spectra obtained from deposits of pure 
NiSn that had been aged for 3 months were similar to those obtained on 
freshly prepared electrodeposits. No structural changes were evident in 
the spectra. The absence of evidence for any copper-tin intermetallic 
compound when NiSn is electrodeposited on copper is in accord with the 
findings of Smart and Robins (41).



The results of the decomposition of the Mossbauer spectra into the 
three major components are suminerized in Table 6. The percentage of 
each component was estimated assuming Debye — Waller factors of 0,05 
for metallic tin and 0,6 for the tin in the copper-tin alloy (49). The appro
ximation was made that the area of the Mossbauer line is proportional 
to the product of the Debye—Waller factor and the atomic percentage 
of tin in the given component.

T a b le  G.
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Number 
o f specimen 

(as used 
in Table 5/•

Metallic tin Sn-Cu phase Sn-Ni phase

Area
(%>

Calc.**
amount

<%>

Isomer
shift
(mm/
sec)

Area
(%)

Calc.**
amount

<%>

Isomer
shift
(mm/
sec)

Area
(%)

Calc.**
amount

<%)

Isomer
shift
(mm/
sec)

i 64,8 96 2,45 35,2 4 1,52 0 ,0 0 ,0 __

4 41 ,8 75 2 46 36,4 2 1,53 21,8 23 1,73
5 15,5 30 2,60 25 ,4 3 1,63 59,1 67 1,79
6 5,0 9 2,56 15,3 2 1,80 79,7 89 1,90
7 0,0 — — — — — as 100 as 100 1,81
8 0 ,0 _ — — — — as 100 as 100 1,85
9 0,0 — — — — — as 100 as 100 1,78

• A stitisfactory decomposition o f the three components of the deposit was not possible in the case of 
specimens No. 2 and 8.

•• Percentage of the total tin in the sample in the given components as calculated from the area percen
tage using a Debye-Waller correction.

3. Studies of metal passivation

3.1. Passivity of cobalt electrode

The passivation of metals is caused by the formation of a thin, pro
tective film on the metal surface. This film may consist of adsorbed 
oxygen, oxide, and hydroxide or a salt formed as a result of metal disso
lution.

Many recent studies of the surface film in nonaqueous solutions 
[50 — 53] indicate that the passivation probably takes place by formation 
of metal oxide or hydroxide, since permanent passivity in non-aqueous 
media occurs only in the presence of water.

Progress in research on passivity involves a knowledge of the che
mical composition of the surface film. I t is well known that the electro
chemical technique provides limited information for elucidating the 
structural and chemical nature of the protective film. (e. g. coulometric 
measurements). Electron and X-rav diffraction studies, optical and micro
chemical methods can be used to clarify the structural problems. Appli
cation of Mossbauer spectroscopy compliments these methods. Studies 
of the passivity of cobalt by emission Mossbauer spectroscopy have been 
carried out by Simmons et al. [54] utilizing 57Co.



The in situ studies of cobalt passivity were carried out in a Plexi
glas cell designed to minimize the amount of solution in the path of the 
emitted y-rays. At all polarization potentials used in this study, with the 
exception of low passivating potentials, the corrosion rate was suffici
ently slow that the surface active region was not lost during the time 
required to obtain the Mossbauer spectra. Since the corrosion at the 
low passivating potential was relatively high, the radioactive surface 
was stabilized by quenching the specimen and solution to liquid nitrogen 
temperature, and interrupting the applied potential after the solution 
had frozen.

The anodic polarization of cobalt in a buffered borate solution, pH 
8,5 produced a classical potential vs. current dependence as shown in 
Fig. 23. Four specific potentials, —100, +200, +500 and +800 mV 
were chosen for the study of the chemical composition and structure of 
anodically produced surfacefilms. Different cobalt compounds: a-Co(OH)2; 
/3 —Co(OH)2, CoOOH, Co30 4, CoO were prepared, and their emission 
spectra were obtained to serve as a basis for the interpretation of the 
spectra from the passivated surface at chosen potentials.
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Fig. 23. Polarization curve o f cobalt in buffered borate solution, pH  8,5 P o ten tia l is w ith
reference to  SCE

All of the specimens were polarized cathodically prior to the appli
cation of the anodic potentials. The emission Mossbauer spectra obtained 
at this potential indicated that the corrosion film which formed subsequent
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Fig.24. Emission spectrum  o f Fe57 in cobalt anodically polarized a t  +  800 mV (a) initial 
spectrum  and  (b) spectrum  afte r sub trac tion  o f contribution  from unreaeted m etal.

Spectrum  taken  a t room tem perature .

to the deposition of the active layer was readily reduced by the cathodic 
treatment.

The hyperfine parameters for specimens after polarization at —100 
mV were characteristic a57Co(OH)2 while the emission Mossbauer spectra 
taken at + 200 and + 500 mV were essentially similar to the spectra 
obtained f r o m 57CoOOH. This result suggests that the passive film 
in the region of the polarization curve -(-200 and +500 mV contained 
only a single component, /J-CoOOH.

The spectrum of the anodic film formed at +800 mV (see Fig. 24.) is 
similar to that found for the surface anodically treated at + 200 mV and 
+ 500 mV, but with an additional line having an isomer shift of 0,14 
mm/s appeared in the spectrum. This new component of the spectrum 
of the traspassive film was attributed to the presence of 57Co ( + 4). 
The authors assumed that the outer layer of the transpassive film was 
Co02, but the Mossbauer spectrum of this compound was not available at
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Fig. 25. M ossbauer emission spectrum  of Co (OH)2 on a  platinum  electrode polarized in 
borate buffer a t  + 600  mV vs. SCE. The spectrum  is characteristic  of/5-CoOOH and C o02

the line to confirm this assumption. At later time Co02 was formed by 
anodic treatment of Co (0H)2 in a borate solution [55]. On the basis of 
the Pourbaix diagram, potentials of +600, +800, and +900 mV (vs. 
SCE) were chosen to oxidize the Co (0H)2 to the Co (IV) oxide. The 
emission spectrum at room temperature of Co (OH)2 after polarization 
at +600 mV is shown in Fig. 25.

A doublet and a singlet with the following parameters gave a satis
factory fit to the spectrum; =  —0,46 mm/sec, AEX =  0,55 mm/sec, 
and 62 = 0,15 mm/sec, where ó and AE represent the isomer shift and 
quadrupole splitting, respectively. These values of bx and AE are charac
teristic of /9-CoOOH. The line of b2 =  0,15 mm/s is attributed to Co02. 
Comparison of Mossbauer-parameters for /S-CoOOH and Co02 after 
polarization at + 600, + 800, + 900 mV indicates that the anodic oxida
tion of /9-CoOOH to Co02 is more complete at the higher anidic potentials.

A Mossbauer-spectrum of the specimen that was polarized at +900 
mV was taken after the specimen had been stored in air for three months.

This spectrum showed that Co02 decomposed in the absence of the 
anodic potentials. A satisfactory fit to the spectrum was obtained with 
a quadrupole doublet and a single line. The cobalolid parameters are 
comparable to those reported by Kiindig et al. for Co30 4. The quadrupole 
doublet has been attributed to 57Fe (III) in the octahedral sites of the 
normal Co30 4 spinel structure, and the single line has been attributed 
to S7Fe (III) in the tetrahedral sites. The 57Fe (111) in the tetrahedral sites 
are aliovalent since the parent cobalt isotopes in these sites are originally 
57Co (II). If it is assumed that the Debye — Waller factor for 57Fe is the 
same for the octahedral and tetrahedral sites, the relative areas of the 
singlet and doublet indicate that the stoichiometra of the oxide is



Table 7.
Mossbauer param eters for cobalt species formed daring anodic polarization
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Area and isomer shift of two species

Polarization potential Fe(III) y  emission and ascribed to Fe(IV) y emission and ascribed to
,(\s. SCE) /S-CoOOH Co02

Area ¿i Area

+  600* m V  ____ 3 4 % — 0 ,4 6  m m /s 6 6 % +  0 ,1 5  m m /s
+  800 ..................... 1 0 % — 0,51 m m /s 9 0 % 4- 0,11 m m /s
+  900 ..................... 0 — 1 0 0 % +  0 ,0 8  m m /s

•'iote: Values of <5 arc given relative to iron, and the uncertainty is ±0,05 mm/s.
• Measured in air after polarization a t +600 mV.

[CojJ]tct[Co2+|j]0Ct 0 4. These results suggest that the decomposition of 
Co02 occurs according to the following reaction

The Mossbauer spectrum of the cobalt metal polarized at potential of 
+ 900 mV was comparable with the spectrum of Co (OH)2 oxidized at 
+ 600 +800 and +900 mV. These spectra suggest that the anodic film 
formed on cobalt metal consists of both /S-CoOOH and Co02.

Passivation of tin electrode
The study of tin passivity by Mossbauer spectroscopy is of interest 

from a practical standpoint. The anodic behavior of tin both in acid and 
alkaline solutions, has been the subject of several investigations [57 — 65]. 
The general consensus arising from these investigations, based largely 
on galvanostatic and coulometric studies, is that in the hydroxide and 
carbonate solutions SnO or Sn (OH)2 is formed at the more negative 
potentials and Sn02 or Sn (OH)4 is formed at the more positive potentials. 
The situation in a borate solution is much less clear. The nature of oxide 
is not clarified in spite of the large number of investigations. Data taken 
from the paper by Pugh at al [65] illustrate that the critical current 
density for passivity in borate solution is over 4 orders of magnitude less 
than that required in 1 mole dm -3 NaOH solution and that the c. d. in 
the passive region also is smaller in borate buffer than in alkaline solu
tions. In the more aggressive solutions authors have also noticed that 
the anodic oxide is sufficiently thick such that it exhibits color, and the 
color is a function of the polarizing potential and the time.

The aim of our common research work with Lehigh University was 
to determine by Mossbauer spectroscopy the chemical nature of the 
passive film formed in borate solution under anodic polarization and to 
determine the thickness and stability of the passive film under different 
polarization conditions. Mossbauer spectroscopy in both the absorption 
and emission modes of operation have been used [66].



In order to carry out Mossbauer experiments in absorption geo
metry of a thin oxide on a tin-substrate it is necessary that the volume 
of oxide/volume of substrate be as large as possible. The strategy adopted 
was to electroplate a thin layer of tin enriched in U9Sn on both sides of 
an aluminium foil 0,0065 cm in thickness. Aluminium was selected 
because of its low cross section for the 23,87 keV gamma ray and its 
inertness under polarization conditions in the borate electrolyte. Other 
substrates such as iron and copper were considered and were studied in 
a preliminary way, but they were discarded because of possible compli
cations from the formation of intermetallic compounds at the copper/tin 
or iron/tin interface [67].

Deposits with good adherence to the aluminium substrate and satis
factory integrity (cf. infra) were obtained when the following procedure 
was used. The aluminium surface was polished with emery paper, etched 
in a hot solution of 10% NaOH, and finally immersed for a brief time 
in 30% HN03 at room temperature. The aluminium was thoroughly 
washed in distilled water and allowed to dry. Tin was electrodeposited 
at a current density of 0,2 A/dm2 for 30 sec while the plating bath was 
maintained at 70°C. The composition of the bath was 25 g/dm3 Snl4 
in which the 119Sn content was enriched to 89% 12 g/dm3 NaOH, 1,5 
g/dm3 CHjCOONa, and 1,1 g/dm3 30% H20 2. The average thickness of 
the resulting deposit was determined by dissolution of the tin in 1 mole 
dm -3 sulfuric acid and determining the tin content of the solution by dif
ferential pulse polarography. Mossbauer spectra were recorded on samples 
passivated in the deaerated borate buffer at various potentials and for 
various periods of time. After passivation, the foils were immediately 
plunged into liquid nitrogen and the spectra were recorded while the 
samples were maintained in the liquid nitrogen. No evidence of a crys
tallographic transformation to a-tin was detected. The Mossbauer source 
was Ba119mSn03 with a 1,85 • 108 Bq activity X-rays generated by the 
source were filtered from the beam by means of a palladium foil. All 
absorption spectra are given with respect to BaSn03 as the reference.

Emission Mossbauer spectra were obtained in the same cell pre
viously used by Simmons et al. [54]. Tin was electrodeposited from a di
lute solution of 119mSnCl2 that was made suitably conductive by the addi-
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Fig. 26. C haracteristic potentiodynam ic curve obtained on th e  first scan o f a cathodically  
reduced tin  electrodeposit on a  thin-foil alum inum  substrate .



tion of 0,15 ml of 4 mole dm -3 HC1 and 0,7 ml of 2 mole dm -3 NaOH to 
give a total plating volume of 10 cm3 Prior to plating the tin substrate 
was mechanically polished etched in hot HC1, and thoroughly washed in 
distilled water. The tin deposition was carried out at a current density 
of 0,1 A/dm2 and room temperature for 8 hr. The specific activity of 
the available 119mSn was 1,48-105 Bq/g and the activity of the electro
deposit was approximately 1,48-1010 Bq for deposit thicknesses of the 
order of 14 nm. Emission spectra were recorded using a Ca119Sn03 
absorber.

Potentiodynamic curves were recorded continuously in both the 
increasing and decreasing potential mode. The reference electrode in all 
cases was a 0,1M calomel half-cell and all potentials are given with respect 
to this electrode. Figure 26. shows the characteristic potentiodynamic 
curves obtained on the first scan of a cathodically reduced tin deposit 
on a pure aluminium substrate. Figure 27. shows the curve obtained in 
successive scans of the same sample after cathodic reduction preceding 
each scan. Figure 26 shows a peak at — 350 mV which is missing in Fig. 
27. Potentiodynamic curves of pure tin were identical to Fig. 26. Potentio
dynamic curves of pure aluminium also yielded the peak at — 350 mV 
during the first scan and the peak was absent in successive scans. On 
the basis of these measurements it was concluded that the —350 mV 
peak represents oxidation of the aluminium surface and that once it 
occurred it played no further role in the potential range to which the 
samples were subjected. Aluminium appeared to be a satisfactory subs
trate for the tin after this artifact was recognized.

H 4  A. VÉRTES ET AE.

F<g. 27. Po tentiodynam ic curve obtained on second and  successive scans o f a cathodically 
reduced tin  electrodeposit on a thin-foil alum inium  substra te . N ote th a t  th e  peak a t  — 350 

mV present on th e  first scan (Fig. 25) is now absent.

Figure 28 is the Mossbauer absorption spectrum at 78 K of a tin 
electrodeposit that was cathodically treated in the borate solution 
for 10 min at —1200 mV. The center of the peak is located at +2,60 
mm/sec and the computer-calculated width at half maximum is 
0,99 + 0,01 mm. These values are typical of those customarily obta
ined for metallic tin and thus provide good support for the views 
that (?) the material being studied was metallic tin with similar crys
tallographic features as that of bulk tin; and (??) the aluminium substrate 
had minimal influence. The cathodically treated sample also yielded no
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Fig. 28. M ossbauer absorption  spectrum  a t  78 K  o f a tin  eleetrodeposit th a t  was cathodi- 
oally trea ted  in th e  borate  buffer for 10 min a t  — 1200 mV.

spectral evidence for the presence of Sn (IV) at the surface so it is felt 
that any air-formed oxide or anodically formed oxide in a previous expe
riment was satisfactorily removed by the cathodic treatment.

The area under the peak and the width at half maximum were 
studied as a function of the thickness of the tin through which the beam 
traversed under conditions of a standard gamma ray exposure. 119Sn 
was eleetrodeposited on an aluminum substrate and different numbers 
of the foils were compressed together and the Mossbauer spectrum was 
generated at liquid nitrogen temperature. Data obtained from this study 
are summarized in Fig. 29. I t will be noted that the area under the peak 
does not depart seriously from a linear relationship with thickness in the

Fig. 29. The effect o f thickness o f tin  on two Mossbauer spectral features. 
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range of tin thicknesses studied, namely, 10 — 30 nm and that the width 
at half maximum does not change significantly in this same range. Alth
ough similar data were not obtained for tin oxide on tin, it is assumed 
that the same relationship is obeyed and that the area under the oxide 
peak is an approximately linear function of the amount present at a 
standard gamma ray flux.

I t  rapidly became apparent as this work progressed that the two 
important spectral components were metallic tin and Sn02. In order to 
determine relative fractions of these two species, and thus Sn02 film 
thickness, it is necessary to know the relative Debye—Waller factors 
of Sn and Sn02. The Debye—Waller factor of bulk Sn02 at 78 K is of 
the order of 0,5 and that for tin is of the order of 0,4 [67].

As a first approximation, it is assumed that the Debye—Waller 
factors of metallic tin and Sn02 in the passive film are the same at liquid 
nitrogen temperature and that they are not strongly a function of the 
thickness of tin nor the thickness of the Sn02.

Table 8.
Experimental data obtained from Mössbauer experiments carried out in absorption geo

metry. Infromation obtained from spectrum determined at 78°K
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Polarizing
potential

Time of 
polarization 

(min)

Percent absorption 
due to SnO, 

<%> ‘

Isomer* shift 
(mm/sec)

Width a t half max
(mm/sec)

Calculated 
thickness 
of SnO*** 

(mm)

- 1 2 0 0 10 0
(Cathodically

trea ted )
-  890 5 5 ,1 4 + 0 ,4 - 0 , 0 8 + 0 , 0 4 0 ,9 8 + 0 ,0 2 1,5
-  875 60 8 ,0 0 + 2 ,1 6 +  0 ,0 4 + 0 ,1 0 1 ,1 2 + 0 .1 7 2 ,3
-  860 0 ,3 3 6 ,1 4 + 0 ,4 - 0 , 1 6 + 0 , 0 3 1 ,0 1 + 0 ,0 1 1,7
-  843 60 5 ,50  + 0 ,9 4 - 0 , 0 4 + 0 , 0 7 1 ,2 8 + 0 ,2 5 1,6
-  785 60 3 ,8 1 + 1 ,6 0 - 0 , 2 0 + 0 , 1 2 0 ,7 5 + 0 ,4 0 1,1
-  785 60 2 ,7 0  +  1,09 - 0 , 1 2 + 0 , 1 0 0 6 5 , ± 0 ,3 3 0 ,8
-  500 60 6 ,0 4 + 2 ,2 4 - 0 , 2 0 + 0 , 1 4 1 ,1 1 + 0 ,4 6 1,7
+  250 30 6 ,1 0 + 0 ,9 5 - 0 , 0 4 + 0 , 0 7 1 ,2 8 + 0 ,2 3 1,7
+  250 30 6 ,80  +  1,17 +  0 ,1 2  -fr-0,0o 0 ,7 9 + 0 ,1 7 1,9
+  250 6 6 ,3 2 + 0 ,3 0 +  0 ,0 3 + 0 ,0 3 0 ,9 9 + 0 ,2 5 1,8
+  1000 60 7,97 +  1,16 - 0 , 1 2  +  0 ,0 6 1 ,2 8 + 0 ,2 8 2 .3
+  1100 60 8 ,8 5 + 0 .4 5 +  0 ,0 8 + 0 ,0 2 0 ,9 8 + 0 ,0 9 2,5
+  1180 3 8 ,1 9  +  1,05 - 0 , 0 4 + 0 , 0 5 1 ,2 0 + 0 ,1 8 2,3

• With rel 
• • I t  was a

erence to BaS 
ssumed that

InOg
the Debye-Waller fact¿>rs for tin  and Sn02 ire approxim ate the >ame a t 78 K

Table 8. summarizes the Mossbauer parameters calculated from the 
spectra for experiments in which tin was polarized over a potential range 
of —890 to +1180 mV after cathodic treatment for 10 min at —1200 
mV. The thickness of the Sn02 was calculated on the basis of an average 
tin thickness of 28,5 nm on each surface of the aluminum foil. The thick-



ness of tin was determined polarographically as described previously. 
Each run was carried out on a different sample that was electroplated 
under identical conditions.

No Sn02 peak was detected after cathodic reduction of samples that 
had been stored in a closed container for less than 30 days. Storage of 
samples for longer times resulted in the formation of surface oxides that 
could not be completely reduced. No study of this effect was carried out 
and samples that were not completely reduced were not used in the pola
rization experiments.
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Fig. 30. Mossbauer spectrum  o f a  tin  sam ple polarized in bo ra te  buffer for 60 m in a t  +
+  250 mV.

A typical spectrum after polarization of a 10 nm thick tin layer for 
60 min at +250 mV is shown in Fig. 30. The spectrum is adequately 
reproduced on the basis of a single peak for Sn02 and a single peak for 
metallic tin.

As stated earlier, many authors have claimed the presence of Sn (II) 
in the passive film in the more negative range of potentials. In our studies, 
however, no conclusive indication of Sn (II) compounds was observed 
in any of the absorption spectra. I t  cannot be said with assurance that 
no Sn (II) was present in the passive film; only that it was not present 
in any significant concentration. According to thermodynamic calcula
tions, anhydrous Sn02 is the stable species relative to anhydrous SnO 
under oxidizing comditions, but Sn (OH)2 has stability over a limited 
potential range relative to Sn (OH),. [68].

On the basis of our results it was concluded that the passive film 
formed in borate solution under anodic polarization is different from that 
formed in the hydroxide or carbonate solution. The predominant tin 
species in the passive film in the borate buffer is Sn4 + .

The average isomer shift for Sn02 obtained for all the experiments 
summarized in Table V III was —0,06 mm/sec relative to BaSn03 with 
extreme values of —0,20 and +0,08 mm/sec. The spectrum of Sn (OH), 
obtained by Cohen et al. [69] yields a value of 0,0 mm/sec. Thus, the

10*



isomer shift does not give useful information that distinguishes between 
the anhydrous and hydrated forms of Sn02.

The dissolution of tin, as hudged solely by the lack of change in the 
intensity of the tin peak, was negligible in 60 min at all potentials above 
— 500 mV even within the transpassive region. For example, a tin elec
trode was polarized at +1050 mV for 400 min, at which potential oxygen 
was vigorously evolved. The intensity of the tin absorption peak was 
practically the same under these conditions as it was prior to anodic 
polarization, thus indicatiang no significant reduction in the original tin 
thickness of 28,5 nm in 400 min. Some evidence, however, was found 
for tin dissolution at — 860 mV. Data are presented in Fig. 31. on a log-log 
plot for the rate of change in current passing through the interface as a 
function of time at fixed potentials of — 86Ó and +250 mV. I t will be 
noted that at the longer times, in the case of polarization at — 860 mV, 
the current passed through the interface is greater than expected on the 
basis of extrapolation of the curve from data obtained at shorter times. 
At + 250 mV all the data points fall on a log-log plot over the time inter
val for which measurements were made. One possible interpretation of 
the — 860 mV data is that dissolution of the oxide is continuously occur
ring and that some portion of the current is being utilized to replace the 
dissolved oxide.
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Fig. 31. Log-log plot o f change o f cu rren t w ith tim e during polarization of a tin  electrode
posit on alum inum  a t —860 and  + 250  mV.

The in situ emission experiments yielded very poor spectra. The 
major difficulty encountered was the low activity (typically 1,48 • 105Bq) 
of the electrodeposited tin and the low Debye—Waller factor probably 
due to the very low thickness. Although no data are available to determine 
how the Debye — Waller factor is affected by thickness, in highly disper-



sed tin (d = 25 nm) Debye —Waller factors of 0,25 and 0,022 were mea
sured at 93 and 300 K, respectively [70]. These results suggest a very 
low factor for films of 1 — 2 nm in thickness. The low value may have 
been avoided during the measurements at 78 K because of the frozen 
liquid at the surface of the passive film which served as a solid matrix. 
At this level of activity it was very difficult to separate a spectrum from 
the background.

In  situ emission spectrum generated during an 8 day period, while 
the tin electrode was polarized at a potential of —800 mV, did not yield 
additional information than satisfactory spectra at 78 K in absorption 
geometry. The results represented in this paper well illustrate that 
Mössbauer spectroscopy is a suitable technique for electrochemical 
studies.
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where /  is the critical line force per unit length of the drop perimeter 
needed to start it moving over the solid surface, and yLV is the surface 
tension of the liquid, the semi-empirical equation
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Abstract

Advancing and receding contact angles, 0 a and 0 r, resp., as well 
as critical angles of tilt, acrit, of both pure liquids and water —ethanol 
mixtures on low energy surfaces of known roughness have been measured. 
Using the formerly obtained relation (cf. Ref. [1])

was obtained where, according to the above-mentioned earlier work, 
the Young contact angle, 0 Y, can be calculated from

r being the Wenzel roughness factor. Therefore, the plots cos Q'r — cos 
0 a vs • cos02 should give straight lines which was found to be valid. From 
these plots both b and r can be obtained. The empirical constant b can 
be taken as a measure of the overall surface inhomogeneity arising from 
both roughness and chemical heterogeneity. As a consequence, the com
parison of b with r permits an approximate estimation as to what extent 
the experimentally found hysteresis depends on the two types of surface 
inhomogeneity.
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Introduction

Solid surfaces are known to be inhomogeneous on a molecular scale, 
and mostly also on a (sub) microscopic or even a macroscopic scale. Mole
cular heterogeneities are of chemical (or energetic) nature, i. e., the surface 
consists of microscopic domains of different chemical composition (in 
terms of wettability: of different lyophilicity); or else, different crystallo
graphic faces having different surface energy are exposed to the surface.

On the other hand, microscopic and macroscopic heterogeneities 
appear to be of purely geometric (or, more exactly, topographic) nature 
and are usually summarized under the name roughness. Though this kind 
of surface heterogeity does not differ in principle from the chemical 
(energetical) one since a rough surface possesses also sites of different 
surface energy even if the chemical composition is uniform over the 
surface, it is customary to make a distinction between Tough and inhomo
geneous surfaces, and this nomenclature will be used also in this paper.

As far as their influence on the wettability of solids is concerned, 
there is no essential difference between these two types of inhomogeneities: 
both result in the contact angle (or wetting) hysteresis. By this we mean 
the phenomenon that nonspreading liquids exhibit a number of contact 
angles, each being in local mechanical equilibrium, the values of which 
depend on the conditions of the actual measurement so that there is 
always a maximum value, the advancing contact angle, 0 a, and a mini
mum one, the receding contact angle, 0 r. This experimental fact appears 
to be at variance with Young's relation
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according to which there is one, and only one, value of the contact angle 
which satisfies the requirement of the thermodynamic equilibrium. This 
value is denoted by 0 Y, and called the Young contact angle.

In a recent paper (1) we have found that, for a number of systems 
involving low-energy solids and pure (one component) liquids, a sur
prisingly simple relation appears to hold between 0 a, 0 r, 0 Y and the 
Wenzel roughness factor, r [2];

(1)

(2)
This treatment was extended to a great number of similar systems, and 
the Wenzel roughness factor was found to represent a quantity which can 
be determined from contact angle data [3]

So far, like most of previous authors [4 — 10], we were concerned 
with the effect of roughness on contact angle hysteresis. Only a few paper 
dealt with surface heterogeneity as the other major cause of hysteresis 
[11 — 12]. The problem here is that the two types of inhomogeneities 
occur mostly simultaneously, and it is difficult to find out the extent 
of the contribution due to surface roughness and/or to surface hetero
geneity.



The aim of this paper is to present to this problem a semi-quantita
tive approach which is based on the formal analysis of experimental 
relations between line force, hysteresis, Young contact angle and rough
ness factor.

Theoretical consideration

As reported earlier [1, 3], the validity of Eq. (2) was proved by 
measuring the critical angle of tilt, acrit, of drops on inclined surfaces 
of known roughness as well as 0 a and 0 r which form on the top and the 
bottom of the three-phase-line (TPL), and by extrapolating the 0 a vs. 
acrlt and 0 r vs. acr;t curves, resp., to acrit -* 0. The extrapolation gave 
in both cases the same value for 0 , and it was, therefore, justified to 
identify 0 a(acrit = o) = 0 r(acrit = 0) with 0 Y, taking, of course, into 
account that if 0 Y is calculated from Eq (2) then one has also to know the 
value of the roughness factor. On the other hand, if we compare the value 
of 0 Y as obtained from extrapolation of the 0  vs. acrit curves (this value 
will be denoted by 0 Y> cxp) with the one obtained using Eq. (2) (denoted
b y  0 y .  calc)
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(here cos 0  stands for (cos 0 a + cos 0 r)/2, i. e. the arithmetic mean value), 
then, clearly, reasonable values for r at a given extent of the hysteresis 
can be gained as well.

I t was self-evident to extend this analysis for the case when in addi
tion to, or instead of, roughness surface heterogeneity does contribute 
or even causes solely hysteresis.

Let us consider the forces acting on a liquid drop that forms finite 
contact angles on a surface inclined to a horizontal plane by the angle 
GKacrit- As it is well-known [13], the drop on the originally horizontal 
surface is axially (or, for larger drops, cylindrically) symmetric, and this 
symmetry gets lost by tilting the surface, but the TPL “sticks”, and 
starts moving only if the driving force, i. e. mg sin ac, becomes equal to 
the passive force [14] as given by

here m is the mass of the drop, a the angle of tilt, yLV the liquid/saturated 
vapour interfacial tension, 0  the local contact angle at an arbitrary
point of the TPL, dl is an infinitesimal length element of the TPL, j  and
n are unity vectors, both lying in the plane of the surface so that the
direction of j  is opposite to the force mg sin a at the chosen point, and n 
is perpendicular to the element of the TPL (Fig. 1)

(2a)

(3)
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Q

b

Fig. 1. The „drop  on tilted  surface“ configuration, (a) side view, (b) to p  view. (Cf. Eq.
[3])-

We do not discuss here the details of calculating the value of the 
line integral in Eq. (3) by numerical approximation [15]. I t was found 
earlier [16 — 18] that instead of the exact relation, Eq. (3), the empirical 
formula

(4)

held in great number of cases; here w is the drop width, and 0'a and 0'r, 
resp., are the particular values of the two contact angles at the parti
cular (not necessarily critical) value of the tilting angle a. For a < acrit,



the surface can be inclined without the whole of the TPL getting moving. 
As experience shows, the width of the drop remains practically constant 
but the overall length of the TPL varies over inclining and the originally 
axisvmmetric capillary surface becomes distorted. The extent and kind 
of this distortion depends on the actual macroscopic value of the contact 
angle that the drop forms with the horizontal surface.

I t  is generally accepted that this latter (it is to be stressed again: 
macroscopic) value is uniform along the TPL which, on the other hand, 
is supposed to be, at least approximately, circle-shaped. But this can 
be done only if the actual macroscopic angle happens to be just equal 
to 0 Y. Then, of course, for a =  acrjt the top angle will be 0 r and the bot
tom angle will be 0 a, whereas at the intersection points, as shown in 
Fig. 2, the contact angle is arc cos0.
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Fig. 2. The „ideal“ (circle-shaped perim eter) case of th e  „d rop  on tilted  surface“ configura
tion. See tex t.

With the symbols used in Fig. 2, Eq. (3) can be written as

(5)

Although the actual dependence of cos 0  upon cp is not known, 
from Eq. (2) cos 0  is obtained at <p = nn {n = 1,2,. . .), and cos 0 a and 
cos 0 r, resp., at (p =?wr/2 (n — 1,2, . . .). So it is obvious to use a cosine 
function, for, doing so, the variation of the contact angle along the TPL



will be the same as that of the force acting at any particular point. Then, 
by integrating the function shown in Fig. 3, one obtains
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(6)

Fig. 3. The cosine approxim ation to  in tegrate  E q. [5] resulting  in Eq. [6].

As it can be seen, Eq. (6) and the empirical relation (4) differ from 
each other by a numerical factor only.

Furthermore, it is to be noted that if 0 Y is known, the 0  vs « depen
dence can be obtained without measurements, and Eq. (6) is also valid 
for the limiting case a = acril, i. e.

(7)

The right-hand-side of Eq. (7) or Eq. (4) is correlated with the so- 
called adhesion constant, ka, fl81

(8)
and so with the passive force in Eq. (3). Therefore it is a quantity which 
unambiguously characterizes the hysteresis in the given system.



As we have shown from the tilted plate experiments (1, 3), the 
critical line force per unit length of the TPL,/, which is needed for the 
TPL to start moving, is given by
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(9)
This is similar to the relation obtained earlier by Yarnold [19] and, 

more recently, by Schwartz et al. [20]. Schwartz measured the pressure 
difference needed for a liquid meniscus in a cylindrical capillary tube 
for start moving. Calculating from this data (via the Laplace equation 
for axisymmetric surface) the line force, / ,  as defined above, he found 
that,

(10)
where k is an empiral constant for the given surface (being equal to /  at 
6>Y =  90°), Oy is the Young contact angle obtained experimentally 
from measurements performed on “ideally” smooth surfaces.

If we compare the empirical relation (10) with Eq. (2), we obtain

(11)
As can be seen, Eq. (11) creates, via the critical line force, / ,  a link 

between the roughness factor r, and cos 0  which is a measure for the extent 
of hysteresis as well as the empirical constant k being characteristic for 
the given surface. As k appears in Eq. (11) separately, i. e. independently 
of r, it is justified to assume that it might be relevant to the influence 
which surface inhomogeneity as an overall surface property makes on the 
extent of contact angle hysteresis.

Materials and methods

The low-energy solids used in this work were as follows: solid paraffin, 
m. p. 66 —68°C; poly (tetrafluoro-ethvlene), PTFE, of Du pont; polyet
hylene, PE I  and II; polystyrene, PS; PVC; the three latters being Hun
garian products; polypropylene, PP, ICI; and polycarbonate, PC, of 
Bayer.

Preparation of paraffin surfaces. Microscopic glass plates were first 
rinsed in peroxi sulphuric acid and washed with doubly dist. water then 
coated with paraffin by immersing the plates in molten paraffin. When 
the temperature of the plate became equal to that of the melt (ca. 80°C), 
the plate was suddenly emerged vertically from the melt, and after a few 
seconds allowed for drainage to occur, it was suddendly immersed (using 
a small angle of inclination) into cold water. By this procedure, one can 
obtain surfaces of different roughness by varying the experimental condi
tions (the inclination angle, the temperature of both the melt and the 
cold water, the time period between emersion from the melt and immer
sion in the water, etc.). With some practice and precaution, even mirror
like, apparently smooth surfaces can be obtained.



Polymer surfaces having different degrees of roughness were pre
pared by polishing the commercial samples with special emery clothes 
and/or powders. All polymeric surfaces were purified by washing with 
10 mmol/dm3 aqueous sodium dodecyl sulfate, then with acetone and 
finally with dist. water.

The liquids used are listed below:
Pure liquids. Doubly dist. water; glycerol; ethylene glycol; dioxane; 

benzene; ethyl alcohol; carbon tetrachloride, all reagent grade Reanal 
products; and formic acid and formamide, of Merck, p. a. grade. Mixtures 
of water and ethyl alcohol were prepared containing 2,4,8, 12,16,22,32 
and 45 per cent (vol. by vol.) alcohol.

Surface tension of the liquids was measured using the drop weight 
method at25±0.5 °C. Contact angle measurements were made at the same 
temperature with a commercial contact angle goniometer (Rame — Hart, 
Inc., Type A — 100) which was modified so that it permitted simultaneous 
measurements of both the angle of tilt and the contact angle. The accu
racy of these measurements is better th an + 0.5 deg., and this was found 
sufficient (it could have been improved by applying special optical device 
other than available in the commercial apparatus), because the mean 
error of the data is of the order of 1 deg.

Surface roughness was determined by a commercial Perthometer 
(diameter of the diamond feeler 3 ym). The X —Y recorder produces a 
magnification of the roughness profile of 10* on the Y (vertical to the 
surface) direction, and 150- 104 on the X (parallel to the surface) direc
tion. So, 1 cm on the X axis represents 1 ym, whereas 1 cm on the Y axis 
represents 0.25 mm. The ratio 250:1 proved satisfactory to characterize 
the surfaces, and in some cases even the ratio 50:1 was sufficient.

Results

Determination of 0 Y by extrapolation

Data for paraffin/water systems have been published in [1], and 
a complete set of data for polymer/liquid systems is to be found in [3]. 
Figures 4 — 6 demonstrate, by the example of some PTFE/liquid systems, 
the justification of extrapolating contact angle vs. critical angle of tilt 
curves for acrit = 0. As it can be seen, the extrapolation of both 0 a and 
0 r gives the same contact angle. These values, together with those of 
the roughness factor, r, calculated from Eq. (2), are shown in Table 2. 
I t  is apparent from Table 2 that the so obtained r values are unreason
able even if they reflect in most cases the right order of roughness accord
ing to the surface profile data shown in Table 1. We come back to this 
point later.
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Fig. 4. Dependence upon the  critical angle o f tilt o f  th e  advancing (o) and  receding ( • )  
con tac t angle o f form am ide drops (volume 50 m m 3) on P T F E  surfaces w ith  different

roughness.

Fig. 5. Dependence upon the critical angle of t i l t  o f advancing (o) and  receding ( •  ) con
ta c t  angle o f 12% (v/v) w ater-ethanol m ixture drops (volume 50 m m 3) on P T F E  surfaces

w ith different roughness.
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Fig. 6. Dependence upon th e  critical angle o f t i l t  o f the advancing (o) and receding ( • )  
con tac t angle o f ethylene glycol drops (volume 50 m m 3) on P T F E  surfaces w ith different

roughness.

Sample
Nr.

Sand particle 
diameter ( /tm)  
of emery cloth 

or powder
r ï
fim

r2
fim

I . u n p o lish e d 1.33 4 .06
i i . 5 - 2 5 0 .5 3 0 .9 4

h i . 3 - 1 9 0 .4 9 0 .6 5
IV . 2 - 1 4 0 .1 9 0 .3 3

V. 1-10 - —

Table 1.
Surface profile data from perthogram s 

for rough PTFE surfaces

a  r, is the mean distance of the measured profile curve (p.c.) 
from the central line (c. 1.) which intersects the porfile curve so that 
the sum of areas above the c .l. equals to that of those below it. *

* r2 is the mean distance of the p.c. from the envelop curve 
which consists of segments (passing through the peaks of the p.c.) of 
a  rolling circle with conveniently chosen diameter.
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The “drop on tilted surface” configuration

Data obtained from the empirical relation (4) can be compared 
with those calculated from Eq. (6) for a =  acrit, in which case 0 a beco
mes clearly 0 a, and 0'r becomes 0 r. From the data shown in Table 3. 
it is obvious that, at least for the investigated systems, Eq. (4) gives a 
better approximation than Eq. (6), for the ratio mg sin a/R yLV(cos 0 r — 
cos 0 a) is closer to 2 as to tt/2. This is in accordance with the observation 
that when tilting the surface only those sections of the perimeter get 
moving at which the maximum and the minimum contact angle, resp., 
forms .The actual change in the shape of the (initially, at least with a 
good approximation, circle-shaped) perimeter depends on whether the 
actual contact angle on the horizontal surface was equal (or closer) to 
the true advancing contact angle, or else to the receding contact angle.

Table 3.
Comparison of the relations

mg sin acrit =  % R Yl v  (cos ©r — 003 ©a)
and

71
mg sin acrit =  —  H YLV (cos 0 r — cos 0 a)
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Solid surface
mg sin acrit 

R r  (cos o r -  cos e a)

P a r a f f in ............................................. 1,73
Poly  (te trafluoro  e th y le n e ) ......... 1.90
P o ly p ro p y len e .................................. 2.16
P o ly c a rb o n a te ................................. 1.65
P o ly e th y le n e .................................... 1.83

The line force vs. contact angle relation

For smooth PE and PTFE surfaces Schwartz et al. [20] found a 
linear relation between /  and cos 0 Y assuming that the measured contact 
angle on the smooth surfaces can be identified with the Young's contact 
angle. Although the straight lines (not shown here) of the /  vs. cos 0 Y 
plots (obtained by regression analysis of our own experimental data) 
not intersect the cos 0 Y axis at cos 0 Y = 1, it is quite reasonable to 
assume, in accordance with the former authors, that the line force beco
mes zero if cos 0 Y becomes 1, i. e., when spreading occurs. This had led 
to Eqs. (10) and (11) given in the theoretical part of this paper.

Tn Eo. (Ill
( I D

cos 0  stands for the arithmetic mean of 0 a and 0 r. According to Eq. 
(11), t h e /  vs. cos 0  plots should give also straight lines which should
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Solid surface r k Correlation
coefficient

P T F E  I ............ 1.066 19.5 0.994
P T F E  I I .......... 1.021 25.6 0.995
P T F E  I I I .  . . . 1.012 16.9 0.974
P T F E  IV. . . . 0.976 13.9 0.994
P T F E  V........... 0.943 11.0 0.992
P S .................... 0.994 33.8 0.999
P E  I .................. 0.978 27.3 0.965
P E  I I ................ 0.960 34.5 0.999
PVC ................ 0.999 36.3 0.999
P a r a f f in ......... 1.037 7.2 0.985

Fig. 7. The critical line force vs. cosine o f th e  mean con tac t angle plots for P T F E  surfaces 
o f various roughness. ( •  ) P T F E  I, (x) P T F E  I I ,  (¿1) P T F E  I I I ,  ( □ )  P T F E  IV , (o) P T F E  V.

Table 4.
W enzel’s roughness factor r and constant k  calculated from the linear 

plot f  vs. cos 0  using the equation f  =  k (1 —cos 0 /r )

11*
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Fig. 8. The critical line force vs. cosine o f th e  mean contac t angle plots for (o) PS, (□ )  PE  
I , and  ( •  ) paraffin  surfaces of different roughness.

Fig. 9. The critical line force vs. cosine of th e  m ean contac t angle plots for (A) PVC, and 
(x) P E  I I  surfaces o f different roughness.



intersect the horizontal axis at the point giving the value of r. As Figures 
7 — 9 show, the plots are indeed straight lines but the values for r calcu
lated from the data by regression analysis (see Table 4.) clearly indicate 
that the so obtained r values are unreasonable and in same cases (for r<  1) 
without any physical reality even if they vary parallel to what is expected 
from the surface profilograms (cf. Table ld-

Discussion

Hysteresis and roughness

The data of Table 4. indicate that, in spite of the unreasonable r 
values, the constant k appears to be closely related to surface heteroge
neity. However, if it is so, the parallel trend of k and the roughness can 
be true only for systems in which the solid is of the same nature since k 
depends on the solid surface energy. This becomes obvious if one considers 
that even in cases where the extent of hysteresis (as measured by A 6  = 
= 0 a — 0 r) is the same and also cos 0 Y = 1, different values for k are 
possible depending on the surface tension of the liquid for which 0 Y 
just equals to 90°. On the other hand, the latter condition obviously can 
not be independent of the surface energy of the solid.

Therefore, in order to characterize the overall inhomogeneity of the 
solid surface, one should choose a quantity which is independent of the 
solid surface energy. In what follows, it will be shown that this quantity 
(and also the reliable value of r) can be obtained by further analysis of 
Eq. (10).

The comparison of Eqs. (9) and (10) gives for k
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where A cos 0  stands for cos0r —cos 0 a and * denotes values of the mar
ked quantities at cos 0 Y = 0.

Since y*v is unambiguously given by the average surface energy of 
the solid, and only (Acos 0)* does depend on the surface inhomogeneities 
of any kind, the relations

(13)

(14)
and

must exist independently of each other, and only the latter one will be 
relevant to hysteresis.

According to earlier experimental results of one of us [21] which 
have been confirmed later by others (22, 23], and which are in accordance 
with Fowkes' theory [24], Eq. (13) is of the analytical form

(15)



where the empirical constant a, as can easily be proved, is equal or close 
to the work of adhesion. (Formally, of course, a = yLV for 0 Y = 90°.)

Taking Eq. (15) into account, the relation (9) can hold only if Eq. 
(14) can be written as
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where the constant b is the value of the left-hand-side of Eq. (16) at 
0 Y = 90°.

Substituting the value for cos 0 Y as given by Eq (2), Eq. (16). be
comes

(17)

in which now the roughness factor appears separately from b.
According to Eq. (17), Acos 0  vs. cos 0 2 plots should give straight 

lines that intersect the horizontal axis at r2. Figures 10—12 show these 
plots for a number of systems, and in Table 5 the r values, calculated 
from the experimental data with regression analysis, are listed. The reli
ability of the so obtained r values are demonstrated in Table 6.

Table 5.
G y  values for PTFE surfaces calculated from cos G y  =  (cos Ga +  cos 0 f)/2r using r values 

obtained from cos Gr — cos Qa =  b [l — (cos 0 /r )2]

Liquid
0  y

PTFE
I.

PTFE
II .

PTFE
I I I .

PTFE
IV.

PTFE
V. mean exp.

W a t e r ......................................... 109.2 106.6 102.8 102.3 102.9 103.7 +  1.7 103.5

E th a n o l - w a te r  m ix tu re s
2 %  a le .................................. 105.8 100.8 101.1 99,6 100.5 100 .5  ± 0 .5 100
4 %  a le ............................... 101.1 98.1 98.8 95.0 96.6 97.1 ± 1 .5 96
8 %  a le ................................. 96 .8 93.8 92.2 89.1 90.0 91 .3  +  1.8 91

1 2 %  a le .................................. 93 .0 91.2 88.7 86.8 85.7 88.1 ± 2 .0 85
1 6 %  a le ................................. 88 .7 86.8 85 .6 82 .3 81 .4 8 4 .0 ± 3 .0 81
2 2 %  a le ................................. 81 .6 78.8 78.7 77.4 77 .2 7 8 .0 + 0 .7 80
3 2 %  a le ................................. 68 .3 67.2 67.5 65 .9 65.1 66 .4  +  1.0 65
4 5 %  a le .................................. 60 .3 61 .9 60 .3 58.8 57 .5 59 .6  +  1.6 56

G ly c e ro l .................................... 95 .7 93 .3 90.5 89.1 90.0 90.7  +  1.6 —
F o rm a in id e  .......................... 91 .8 90.0 87 .8 86 .8 85.7 8 7 .6  +  1.6 86
K t h y le n e  g ly c o l .................. 83.1 81.0 81.3 78.6 79.0 8 0 .0 + 1 .2 —
F o rm ic  a c i t l ............................ 68 .6 69.1 71.5 70.0 69.4 7 0 .0 + 0 .9 70
D i o x a n e .................................... 53 .9 58.7 57 .4 58 .8 59 .8 5 8 .7 + 0 .9 61
B e n z e n e .................................... 44 .2 50.1 49.0 49.1 48 .0 49.1 ± 0 .7 47
CC14 ........................................... 41 .4 44.5 43 .5 41 .9 39.0 4 2 .2  +  2.0 38
E th y l  a lc o h o l ....................... 38 .8 — 42.7 41 .6 39.8 41 .4  +  1.2 38
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As is apparent from Table 5 one gets reasonable values for the Wen
zel roughness factor showing the trend that corresponds to the different 
degrees of polishing. Using the r values, it is now possible to calculate 
the Young's contact angles using Eq. (2) and to compare these values 
with those obtained by extrapolation from the angle of tilt data. As 
Table 5 shows, a reasonable agreement was found between the experi
mental and the calculated values. The physical reality of the values for 
the Young's contact angle obtained by either way is furthermore sup
ported by the fact that they are practically independent of the roughness 
for a given solid surface. So, there is strong evidence that these values 
can be taken as the true equilibrium values.

Table 6.
Reliability of r values calculated by Eq. [17]
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Solid surface

Standard de\lat ion for
2

(cos S r -  cos &a) vs. cos 6) 
regression straight line

r

P T F E  I .................. ± 4 .47  10~2 ±0.029
P T F E  I I ................ ± 8 .55  1 0 -2 +0.040
P T F E  I I I .............. ± 3 .06  10- 2 ±0.025
P T F E  IV ............... ± 2 .55  1 0 -2 ±0.025
P T F E  V................. ± 2 .95  1 0 -2 ±0.035
P S ........................... ± 1 .62  10- 2 ±0.012
P E  I ........................ +  2.89 1 0 -2 ±0.024
P E  I I ...................... ± 3 .14  1 0 -2 ±0.023
PVC ...................... +  1.28 1 0 -2 ±0 .009
P a r a f f in ................ ± 4 .50  1 0 -3 ±0.010

Hysteresis and surface inhomogeneity

The most important feature of Eq. (16) is that the constant b can 
be considered as the parameter characterizing the surface inhomogeneity 
of no matter which origin. In the absence of contact angle hyteresis, i. e., 
if the surface is both smooth and chemically homogeneous, b is zero. 
The more heterogeneous the surface, the higher the value of b. The 
actual values for the systems investigated are given, together with those 
of r, in Table 7.

From this consideration it follows that if the hysteresis arises solely 
from roughnes, then b and r should vary in the same sense, i. e., increasing 
roughness results in higher values of b and vice versa. Let us consider the 
connection between r and b in some detail.

For model surfaces of “ideal” roughness, e. g., those having artificially 
prepared regular grooves, pyramids, cones, etc., the extent of the contact 
angle hysteresis depends not only on the average roughness as given by 
r, but also on the actual microgeometrical characteristics, i. e., the micros-
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Table 7.

W enzel’s roughness factor (r) and overall inhom ogeneity factor (b)

Solid surface r b Correlation
coefficient

P T F E  I ................................ 1.067 0.811 0.969
P T F E  I I .............................. 1.091 1.061 0.846
P T F E  I I I ............................ 1.077 0.656 0.973
P T F E  IV ............................. 1.062 0.515 0.968
P T F E  V............................... 1.024 0.408 0.947
P S ........................................ 1.071 0.696 0.998
P E  I ...................................... 1.061 0.651 0.986
P E  I I .................................... 1.045 0.720 0.989
PVC .................................... 1.035 0.746 0.999
P a r a f f in ............................. 1.044 0.245 0.999

copic topography of the surface as has been shown particularly clearly in 
the paper of Huh and Mason [10]. So, in this case the most what can be 
expected is a parallel trend of b and r.

On the other hand, the roughness of real surfaces is of a purely 
random character, and, therefore, the Wenzel's roughness factor can be 
considered as a real measure of the average roughness, r being not, or not 
essentially, influenced by the locally different actual topography of the 
surface.

Fig. 13 shows the b vs. r plot for ten low-energy solids. Taking into 
account the cumulative character of all errors (both from the experiments 
and the calculations) there is no doubt that the plot gives a straight line 
passing through the point b = 0, r =  1. This point corresponds to a comp
letely homogeneous surface. Therefore, in this representation a well- 
defined value of b belongs to each value of r, provided that it is only 
roughness that causes wetting hysteresis.

On the other hand, if b is very different from what is expected 
from the linear plot, chemical inhomogeneity is likely to contribute 
to contact angle hyteresis. The so obtained difference of the actual and 
the “theoretical” value of b could probably be considered a quantitative 
measure for the extent of the chemical heterogeneity. This, of course, 
tells us nothing about the kind of the heterogeneity, but is informative 
as to the extent roughness contributes to hysteresis.

In case of our systems, significant differences in the actual and com
puted values of b were found for PVC and PE II, in agreement with what 
was expected. For PVC, the chemical heterogeneity is mainly due to the 
high degradability of this polymer which results in the occurrence of 
polar groups that migrate, due to their surface activity relative to the 
rest of the matrix, to the surface rendering it chemically inhomogeneous. 
This manifests itself in the experimental finding that about half of the 
contact angle hysteresis arises from roughness and half of it from hete
rogeneity.



Quite different is the situation with the PE II sample. This one was 
chosen on purpose because it was a pigmented version of PE I, and it 
was expected that the non-uniform distribution of the pigment particles 
over the surface will result in a highly inhomogeneous character. This is 
indeed confirmed by the great deviation of the b value from that corres
ponding to the straight-line relation.

We realize that the above treatment does not give the final answer 
to the question as to what extent roughness and surface chemical hetero
geneity contribute to contact angle hysteresis, Yet, it is believed that 
information can be obtained using the method presented in this paper.
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Fig. 13. R elation betw een the  overall hyteresis factor, 6, and  th e  W enzel's roughness 
factor, r , for low energy surfaces
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