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TIBOR SZEKI
A TRIBUTE ON THE OCCASION OF THE 100th
ANNIVERSARY OF HIS BIRTH

Tibor Széki was born on 18 April 1879 in Kolozsvar, where he also completed
his university studies. He first obtained his diploma as a pharmacist, and in 1902
was awarded doctorates not only in pharmacy, but also in chemistry. Although
his father, Miklds Széki, had a well-known pharmacy.in Kolozsvar, after receiving
his diplomas, Tibor did not opt for a pharmacy career. Instead, as he was strongly
attracted towards university teaching and organic chemistry research, he was very
pleased to accept the offer of a post as an assistant lecturer by Professor Rudolf
Fabinyi, his mentor and ideal. This soon led to the possibility for him fo develop
his organic chemical knowledge further, particularly in the field of laboratory methods,
in the Department of Organic Chemistry, at the Charlottenburg Technical Univer-
sity, in Berlin, under the guidance of Professor Karl Liebermann.

As was the custom at that time, following his appointment as a professor in
Kolozsvar University, Rudolf Fabinyi had travelled abroad, and worked in the
institutes of two famous organic chemists, Wislicenus and Adolf Baeyer. On returning
to Kolozsvar, from 1876 on he had dealt mainly with research work in organic
chemistry, as evidenced by a number of publications. Fabinyi may be regarded as
the pioneer of Hungarian organic chemistry research. However, his wide interests
soon diverted his attention to other areas of chemistry, and the organic chemistry
research work in his institute only commenced a revival when he selected Tibor
Széki as one of his assistants. Their first joint paper appeared in 1905, in Berichte
der Deutschen Chemischen Gesellschaft, and was followed at short intervals by
~ further publications. The successful activity of Tibor Széki, who had in the meantime
been promoted to the position of lecturer, is indicated by the fact that in 1907 he
was further upgraded for his work on “The chemistry of benzene-ring compounds™,
and in 1917 was appointed assistant professor. This rapid advance in his scientific
career underwent a sudden break after the First World War, however: Kolozsvar
was occupied by Roumanian troops, and then, as a consequence of the Peace Treaty
of Trianon, the Roumanian government discontinued the activities of the Franz
Joseph University in Kolozsvar, which had been founded in 1872. For this reason,
the professors of the University were forced to leave Kolozsvar, and for the time being
awaited their subsequent fate in Budapest. In 1921, the then Hungarian government
denoted Szeged as the new site for the Franz Joseph University, but Professor Fa-.
binyi did not'live to know this, as he died in Budapest in 1920. Accordingly, Tibor
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Széki was invited to take the only chair in chemistry at the Faculty of Mathematics
and Natural Sciences of the University. He accepted this offer, even though the work
in his father’s pharmacy would have provided him with a safe and comfortable li-
ving. It is again a tribute to his attraction towards university teaching and organic
chemistry research that he was able to overcome the strong sentimental attachment
which he felt for the beloved town of his birth. The conditions under which he began
work as an assistant professor in Szeged in 1922 were extremely primitive: the De-
partment was housed in the basement and in 5 second-floor rooms of what had
previously been a secondary school; there was practically no laboratory equipment,
and the entire stock of the library consisted of 20 or so annual volumes of Berichte
and Chemisches Zentralblatt, the personal property of Széki, brought with him from
"~ Kolozsvar.

Széki was faced with the task of somehow acquiring the equipment that was
indispensable for the reasonably acceptable operation of the Department. In addition,
he attached importance to the introduction of modern laboratory methods. In this
connection, for example, in 1928 he arranged a scholarship for the writer of the
present article to travel to Graz to become acquainted with all of the then known
procedures of quantitative determination in organic microanalysis, in the institute
of the Nobel Prize winner, Professor Fritz Pregl. This made it possible that as early
. as 1929 an organic microanalysis laboratory could commence operation in the Szeged
department, as the first in Hungary. Here, all of the then known determination
procedures were used to perform analyses not only for the Szeged group, but also
for the Budapest departments and other institutes. (In his later period in Budapest,
Széki immediately set up a similar laboratory.) The tasks of organization accompany-
ing the development of the Department were solved in an exemplary way by Széki.
All this demanded very much work, but in addition it was necessary to provide all of
the special courses in chemistry for the chemistry and pharmacy students, involving
12-14 hours of lectures weekly. Some of this great load was taken off his shoulders
only in 1924, when a second chemistry department was organized in the Faculty
of Mathematics and Natural Sciences. However, even then there still remained for
him the teaching work in organic chemistry and pharmaceutical chemistry, together
with a special course of 2 hours a week on important topics in organic chemistry,
such as the chemistry of carbohydrates, terpenes and alkaloids.

He was aided in his research and teaching work by only a small staff (I lecturer,
3 assistant lecturers and 2 unpaid probationers), with no other technical help at
all (laboratory technicians, office workers), even though the total number of students
in the various categories soon rose to 180.

When 1 joined him as an assistant lecturer in 1926, 1 was amazed to observe
what deep insight his lectures provided on the most important aspects of organic
chemistry, including the chemistry of heterocyclic compounds, which was barely
mentioned at the Technical University in Budapest at that time. His special organic
chemistry courses gave a clear picture of the mental processes involved in structure
research. He was a master in the art of lecturing, and as an ardent laboratory research
worker he frequently presented interesting and instructive experiments, while he
regularly shed light on questions of stereochemistry with the aid of models he had
himself made. In spite of his great preoccupation with the teaching work, he continued
the scientific researches he had been forced to abandon in Kolozsvar, as far as this
was possible within the scope of the poor equipment and financial support of the
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Department. Those striving for higher degrees were drawn into this work. A better
possibility for the research opened only at the beginning of the nineteen-thirties
when modern university buildings were constructed in Dom Square; with the media-
tion of Albert Szent-Gyorgyi, the Rockefeller Foundation supported the up-to-date
equipping of many of the departments of the Faculty of Medicine and the Faculty
of Mathematics and Natural Sciences; at the same time, there was a considerable
increase in the annual financial support of these departments on the basis of an
agreement reached with the then Ministry of Education. Nevertheless, Tibor Széki
enjoyed these improved conditions for only a short time, as in 1935 he was invited
by the Péter Pazmany University to take the chair made vacant by the retirement
of Professor Lajos Winkler. Here again he carried out much teaching and organizig
work, primarily because he reorganized the existing department to be the Department
of Organic and Pharmaceutical Chemistry. It was to his credit that Budapest. Uni-
versity could finally begin to provide the necessary number of lessons weekly as
regards the theoretical and laboratory teaching in organic chemistry, which was
compulsory for the chemistry and pharmacy students. These students numbered

- around 250-300 each year, whereas merely 5 teaching staff were available (2 pro-

fessors, 3 assistant lecturers, 1 unpaid probationer).

Evidence as to the scientific work of Tibor Széki is given by the 42 publications
he prepared, and by the same number of doctoral theses in organic chemistry
produced under his guidance. Most of his publications appeared in Berichte der’
D. Ch. Gesellschaft, Liebigs Annalen and Archiv der Pharmazie. In addition, he
wrote a university text-book ‘“Pharmaceutical Chemistry”, published in 1941,

It is not possible to give-a detailed account of his publications here, and I should
like simply to refer to a few of his results. A fair number of his first papers, jointly
written with Fabinyi, deal with the study of azarone (2,4,5-trimethoxypropenyl-
benzene). This naturally-occurring organic compound was isolated from the oil
of . Asarum Europaeum, which grows wild in the vicinity of Kolozsvar. The most
interesting of their investigations in this respect relate to the unusual reactions
of azarylaldehyde with various Grignard reagents. These reactions did not yield
the expected secondary alcohols, but the ethers produced by bimolecular condensa-
tion of the latter. Széki and a small numbers of his staff dealt with azarone, and
particularly with the azarone oil, in Szeged too; they isolated and identified some of
the previously unknown components of the oil. A very interesting further feature of his
examinations with Fabinyi was a condensation reaction that can be induced between
pyrogallol and various ketones, and that leads to the formation of tetracyclic
compounds. One of the especially interesting results of the research work in Szeged
was the discovery of a correlation between pungent taste and molecular structure.
With organic compounds synthetized for this purpose, Miklds Jancsd, the then
Professor of Pharmacology, was able to attain just such an interesting anti-in-
flammatory effect in experimental animals as with, for example, capsaicine, the
pungent-tasting component of paprika. Another interesting research field begun
in Szeged was the study of the dimerization of phenolic ethers possessing a propenyl
side-chain. These studies were later continued in Budapest by Sandor Miiller, who
discovered the mechanism of the dimerization and the steric structures of the stereo-
isomeric dimers. '

In recognition of the results of his scientific research, Tibor Széki was elected
a Corresponding Member of the Hungarian Academy of Sciences in 1934, and
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a Full Member in 1945 (among others, his nomination was supported by Laszlo
Zechmeister, Gyula Groh and Frigyes Konek). In connection with his university
activities, he was Dean of the Faculty of Mathematics and Natural Sciences in.Sze-
ged University in 1926/27, and Rector there in 1933/34. Of the organic chemists who
worked under his professorial guidance, 3-in Szeged (Zoltan Féldi, L4szl6 Vargha
- and Gy6z6 Bruckner) and 1 in Budapest (Sdndor Miiller) acquired much higher
qualifications and positions as a consequence of his initiatives, and all of them. joi-
ned in the teaching of organic chemistry within special courses. The public activities
of Tibor Széki are indicated by the facts that he was elected Vice-Chairman of the
Hungarian Pharmaceutical Society from 1938 to 1943, and was subsequently its
Chairman until 1947, while he was Chairman of the Hungarian Chemical Society in
1941.

Tibor Széki, one of the pioneers of Hungarian organic chemistry research,
died suddenly in Budapest in 1950, after a life filled with much honourable work
and not free from trial. After his death, his family presented his official portrait
to the Varpalota Museum. However, it was in vain that I sought for it there among
the portraits of the great Hungarian chemists. It might appear that Tibor Széki is
not worthy of being remembered! However, I for one, who was his colleague for
8 years, will always treasure his memory with respect and affection, and I am con-
vinced that numerous Hungarian organic chemists and pharmacists look back on
him with similar feelings.

Gyo6z6 Bruckner

. Member of the Hungarian
Academy of Sciences.

-
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The potential energy curves appropriate for rare gas atoms have been analysed. Relative merits
of these curves (in particular Morse hybrid potential functions) have been tested by calculating the
values of the vibrational energy eigenvalue differences and comparing them with the experi-
mental ones. Reliable estimates of the function parameters have been collected and compared with
those obtained from molecular beam experiments.

Introduction

Knowledge of intermolecular forces is necessary for an understanding of many
of the physical properties of rare gas systems. A number of recent studies, both
theoretical and experimental, have contributed to this knowledge. The calculation
of potential energy curves can in principle be accomplished by means of quantum
mechanical calculations, However, computational difficulties prevent these curves
from being calculated routinely for rare gas molecules. The short-range repulsive
portion of these curves has been obtained from either Self-Consistent-Field or
Thomas-Fermi-Dirac calculatios. In addition, the long-range attractive portion
of these curves is known to have the form — Cgr—¢— Cgr=8— C,,r 720 [1]. In the last
few years approximate theoretical calculations of the short-range repulsions [2-5]
and accurate estimates for the Cq, C3 and C,, coefficients for a variety of pairwise
interactions of rare gas atoms have been reported [6-8]. Other advances have in-
creased our knowledge of rare gas interactions. Potential energy curves have been
obtained from ab initio calculations based on an electron gas model [9]. Also, ab initio
potential curves for He, have been obtained [10-12]. The vacuum ultraviolet ab-
sorption spectra have been reported for a variety of rare gas systems [13, 38].
Molecular beam experiments have been carried out and the results have been analysed
to obtain the potential energy curves of a number of combinations of rare gas atoms
[34, 36, 37]. Other workers have produced semi-empirical potential functlons by
fitting a model potential form to experimental data.

* On leave from the Institute of Physics, Technical Uhiversity of Lodz, Wolczanska 219,
93—005 Lodz, Poland. -
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The primary difficulty with such semi-empirical schemes is in the choice of the
potential function model.

In this paper we analyse the potential energy curves appropriate for the rare gas
atoms. Relative merits of these curves have been tested by calculating the values of
the vibrational energy eigenvalue differences and comparing them with the experi-
mental values. Reliable estimates of the function parameters have been collected
and compared with those obtained from molecular beam experiments.

Potential energy functions appropriate for rare gas atoms

The Lennard-Jones (12-6) potential has been widely used in the study of inter-
molecular forces [13-15]. This potential has the form:

wo-a[(&") K

Here ¢ and § are parameters which represent an energy and a length which is
characteristic of the system under consideration. This potential was widely used
previously because of its simple analytic form, but has since been considered too
inflexible- to reproduce of dilute gas properties [17-21], therefore, some attempts
to evaluate low density equilibrium and transport data have been directed towards
finding more flexible functions [19]. Notable, among these are the Kihara poten-

tial [22]: b .
o=l (2] =

= oo r = 2a.

In Eq. 2 a third parameter “a” is added to represent the molecular core size, the
Guggenheim—Mc Glasham potential [23], which introduces additional anharmonic
terms in the neighbourhood of the potential minimum in order to explain solid
properties, the formulation of Boys and SHAvIT [24] which expands the potential
in a complete set of Gaussian function, and the potential functions of DYMOND,
RiGBY and SmiTH [25] which represent the intermolecular energy by two-parameter
in five terms, inverse power expression: :

28 24 18 8 6

0 _s[o 331[ ] —1. 2584[ ] +2.07151 [’T] —1.74452[%] —0.39959(’7'"]]
©)

where r,, is the intermolecular separation at the minimum energy —e. The attractive
term in r~2 has no theoretical basis but was found necessary to give a broad bowl
to the potential function to fit experimental data. This potential gave a sound
treatment of second virial coefficients and gave the correct lattice energies when
used in conjunction with AXILROD’s nonparwise corrections [26]. It also gave satis-
factory agreement when applied to the calculation of third virial coefficients [25].



INTERMOLECULAR POTENTIAL FUNCTIONS FOR NONPOLAR MOLECULES 11

BUCKINGHAM [16,17] and BUCKINGHAM-CORNER [27] have proposed three-
parameter potential functions. These potentials are respectively given by:

U(r) = g[o/(x—6)]{(6/o) exp [ (1 —rra )] — ffnr‘“} . @)

0e) = e Hoxp [2(1-L)] - et (22 =)' [1+5 (2 ]]},‘rérm.(S)

U(r)—e{gl(a,ﬁ)expoz(l——] ~&:(c, ﬁ)( ] [1+ﬁ[ )Zlexp4[l—%]3}.

=y

g1(% B) = (6+ 8p)/[a(1 + ) —(6+8p)],
g2(% B) = ofla(1+5)—(6+8p)),

where o is the parameter which is a measure of the steepness of the exponential
repulsion. The parameters «, 8, ¢, r,, have been determined from the crystal data,
second virial and the Joule-Thomson coefficient data. (The function of Eq. (4),
in fact, is that -portion of the modified Buckingham (exp—6) potential which is
defined for r=r,,,. Here r,,, is the position of the spurious maximum in the poten-
tial due to the unrealistic importance of the r~¢term for small r; r,,, is the smallest
root of expa(l —r; Foa)] =Fmrmac [28]).

The success and failures of three-parameter potentlal functions are well known
[29]. They have the advantage of their flexibility -but two limitations, in particular,
restrict their use for the predlctlon of data [30]. On the basis of the data available
at this t1me one finds:

1. For any property, a set of parameters used to fit the data taken in a given tem-
perature range cannot be relied upon to predict this property correctly in another
temperature range.

2. A set of parameters used to fit one kind of property (e.g. viscosity) cannot be
relied upon to predict correctly data for another property (e.g. second virial
coefficient).

Furthermore parameters chosen with a model function do not always agree with

values obtained from direct independent information such as the results of scattering

experiments. Several authors have tried to remove the limitations of the three-para-

meters functions by proposing more elaborate potentials.

: Successful examples are the semitheoratical Barker potential [31] and the
m-6-8 potential based Barker one [30].

Barker function has the form:

U6) = sfexpla(l =) 3 A1~ 3 o627}, ©

Here r=R/R,,, where R is the internuclear distance, R,, is the separation between
atoms which corresponds to the minimum of the potential well, and & is the value
of the potential at its minimum. The Cg, C; and C,, coefficients are set equal to
their calculated values. The remaining parameters are used to fit the function to
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second virial coefficient data, molecular beam scattering measurements and low-

" pressure gas transport properties. The resulting potentials afford excellent agreement
with a variety of experimental results other than those used in fixing their parameters.
However, the method is limited by the large amount of experimental data which is
needed.

‘ Other semi-empirical schemes have been proposed by BERNSTEIN and MORSE [32],
BrucH and Mc GEk [33] and KoNnowaLow and ZAKHEIM [1]. These workers used
a Morse function of the form:

U(r) = 4e(y*—y), @)

-

Here J is the value of the separation of the nuclet such that U(r)=0.

LEE [34] has proposed a hybrid potential function which he has fit to molecular
beam scattering data. This potential is called the exponential-spline-Morse-spline-
van der Waals (ESMSV) potential and has the following form:

Sx) =U@)e, x=rlry,..
f(x) = Adexp[—a(x—1)}, 0=x=x,.
f(x) = exp (al +(x—xy) {02 +(x—x5)[az+ (x— xl)a4]}),

exponential spline function, x; =x=x,.

S = b+ (x—x) {bo+ (x—x)[bs+ (x—x)b}, @®
spine function, x; = x =Xx,.
FO) = —Cor 8 —Cer=8—Cpor™1, x, = x = . '

This potential gives good results for Ne, when compared with experimental data
other than the solid state measurements from which its parameters were deduced [35].
For the heavier rare gas systems, instead of ESMSV potential, Morse-spline-van der
Waals (MSV) potential {36, 38] was used. This potential has the form [36]:

S = U@, |
) =exp[-28(x—D]—2exp[-B(x—1)], 0=x = x,.
S(x) = by+(x = x){ba + (x — X2) b+ (x — x1) bal},s ®
spline function, x, =x=x,.
f(x) = —cex P —csx7¥8—1ox7 1, xp =X = oo, -
where ¢;=C;feri,.

~ Other workers have reported potential functions which are constructed from
a Morse function, a long-range tail function, and an interpolating polynomial to
join the two segments [5, 28]. KonowALOwW and ZAKHEIM [1] have reported Morse-6
hybrid potentials. Their potentials were constructed from three parts: 1) A short-
range term of the form U(r)=Aexp(—4ir), 2) a long-range dipole-dipole dis-
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persion attraction U(r) = —Cgr™%, where the C; coefficients are obtained from
_highly accurate semiempirical estimates; 3) A Morse function of the form:

Ur) = s{exp [— 5 r— ,,,)] 2exp[ (r——r,,,)]} (10)‘

which is used to connect the long and short-range segments.

‘Récently, KONOWALOW and co-workers described a modification of their
procedure [41]. The term — Cgr—® 'is replaced by — Cygr=¢— Cgr~8—Cyor2°, which.
is a more accurate representation of the long-range behaviour. The parameters
A, A, Cs, Cy -and C,, are available from theoretical calculations [3-8). The other
parameters: g, ¢, or r,, and q,, where g, is the contact point between the Morse
function and the long-range portion of the curve, are obtained by fitting second
virial coefficient data. :

Experimental second virial coefficient have traditionally been used in the study
of intermolecular forces because of their ready availability and the ease at which
they can be calculated for model potentials. The virial equation state for real gases
is [14]:

~ ~ pVo = RT(1+B(T)/Vo+C(T)/V2 + )

where B and C are the second and third virial coefficients, réspectively and V, is
the molar volume. It is shown from statistical mechanics [14] that

B(T) = Ba(D)+ 2 5,1, | (11

where: .
Bo(T) = 2nN,, [ [1—exp (—~U()/kT)]dr

and

B(T) = 4:;;],3 Of (de’)] exp (—U(r)/k_T)rédr

B,(T) is the classical second virial coefficient and = By(T) is the first quantum
correction to it. Here N, is Avogadro number, k£ is Boltzman constant, 4 is
Planck constant, m is the mass of the particle and U(r) is some central field
potential function. U(r) is usually expressed in terms of a number of parameters.

In order to calculate the second virial coefficients at a given temperature 7,
the form of the potential must be specified. The potential under consideration has
the form [41]:

U@ = e{exp [fzg(r—rm)]—zexﬁ [—-g—(r—r,,,)]}, 0=r=q. (iz) |

U(r)y = —Cer 8 —Cgr 5 —Cyor™, gy =7r = oo,
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Another equivalent formula for the Morse potential is [1]:

wir= sl 1= -0l (-3}

In order to determine the parameters c, é, ¢, Cq, Cg, Gy, and g, KoNowaLOW and
co-workers applied the following procedure [41}: The Cg, Cy and C, coefficients
set equal to their theoretical value. The repulsive portion of the Morse potential
is set equal to the short-range repulsion [40] of the form: Aexp (—2r), where
A and A are obtained from quantum mechanical calculations.

Aexp (—‘Ar) = 4gexp [20 (1— %)] .

Then )
’ A = 4gexp (20) (13)
and

A= 2¢/s. : (14)

The parameter g, is found by finding the largest root of the equation:

—CGrI‘G—CSr‘s—Clor‘1°—4s {exp [2c [l —%)].— exp [c [1 —%]]} =0,

The largest root is chosen because the long-range portion of the curve is valid only
for large values of r. The parameter c¢ is varied until the minimum of the difference
between the sum of the squares of the calculated and experimental second virial
coefficient is obtained. If ¢ is obtained ¢ and § can be calculated by means of
Egs. (13) and (14). The value of r,, is found by use of the relation:

rm = (3/c)(c+In2) [42].

The parameters of the potential energy functions for nonpolar molecules were cal-
culated without using the first quantum correction [41]). Here we include the esti-
mates, where the first quantum correction was used in the calculation of the second
virial coefficient also. From these potentials vibrational energy eigenvalue differences
are calculated and are compared to experimental spectroscopic evidence [38, 39].
The function’s parameters are compared to those obtained from various recent
intramolecular potential calculations [1, 28, 30, 31, 41-58].

Empirical, semiempirical and theoretical parameters of the potential energy functions
for nonpolar molecules

Reliable estimates of the parameters potential energy curves for nonpolar
molecules are collected in Tables I-111.
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Table 1

Summary of parameters for the Lennard-Jones, Buckingham, Buckingham-Corner and Morse
potential models for rare gas atoms*

é :_g. l;s;i?igill System Parameters . gﬁ?ﬁfﬁfﬁ Ref.
& . Yo
Lennard- :
1 Jones Ne-Ne 50.113 3.16 Crystal [42]
* ] (12-6) Ar-Ar 164.698 3.87 data (CD)
Eq. (1) Kr-Kr 219.506 4.04 :
Xe-Xe 314.763 4.46
o ] £ ¥r CD, second
. - virial coef-
2. | (BoioEham| Ne-Ne 14.5 52.460 3.147 | ficient 27
| E 1’(4) Ar-Ar 14.0 170.082 3.866 (SVC) and
q. - | Kr-Kr 12.3 218.539 4.056 viscosity
) Xe-Xe 13.0 319.181 4.450 coefficient
B o g Fin
Buckingham - : .
3 | Corner Ne-Ne 0.2 13.9 51.218 3.87 CD and 17
* | (exp. 6-8) Ar-Ar 13.6 170.082 3.16 svC
1 Eq. (5) Kr-Kr 11.7 219.230 4.08
1 - Xe-Xe 12.8 324.703 . 445
c ) Frm 3
. The combina-
4 Morse Ne-Ne 5.1 2.775 3.152 60.729 tion of CD [42]
1 Eq. (D Ar-Ar 5.0 3.386 3.855 199.902 and SVC
Kr-Kr 4.5 3.510 4.038 252.224 data
Xe-Xe 49 3.872 4.420 379.234

* ¢ in units of 10-22J; § and r,, in units of 10— m,

Discussion

Table III clearly shows the effect of adding higher-order terms in the long-range
London dispersion potential. The effect of adding the Cg and then the C;, term
was to decrease the depth of the well as the additional terms were included. In
addition the value of § and r, was increased by 0.0003-0.0004 nm with the addi-
tion of the Cg term and by about 0.0001 nm with the addition of the C,, term to
the — Cgr—8%— Cygr~#8 tail. The effect of adding the Cy term to the — Cgr—° tail is more
pronounced than the addition of the C;, term to the tail which already includes the
—Cegr~8—Cgr~® term. Potentials which include the quantum corrections have
smaller ¢ values than those without this correction. The smaller ¢ value implies
that the well depth will be greater and that & and r, will be smaller for the poten-
tials with the corrections. For example, in the case of Ar, the change in the well
depth in the order of 1.38X10-23J. (Values for the depth of the ground state
potential well of Ar, and Kr, found from various intramolecular potential calcula-
tions [1, 28, 30, 31, 41-58] are summarized in Table 1V.) '



Table 11
Summary of optimal parameters for the Morse-6 hybrid potential -

No Parameters
System poten- Method of
tial ¢ lo-‘iom loi%m 10—‘;3] 101418] lololm-l 10—2%?""“8 10—1?)“1 calculation Ref.
1 2 3 4 b 8 7 8 9 10
Ne-Ne 1. 6.0444 3.1993 3.5661 70.294 5.0011 3.7785 60.3012 6.0966 | Parameters * | [1]
2 6.0472 3.2007 3.5676 69.902 5.0011 3.7785 67.2884 59697 | A4, 4, C,
3 6.0276 3.1904 3.5572 72.696 5.0011 3.7785 0 5.9924 | from SCF
4 6.0014 2.7295 3.0447 67.714 4.4204 4.3974 60.3012 4.0945 | calculations,
5 6.0020 2.7298 3.0450 67.628 4.4204 4.3994 67.2884 3.8937 | other ones
6 5.9433 2.7031 3.0183 76.059 4.4204 4.3974 0 4.0138 | from second
7 6.2574 2.6584 2.9529 73.256 7.9794 4.7075 60.3012 3.6621 | virial
8 6.2255 2.6449 2.9394 78.072 7.9794 4.7075 67.2884 3.4473 coefficient
9 6.2048 2.6361 2.9306 81.380 7.9794 | 4.7075 0 3.5371 | (SVC) data.
10 6.2015 2.6650 2.9629 72.012 6.9750 4.6541 60.3012 3.7066
i1 6.1740 2.6532 2.9511 76.076 6.9750 4.6541 67.2884 3.4873
12 6.1468 2.6415 2.9393 80.339 6.9750 4.6541 0 3.5928
13 6.1696 2.6698 2.9696 71.285 6.5151 4.6218 60.3012 3.7383
14 6.1454 2.6593 2.9593 74.823 6.5151 4.6218 67.2884 3.5173
15 6.1137 2.6456 2.9456 79.727 6.5151 4.6218 0 3.6306
Ar-Ar 1 5.8608 3.2323 -3.6146 226.2981 | 11.1522 3.6264 622.1549 4.7456
2 5.8576 3.2305 3.6128 227.7476 | 11.1522 3.6264 663.3129 4.5866
3 5.8285 3.2145 3.5967 241.4150 | 11.1522 3.6264 0 4.6740
4 5.2046 3.3343 3.7783 196.1195 2.6013 3.1219 622.1549 5.8015
5 5.2077 3.3363 3.7803 194.9046 2.6013 3.1219 663.3129 5.6602
. 6 5.1742 3.3148 3.7589 208.3925 2.6013 3.1219 0 5.7336
7 5.8037 3.4179 3.8261 209.1656 9.1958 3.3961 622.1549 5.5912
8 5.8062 3.4194 3.8276 208.1302 9.1958 3.3961 663.3129 5.4733
9 5.7746 3.4008 3.8090 221.6871 9.1958 3.3961 0 5.5318
10 5.5020 3.4814 3.9200 195.7329 4.7064 3.1608 622.1549 6.1302
11 5.5945 3.4830 3.9216 194.7389 4.7064 3.1608 663.3129 6.0122
12 5.4765 3.4653 3.9039 205.9627 4.7064 3.1608 0 6.0634
Kr-Kr | 6.1843 3.4904 3.8816 . 325.9455 | 30.6722 3.5437 | 1225.1666 5.1371
2 6.1825 3.4894 3.8806 327.1051 | 30.6722 3.5437 | 1340.0260 4,9463
3 6.1588 3.4759 3.8672 343.0228 | 30.6722 3.5437 0 5.0056
4 5.1162 3.5906 4.0771 271.3865 3.0163 2.8497 | 1225.1666 6.5834
5 5.1195 3.5930 4.0795 269.5504 3.0163 2.8497 | 1340.0260 6.3880
6 5.0941 3.5751 4.0616 283.6181 3.0163 2.8497 0 6.4437
Xe-Xe 1 6.2268 3.5434 3.9379 538.2725 | 55.1554 3.5140 | 2641.7656 4.7009
2 6.2071 3.5322 3.9267 559.9332 [ 55.1554 3.5146 0 4.8711
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Table 111

Summary of paramelers for the Morse-6, -8, -10 hybrid potentials

Parameters

Method of

System ll;f)[:. - 5 e R 4 1 Ce Cy Cio o calculation | o
10°m | 10-1m 10-37. 10-183 | 10'*m-* | 10-26Jnm® | -10-28Jnm8 | 10-3°Fnm' | 10710 m
Ar-Ar 1| 5.2075 | 3.3362 | 3.7802 | 194.9598 | 2.6012 | 3.1219 | 647.9983 3025.9683 0.0 5.5340 | Parameters
2 | 5.2087 | 3.3369 | 3.7810 | 194.5181 | 2.6012 | 3.1219 | 647.9983 3025.9683 [18462.52 5.2436 | A4, 4, C;, C;
3 | 5.8149 | 3.4245 | 3.8327 | 204.5408 | 9.1957 | 3.3961 | 647.9983 3025.9683 00 - [ 5.1819 | Cy, from
4| 5.8163 | 3.4253 | 3.8335 | 203.9610 | 9.1957 | 3.3961 | 647.9983 3025.9683 118462.52 5.0821 | SCF calcu-
5| 5.5065 | 3.4843 | 3.9229 | 193.9658 | 4.7064 | 3.1608 | 647.9983 3025.9683 0.0 5.8079 | lations,*
6 | 5.5071 | 3.4846 | 3.9232 | 193.7587 | 4.7064 | 3.1608 | 647.9983 3025.9683 [18462.52 57574 | b, ¢, rm, &, 41]
Kr-Kr 1] 5.1159 | 3.5905 | 4.0769 | 271.4970 | 3.0163 | 2.8497 {1273.0247 6630.8642 0.0 6.2277 { from SVC
2 | 5.1164 | 3.5908 | 4.0773 | 271.2347 | 3.0163 | 2.8497 |1273.0247 6630.8642 |46231.35 6.1694 | data without
quantum
corrections
Ne-Ne 17} 5.9980 | 2.7280 | 3.0432 68.1724 | 4.3974 | 4.3974 62.6940 153.3085 0.0 3.5604
2’1 5.9622 | 2.7117 | 3.0269 73.2335 | 4.3974 | 4.3974 62.6940 153.3085 523.8552
3] 6.1872 | 2.6286 | 2.9231 84.2930 | 7.9795 | 4.7075 62.6940 153.3085 0.0
4’| 6.1914 | 2.6304 | 2.9249 83.5820 | 7.9795 | 4.7075 62.6940 153.3085 523.8552 SvC
51 6.1296 | 2.6341 | 2.9319 83.1527 | 7.0147 | 4.6541 62.6940 153.3085 0.0 .
6’| 6.1338 | 2.6359 | 2.9338 82.4514 | 7.0147 |.4.6541 62.6940 153.3085 523.8552 with
7’| 6.0967 | 2.6338 | 2.9382 82.4720 | 6.5151 | 4.6218 62.6940 153.3085 . 0.0
8’| 6.0967 | 2.6338 | 2.9382 82.4271 | 6.5151 | 4.6218 62.6940 153.3085 523.8552 quantum
Ar-Ar 171 5.2051 | 3.3346 | 3.7787 | 195.8986 | 2.6012 | 3.1219 | 647.9983 3025.9683 0.0 5.3619 | corrections
2’| 5.2062 | 3.3353 | 3.7794 | 195.4706 | 2.6012 | 3.1219 | 647.9983 3025.9683 (18462.52 5.2536
3] 5.8120 | 3.4228 | 3.8310 | 205.7418 | 9.1957 | 3.3961 | 647.9983 3025.9683 0.0 5.1898
4’| 5.8133 | 3.4236 | 3.8318 | 205.1758 | 9.1957 | 3.3961 | 647.9983 3025.9683 118462.52 5.0918
5’1 5.5040 | 3.4827 | 3.9213 | 194.9322 } 4.7064 | 3.1608 | 647.0083 3025.9683 0.0 "5.8133
6’ 5.5046 | 3.4830 | 3.9216 | 194.7251 | 4,7064 | 3.1608 | 647.9983 3025.9683 [18462.52 5.7633
Kr-Kr 17] 5.1152 | 3.5900 | 4.0764 | 271.8697 | 3.0163 | 2.8497 [1273.0247 6630.8642 0.0 6.2295
. 2’1 5.1157 | 3.5903 | 4.0768 | 271.6212 | 3.0163 | 2.8497 [1273.0247 6630.8642 (46231.35 6.1714

* The guide to the literature Ref. [1]

"STTNOTTOW YVIOINON U0 SNOLLONNI TVIINILOd VINDFTOWHILNI
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" The effect of adding higher-order terms to the long-range portion of the potential
on the vibrational energy levels of Ar, and Kr, we can see from Tables V-VI. These
tables compare the vibrational spacings calculated from Morse hybrid potentials
with experimental spectroscopic eévidence [38; 39] and in the case of Kr, with the
MSYV scattering potential results [57]. Tables V-VI show that vibrational levels are
predicted by all the present potentials which include a Cgr—8 term in the long range
portion. The best results are obtained for the Morse hybrid 2’ (M-hybrid 2”) potential.

Parameters of this potential are compared with experimental data in Table VII.

Table IV

Potential well depth ¢ [J) for Ar, and Kr,

Ar, Kry

Potential g-10-2 Ref. Potential e-10-21 Ref.
Kihara 2.032 [43] Kihara 2.959 [52]
Kihara 1.973 [44) Kihara 2.977 [53]
Lennard—Jones(16-6) 2.056 [25] Lennard—Jones (12-6) 2.366 [54]
Morse 1.831 [45] Morse 2.527 [42]
exp-6 2.099 [43] exp-6 2.959 [43]
Morse-6-hybrid 2.084 [11 | Morse-6-hybrid 2.700 {1] .
M-6-8 2.112 28] M-6-8 2.715 [41]
M-6-8-10 1.955 [41] | M-6-8-10 2.712 [41]
Kingston 2.022 [46] Dymond-Adler 2.716 [53)
Munn—Smith 2.112 | [47, 48] | Rigid—Morse—
Barker—Pompe 2.039 [31] Mie—van der Waals 2.561 [56]
Dymond—Alder 1.908 [50] Barker—Bobetic 2.725 [49]
Barker—Bobetic 1.936 [49] MSV 2.746 [57
Barker—Fisher 1.962 [51] Gordon—Kim 2.485 [58]
Watts
MSV 1.993 [36}

Table V

Comparison of the experimental data for the vibrational spacings for the ground electronic state
of Ar, with calcillated from Morse hybrid potentials

G (u’+%) {cm™1)

Experiment 1 2’ kid 4’ 5 6
0 25.4 24.364 24.338 27.162 27.124 24.607 24.594
1 20.2 20.246 20.224 22.570 22.539 20.447 20.437
2 15.5 16.111 16.094 17.961 17.936 16.272 16.263
-3 10.3 11.676 11.664 13.017 12.999 11.792 11.787
4 7.99 6.946 6.939 7.744 7.733 7.015 7.012
5 3.697 3.693 4121 4115 3.733 3.731
6 1.465 1.464 1.633 1.631 1:480 1.479
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Comparison of the experimental data for the vibrational spacings for the ground electronic state
of Kr, with calculated from Morse hybrid potentials and MSV scattering potentials.

G (v’+%) [cm~1)

Experiment 1’ 2 MSva) MSVb)
0 21.56 20.995 21.015 21.17 T 21.39 -
1 19.09 19.237 19.229 19.15 19.26
2. 16.76 17.479 16.237 16.86 16.81
3 14.76 15.719 14.602 . 14,65 14.74
4 12.23 13.961 12.969 12.69 13.10
5 10.49 12.201 11.334 10.80 11.07
6 8.92 10.437 9.700 8.96 9.00
7 - 6.92 8.662 . 8.050 7.12 7.11
8 5.54 6.671 6.200 5.38 5.42
9 4.09 - 4,412 4.10 4,01 3.94
10 2.87 2.982 2.77 2.83 2.69
11 - 1.86 1.819 1.69 1.80 1.68
12 1.07 0.968 0.90 1.00 0.90
2 r,,=0.411 [nm]
® r.=0.403 [nm] Ref. [38]
Table VI
Expe};imental results for Ar, and Kr,
. Parameters
Substance Potential Ref,
£-10-21J r,nm | énm
Ar, Barker—Fisher—Watts 1.962 0.37612 . 0.33605 [511
MSV-I1 1.993 0.3715 0.3330 [36]
MSV-III 1.942 0.376 0.3354 [36]
M-hybrid 2’ 1.954 0.37794 0.3353
Kr, . Barker—Bobetic 2.725 0.40152 0.35944 [49]
MSV 2.746 0.411 : [57]
M-hybrid 2’ 2.716 0.40768 0.35903

The comparison of the Morse hybrid potentials with experimental data and
potentials obtained by other workers reveals that the method of calculation of the
parameters of the Morse hybrid potential function is adequate for the heavier rare
gas systems. -For this reason Morse hybrid potentials appear to warrant further
application in the description of van der Waals molecules. As a successful example
we refer to the KONOWALOW-MUHLHAUSEN paper [59].

2%
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®YHKHUUHU MEXMOJIEKY JIIPHO MOTEHUUWAJIBHON BHEPT UM
AJ1s4 HEINOJISAPHBIX MOJIEKYJI

II. Maaunoscka — Adamcka

B nannoit pa6orte 06Cy)ImaeTcsa MpobiieMa KPMBHIX TMOTEHUHABHON HEPTHM NMPAMEHAMEIX
IUIsE HETTOJIAPHBIX MoOJiekyJl. TIpaBuiabHOCTD 3THX ByHKUuM (Opexae Boero Mop3e-rHaAPHAHBIX KpU-
BEIX) JOKA3BIBAETCA CPABHEHHEM BBIYMCIECHHBIX PACCTOSHWN MEXAY OCLMIUTALMOHHBIMK YPOBHAMH
C 9KCIIEPUMEHTAIbHBIMU 3HAYEHUAMM. Pe3yiIbTaThl MONyYeHHBIE IS NAPAMETPOB MEKMOIEKYIAp-
HbIX QYHKUMA ONPHMEHHMBIX AJI HETIOJIAPHBIX MONEKYJI COGpAHbe BMECTE C 3KCTIECPHMEHTAIbLHBIMHA
IaHHBIMH.






MATEMATHUYECKOE MOJAE/MPOBAHUE HA 3BM
XAPAKTEPUCTHUK IMPATT-TEXEPATOPOB

K. M. JATHUEB

Cesepo-Kaskasuslit "'opHoMeramtypruyeckuniit IHCTHTYT,
®akynbTeT JICKTPOHHOM TeXHUKH, I. Opaxonukunse, CCCP

(ITocmynuao 6 pedaxyuio ¢ 19 anpeas 1979 2.)

B cTaThe H300XeH MeTo pacuera xapaktepucTuk IMPATT-reHepaTopoB, OCHOBAHHBIH HA THC-
JICHHOM pEILICHAH YPABHEHMI COXPAaHEHHs 3apsaga COBMECTHO ¢ ypaBHenneM Ilyaccona. Pe3ynsraThl
MoIenupoBanus Ha OBM mo3BoNAIOT 32 MAIO€ BPEMs M C XOPOILIEil TOYHOCTBIO MIOJYYHTH HHGOP-
Mauuio 00 OCHOBHBIX XapaKTEPUCTHK I'€HEPaTOpPOB.

Beeoenue

TeopeTHYECKOMY aHANH3Y BBHICOKOYACTOTHBIX XapakTePUCTHK JaBHHHO-TPOJIET-
HBIX JZONOB TOCBSIICHBI PabOTBI Kak COBETCKHX, TAK M 3apy0eXHBIX aBTOPOB.

AHAINTHYECKUIA METOM PelIeHHS 3a/Ja9H TT03BOJISIET, IIPH UCIIOIL30BAHAS PAaa
JOTIYLIEHU, TpocTO U 3dEeKTHBHO ONpeneaTs xapakTtepuctukn IMPATT-anona
{1, 2]. B paboTax aBTOpOB [3, 4] HapAAy ¢ aHAJIMTHYECKUME METOAAMH PacyeTa Ouo-
7IOB MCHOJIB3YIOTCA METOABI YyCHEHHOIO aHaJIi3a, HO3BOJISIOUINE PeLiaTh NIMPOKUH
Kpyr 3aja4, CBA3aHHBIX C MPOEKTUPOBAHAEM TBEPAOTENLHEIX TEHEPATOPOB.

HecMoTps Ha TpYOHOCTH, CBS3aHHBIE CO CJIOXKHOCTBIO YHCJIEHHBIX MOACICH H
¢ He06XOAMMOCTBIO IIIHTENILHOTO cYeTa Ha DBM, HCIIOIE30BaHHE MOAEIICH YHCIIEH-
HOT'O aHAJIA3a IEPCHEKTHBHO, TaK KaK MO3BOJIAET H36aBUTLCS OT YIPOLIECHHH, CBOHC-
BEHHBIX aHAJIMTHYECKAM METOHNaM M Y4eCTh OCHOBHBbIE (DaKTOpHI, BIMAIOINHE HA pa-
60Ty npudOpPOB.

B nanHOIi paboTe U3JI0XKEH IIPOCTOHN H JIETKOH METO [IJIsi MAIIHHHON peajia3aliuu
YHCIICHRBI MeTOH pelueHus ucxonHoi auddepeHInanbHOi CUCTEMBl ypaBHEHHM,
NO3BOJIAIOIIMM PAacCYMTATh AMHAMAYECKHE XapaKTepUCTHKA NMpubopa, NMPHBEACHDI
pe3yJIbTaThl HEKOTOPBIX PacueTOB. '

B ocHOBE ananu3a paGOoOTEI IONYIPOBOIHUKOBLIX IPACOPOB JISKHT COBMECTHOE
pellieHHe YpaBHEHMH COXpaHEHHs 3apsna, ypaBHeHHWs IlyaccoHa M ypaBHEHMS mOJ-
HOTO TOKA. '

JIis OMHOMEDPHOTO Clydast CHCTeEMa MMeeT BH:
on 1(9]

— (a—;+aplp+cx,,1,,]

ot
op 1 [3Ip . ]
E = Tx'+aplp+anln
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OE
vl —(N N +p n) )
0E
](l)= Ip+I,,+8W
I, = qn¥,
Ip =qup’

TAE n,p — KOHIECHTPAIMS 3JIEKTPOHOB M JLIPOK COOTBETCTBEHHO
N,, N, — KOHIIEHTpanHs AOHOPHBIX H aKNENTOPHBIX HOHOB IPAMECH COOTBETCBEHHO
V,, ¥, — CKOPOCTU 3JIEKTPOHOB H JBIPOK COOTBETCBEHHO
I,,I,,] — nnOTHOCTH 3NEKTPOHHOTO, ABIPOYHOIO U IOJIHOFO TOKA COOTBETCBEHHO
E — HanpsukeHHOCTH 3JIEKTPHYECKOTO OJIst
Ay, 0, — KOIDPUIUEHTH! YAAPHOH HOHM3ALMA IJIsl JJIEKTPOHOB H JBIPOK
q — abCcoMOTHOE 3HAYEHHE 3apsiaa 3JEKTPOHA
& — AOW3JIEKTpUYECKAS POHHIAEMOCTE.

CucreMa pelaercs A9 aKTHBHOM 06JacTH NMPOCTPAaHCTBEHHOTo 3apsapa IM-
PATT pgnopa B mpennoJiOKEHHH, YTO HA BHIBOJABI JHOJA CHHYCOWIAJbHOE HAmps-
JKeHHe, HaJIOXKEHHOE Ha MOCTOSHHOE CMELLEHUE

U@) = Vy+V;sin ot 2

I'pannvHoOe ycnosre nis ynpasienua IlyaccoHa onpeaenseTcs yCIOBAEM
U@) = [ E(xt)dx 3)
*3

rae X, ¥ X, — JieBas U IpaBas IPaHALb aKTABHOH 06J1aCTH, 33/1aBaJIMCh JTAGO Hemox-
BHXKHBIMH (711 IPOKOJIOTHIX CTPYKTYP), JIHOO ONpeAesUINCh U3 YCIOBUS paBEeHCTBA
HYJII0 HANPSDKEHHOCTA B 3THX TOYKAaX. 3HAKM B MCXOOHOM CHCTEMe BEIOPAHBI TaK, 9TO
3JIEKTPOHLI ABHKYTCA CjleBa HAIPaBO, 4 ABIPKH CIPABO HAJIEBO, TaK YTO B KA4eCTBE
TPaHAYHBIX YCIIOBHIt JJI ypaBHEHHH COXPAaHEHHS 3apAla MOXHO B3ATh

n(xast) =ng p(xg) t) =p0 ' (4)
4 HaYaJbHbIMH YCIOBMAMH MOTYT OBITD
n(x,0) =ny p(x,0) =po : &)

TOe ny H py — MaJible KOHIEHTPanuu HOCUTEJIEH, o6ecne‘mBa}oume o6paTHbIE TOKA
B mpeanpoboitaoM pexmme.

PeluenneM HCX0AHOM CHCTEMBI ypaBHEHHH ABJIAIOTCS MPOCTPAHCBEHHO- BpeMemu,Ic
3aBHCHAMOCTH JHIPOYHOTO M 3JIEKTPOHHOIO TOKOB M IOJIHOIO TOKa IENH B 3aBHCH-
MOCTH OT IIaJIeHAs HaOpshkeHHA Ha mepexone. lapMonunyecksii aHaIM3 3THX BE/MIMH
JaeT 3Ha4cHHE MOILHOCTH, OTAaBAEMOH B HAIPY3KYy, AKTHBHOM M PEAaKTHBHOH COCTOB-
JISIOOIAX NPOBOAHMOCTH.
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ITockonbXy MCxomHas CHCTEMa YPAaBHEHHUH B YACTHBIX NPU3BOAHBIX HEJIMHEHHA,
aHAJIMTHYECKOE PELUEHME 3aJ]aYd BO3MOXKHO JIHILIb IPH HCHOJIb30BAHHM HEKOTOPBIX
JONYLLICHUH.

Jlas YMCIeHHOTO aHAJM3a NAHHOM CHCTEMBI MCIIONB30BAJICS METOA KOHEHHDIX
pasHocrei [5].

Hixe B KOHEYHO-Pa3HOCTHOH ¢hopMe IpeCTaBIEHA HOPMUPOBAHHAS CHCTEMA
ypaBHEHMH (HANpsKEHHOCTH BKJIIOYAET B ce0S COMHOXHATEIb € a BCe KOHIEHTPA LUK
BKJIFOYA€T B CE0SI COMHOXHUTEND §):

-1

nf—nf‘l E-L—D- : .
— ety (B) T+ o (E)

T

pl-pi™t  B4-D

+a,(E)B 4 a,(E) B!

T a h
El—FEi_ S ) :
— = Ny~ No+(pi —nl +pi_y +ni_)- 05 ©)
= V(E)n{
= V(E)p]

. , . El+E-
B =05 (B + B+ B+ B+ =

TAE HAACTPOYHBIA HHACKC j 0003HOYAET TEKYILIYFO TOYKY 10 BPEMEHH, MOACTPOEYHEIH
MHAEKC [ — TEKYLIYI0 TOYKY IO PAaCCTOSHHIO, I — ILIAT TO PACCTOSIHAIO, T — INAT [O
BpEMCHH.

Jid cXxo0guMOCTH 9YHCIEHHOTO PELIEHHS K TOYHOMY HEOOXOOHMO BBIIOJIHEHHS
yCI0BMH

1 _ h -
h<m u T:V. (7)

' Ha nepsoM 5Tamne paGoTHI IPOrpaMMEL B pabovde MacCHBBI 3aHOCSTCS Havajlb-
Hble H FpaHW4Hble yCloBHA. Ilo 3aJaHHOMY 3HA4YE€HMIO HANPSKCHHOCTH B TOYKE
E,_ .« B TIIPEeONOJIOKEHUH, YTO OOBEMHBIM 3apsl MaJI0O MEHSeTCd 3a OJWH WIar Io
BpeMeHH. 3HadyeHusT K03(pPUOHEHTOB B KaxJOM Touke HaxomsaTcst s E =E{ -1
+0,5(Blrus — Eid). o

OnpenensroTcs UL BCeX TOYEK MO PACCTOSMHMIO 3HAa4eHHs ni, pi I,J,‘, L., D,
3aTEM BBIYHCIIACTCA MaICHUS HANPSIKEHNA B RKTHBHOH 00JIACTH M UK nonropaeTcx
UL CIEeAyIOLIETo Iara mo BpeMeHH. PacdeT BeleTcd AN HECKOJIBKHX MEPHOMAOB,
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IOKa TOK He CTaHeT mepuonuyveckor (yHKuuei, aHaAH3 KOTOPOH MO3BOJISET MOJIy-
YATh BEIHYAHY MOIIHOCTH, OTAABAEMOH B HArpy3Ky, aKTHBHOI U PEAKTUBHOH OPOBO-
AAMOCTEN AHOAa.

HcnoJb3yeMeiit METOA pacdeTa OpocCT, JIEFKO JOMOJHACTCA YIEHaMH yUYATHIBAKO-
LLIMMH TpoLeccsl pekoMOuHanuy, nuddysuu. Hike nmpoBoasTcst pe3ynbTaTsl pac-
4eTOB UIA NBYXMPOJIETHOTO OHOJA HA apceHHa TajUius NMPOKOJIOTOH CTPYKTYphI
Ha vacroTe 2 - 10'° ' Pacyet npoBoauics npu

N,=N,=19-108cm™® x, =x, =1,32-10"cm

6,64- 105]2] ®

o, = a, = 2,07-10°exp [—[ i3

U = 71421 cos wt.

B TeueHUH BCETO MEPHOJA HANPSXKEHHOCTh MOJIA B IPOJIETHBIX 0bJacTell obecneyu-
BaeT Apeild 3JIeKTPOHOB M HBIPOK CO CKopocTamu Haceluenus (V,=V,=54-10°
cM cex~Y)

Ha puc. 1. npeacraeieda 3aBHCHMOCTh
TOKa Ha 3aXHMax Opubopa OT IPHIIOXKEH-
HOTO HANpPSDKCHHS, XapaKTepHaywomas ¢a-
30Bble COOTHOIUEHHS MeXIy HHMH, TIyHKTH-
POM OTMEYEHO 3HAYEHHE CPEeqHEl TIOTHOCTH
Toka. To4uka a COOTBETCTBYET MaKCHMAJlb-
HOMY 3HAYEHHUIO HATIPSDKEHUA: O, 2 CpenHeMy
H b MUHMUMAaJIbHOMY 3HAYEHHIO [PHJIOXKEH-
HOTo HanpsbxeHus. OTpubaTesnbHas akTHB-
Has MPOBOAUMOCTD NPH CPeIHER MIOTHOCTH
L Toka 1200 Acm™2 coctaBuia 33 OM~tem ™2,
anextporusit KIT — 17%.

10105 A e ) —=

-6 v Ha puc. 2 nmpuBomstca pacupeneieHus
8k IOJISL ¥ IJIOTHOCTEH ABIPOYHBIX M JJEKTPOH-
oL S HEIX TOKOB JJI1 MOMEHTOB BPEMEHH COOTBET-

CTBYIOIIMX TOYKAM q, 6, 8, 2 Ha pac. 1. O6beM-
Puc. 1. 3aBHCMMOCTb IUIOTHOCTH MOMHOTO  HBIM 3apsj, HOCUTENEHd 3aMEeTHO IOHHXAET
TOK2 OT HAaNpPLAEHHA HA AMOAE HoJjie B 30HE JIABUHHOTO MPOGOs, MMOYJIbCH
, TOKOB (DOPMHUPYIOTCSI K MOMEHTY IOCTHXEHHS
HampsHKeHHEM CBOEro CpeAHero 3HadeHus. VIMOyJbChl, ABHXKYIIHECS B TIPOJETHHIX
00/1aCTAX HE CO3MAIOT [JOMOJIBHUTEIBHBIX MAaKCHMyMOB HOJS HOCTATOYHBIX IS
BO3HMKHOBCHHS JIABUHHOTO MP06GOS, K KOHIY NMEPHONA HMITYJIbCHI YaCTHL, BHIXOM-
a1t u3 apeidosoi obmacra.
s TOro Xe IUOoa Ha PHC. 3. NPUBEAEHE 3aBACAMOCTH OTpALATENLHOM aKTHB-
HOit mposoauMocTd R AtekTponHoro KIT/ oT aMANATY OB IepeMeHHOTO HANPSIKEHA S
* TIpR cpedHe IIOTHOCTH Toka 1200 AcMm 2.
IIporpaMma cocraBiieHa Ha s3bIke Asramc 1o 9BM «Munck—22», npH OvICT-
poleicTBNM MalIMABI B 5 THICAY OLIEpanyii B CEKyHy, BpeMs cdeTa OJHOrO meproaa
coCTaBJseT B cpeaHeM 20 MUHYT.
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Puc. 2. Pacripeaenenue 3ekTpryeckoro nois (1), mnoTHOCTH 3NMEKTPOHHOTO (2) H
IbIpOYHOro (3) TOKOB B pa3iMuHble MOMEHTHI MEpHOAa Kosebanmit
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T -60
P =30 r
< =
Tz -40f <
o o
v 420
-20+
410
0 2 1 1 0
10 20 30 .
u(g)—

Puc. 3. 3aBUCHMOCTb OTPHLATEIBHON ak-

THBHOU MIPOBOTAMOCTH (6) U k03¢ dUIMEH-

Ta TONE3HOTO HEUCTBHSA OT AMILUTATYDbI
HEPEMEHHOTO HAaNPKEHHAS

Buigoowr

IIpeanoxenwit MeTON aHAIM3a WPOCT, Jierko peanndyeM Ha OBM u nospounser
C XOpoHIe# TOYHOCTBIO MOJYYATH HH(pOpMAHIO OO0 OCHOBHBIX JUHAMHMYECKAX XapaK-
TEPUCTHK OJHO- A IBYXIpoJieTHEIX IMPATT-IHONOB B IIMPOKOM AHana3oHe 4acToT,
C 3aJlaHHBIMH paclpenes MM KOHIEHTpanui npuMeced M 3aBHCHMOCTH Ko3bdumu-
€HTOB JIABHHHOT'O YMHOXXEHHS U CKOPOCTEH OT HOJIf.

Meron pelueHus UCXOAHOM cucTeMbl AuipepeHUEaNbLHBIX ypaBHEHHH MOXeT
OBITL XOpollledt OCHOBOW AN pacdera JNIPYTHX MNOJYNPOBOJHHUKOBBIX TPHOOPOB.
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COMPUTER SIMULATION OF THE CHARACTERISTIC OF IMPATT DIODES
K. M. Datiev
A computer simulation method is described to calculate the characteristic of IMPATT gene-

rators on the basis of Poisson’s equation and charge conservation. The method gives a fast and
precise information on the characteristics of IMPATT diodes.



DETERMINATION OF THE THICKNESS
AND THE REFRACTIVE INDEX OF V,0s THIN FILMS
FROM REFLECTANCE INTERFERENCE SPECTRA -
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Institute of Experimental Physics, Attila Jozsef University, Szeged
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The thickness and the refractive index of V,QOj; thin layers on silicon single-crystal plates were
determined from the reflectance interference spectra measured at 45° and 29.2° angle of incidence
in the wavelength range of 360 nm—900 nm. The thin V,0; layers were prepared by evaporating
vanadium layers of different thickness onto silicon single-crystal plates and oxidizing the vanadium
layer at 400° C. For evaluation of the reflectance spectra an approximate calculation was applied.
The density of thin layers was determined from the thickness of vanadium measured during the
evaporation and from the thickness of vanadium pentoxide layers measured by optical method.
For the density of the V,Q; films an average value of 3.1 g/cm® was obtained. A reflectance peak
found at about 420 nm was attributed to the V4+ concentration present in the vanadium pentoxide.

Introduction

The mechanisms of carrier transport, the voltage dependence of capacitance,
and the photoconductivity of V,0;-nSi system were reported in earlier communi-
cations [1, 2]. We measured some physical parameters of the V,0; layers, but concer-
ning the thickness and refractive index were restricted only to estimations. The subject
of the present paper is the determination of the thickness and the refractive index
of vanadium pentoxide thin films — prepared by evaporation and subsequent
oxidation of vanadium on silicon single-crystal plates — from reflectance inter-
ference spectra. :

As it is known, if a non-absorbing planparallel slab with a thickness of d and
a refractive index of n is bordered on its sides by two non-absorbing media I and
II with refractive indices of n, and n,, respectively, (ny<n; n,<n for all wave-
lengths taken into account), then the light beams 7 and 2 reflected from the upper
and the lower surfaces of the slab will interfere (Fig: 1). Due to this interference the
intensity of the light beams reflected at « angle will exhibit maxima and minima at
the following wavelength:

) . 4d Vn2 ('lmax) _ n(2) (1max) sinfo _ ! (lmax) 1

max T 2k—1 ' T 2%k—1 M

4d Vn2 (Amin) - n(2] (lmin) sin’a _ A (}'min) . . 2)
2%k T % o«

I

)‘min
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where k=1, 2,3, .... In Egs. (1) and (2) the wavelength dependence of the refractive
indices should be taken into account. If medium I is air, then ny=1 is true with
a good approximation in a wide spectral region.

‘7// For our reflectance spectra we can write;
W no< |
A(%s)
v 3

n d maxima: A= A(L), A3 =

(€)

11 m<n _ A(Ag)
2

L A%y
Fig. 1. minima: Ay = —

A=

i.e. we have taken into account only the first and second order extrema. Knowing
the n=n(2) function the thickness of the layers can be calculated from Egs. (1) and
(2). Although the n(2) function is known for the crystallographic directions
a, b, ¢ in the case of vanadium pentoxide single-crystal [3-5], we cannot use directly
these values of refractive indices, because the prepared layers are certainly not
single-crystals, and the optical properties of thin films generally differ from that of
bulk materials. The method applied for the evaluation of interference spectrum and
for determination of the thickness and the refractive indices of the thin V,0; layers
will be discussed in the last section. :

Experimental

Vanadium layers (thickness: 57 nm, 52 nm, 45 nm, 20 nm and [1.5 nm) were
evaporated onto freshly etched silicon single-crystal plates of 15 mm X 15mm X 0.2 mm
in size or onto chemically cleaned mica sheets in 5X 1078 torr vacuum. The thickness
of the condensed metal layer was determined during the evaporation process by
a Thin Film Thickness and Deposition Rate Monitor instrument type MSV-1841;
made by the Hungarian Research Institute for Precision Engineering. The vanadium
covered silicon plates (in the followings referred to as samples) and mica sheets
(in the followings referred to as sheets) were held in an oxigen stream of atmospheric
pressure in an oven of 400° C temperature. The vanadium layers which differed
in thickness were oxidized for different time-periods. From time to time the oxi-
dation process was interrupted and the reflectance spectra of the samples and the sheets
were determined. :

The reflectance spectra were measured at an angle of =45 and «=29.2°
changing the wavelength of the monochromatic light beam in 5 nm or 10 nm steps
in the 360 nm-900 nm range. The intensity ratio of the light reflected from the layer
(7z(4)) and incident onto the layer (I,(2)) at the same A was measured with a PIN
silicon photodiode (sensitive area 1 cm?, type UDT 500, United Detector Technology
Inc.). The output voltage of the FET operation amplifier built in the photodiode
housing was detected by a digital voltmeter. The sensitivity of the detector consider-
ably depended on the wavelength, however the relation between the output voltage
of the photodiode-amplifier system and the light intensity at all fixed wavelength
and intensity used was found to be linear with a good approximation. Therefore,
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Tx(D) _ Ur(d) :

, where Ug(4
VORRZY) =)
and U, (A) denote the measured output voltages. On a given sample the reflectance
spectrum minima and maxima could be reproduced within 5 nm in all cases; the
maximum relative error of R(A) was 6% in the most unfavourable case.

the reflectance was determined from the relation R(1)=

Results and discussion

. During the oxidation process the metallic vanadium gradually transformed to
yellow vanadium pentoxide. In an early stage of the oxidation, a peak at about
420 nm appeared in the reflectance spectrum, but interference structure could not be
resolved (Fig. 2). In the following only the results obtained with samples in the
last stage of oxidation process will
be discussed, i. ® the oxidation was
first stoppey when the yellow colour Q.ZO
of V,0, on the sheets which were l

heat treated parallele with the d
samples had already appeared. It is ]
reasonable to assume that at this R j
stagd the composition of the layers
was very near to that of the vana- Q15 !
dium pentoxide, but the layers were |
not totally stochiometric, especially 9
beyond a certain depth. 0%‘9
In Figs. 3a—-d the reflectance
spectra of a samiple covered with
evaporated vanadium layer (thick-
ness d,=57 nm) are shown. The
spectra were measured at an angle of g
=45° and ¢=29.2° after an oxida- Qg8 L ! . L
tion time (f,;) of 35, 59, 109 and 400 600 . 800
205 hours, respectively. The shortest Alnm) —
wavelength ma_ximum was foupd at Fig. 2. The reflectance spectrum of a sample mea-
4g=430nm (Figs. 3a-d). Th}s Ao sured at a—45° angle of incidence in an early stage
belonging to the first maximum of oxidation. d, and ¢, are the thickness of eva-
practically did not depend on the an-  porated vanadium layer and the oxidation time, res-
gle of incidence, but the wavelength pectively.
belongmg to other maxima and mi-
nima were generally shifted towards longer wavelength with decreasing angle of inci-
dence. Quite generally 1, was found to be independent of o, whereas the maxima and
minima strongly depended on « in all reflectance spectra presented below. As it is
seen in Figs. 3a—d the maxima and minima are red-shifted with increasing oxidation
time for both angles, however, A, remained constant (see Table I). The reflectance
- spectra of different samples are shown in Figs. 4-7.
It has to be mentioned that the peak belonging to 4, could not be observed
in the thinnest layer (Fig. 7), probably due to the overlaping intense maximum.

T

dy=20 nm
tox=27hours
010
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Fig. 4. The reflectance spectrum of a sample measured at an angle

of «=45° and «=29.2° after an oxidation time of 168 hours. Scales

for «=45° and «=29.2° are given on the left-hand and righthand
sides of the figure, respectively.

‘The reflectance spectra of V,O; films on mica sheets were also determined. The
main features of these were as follows:

(i) in the case of all'but the thinnest layer (with different 4, and 1,,) 4, was
found to be 415 nm and its amplitude was slightly higher than that observed
in-the samples;

(i) in the case of the thinnest layer (d,=11.5nm and ¢,,=40 hours) the
Ay maximum could not be observed;

(iii) the maxima and minima within a dev1at10n of 0-20 nm were observed
close to the same features of the samples. :
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Because the reflective index of mica is smaller than that of V,0; in the total
wavelength range investigated (for instance at 1=600 nm the refractive index of
‘mica is between 1.56 and 1.60 depending on crystallographic orientation), the
light beam reflected from the V,0O,-mica interface does not suffer phase change.
Since the spectra of the samples and the sheets with the same parameters agreed
relatively well with each other as the position of maxima and minima were concerned,
we concluded that no phase jump cotild take place at the V,0,-Si interface either. The
major part of the light intensity probably reflected from the thin layer between the
V,0; and the silicon [1]. If so this thin interface layer should have smaller refractive
index than that of the vanadium pentoxide film in the investigated wavelength range;
the refractive index of silicon itself is higher than that of V,0; [6]. Had the light thus
reflected from the silicon surface, a phase change should have.been observed.
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‘Fig. 7

However, no maximum-minimum interchange was observed indicating that the light
was mainly reflected from the thin interface layer.

Taking into account that the vanadium pentox1de single-crystals were found
to be non-absorbing* with a good approximation in the wavelength rarige used [3]
the same can hold for V,O; layers, too. Therefore Egs. (1) and (2) can be applied
for the evaluation of the reflectance spectra.

Notation used in Table I: m, denotes the so called “mass thickness” i.e. the
mass of vanadium layered on 1 cm? area of the silicon substrate. It has to be noted that
by longest oxidation times we mean the time period which was necessary to the total
oxidation of the vanadium layer at a given thickness. After prolonged oxidation listed
in Table I as ‘“longest” no changes could be observed in the reflectance spectra.

On evaluating the reflectance spectra the following assumptlons were made:

(i) Egs. (1)-(2) are valid;
(ii) the n=n(4) functlon is nearly the same for all V,0; layers investigated
and n(1) is a continous function of 4;
(iii) the reflectance peak belonging to A, did not produce interference.

* More exactly: the refractive index n is much more higher than the absorption index k.
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Table 1

Results of measurements

a=45° . a=29.2°

d, my Tox (1) 'R Ay A3 A FN 2s A3, A
(nm) (x 10'5C% (hours) (m | @m | (m) | o) | @ | @ | @ | @m) | om
57 6.06 35 430 | — 705 | 555 | 490 ] — 720 | 570 | 495
57 6.06 59 430 | — 730 | 580 sSO5 | — 745 | 582 | 505
57 6.06 109 430 | — 760 | 585 | S10| — 782 | 603 [ 515
57 6.06 205 430 | — 763 | 590 510 — 785 | 608 | 517
52 5.53 168 425 — 790 625 545 — 815 645 550
45 4.79 35 425 | — 670 | 535 | 465 | — 690 | 550 | 470
45 4.79 59 425 | — 680 | 545 473 | — 710 | 565 | 480
20 2.13 51 405 | 590 | 446 -~ — 620 | 450 | — —
11.5 1.22 40 |'— [ 453 — | — | — | 45| — | — | —

For notation 4,—241, see Eq. (3).

Since we did not know the n(2) function for V,O; thin films there was one
way to calculate the thicknesses and refractive indices belonging to different wave-
length: inserting simultaneously all the results obtained into an iteration. By averaging
and interpolating the values of refractive indices given in the literature [3-5] for
different crystallographic directions and wavelength for V,0; single-crystal, an
approximate n=n,(4) function was constructed (dotted line in Fig. 8). First we
supposed that

, 1, (Aigs) _ o (Aigs) )
ny (Ai29 %) L)) (;u'zs 2)

where i=2,3,4; and n(o)(/l) is the value of refractive index at wavelength A in
zeroth order approximation. The values of 1;,, were taken from the 1st—7th lines
of Table I. Using the values standing on the right side of Eq. (4) three different
values of thickness were obtained for each sample with the same d, and ¢,, from
Eqgs. (1)-(3). The average of these values was taken as zeroth order approximate
value for the thicknesses. Substituting these values into Eqs. (1)-(3) the numerical
values of n;)(A) could be obtained for all A can be found in the 1st-7th lines of
Table I. Inserting the appropriate values of n(;,(4) into the left-hand side of Eq. (4)
Neey(Aigs)
(2)(’1129 2)
long as the values obtained for the thickness were the same in three digits for all 4;.

At last the iteration was expanded over the two samples with thinner V,0; layer
(8th and 9th lines in Table I).

we got the new values of The iterative calculation was continued as
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Fig. 8. The calculated values of refractive index for V,0j; thin films
(empty circles) and the n,(2) curve (dotted line).

Obviously the results obtained for the thickness and n(%) in this way were
independent of n,(4). If n,,(l) were equal to const. n(l) for example, then the
iteration would be completed in the first step. If the form of n,(1) dev1ates from
that of n(A) the iteration consists of too many steps.

The determination of interference order (k in Egs. (1)~ (2)) was very simple
since in Figs. 7 and 6 only one and two extrema could be found, respectively.®

* In Fig. 7 the minimum at about 750 nm is due to the slight increase in the reflectance of the
silicon substrate towards the longer wavelength, as measured in Si-SiO, system.
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Any variation in k implicitely found in Eq. (3) resulted in very unresonable thickness
and density values for the vanadium pentoxide layers and, in addition, made the
simultaneous evaluation of the reflectance spectra impossible.

In Fig. 8 the calculated values of refractive index (empty circles) and the n,(A)
curve (dotted line) are shown. As it has been expected, the shape of the two curves
is similar but the values of the two curves at certain wavelength regions are consider-
ably different.

The obtained results are summarized in Table II. Column 4 of Table II contains
the calculated thickness (4) of the vanadium pentoxide layers, while column 5 gives
my

d b

values recalculated from the refractive indices (Fig. 8) and from the thickness (column
4) obtained by the iterative calculation. Comparing the measured (Table I) and the
calculated wavelength values (Table II) for the interference maxima and minima,
the agreement is satisfactory except for two 1, values in the case of sample with
d,=20 nm. The slight increase in reflectance of the substrate towards longer wave-
length, the asymmetry of the reflectance peak in Fig. 6 (not experienced by us in
other cases), and the poor resolution of the peak may probably contribute to the
difference between the measured and calculated values. These factors caused un-
certainity in the determination of the A, values.

As it is seen from Table II the thickness of the V,O, layers increase, whereas
their density decrease with increasing oxidation time. This thickness increase is about
. 10% for a sample with d,=57 nm. In the case of the longest oxidizing times presented
in Table II the average value of density is 3.1 g/cm® for V,0; layers of different
thickness.-

the density calculated from the relation g= other columns give the wavelength

Table 11

The obtained results and the recalculated values of wavelength

a=45° a=29.2°
d, my fon d ¢ ” da | A | a4 | A | A
@ | (x100E) | wow | @m | (F)] @m | @o | @0 | @ | @ | e | oo | eo
57 6.06 35 | 163|372 | — | 705 |553|as9| — | 719 574 404
57 | 6.06 59 | 170 {3.56 | — | 728 | 580|505 — | 745| 585 504
57 6.06 109 | 179|339 | — | 761 | 595|513 — | 781] 602 516
57 6.06 205 | 180|337 | — | 764|595 s15| — | 784| 604 520
52 5.53 168 | 190|291 | — | 796 | 620{535| — | 816|630 540
45 4.79 34 | 149|321 | — | 667 540|464 — | 678 550] 470
45 4.79 59 | 155|309 | — | 683 |5ss3| 76| — | 694/ 61 485
20 2.13 st | 72 |296 | 650 | 446 | — | — [662]450] — | —
1s| 122 40 | 37 |330] 43| — |— | = |40 — | — | —
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The reflectance peak at about 420 nm can be assigned according to JOHNSTON [7]
to V*+ ions present in the vanadium pentoxide which play an important role in
determining the conductivity of V,0;. This assignment can be supported by our
observation that the height of the 1, peak could be paralleled with the conductance
of the vanadium pentoxide layer.

On the basis of the results presented here we arrived at the following conclusions:

(i) Egs. (1)+2) could be applied for the evaluation of reflectance spectra
of V,0; layers on silicon substrate; '

(ii) the reflected light from the V,0; side of V,0,-Si interface did not suffer
phase change indicating that a thin interface layer should exist between
the V,0; and the-silicon with lower refractive index than that of V,0; in
the wavelength range investigated;

(iii) after prolonged oxidizing time, which depended on the thickness of the
V.0; layer, the refractive index of the V,0; layer was independent of the
oxidation time, whereas the thickness and the density changed with the
oxidation time;

(iv) the refractive index of the V,0; layers prepared by evaporation and sub-
sequent oxidation of vanadium varied with wavelength as shown in Fig. 8,
practically independently of the thickness (in the d, range investigated);

(v) the density of the V,O; layers prepared was 3.1 g/cm3, ranging between
the density of single crystalline V,0; (3.357 g/cm?®) and that of the amorphous
V05 (2.42-2.69 g/cm?), but it was nearer to the density of V,0; single-
crystals [8].
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. OMNPEAEJEHUE TOJIIWHL 1 KOOO®OUIMEHTA ITPEJIOMJIEHWA
TOHKUWX CJIOEB V,0, HA OCHOBAHHUHW OTPAXATEJIBHBIX
WHTEPOEPEHIITMOHHBIX CIIEKTPOB

A. hoau, JI. Muxaiiaoeuy u H. Xeseuiu

Onpernenenbl TONITWHEL B KO3(G¢UUMEHTH IPENoMIIeHN citoeB V,O5, IPATOTOBICHHBIX TEPMHK-
yecknM okncrenreM 0pu 400 °C, KOHIEHCHPOBAHHEIX HA IOBEPXHOCTH MOHOKDHCTATINOB KPEMHHS,
CIIOEB Pa3HOM TOJIIHHBI BaHaAus, npd o=45° H «=29,2° yriiax najgenus, ¢ MOMONIBIO OTPaxa-
TELHLIX CMEKTPOB, CHATHIX B 001acTd AyMH B0oJH 360—900 uM. JIns OueHKH CIEKTPOB OBUY IPAHAT
MeTOX NpUOXKeHnR. Y IenbHbIH Bec cioeB V,Op ONpenensyin UCXOAs H3 TOJIIMHLI KOHACHCAPO-
BaHHBIX CJIOCB BaHA M H ONTHYECKUX H3MEPEHUIT TONMHEL clioeB V,0;. Cpenamii yJenbHbI Bec
cnoes V05 coctapian 3,1 r-cM~2. ITonoca oTpaxenus, HaliicHHas B 061acTH 420 AM, He3aBECHMAs
OT yria nafieHus CBETa, OTHECEHA K KOHLEeHTpaumu V4+ Haxonmswmerocs B V,0s.
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Amorphous vanadium pentoxide thin films have been prepared by chemical vapor decom-
position of VOCI; with H;O in inert atmosphere at room temperature. The films crystallize at aro-
und 240°C irreversibly. The d. c. electrical resistivity in the amorphous state is approximately 1-2
orders of magnitude lower than in the polycrystalline state.

Vanadium pentoxide, V,0;, is known to contain both V*+ and V3% ions and
the electronic conduction is due to the hopping motion of the unpaired 3d electron
from V4t to V3+ ions (small polaron hopping). Due to the difficulty of preparing
pure vitreous . V,0; most of the previous studies on its semiconducting properties
were carried out on glasses containing vanadium pentoxide as a component. Until
now vacuum deposition [1-3] and splat cooling [4-6] have been succesfully applied
to prepare amorphous V,0;.

Chemical vapor deposition (CVD) proved to be a convenient method for growing
crystalline vanadium oxides [7]. Relatively high reaction temperatures (above
600° C) are needed to grow single crystals of good quality. Since the decomposition
of VOCI, vapor with H,O vapor is a strongly exothermic process, the reaction already
takes place at room temperature according to the equation:

2VOCl; +3 H,0-~V,0;+ 6 HCI.

Based on this reaction the CVD method can be applied to obtain amorphous vana-
dium pentoxide. In this paper we report the successful preparation of amorphous
V,0; thin films by chemical vapor decomposition of VOCI, with H,O in mert
atmosphere.
The schematic diagram of the apparatus used is shown in Fig. 1. The vapor of
VOCI,; (FLUKA; Switzerland) and H,O thermostated at 22° C was led to the reac-
" tion chamber by high purity N, gas flow. To avoid the chemical reaction of water
vapor traces in the VOCI, containing ampulla, the carrier gas was led through an
LN, baffie. As substrate material quartz plates (HERASIL I; Germany) were used.
The colour of the freshly prepared films varied from yellow to orange depending
on the reaction time typically 10 through 20 minutes. The thickness of the films
determined by optical method was of some thousand A.
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thermocouple

T3 —

substrate holder —-

dry N2—>
PTFE joint ~——

dry NZ —

Fig. 1. V,, Vy-flowmeters (Rotameter MFG. Co. Ltd. England) ®-PTFE valves
(Corning, England) T, =T,=T3=22° C, V,=1 lit/hours, V,=0.7 lit/hours

LIVAGE et al. pointed out that the solubility of the two phases is extremely dif-
ferent. Crystalline V,0; can not be dissolved in water while the amorphous oxide
readily dissolves [5, 6]. Our films prepared by the CVD method easily dissolved in
water, yielding strongly acidic solution with pH ~ 2, in accordance with the results
of LivaGE and COLLONGUES. The results of microscopic examination in polarized
light and electron diffraction pictures unambigously verified that these films were
amorphous.

The crystallization temperature of the amorphous oxide obtained by splat cooling
is between 180 and 200° C [5, 6]. The crystallization is an irreversible, strongly
exothermic process. Because the crystallization can be followed by electrical measure-
ments, we studied the temperature dependence of the d.c. electrical resistivity of
the amorphous V,0O; thin films from room temperature up to 300° C in dry O,
atmosphere. The platinium electrode were deposited on the substrates by vacuum
evaporation before the preparation of the films. Applying a constant heating rate
of 0.5° C/min, a decrease in the conductivity could be observed at around 240° C
in each case. We found a ratio of 10-10? between the conductivity of the two
phases. The material of the films heated above 240° C was insoluble in water. The
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microscopic re-examination in polarized
light demonstrated, that the films had been
crystallized (Fig. 2).

To determine more precisely the va-
lue of the crystallization temperature the
influence of the annealing was studied on
initially amorphous films. The samples
were held for 3 hours at different tempe-
ratures: (a) 180° C, (b) 200° C, (c) 220° C,
and (d) 240°C. The resistivity of the
samples was steadily measured during this
annealing process. Samples (a), (b), and
(c) exhibited no changes in the resistivity,
while the resistivity of sample (d) increased
by approximately two orders of magnitude.
The microscopic examination showed that the film when annealed at 240° C crystal-
lized completely.

Summing up we conclude that the chemical vapor decomposition of VOCI,
with H,O in inert atmosphere at room temperature proved to be a reliable method
for preparing amorphous vanadium pentoxide thin fllms. The flims crystallize at
around 240° C irreversibly. The d.c. electrical conductivity in the amorphous state
is approximately two orders of magnitude higher than in the polycrystalline state.
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IMPUT'OTOBJIEHUE AMOP®HBIX TOHKHNX CJIOEB V,0; METOIOM
PA3JIOXEHUS IT'A30BOU ®A3BI
K. baau, JI. Muxaiirosuy u . Xesewiu

OmmMcaHo MPUTOTOBIICHHE TOHKUX CI0€B V05 MyTeM XMMUYECKOTO Pa3JI0KEHHs ra30B0it (a3bl
VOCI; ¢ H,O B HHEPTHOM ra3e Mpu KOMHATHO# TeMmnepaTtype. [IeHKH KPUCTAUTA3UPYIOTCS OKOJIO
240 °C no HeoOpaTHMOMY MyTH. DIEKTPHYECKOE COMPOTUBIIEHHE AMOPHHOTO COCTOSIHUS IO MOCTO-
SIHHOMY TOKY HHKe Ha 1—2 MOpsifka MO CPaBHEHWIO COIPOTHBIIEHHEM IOJHKPUCTALTAYECKOTO
COCTOSIHUS.
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Dielectric absorption studies on four a-substituted benzyl cyanides namely a-butyl benzyl
cyanide, a-heptyl benzyl cyanide & a-cyano stilbene have been made. The observed e values being
sufficiently high, indicate the existence of more than a single relaxation process occurring in the
system. When further resolved, the dielectric dispersion yielded relaxation time (1) and 7(2)
which are sufficiently different from one another, showing the presence of the molecular and some
other process. In some cases the enthalpies of activation and the other energy parameters have also
been evaluated. It has been concluded that the dielectric relaxation takes place due to both molecular
and group processes except for the case of a-benzyl benzyl cyanide, where the enthalpy of activation
for the group process has been found to be very low. )

Introduction

Dielectric absorption studies are very helpful in probing the molecular flexibility

or rigidity which is of vital importance for the investigations on carcinogenic activity. -
FiscHER and his collaborators [1] studied benzyl chloride for its dielectric behaviour
and concluded that the nonrigidity is an important feature of the molecule. PURCEL
-et al. [2] studied the dielectric relaxation of benzyl chloride in the dilute solution of .
benzene and analysed the data in terms of the two relaxation times; Cole-Cole’s
molecular relaxation time 7, (=23.7 ps) and the group relaxation time 7, (=2.3 ps).
Kraces and KnoBLocH [3] investigated for dielectric behaviour, some substituted
benzyl halides including benzyl chloride for which they obtained 7;=14.6 ps and
7,=1.6 ps with the contribution due to the group relaxation (C,;=0.3). FOResT
and SMYTH [4] investigated benzyl cyanide in dilute solution and below 40° C obtained
two relaxation times. HAssAN et al. [5] studied microwave absorption in some benzyl
derivatives i.e. CgH;CH,X (=Cl, Br, CN and NH,) in pure liquid state and analysed
the data in terms of the two relaxation processes. For benzyl cyanide the dielectric
data of ForesT and SMYTH [4] in the dilute solution of benzene and HASSAN et al. [5]
in the pure liquid state above 40° C give very surprising results by showing the absence
of group rotation.

Due to the interesting results obtained on benzyl cyanide the authors in the
present work have chosen four higher homologues of a-substituted benzyl cyanides

-* Department of Physics, B..S. N. V. Degree Collége, Lucknow.
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namely a-butyl benzyl cyanide, a-heptyl benzyl cyanide, a-benzyl benzyl cyanide
and «-cyano stilbene for the dielectric and thermodynamic investigations in the
dilute solutions of benzene. The permittivity data have been analysed by GopraLa
Krisuna [6], HiGast [7], KoGa and NAKAMURA [8] methods. The results show that
at x-band nonrigidity is an important feature of the molecules under investigation
over the range of temperature (288-320° K) investigated.

Experimental: The dielectric constant (¢) and the dielectric loss (¢”) of the
dilute solutions of a polar solute in the nonpolar solvent have been measured over
a range of temperature at x-band described- elsewhere [9] by a technique due to
RoBERTS and voN HippeL [10] and later modified by DakiN and WORKS [11]. The
static dielectric constant g, of solutions have been measured at 300 KHz by a dipole
meter based on the principle of heterodynbeat method. The refractive indices (Na~
light) of all the solutions have been measured by an Abbe’s Refractometer. The
measurements for ¢” & &” are accurate up to +2% and + 5% respectively.

Materials: The chemicals have been obtained from the Central Drug Research
Institute, Lucknow, India and the solvent (A.R. grade) has been obtained from
E. Merck (Germany). The chemicals have been distilled twice before use.-

Method: The permittivity data have been analysed by the GOPALA KRISHNA
method [6] for the evaluation of the dielectric relaxation time (74x) using the equations

X= P+Y/wTGK : (l)
where P=[z°°_; ;] has been assumed to be constant fof the dilute solutions;
W=¥ and

e24e%4e =2
N CEY Oy B
3e” ‘ @)

=i+

The slope (%) of equation (1) gives the relaxation time

A d ' )
as g = ——ZHC%; : 3)

The most probable relaxation time 7oy and the distribution parameter () -
have also been determined by HiGAst method [7] using the equations

1
1 [ A%+ B2 2a—-a)
ton = 4 [T
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where : :
A= a"(ay—a..) _

= (@' —a.)(a—a)—a” R ¢))
) = (@—dut+a? | |
The quantities ay,a’,a” and a. are the slopes'of the straight line plots of the

respective dielectric quantity ¢, ¢’, &¢” and e.=n} agalnst the concentratlons in
the d11ute solution range and are deﬁned as

& = 301+aol’Vz
¢ =e+aW,
g = a”W;

Eoo = €100+ A Wi

in which subscript 1 refers to the pure solvent and O to the static frequency, « to
the high frequency or optical frequency measurements, W, is the weight fraction
of the solute. : ‘

.~ The absorption processes have further been resolved by the recent HiGasi,
KoGa and NAkaMURA method [8] in terms of two independent Debye type relaxation
’umes Ty and 7, defined by the equation

4

T('1) = Wfa_z)' @)
1 o—: § ' | N
Ty = —~ [ 2 ”a ] . ®

_~The slopes ay, @', a.. and a” are defined by the set of equations (6).

It has been found [12-14] that the relaxation time 7y, leads to that for the Cole-
Cole s molecular relaxation process 7, and 7, has been found to be an implicit
function of group relaxation time t,, 7, and weight factor C, for the group rota-
tion process; any difference beyond experimental error in the value of 7, and 7,
for.a molecule is indicative of more than one relaxation process present in the system..

- -;The activation energy parameters for the dipole relaxation process have been
estimated using Eyring’s theory of rate process [15]. The enthalpy of activation
corresponding to the relaxation time Tgg, Tou, Ty, Ty and To=V7a)T( have
been estimated from the slopes of plots of log s« T, 10g TouT, log 7(yy. T,log 7). T
and logt,T against —1/T respectively.

“"“Results and Discussio'n: The slopes of the dielectric quantities s concéntra-
tion plots i.e. a@,,a’,a” and a., at different temperatures of the molecule under
investigation are reported in Table I. The relaxation time 1y, 7(y), To=)TwI@,
Tgk» Toy and the distribution parameter of the molecules at different temperatures
are presented in Table II. The enthalpies of activation AdHztgy, AH‘c(z), AHTO, AHrgg
and “AHrtoy correspondmg to the relaxation time Tys T@> Tos Tok and 4y have
been tabulated in Table III. In Table IV. the activation parameters for the dipole
reorientations associated with the relaxation times 7gx and 7oy -havebeen compared:

4
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a-Butyl Benzyl Cyanide (A)

The examination of Table II. shows that the molecule has an appreciable value
of the distribution parameter ranging from (0.09-0.22) in the temperature range of
(288-320° K) and the most probable relaxation time 7oy evaluated using Higasi
method for the molecule has been found to be 23.5 p.s. at 288° K. The occurrence
of large distribution parameter in the molecular system indicates the non-rigidity
of the molecule in the microwave region under investigation. The dielectric disper<
sion, was therefore, further resolved in terms of two independent Debye type relaxa-
tion times 7, and 7(;. It is found that the molecular relaxation time 7 is
30.0 p.s. and 7, associated with the relaxation process other than the molecular

Table 1
The slopes ag, a’, a”, a., and dipole moment of molecules in dilute solution of Benzene
Compound Temp. K ag a a” a,,
a-Butyl benzyl cyanide 288 14.0 5.00 5.50 0.58
(A) : 296 12.5 4.75 476 0.40
: ’ 304 11.1 4.50 .39 0.39
312 8.5 4.00 3.12 0.37
320 6.5 3.50 2.63 0.30
a-Heptyl benzyl cyanide 296 18.0 5.00 5.71 0.28
(B) 304 14.0 4.70 . 4.70 0.25
312 12.05 4.00 4.44 0.15
320 10.00 3.33 4.00 075
a-Benzy! benzyl cyanide 288 16.00 3.13 3.80 0.75
© ’ 296 - 12.00 2.77 3.00 0.62
304 10.50 2.50 2.66 10.54
) 312 9.3 2.20 2.50 0.32
a-Cyano stilbene 296 12.50 3.60 3.10 0.48
(D) 304 11.80 330 . 2.90 0.35
312 . 8.50 2.80 2.40 0.25
320 6.15 2.18 1.90 0.08

is 18.4 p.s. at 283° K. An appreciable difference between 7,4, and 7(, supports
the presence of two independent relaxation processes occurring in the molecule.
The longer relaxation time (30 p.s.) would correspond to the molecular rotation
of butyl benzyl cyanide whereas the second process would be expected to be due to

the internal rotation of —C—C=N group. Similar conclusions have been made

|
H
by MisrA and SAXENA [16] on some substituted benzaldehydes.
A ‘comparison of 7oy (Higasi) and to=V7)t (Higasi, Koga and Naka-
inura) shows a close agreement, as both represent the most probable (average)

relaxation time parameters. A close agreement between 7oy and 7,=V17(;T()
observed by MisRaA et al. [17] on some substituted amides in dilute solution supports
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Table 11

51

Relaxation times of the molecules using Higasi, Higasi, Koga and Nakamura method and Gopala

Krishna Method

rem. Higasi Method Higasi, Koga & Nakamura Method GO%:Lilﬁgshna
K Ton & T Ty 0=Vra)% Tox
ps ps ps ps ps |
«-Butyl Benzyl cyanide (A)
288 23.5 0.09 18.9 30.0 23.8 26.6
296 224 0.12 16.7 27.1 21.3 24.4
304 22.2 0.20 14.5 25.8 19.3 22.5
312 17.8 0.17 13.1 - 22.6 17.2 20.7
320 15.4 0.20 12.5 19.0 15.4 17.5
a-Heptyl benzy! cyanide (B) .
296 33.2 0.18 18.4 344 25.2 30.2
304 27.3 0.20 16.1 30.1 22.0 25.5
312 25.4 . 0.14 17.6 - 27.6 22.0 22.1
320 24.4 0.12 14.3 26.5 « 194 20.7 .
x-Benzyl Benzyl cyanide (C)
288 56.7 0.15 24.3 51.6 354 26.6
296 53.4 0.17 21.3 45.7 31.2 20.4
304 51.6 0.21 20.6 - 45.2 30.5 19.0
312 46.3 0.15 20.3 45.0 30.2 17.7
a-Cyanb stilbene D)
296 44.2 0.29 15.0 43.7 25.7 22.1
304 41.1 0.29 14.9 42.0 25.0 19.0
312 33.0 0.27 . 14.3 36.2 227 16.6
320 30.0 0.25 13.8 31.9 21.0 14.7
Table 111

Activation energies calculated for the relaxation times t(1), 1(2), 7o, Ton and Tcx

(in v kJ mol-%)

Compound AH (1) AH 1(2) 4H 1y AH 1oy, AHr g

a-Butyl Benzyl )
* cyanide (A) . - 53 8.0 ) 6.4 6.4 5.6
a-Heptyl Benzyl

cyanide (B) . — — — 8.0 - 8:0
a-Benzyl Benzyl .

cyanide (C) — — — 5.1 , 4.8
.a-Cyano Stilbene (D) 1.7 119 6.4 10.6 9.6

4%
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Table IV

Relaxation times, free energy of activation, energy, enthalpy, and entropy of activation by Higasi
and Gopala Krishna method

Using Higasi parameters Using G. K. parameters
4F, | 4H, 45, 4F, | aH, 45,
- Temp. T T
Compound K ;’SH ﬁs“ - - - - - .-
o ot ol o 1
£ o ) = 4 ~
«-Butyl Benzyl 288 | 23.5 | 26.6 | 11.7 -18.4 | 12.1 ~22.5
cyanide (A) 296 | 224 | 244 | 12.1 —-19.2 | 12.1 —-21.7
304 | 22.2 | 225 | 121 6.4 —18.8 | 12.1 5.6 —20.1
312 1 17.8 { 207 | 121 —184 { 125 —-22.2
320 | 154 | 175 | 121 —17.9 | 125 —-21.7
a-Heptyl Benzyl 288 | — [ 302 | 130 — 12.5 —15.8
cyanide (B) : 296 | 33.2 | 25.5 | 13.0 —16.7 } 12.5 —-15.0
304 | 27.3 | 22.1 | 134 8.0 —16.3 | 12.5 8.0 —14.6
312 ] 254 | 21.0 13.4 —-17.1 12.5 - —14.6
320 | 244 | 208 | 13.8 —-16.7 | 13.0 —15.85
«-Benzyl Benzyl 288 | 56.7 | 26.6 | 13.8 —-30.1 | 121 —-254
cyanide (C) 304 | 53.4 | 204 | 142 51 -309 | 12.1 48 —-24:2
312 | 51.6 [ 19.0 | 14.6 ) —31.8 | 125 . —24.6
329 | 45. 3 17.7 | 14.6 =30.9 | 12,5 —24.2
a-Cyano Stilbene 296 | 44.2 | 22.1 | 13.8 —-104 § 11.7 -7.1
(D) 304 | 441 (190 [ 138 | 0 o1 —104 {1211 o -19
: 312 | 33.0 | 16.6 | 13.8 : —-10.0 | 12.1 : —-8.1
320 | 300 | 14.8 | 14.2 —-11.3 | 12.1 —8.2

]

the present observations. Also gk (26.6 p.s.) has been found to be slightly longer
than 7, (23.8 p.s.) or 7oy (23.5) and comparatively smaller than 7(2) the relaxation
time considered to be for molecular rotation. This is due to the fact that 7o¢ gives
an average of the different relaxation mechanisms involved in the system and thus
has a smalier value.

The enthapies of activations- (4H) assoc1ated with the different modes of
rotations are given in Table III AH 74, and AH ) for A have been found to be
5.3 and 8.0 kJ mol=! respectively. These two values are respectively due to the
group and the molecular, relaxation processes. The enthalpies of activation 4dHtoy
and 4Hrt, 6.4 kJ mol~% correspondmg to Higasi and the average relaxatlon due to
Higasi et al.; have been found to be in very close agreement; where as that due to
Gopala Krishna relation, AH1gy is slightly different from the former two. values.

An examination of Table IV. shows that the free energies of activation AF,
in the range of temperature (288°-320° K) .evaluated, using tgx and 1oy para-
meters are.comparable. The entropy values have been found to be negative suagestmg
the presence of cooperatlve orientations [18] resulting from the steric forces._



DIELECTRIC ABSORPTION STUDIES IN DILUTE SOLUTION 53

o-Heptyl Benzyl Cyanide (B)

For this molecule also appreciable value of the distribution parameter « (0.12-
0.20) has been observed. The value of the most probable relaxation time 14y has
been found to be 33.2 p.s. at 296° K. The appreciably high value of the distribution
parameter suggests the presence of more than one relaxation process. Absorption
corresponding to these processes have thus further been resolved in terms of two
independent Debye type dispersions defined by 7, and 7(; using Higasi, Koga &
Nakamura [8]. The two observed relaxation times are sufficiently different from one
_another suggesting further the probable flexibility of the molecule in the microwave
region under investigation. As can be seen from Table II., the resolved relaxation
times ) and 7 at 296° K are found to be 18.4 and 34 p.s. respectively. The
first process, having smaller relaxation time, would be assigned to the internal rota-
tion of the group; whereas the second process, having longer relaxation time, would
be expected to be due to the molecular rotation. 7gx (30.2 p.s.) has been found to-
be smaller than that for molecular process 7 (34.4 p.s.). Also the other two
average processes giving rise to the most probable relaxation times at 296° K i.e.
Ton (33.2 p.s.) and 7, (25.2 p.s.) are comparatively smaller than that for the molecular
process. However these values are not in very good agreement to one another. The
difference can not be ruled out within the experimental errors and also because of
broad dlspersmns associated with the above two processes.

A comparison of 74y and 7 of B with that of the corresponding values of
A shows that 1, (=34.4 p.s.) for this molecule is longer than 14, (=30.0 p.s.)
for the previous one, which is smaller in molecular size, showing that the process
occurring is due to the molecular rotation. ‘The second process, which could be
associated to the internal rotation of the group has no significant variation from the
corresponding process in A.

In this case also, an attempt to evaluate different enthalpies of activation was
made. However, due to irregular variations, the evaluation of 4AH7, and AH7g,
could not be done properly. The enthalpies, using Gopala Krishna and Higasi
relaxation time values were however calculated and the two parameters AH7gy
(8.00 kJ mol~%) and AH7tyy (8.00 kJ mol~1), are in very good agreement.

Entropy values for the molecules are found to be negatlve suggesting the presence
of the cooperative process [18].

a-Benzyl Benzyl Cyanide (C)

Having obtained the distribution parameter o« in the range of (0.15-0.21)
and the most probable relaxation time 7oy as 56.7 p.s. at 288° K, the absorption
process has been further resolved by Higasi, Koga and Nakamura method [8] in
terms of the two independent relaxation times and the parameters observed were
7w (=25.6 p.s.) and 7y (=51.6 p.s.) respectively at 288° K. The relaxation time
for the overlapped process has been calculated as ‘ro:}/r(l)r(z) and been found
to be 35.4 p.s. at 288° K.

The dielectric relaxation time associated with the molecular process 7(; was
51.6 p.s. whereas that associated with the internal rotation was 74,=25.6 p.s.
A comparison of the relaxation time values obtained by Higasi’s 1oy 56.7 p.s. and



54 S. K. SAXENA ct al.

Gopala Krishna’s 75 26.6 p.s. method show that 1oy is predominantly due to
the molecular relaxation process whereas 7gx corresponds to the other process pro-
bably arising from the internal rotation of the group. Also 7oy>215k, which is si-
milar to the behaviour observed by MATHUR et al. [19] in the case of some substi-
tuted anilines.

On comparing the relaxation time of this molecule with the relaxation time of
a-Heptyl benzyl cyanide it is found that o4, 7, T and Ty=}tyTe for
the former molecule are longer than for the latter molecules whereas in both the
molecules the substitution at a-position has the same number of carbon atoms but
with different spatial configuration. It is interesting to point out here that in a-Heptyl
benzyl cyanide the substituted heptyl group has seven carbon atoms arranged in
a linear chain whereas in a-benzyl benzyl cyanide the substituted benzyl group
at o- posmon has also seven carbon atoms but arranged in a cyclic form. The dif-
ference in the relaxation time in these molecules may be attributed to the difference
in the geometry of the substituted group.

The enthalpy parameters in response to the relaxation processes 7, and
Ty could not be ascertained due to some irregular variation in these parameters
with respect to the temperature. The other two enthalpy parameters corresponding
to 7oy and tgx are not very accurate. However a comparison shows that AHzgy=>
>AH75x .-

For this molecule also the entropy of activation has been found to be negative.
The free energy of activation evaluated using tgx and 7oy shown in Table IV, and
are different being greater for 1oy than for tgk.

a-Cyano Stilbene (D)

This molecule gives the distribution parameter & — in the range of (0.29-0.25)
and this value decreases with the increase of temperature. 7oy for the molecule has
been found to be 44.2 p.s. at 296° K. Due to the high value of « the dielectric
dispersion has been resolved in terms of two independent relaxation times 7t
and 1. The average relaxation time 7, obtained as the geometrical mean of
T4y and 7, has been found to be 25.7 p.s. at 296° K.

On comparing the relaxation times evaluated using Gopala Krishna method
and Higasi method it is found that toy=>7gx. Similar observations have been made
by KrisHNAIJI et al. [20]. Lower value of 75 as compared to 1oy is probably due.
to the fact that in the evaluation of 75k it has been assumed that the molecule
follows single Debye type dispersion and the Cole-Cole’s distribution parameter
o is zero or nearly zero.

The enthalpy of activation corresponding to the various modes of rotation
have been evaluated and the value 11.9 kJ mol~* for. AHz(, corresponds to those
for the molecular rotation - AHtgy (10.6 kJ mol~1) and AHtgx (9.6 kJ mol™?)
giving the most probable enthalpy values observed for the average dispersion and
are comparable to one another. AHt, (1.7 kJ mol~?!) corresponding to the dis-
persion occurring from the process other than the molecular one, is too low and can
not be predicted to be due to the internal motion of the group. However, it could
be said to have arisen from some segmental motion of the longer group.
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MN3YYEHUE JUOJIEKTPHUYECKUX ITOTEPH B HEKOTOPLIX
o-3AMEIMEHHBIX BEH3UJIINMAHNIOB B PAZBABJIEHHBIX PACTBOPAX

C. K. Cakcena, II. K. Mucpa, H.10 Myknau M. I. Caxcené

Vi3yueHbl AU3NEKTPUYECKHE TOTEPH [Nsl YETHIPEX a-3aMeIleHHbX OGemzumumamunos. HaGmo-
I@EMBIC 3HAYEHMS €Y IOCTATOYHO BUCOKH, YTO YKA3BIBAET HA HAMYHE HE OAHOTO PENAKCALMOHAOTO
MPOIECCa B CUCTEME, HOCSIIAX MOJIEKY IAPHBI ¥ JPYroi xapaktep. CHenaH BEIBOA, 4TO MUIIEKTPH-
yeckasi peTaKkcalMs OTHOCHTCS KaK K MOJIEKYIAPHBIM, TaK H TPYIIOBBIM IPOLIECCAM.
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XVI FLUORESCENCE SELF-QUENCHING OF ANTHRACENE-LIKE
COMPOUNDS BY EXCIMER FORMATION
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Humboldt-Universitit, Sektion Chemie, Bereich Organische Photochemie,
"DDR-104 Berlin, Hessische Str. 1—2,
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Using frontal fluorescence excitation, fluorescence quantum yields are accessible even at large
fluorophor concentrations provided there is total absorption. This allows to determine the quenching
rate constants of fluorescence self-quenching. A suitable method is presented and tested on anthracene
and some of its derivatives (2-Me-, 9-Me-, 9-Ph-), the acridizinium ion and 6,7-benzoquinoline. The
Stern—Volmer plots agree within the experimental accuracy to those obtained for concentration-
dependent fluorescence lifetimes (determined from decay curves and external fluorescence quenching)
Consequently a dynamic mechanism has to be formulated for the self-quenching processes examined.

As opposed to other fluorophors studied, the rate constant of self-quenching for 9-phenyl-
anthracene is appreciably smaller than the rate constant of diffusion. This effect is ascribed to steric
hindrance of excimer formation.

Introduction

Decreasing fluorescence quantum yields with rising concentration, along with
shorter fluorescence lifetimes, are typical for the fluorescence behaviour of many
aromatic compounds [1-5]. Detailed studies showed that self-quenching according
to (1) is caused by the formation of excimers and their deactivation (radiative kF;
non-radiative kf). '

k
ME .
TA* A = > > lany¥
EM
n»A i A n,E E
ke S kg ks Kg
A . A+A

The degree of self-quenching (2) depends on the relationship between the rate
constants of all deactivation steps or excimer formation and their back-reactions.

Pho _ W _ | padgpary : )
of Tt
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@fo; ©* — limit-value of the fluorescence quantum yield at low concentrations
({A]<1-10~°mol I ~?) or in the case of self-quenching.

7¢; 174 — unaffected and affected fluorescence decay time, resp., due to self-
quenching.
For the rate constant of self-quenching kZ4 holds expression (3).
‘ V » k kw,E
fAd — _KmERST 3
kEM+kj"v'E ( )
‘ ky»E — fluorescence decay time of the excimer with
kpE = kpE4KE. 6]

The studies known from the literature of self-quenching of fluorescence are
based on concentration—depencent fluorescence lifetimes [6-8]. To prove that fluor-
escence quenching (1) is purely dynamic, requires to check the validity of (2) to the

effect that plotting of the lifetimes and the fluorescence

gxc quantum yields will give both values the same Stern—

s Volmer plots [2, 3, 9, 10]. However, conventional fluor-

escence observation by right angle excitation does not

Y allow to determine the fluorescence quantum yield at high

- : concentrations owing to the strong filter effect [11, 12]

em b under these conditions of excitation and important
B ’ reabsorption and reemission influences [12, 13]. Recent
Fig. 1. Optical arrangement investigations into the fluorescence behaviour with frontal
in the case of frontal fluorescence excitation [12] show that the reabsorption
fluorescence excitation and reemission effects are stable and correctable for

this geometrical arrangement (Fig. 1). Based on these

results a procedure will be prcsented which enable. ‘he seif-quenchine at rising
concentration to be evaluated on tae basis of the fluorescence quantum yields. -

As can be seen from eq. (3) basically two border-line cases exist for the degree

of self-quenching:
(i) Deactivation cf the excimer is much faster than the back-reactions to 14* and

A (k}'E>kgy). Under these conditions self-quenchmg of fluorescence should
be diffusion-controlled [14].

.8RT
kqAA I kME 4 kdiff = EOOTn . (5)

(ii) The back-reaction kg, is faster than the deactivation of the excimer
(kEM>>k“’ E), In this case (6) the extent of fluorescence quenching depends
in addltlon on the location of the equilibrium (KME=kys/kgy), and it holds (7).

k4 = kume kphE = KMEjpE - (6)
ken .

0= k;A - kdiff_ ’ (7)
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With' reference to the self-quenching of the fluorescence of anthracene (4n)
[2, 4] it is further examined to what extent this:self-quenching is affected by exocyc-
lic. substitution (2-methylanthracene (2-Me-An), 9-methylanthracene (9- Me-An),
9-phenylanthracene (9-Ph-An)) and endocychc substltutlon (acndmmum ion (Az)
6 7-benzoqu1nolme (BQ)). . ,

.E)épérim'ent;a_l ST

The anthracenes used in this study, were commercial products (for purification
see [15]). Acridizinium perchlorate was synthesized according to [16] and 6,7-benzo-
quinoline according to [17]. The solvents were purified by standard procedures [18].

The fluorescence. measurements were made on a MPF-2A spektro-fluorimeter
(Hitachi-Perkin-Elmer) at 298 K under aerobic conditions. The excitation angle
was 30° (cf. Fig. 1). The fluorescence decay curves were recorded by excitation with
a nitrogen laser (1=337.1 nm) using a Boxcar integrator (for details see [19]).-

For the quenching tests [Q]=1:10"1...1.10"*mol /! of quencher were added.
The self-absorption. of the quenchers was in all cases <1% of the ﬂuorophor
absorption intensity at excitation wavelength. . )

For all linear plots, calculations were carried out to adjust for errors in the
straight lines.

Results

For studying self-quenching of fluorescence by frontal excitation there must be
total absorption inside the path length /. This total absorption depends on a mini-
mum concentration ([A]) [12] which does not permit to determine ¢, or an
adequate relative fluorescence intensity 7 1,0 because of the presence of self-quenching.
Consequently eq. (2) has to be apphed in the form of (8).

1 1 kAATfo .
FoIR ®

By plotting the reciprocal relative ﬁuorescence intensities versus fluorophor
concentration, a straight line is obtained, and the quenching rate constant k24 is
<etermined from the quotient obtained from the slope and ordinate section, divided
by the fluorescence decay time, 7}y* (Table I).

Table 1

Fluorescence quantum yields and fluorescence lifetimes
of investigated compounds

. Solvent @50 | P [ns]
An benzene 0.26® 4.3%)
2-Me-An | benzene 0.30 4.8
9-Me-An benzene 0.33 Co52w
9-Ph-An benzene 0.53 5.12
Az methanol 0.52» 4.4
. BQ ) ethanol - 0.62 11.6

*[2];  [20].
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Figures 2-7 show the functions (8) for the studied fluorophors. Linearity is
observed above a given concentration [A],, as expected, whereas below [A4], the
recorded fluorescence intensities are smaller than suggested by the plotted straight
line. This is attributable to the fact that the condition of total absorption inside
I, (Fig. 1) is no longer satisfied for [4]<[A],. This also explains the change of
shape of the fluorescence band in this concentration range, since the otherwise
stable reabsorption effect is becoming weaker, as indicated by the growing intensity
in the short-wave part of the spectrum (Fig. 8).

0.08

(1,)

0.02;

0.2 0.8 1.0
(110 (mol ') ——
'Fig. 2. Relative fluorescence intensity as a function
of concentration (anthracene in benzene)

0.08

0.06
(1)’

002

0.2 T 0.8 1.0
18110 (mol 171y ———

Fig. 3. Relative fluorescence intensity as a function
of concentration (2-methylanthracene in benzene)
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Fig. 4. Relativefluorescence intensity as.a function
of concentration (9-methylanthracene in benzene)

0,06
U, ye

0.2 . 0.8 10
[A]110 (mol ™)

Fig. 5. Relative fluorescence intensity as a function
of concentration (9-phenylanthracene in benzene)

The fluorescence quantum yield ¢f, (Table I) can be assigned to the relative
fluorescence intensity I, obtained by extrapolation. The resultant fluorescence
quantum yields @f are collected as a function of concentration in Table II. The
lifetimes 17 for the fluorophors Az and BQ were calculated from the fluorescence
decay times (Table II). The Stern-Volmer plots according to (2) obtained from these

_concentration-dependent lifetimes, yield straight lines (Fig. 9). From the slope of
these lines the quenching rate constants were calculated (see in Table III).
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Fig. 6. Relative fluorescence intensity as a function
of concentration (acridizinium ion in methanol)
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0.2 — 08 10
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Fig. 7. Relative fluorescence intensity as a function

of concentration (6,7-benzoquinoline in ethanol)

Further the fluorescence lifetimes at different fluorophor concentrations by
quenching with an external quencher Q were determined (9).

s = 1ppgogeaiel ©
s

For An, 2-Me-An, 9-Me-An and 9-Ph-An methyl iodide was used as quencher, for
which case the mechanism (10) holds [23].

440 = (1/";;“_‘5) ~34%1 (. (16)
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Table 11

Fluorescence quantum yields and fluorescence lifetimes (in ns) at different concentrations

An 2-Me-An 9-Me-An 9-Ph-An BQ Az
[4]
[mol 1~1) o) ) W) Cea) wb) ©ooTy
®r s Pr s ¢y s ¢ s ¢y Ty @r
Ia)- I1b)

1-.10-¢ 0.26 43 | 030 48 | 033 52 |053 51 |0.61 115 0.52 44 4.4
1.10-3 025 4.0 | 0.28 4.5 {031 49 | 053 51 ]0.57 10.7 | 0.48 4.1 4.0
2.10-3 023 38 (027 42 |029 46 | 053 50 | 053 98 0.45 3.8 3.8~
5.10-2 020 33 (023 36 |024 38 (052 501043 79 0.38 3.2°33
§.10-3 018 29 (020 3.1 |021 33 |051 49 |035 66| 0.33 2.8 2.8
1.10-2 0.16 2.6 | 0.18 29 {019 3.0 | 051 49 {033 62| 0.30 2525
5.10-2 0.14 0.15 0.16 0.50 0.26 0.25 2.1 241
2.10- 012 19 (013 2.0 |10.14 2.1 | 049 46 (022 42| 0.21 1.8 1.8
4.10-2 008 12 (009 1.3 10.09 14 |046 42 |0.14 26

5.102 0.06 1.0 | 007 -1.1 {007 1.1 |0.44 41 |0.11 2.1

8§-.10-2 10.04 0.05 0.05 0.40

110t 0.04 0.04 0.04 0.38

5101 0.01 0.2

* Calculated from the fluorescence quenching results.
®) Decay times. i

1.0
[+
08 c
a
06
If .
0.4
0.2

3107 (em™)

Fig. 8. Fluorescence spectra of anthracene at diffe-

rent concentrations (frontal fluorescence excitation)

a=5-10"2 mol [, b=2-10"% mol /1,
c=1:10"° mol /!
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Table 111

Rate constants of fluorescence self-quenching k34 for the mvesttgared ﬂuorophors and rate
constants of diffusion (all in 10° I mol-1s-1)

. kg4
I )
Fluorophor Solvent .S ) — Kgyped
An benzene 14.1 14.6 16.0
2-Me-An benzene 13.0 14.0 16.0
9-Me-An benzene 13.6 13.7 16.0
9-Ph-An benzene - 0.8 1.0 16.0
Az methanol 16.8 16.5 16.5 18.0
BQ ethanol 8.9 8.1 9.2

2} Calculated by the fluorescence quantum yields.

®) Calculated by fluorescence decay times.

¢} Calculated by fluorescence lifetimes result from quenching investigations.
4 [21).

, 2 3 4 5
[8)-100 (mot 1)

Fig. 9. Stern—Volmer plots of fluorescence lifetimes as
obtained from fluorescence decay measurements;
for Az in methanol (a) and for BQ in ethanol (b)

The fluorescence of the acridizinium ion was quenched by naphthalene (11) [5, 22].

1A+*+'Qz(2A-...2Q?) —~A+0. an

The values of k;;Q required for interpretation, were determined by means of
fluorescence quenching at [4]=1-10"°mol /! with reference to <, (Table I)
and summarized in Table IV.

The Stern-Volmer plots using the t}-values found by external quenching
are shown in F1g 10. The resultant quenching rate constants k24, using (2), are like-
wise included in Table III.
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Table IV

Rate constants of fluorescence quenching k22 for the in-
vestigated fluorophor/quencher pairs (in 10° I mol—-1s—1)

Fluorophor Solvent Quencher  kge
An benzene methyliodide 6.2
2-Me-An | benzene methyliodide 6.1
9-Me-An | benzene - | methyliodide 5.9
9-Ph-An benzene methyliodide 4.1
Az methanol naphthalene 16.12
2) [22].

2 6 . 8 10 -
[AJ100 (mol 17

Fig: 10. Stern—Volmer plots of fluorescence lifetimes,

_obtained from external fluorescence quenching; for

"An (o a), 2-Me-An (x, b); 9-Me-An (o, c) and 9- Ph An
+ (v, d)inbenzene

Discussion

The linear dependencies obtained between (I;)~! and [4] for [A]>[A], (Figs.
2-7) confirm the validity of (8). This result and the fact that the kp4-values are
identical within the experimental accuracy with those determined from ‘fluorescence
lifetimes (Table I1I) prove the applicability of the approach-by which self-quenching
w1th frontal excitation is studied by means of the fluorescence quantum yield.

-As stated previously, frontal excitation requlres a minimum concentration [4];.
Hence self-quenching can be studied only in- the concentration range (12), which
will be relatively narrow (Fig. 6) with sparingly soluble fluorophors ([4],.cratea 10W).

[A]snturn!ed = [A] [A]t (12)

As a result, the evaluation will be difficult, especially extrapolation [4]—+0- for (8).
By contrast, concentration range (13) can be utilised when evaluating the ﬂuorescence
lifetime. . .

[A]smuraled = [A] > 0. . - - o (13)
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Table III shows that there is good agreement for the values of k74 obtained by the
three methods outlined above. It may be concluded that self-quenching of fluor-
escence is in all cases a dynamic process. Diffusion control is observed in all cases,
apart from 9-Ph-An, as shown by comparing k24 with k4 of the solvents studied
(Table I11). Hence it may be followed that for the compounds An, 2-Me-An, 9-Me-An,
Az and BQ, deactivation of the excimer proceeds at a considerably faster rate than
the back-reaction kg, that is to say, it holds (5). In the case of 9-Ph-An very weak
fluorescence self-quenching is observed which implies that (6) holds here. The relation-
ship kgy>>kp"E may be explained either by steric hindrance of complex formation
because of the twisted phenyl substituent or by the slower deactivation rate of the
excimer as compared to the other fluorophorsV. Investigations which studied the
potential ability to form n-n-molecular complexes [24] have shown a comparatively
small association constant to be typical of the 9-Ph-An in this case. Hence it may be
assumed that steric hindrance of excimer formation caused by twisting of the phenyl
ring relative to the n-plane of the anthracene [28] accounts for the weak tendency
toward excimer formation and concomitant self-quenching. This steric effect is not
observed in methylanthracene. This group, which takes up little space, has no effect
because of the relatively large intermolecular dlstances in the excimer (0.3..
0.5 nm [2])?.

Endocyclic substitutions (A4z, BQ) are observed to have no noticeable inflience
on the rate constant kZ4. Hence it is concluded that the expected destabilization
of the excimer by repulsion (free electron pairs, positive charges) is compensated
by an improved ability of forming excimers or a very rapid deactivation (formation of
photo-dimers, for instance) of the excimer. The favourable position of the endo-
cyclic substitution is of great importance in this context as it does not cause the
meso-positions to be blocked like in N-methylacridinium ion or acridine. This
problem will be discussed in a report to be published later.

* ¥k ¥

We are ‘grateful to Herr M. Nither, Zentralinstitut fiir Optik and Spektroskopie
der Akademie der Wissenschaften der DDR and Herr K. Wilda, Sektion Mathe-
matik/Physik der PH Potsdam, for the determination of the fluorescence decay times.
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NVTU AE3AKTUBAIIU APEHOB 1 TETEPOAPEHOB, XVI.
CAMOTYIIEHVE ®JIVOPECIIEHIIUY COEJVUHEHWUN TUIIA AHTPAI.IEHA
TP OBPA30OBAHMU DKCHUMEPOB

10. Benouz, B. Xenxeas, [I. Kpeiizue

B ciryyae BBHICOKOH XOHLEHTPAILMH (hIyOpeCIMpPYIOIETO BEIECTBA MOXHO ONPEHETATE KBaHE
TOBbIE BHIXOABI (IIYOPECHEHIIMH IIPH OJIHOM NOTIoweHyH. Takum 06pa3oM BO3MOKHO OLNpeNeNeHaa
KOHCTAHT CKOPOCTH camoTyuenus (ayopecueHuur., COOTBETCTBYIOIIAA METOAMKA HPEeACTaBJIeH,
B AaHHOM paCoTe ¥ yCNEeIIHO HCIBITAHA HA NIPAMEPE aHTPAaLeHAa K €T0 NMPOU3BOAHBIX (2-Me-, 9-Mé-
9-P-), MOHa akpUOUIMHMA H 6,7-Oen3xmHosmHa. IlomydyeHHBIE TakMM 00pa3oM COOTHOIICHHA
Hitepra-PombMepa COBNALAIOT B Mpeeaax OUMOKH ¢ KPHBHIMH H3 3aBHCHMOCTH BPEMEHM KH3HH
OT KOHUEHTPaluH (ONpeAesieMEIe H3 KPHBBIX 3aTYXaHHUs $IIyOPeCUEHLMH H TYLICHHA NOCTOPOHHAME
tymurensvu). CIIZOBATENBHO, MOXHO NPEOONIOXKHAT AHHAMHYECKMI MEXaHM3M CaMOTYIICHHS,

KoHCcTaHTa CKOPOCTH CAaMOTYIEHHs 9-heHHIaHTPALEHA B OT/IAYAE OT APYIMX M3YICHHBIX Be-
LIECTB HAMHOT'O MEHbIIE KOHCTAHTHI CKOPOCTH AMbdy3un, 9T0 06BACHAETCA CTEPAYECKAMEA 3a-rpyu-
HEHMAMH NpH 06pa30BaHuH SKCHMEPOB.
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Es wurden AgNaY Zeolithproben von verschiedenen Ag-Gehalten durch Ionenaustausch
hergestelit, und auf Grund der Rontgendiffraktogramme dieser Proben wurden die von den Ag+-
Ionen eingenommenen Positionen bzw. die Reihenfolge der Besetzung der gegebenen lonenpositionen
mit der Strukturfaktoranalyse bestimmt. Die von Verfassern ausgearbeiteten Rechenprogramm
ist fir die Auswertung der Rontgendiffraktogramme jedes Zeolithes des Faujasite-Typs geeignet.

Einleitung

Die katalytischen Eigenschaften der Zeolithe werden entscheidend durch Art
und Menge der darin befindlichen Kationen beeinfluft. Von groBer Wichtigkeit
sind deshalb einerseits die Untersuchung des Ionenaustauschvermogens, anderer-
seits die -Analyse der Verteilung bzw. Anordnung der darin befindlichen Kationen.
Was die erste Frage betrifft, so ist heute schon sehr viel iiber die Bedingungen des
Austauschs einwertiger Kationen bekannt, und auch der Austausch der sich wesentlich
komplizierter verhaltenden mehrwertigen Kationen ist zu kontrollieren und zu
steuern. Man kann sagen, daB das Ionenaustauschvermdgen im wesentlichen als
geklart angesehen werden kann [1].

_ Der zweite Problemkreis, die Frage der Anordnung (der in der Elementarzelle

eingenommenen Positionen) der Kationen ist in vielen Fillen noch nicht geklirt,
und in vielen Teilfragen weichen die Meinungen der einzelnen Autoren voneinander
ab. VerhiltnissméBig wenig Kenntnisse haben wir iiber die sich in den eine kompli-
zierte Struktur aufweisenden Faujasiten abspielenden Ionenaustauschprozesse.
Dariiber wird auch heute noch gearbeitet, siche z. B. [2]. In Tab. I sind die fritheren
Ergebnisse iiber die Anordnung von durch Ionenaustausch in Y-Zeohth eingebrachten
Kationen zusammengefafBt.

Zur Bestimmung der Positionen der sich in der Kristallstruktur der Zeolithe bzw.
in den Hohlrdumen des Zeolithgitters befindlichen austauschbaren Kationen ist die
rontgendiffraktometrische Methode am geeignetsten. Die am Einkristall aufge-
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Tabelle 1
Verteilung der Kationen in der Elementarzelle von Zeolithen des Y-Types
Kationenpositionen Na+ K+ Ag* Cut+ Nit+
symbol anzahl - (3] [4] [31 (5] {6}

S 16 7,5 12 16 3,4 12
S, 32 i9,5 14,2 10,7 10,4 1,1
Su- 32 — — — — —
Su 32 30 30 28,3 21 Na 21 Na

nommenen Diffraktogramme liefern verhéltnisméBig viele und genaue Informationen.
Die Zeolithe des Y-Typs sind jedoch mikrokristallin, und nur in Ausnahmefillen
lassen sich solche Einkristalle erhalten, deren AusmaBe fiir Rontgeneinkristall-
untersuchungen ausreichend sind. Somit kommt bei der rontgendiffraktometrischen
Untersuchung von Zeolithen der Pulver-aufnahme-Technik eine besonders grofle
Bedeutung zu {7, 8].

In der vorliegenden Arbeit haben wir den Versuch unternommen, auf Grund
der Pulverdiffraktogramme von Zeolithen des Y-Typs mit verschiedenen Ionen-
austauschgraden durch Strukturanalyse die Reihenfolge des Einbaus von Kationen
und den Besetzungsgrad der Jonenpositionen zu bestimmen.

Wir haben den Eintausch von Silberionen untersucht. Die Wahl dieses Ions
ist durch mehrere Umsténde gerechfertigt: alle Kationen des NaY sind durch das
einwertige Ag*-Ion austauschbar und der Austausch verlduft mit ausreichender
Geschwindigkeit. Der Eintausch von Ag*-Ionen ist auch hinsichtlich der réntgen-
diffraktometrischen Untersuchung vorteilhaft, da der atomare Streufaktor verhilt-

- nismaBig groB ist.
Herstellung der AgNaY-Proben

Bei der Herstellung der Zeolithe mit vershiedenen Silbergehalten wurde von
einem aus der Sowjetunion stammenden NaY-Zeolith ausgegangen, der von L. 1.
Piguzova (Inst. Neft. Prom., Moskau) synthetisiert wurde. Aus roéntgenmikro-
analytischen und réntgenfluorescenzspektroskopischen Daten wurde die Zusammen-
setzung der Elementarzelle zu

Naggy Cag 5(Ti, Fe, K)o,26Alg0,7S1151,3 0584 - 256 H,O,
berechnet. .

Der Austausch der Nat-Ionen des Ausgangszeoliths gegen Ag+-Tonen wurde
nach BEYER [9] auf folgende Weise ausgefiihrt: je 10 g NaY-Zeolith wurden einen -
Tag mit 1000 ml einer 0,1 N, 0,05 N, 0,02 N, 0,08 N bzw. 0,003 N AgNO,-Losung
dquilibriert. Die Proben wurden danach durch ein Glasfilter filtriert und mit dest.
Wasser bis zur Agt-Ionenfreiheit gewaschen, durch Durchsaugen von Luft ge-
trocknet und bis zur Verwendung im Exsikkator iiber Schwefelsiure aufbewahrt.
Die Silberkonzentration der Filtrate wurde nach der klassischen Volhard-Methode
bestimmt und daraus der Gleichgewichts-Silbergehalt der Zeolithproben berechnet.
Es wurden die in Tab. II angefithrten AgNaY-Zeolithe erhaiten. Mit diesen Proben
wurden die rontgendiffraktometrischen Untersuchungen ausgefiihrt.
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Tabelle 11
* Silbergehalt der Zeolithproben

mval Ag+/g Agtpro Ionenaus-
- Probennummer hydraus_lerter Elcmcmarzelle tauschgrad
Zeolith
1 0,0 0,0 0,0
2 0,267 4,66 7,7
3 0,714 12,5 20,5
4- 1,59 27,7 46.7
5 2,73 47,6 78,5
6 3,10 54,1 89,1

Aufnahme der Rontgendiffraktogramme

Die Diffraktogramme der.Zeolithproben wurden mit einem Phillips-Pulver-
diffraktometer im Bereich 20=3°—-54° Dbei cine Registriergeschwindigkeit von
1°/min aufgenommen. Die Breite (Divergenz) des Strahlenbiindels betrug 1°. Die
Untersuchungen wurden mit Cu-K,-Strahlung ausgefiithrt (1=1,5418 A) [10).

Die aufgenommenen lefraktogramme zeigten etwa 40 Reflexionen, aus denen
nach der Methode der kleinsten Fehlerquadrate die Parameter der kubischen Ele-
mentarzelle berechnet wurden. Es wurde festgestellt, dal der Austausch gegen
Silberionen keine Verdnderungen der Elementarzellengréfe zur Folge hat, die fiir die
in Tab. II. gngefﬁhrten sechs Zeolithproben erhaltenen Werte streuten um den Wert
a=24,681

Zur Bestimmung der Positionen der eingebauten Silberionen wurde die Intensitit
der einzelnen Reflexionen durch graphische Integration bestimmt. Diejenigen
Reflexionen, denen eindeutig nur ein einziger Gitterebenen-Index zuzuordnen war,
sind in Tab. IIT angefiihrt, wo die Werte I, die mit 1000 multlphz]erten auf Iy,
bezogenen gemessenen Intensititen I,,, bedeuten.

Berechnung der Strukturfaktoren

Die Strukturfaktor-Analyse wurde gemaB der fir Pulveraufnahmen gultlgen
Gleichung

I~ LpPAFJ?
ausgefiihrt, in der
1+cos?20 . -
Lp= a0 " der trigonometrische Faktor,
P: die Multiplizitdt,
A der Absorptionsfaktor,
F: der Strukturfaktor,
~ ’ das Proportionalititszeichen
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Tabelle 11T

Intensititen und Strukturfaktoren der gemessenen Reflexionen
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Die Bestimmung des Absor-
ptionsfaktors ist ziemlich umstin-
dlich, aber sein Wert dndert sich
unter den gegebenen Bedingungen
praktisch nicht. Diese GréBe wurde
deshalb — als konstanter Propor-
tionalitdtsfaktor — bei den Bere-
chnungen nicht beriicksichtigt. Die
Werte fiir Lp und P wurden dem 1.
und 2. Band der International Tab-
les entnommen [11]. Die Werte der
gemessenen  (relativen) Struktur-
faktoren konnten damit auf Grund
der Gleichung

I
_ 3 rel
Fom =10 VLpP

erhalten werden (s. Tab. III).

Die zu den einzelnen Kristall-
gitterebenen gehorenden Struktur-
faktoren sind auf Grund der Fou-
rier-Analyse nach der Gleichung

N 2 N 2
[Fual? = [;;ann] + [ ;;./;xBn)
zu berechnen;

f.: Streukoeffizienten der einz-
elnen Atome,

A,; B,: trigonometrische Struktur-
faktoren,

N: Anzahl der Atome in der
Elementarzelle.

Die Streukoeffizienten sind auf
Grund des Zusammenhanges

Jo =flexp (—bsin?0/A?)

zu berechnen. Der Temperaturkoeffi-
zient b ist nicht streng konstant. In
erster Niherung ist er zwar als
konstant zu betrachten (b=35), aber
im Rechenprogramm tritt er als
Verédnderliche auf.
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Die Werte fiir £ wurden den International Tables entnommen [12]. Die
Streukoeffizienten fiir die Silber-, Natrium- und Sauerstoffatome waren direkt
" in Abhdngigkeit von 0 angegeben, die Werte fiir die 7-Atome wurden entsprechend
dem Si/Al-Verhiltnis aus den Streukoeﬂiznenten von Silicium und Alummlum
durch Interpolation erhalten. -

Die trigonometrischen Strukturfaktoren sind Funktionen der (4, k, /) Indizes
und daneben auch der die Position der einzelnen Atomarten bestlmmenden (Xs ¥ns Zn)
— kurz: (x, y, z) — Koordinaten. ITm Falle der fiir die Struktur der Zeolithe des
Faujasit-Typs charakteristischen Raumgruppe Fd3m gilt:

)
A, = 8c0522n£1i-cos22n ﬁ:—@ und B, =0,

wobei G die trigonometrische Funktion von (x, y, z) und (h, k,I) bedeutet [13].

~ Rechenprogramm

Unter Verwendung der voranstehend angegebenen Beziehungen der Struk-
turfaktor-Berechnung wurde ein Ld&sungsalgorithmus und ein entsprechendes
FORTRAN-Rechenprogramm aufgestellt. Die  Berechnungen wurden mit dem
Computer CDC 3300 ausgefiihrt.

Im INPUT-Teil wurden nach der Eingabe der Zahl der Reflexionen R und
der Atomarten M bzw. der Atome N die (hkl)-Indizes fiir r=1, ..., R und die
Streukoeffizienten (m=1, ..., M) eingegeben, und anschlieBend noch die Bezeich-
nung der Atompositionen fiir n=1,.., N, die laufende Nummer der Streu-

Tabelle IV
Die in der Elementarzelle von Zeolithen des Faujasit-Typs vorliegenden Atome und Positionen
Zahl der Oriskoordinaten [8]
Laufende Bezeichnung des Atoms Positionen in
Nummer bzw. der Position . der Elementar-
. zelle x ¥ z
1 T Si, Al 192 0,0380 . 0,3050 0,1244
2 01 192 0,0000 —0,1040 0,1040
3 02 192 0,0020 —-0,1410 0,0020
4 03 - 192 0,0780 —0,0360 0,0780
5 04 192 0,0720 0,3250 0,0720
6 OWwW1 H,0 .96 0,0190 —0,2310 0 ,2690
7 OW2 H,0 96 0,0420 —0,2080 0 3320
8 Nal 96 0,0000 0,0000 0,0000
9 Na2 . 32 0,0710 0,0710 0,0710
10 Na3 32 0,2120 0,2120 0,2120
11 " Agl=S8, 16 0,0000 0,0000 0,0000
12 Ag2=S,. 32 0,0710 0,0710 0,0710
13 Agi=Sy . 32 0,2120 0,2120 0,2120
14 Agd=S; 32 0,2460 0,2460 0,2460
15 Ag5=Sy 32 0,1770 0,1770 . 0,1770
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Tabelle V
Berechnete Strukturfaktoren
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koeffizienten und die (x, y, z)-Ortskoordi-
naten. Die fiir die Berechnungen benutzten
Daten sind in Tab. IV angegeben.

Die Strukturfaktor-Matrix hat die
AusmaBle NXR. Die Elemente bedeuten
die der Reflexion der laufenden Num-
mer r zuzuschreibenden Strukturfaktor-
Beitrige des in der n-ten Position, also
auf den (x,, y,, z,)-Plitzen befindlichen
Atoms. Die Berechnung erfolgt in einem
Doppelzyklus: innerhalb des Zyklus
r=1, ..., R wird die Operation F,=f, A4,
auf Grund der voranstehend angegebenen
Zusammenhidnge (B=0) fiir jeden fest-
gelegten (hkl)-Index und n=1, ..., N aus-
gefiihrt. Das Programm bewahrt die
Strukturfaktor-Matrix auf.

In Tab. V sind die die Grundlage fiir
die Modellierung darstellenden Struktur-
faktoren zusammengefaf3t. Das Rechen-
programm speichert selbstverstindlich die
Strukturfaktoren F, fiir jede Atomart
und jede Position gesondert, aber der
Ubersichtlichkeit wegen wurden die Beit-
rage der T-Atome und der verschiedenen
Gittersauerstoffatome in Fg;ye,, die Beit-
rdge der Sauerstoffatome der Wassermo-
lekiile in  Fy,., und die Beitrdge der
in drei verschiedenen Positionen vor-
liegenden Na-Ionen in Fy, zusammenge-
faBt. Die Summe aller dieser Beitrige
enthidlt Fy,y. :

Die Modellierung des Austauschs der
Silberionen erfolgte so, dafl bei gleich-
zeitiger Verminderung des . Besetzungs-
grades der Na-Positionen damit dquiva-
lente Mengen von Ag¥-Ionen auf die S
potentiellen Positionen durch Erhéhung
der Besetzungsgrade ,,gebracht® werden.
So werden nach der Berechnung der Struk-
tur faktor-Matrix auf einer einzigen Karte
N Besetzungsgrade eingegeben, und das
Programm berechnet fiir jede Reflexion
den Strukturfaktor F,, = >'F,. Diejenige
Besetzungsgrade-Kombination wird als
real akzeptiert, bei der die Werte F,.,
und F,., fiir jede gemessene Reflexion

ger

praktisch gleich sind.
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Ergebnisse und Schilufifolgerungen

Abb. 1 illustriert die Ergebnisse und zugleich auch das Verfahren. Die ersten
Kolonnen reprisentieren die gemessenen Strukturfaktoren, die zweiten bzw. dritten
Kolonnen (einfach schraffiert) die Strukturfaktoren eines gelungenen bzw. offen-
sichtlich schlechten Modells. Die H6he der mittleren (unschraffierten) Kolonnen
folgt gut der Hohe der aus den MeBdaten berechneten (doppelt schraffierten) Kolonnen,
nur bei der (733)-Reflexion ist eine geringe Abweichung festzustellen. Die Hohe
der dritten Sdule weicht dagegen in vier Fillen — bei den Reflexionen (220), (311),
(440) und (444) — deutlich von den gemessenen Werten ab und ist auch bei den
Reflexionen (840) und (664) zu beanstanden.

RN RN AR NN A

Strukturfaktoren

My gL b : 1 BH BA
(111) (220) (3M) (331) (440) (620) (533 (444 (642 (733) (B4O) (664) (931)

Reflexionen (hkl)

Abb. 1. Der Vergleich der gemessenen Strukturfaktoren (doppelt

schraffierte Kolonnen) mit der berechneten Strukturfaktoren eines

gelungenen (unschraffierte Kolonnen) bzw. offensichtlich schlechten
(einfach schraffierte Kolonnen) Modells

Dieses herausgegriffene Beispiel zeigt, daBl die Silberionen bei vollstindigem
Austausch alle 16 S-Positionen der Elementarzelle des Faujasits einnehmen. Die
Ergebnisse der Modellisierung der iibrigen Proben fithrten zu der Schlufifolgerung,
daB die S;-Positionen schon bei geringeren Austauschgraden besetzt werden. Die
Silberionen nehmen sogar — unabhéngig vom Silbergehalt — S;-Positionen ein,
solange das prinzipiell moglich ist, und erst danach werden die weniger bevorzugten
S~ bzw. S;-Positionen besetzt. Diese Tendez stellt sich auch bei dem Vergleich
der in Abb. 2 dargestellten MeBergebnisse und der in Tab. V angegebenen gemessenen
Strukturfaktoren heraus. :

Aus der Abbildung ist zu ersehen, daBl die (840)-Reflexion in Abhingigkeit
vom Silbergehalt anfangs stark, danach langsamer ansteigt und schlieBlich abnimmt,
was in Ubereinstimmung mit den Werten der Tabelle ist: der berechnete Wert
Fnay ist eine groBe positive Zahl, und wenn der zunédchst ebenfalls grole Wert
Fyp1 hinzukommt, so ist eine groBere Erhohung zu erwarten, spiter dagegen
— wenn der kleinere, positive Wert von F,z, hinzukommt — eine geringere Erh6hung.
SchlieBlich ist auch die Abnahme verstandlich, da F,g negativ ist. Die (533)-
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Reflexion nimmt anfangs — die MeBunsicherheiten in Betracht gezogen — nicht zu,
da F AgL eine kleine positive und FMlY eine grofle negative Zahl ist, spiter aber
nimmt sie stark zu, da F,,, ebenfalls eine groBe negative Zahl ist. Am Ende schlieB-
lich fallt die Kurve ab, da F,,, positiv ist.

0:(533)
V:(840)
A:(440)
0:(331
Q:(220)

Strukturfaktoren

-0 10 20 30 40 50 60
Ag/Elementarzelle

Abb. 2. Die Abhingigkeit der aus den MeBdaten berechneten
Strukturfaktoren vom Ag*-Gehalt des Zeolithes

Die Abnahme der Reflexionen (220) und (331) mit steigendem Silbergehalt sind
auf dhnliche Weise erklarbar. Was das Verhalten der (440)-Reflexion betrifft, so ist
die Abnahme versténdlich, da Fy,y negativund alle F,, positiv sind, aber daneben
ist auch der einen geringen Anstieg aufweisende mittlere Teil der Kurze zu erkliren,
da F,, ein sehr kleiner Wert ist.

Diese qualitativen Erwédgungen kénnen noch verfeinert werden, wenn auch die
Strukturfaktoren der im Verlaufe des Austauschs eliminierten Na-Ionen beriick-
sichtigt werden. Die geringeren Anomalien dagegen lassen sich auf die Unsicherheit
der Positionen des stets zugegenen Wassers zuriickfiihren.

Die Modellierung kann nach der Berechnung der vollstindigen Strukturfaktor-
Matrix sehr schnell, also in groBer Zahl ausgefithrt werden, nur eine verniinftige

. Vorgabe der Besetzungsgrade der Ionen-positionen ist erforderlich. Unserer Meinung
nach sind rontgendiffraktometrische-Untersuchungen von entsprechend vorbereitetem
Versuchmaterial (Zeolithproben) geeignet, mit Hilfe gut durchdachter Modellierungs-
reihen auf zahlreiche solche ungeklérte Fragen Antwort zu geben, die bei.der Unter-
suchung der Ionenaustauscheigenschaften von Zeolithen, insbesondere hinsichtlich
der von den Tonen eingenommenen Positionen, auftauchen.
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U3VYEHWE PEHTTEHO-AU®PAKIIMOHHBIM METOJOM BHEIPEHUS
VIOHOB CEPEEPA B IIEOJIUTHI TUTIA V.

K. Bapea, H. Kupuuu u Jo. Apzau

ApTops! IpAroToBMIE 06pa3uel AgNaY HeonuTOB ¢ pPa3iHYHbIM COACPKaHHEM cepedpa i Ha Oc-
HOB3HMM PEHTTEHO-THPAKTOTrpaM C OPHMEHEHAEM CTPYKTYPHO-(DAKTOPHOTO aHAM3a YCTAHOBHIIH
MecTa K OYEPEAHOCTEL BHeApeHus mOoHOB Ag*. Paspaboraunas aBTopaMu mporpaMma mjis OBM
NpATOAHA OISt pacyeTa ZAGpPaKkTorpaM mobux ¢ays3dTHOIO THIIA LUEOHTOB.
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From substituted 2-aminopyridines and ethyl-(2-cyclopentanone- or 2-cyclohexanonecarboxy-
lates), 7-, 8- or 9-carboxylic acid derivatives of 2,3-trimethylene- and tetramethylene-4-oxo-pyrido-
[1,2-alpyrimidine were synthesized using polyphosphoric acid or phosphortrichloride-oxide and
polyphosphoric acid mixture as condensing agent.

The 4-oxo-pyrido[l,2-a]pyrimidines, their synthesis, chemical and pharma-
cological behaviour have been the subject of our extensive study for more then ten
years [1, 2). The compourds excelled in analgetic activity. One of them, “Probon”’
(1) has since been introduced in Hungary, as a new analgetic.

Cr CHys0P
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1

=* For previous parts of this Series, see: Part XI: F. Fiilop, I. Hermecz, Z. Mészaros, Gy. Dombi,
G Bernath J. Heterocyclic Chem. 16, 457 (1979), Part XII: G. Bernath, F. Filop, Gy Jerkovich,
P. Sohar: Acta Chim. (Budapest) 101, ... (1979), in press; Part XIII: P. Sohar, L. Gera, G. Bernath:
Organic Magnetic Resonance, in press; Part XIV: L. Gera, G. Bernath, P. Sohar: Acta Chim.
(Budapest), in press; as part XV is regarded: B. Ribar, A. Petrovi¢, Gy. Goéndés, G. Bernath:
Cryst. Struct. Comm. 8, 671 (1979). The parts XXXIX—XLIII of the Series ,,Stereochemical
Studies”, G. Bernath, A. Kalman et al., Cryst. Struct. Comm. 9, (1980), in press are also considered
to be Parts XVI—XX of the Series ,,Saturated Heterocycles”.

** Present address: Institute of Pharmaceutical Chemistry, University Medical School, 6720 Szcged,
Eo6tvds u. 6, Hungary.
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In our previous publication [3] we reported the synthesis and some chemical
reactions of the 2,3-polymethylene-derivatives (2) of the 4-oxo-pyrido[l,2-alpy-
rimidines. The substituents of 2 (n=1-—4) were: alkyl, hydroxyl, nitro, and
halogen. According to the expectation, most of the derivatives had considerable,
and some of them significant analgetic activity [4]. In the case of n=2, compounds
2 comprize the pyrido[2,1-b]quinazoline ring, which is a frequent and essential
structural element of some plant alkaloides [5].

9

. R
= NH, Y 8 AN
| PPA or
R + (CHY)A ———> (CH)n
. N ELO-C T UPOCPPA TR
i 6
0o 0 .
R= COOH, COOEt, n=1,2 . 3 a-h

CONH,

As a continuation of the previous work, here we give an account on some
new derivatives of 2, in which the pyridine ring bears carboxy-group substituent.
These compounds may possibly also be of biological interest. Recently some pyri-
do[2,1-b]quinazolin-carboxylic acids, with aromatic “C’ ring, have been repor-
ted [6-8] to exhibit significant antiallergic — first of all antiasthmatic — effect,
and they showed activity — in contrast to “Intal”” — also after oral administration.

In the synthesis we started from the corresponding substituted 2-amino-
pyridine and alicyclic ethyl f-keto-carboxylates (the ring size of the esters was
5 and 6). The carboxy-substituted 2-amino-pyridines, not available commercially,
were prepared by known methods [9-11]. The condensation reaction was carried
out by either the method of SHUR and ISRAELSTAM [12], using polyphosphoric acid
(PPA), or by the method reported by MESZAROS et al. [1], using phosphortrichloride-
-oxyde and polyphosphoric acid mixture (POCl,—PPA) as condensing agent.
Independent of the size of the alicyclic ring of the §-ketocarboxylate, both methods
were appropriate for the preparation of the pyrido-pyrimidines, although the PPA
method proved to give better yields and purer products in this case. The yields are
shown in Table I. :

The resulting pyrido[1,2-a]pyrimidines (3a-h) are insoluble in water. The esters
dissolve readily, while the carboxylic acids and the amides are rather insoluble in
common organic solvents. The structures were proved by elementar analysis and
by spectroscopic methods. The data of the elementar analysis and the UV and IR
characteristics are given Tables I and II, respectively.

Some reactions of the carboxyl group of the 7-substituted 2,3-tetramethylene
derivatives were carried out. The 3c ester and the 3d amide were hydrolysed into
the 3b carboxylic acid in a 2% aqueous hydrochloric acid solution at 100° C. The
3d carboxylic acid was converted into ester in good yield, in boiling ethanolic
hydrochloric acid solution and the carboxamide 2d was formed quantitatively from
the ester on the effect of methanolic ammonia solution. -



Table 1

Physical characteristics and analytical data for compounds 3a-h

Formula, M. p. (°C) Analysis (%) Cald./Found Yield (%
Compound R Molecular Solvent for
weight recrystallization c | H | N PPA POCI,-PPA
3a 7-COOH C.H; N0y 325 62.60 4.38 12.17 55 40
230.22 DMF 62.74 4.46 12.06
3b 7-COOH Cy13H,:N, O3 255-258 63.92 495 51 44
244.24 ethanol 63.84 ~5.00 ’
3c 7-COOEt CsH 4N, 0, 100-102 66.16 5.92 67 49*
272.29 ether 66.20 6.02
3d 7-CONH, CleaNaOz} 313-315- 64.18 5.39 17.28 41
243.26° DMF 64.22 5.61 17.01
3e 8-COOEt CisH 1N, O, 92-93 66.16 5.92 81 520
272.29 . ether 66.24 5.81
3f 9-COOH C1H oN: O3 189-193¢ 62.60 4.38 12.17 48°
230.22 ethanol 62.56 4.44 12.30
3g 9-COOH C,sH;,N, 04 202-204 63.92 4.96 11.47 46
- 24424 ethanol 63.96 4.96 11.59
3h 9-COOEt C:H,6N,O4 143-144 66.16 5.92 63
272.29 ethanol 66.20 5.87

¢ Under decomposition

® The reaction mixture was treated with ethanol '

¢ Lit. [13] m.p.:

191-3 °C, yield: 58%

IXX STTOAD0YILIH QILVINLVS
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N
@4 l _E4OH, HCl_
o
HooC” N 50 100°C 000\

0
3b 3¢
Hy0
H20 1v|”00°c 100°C lNH3/CH3OH

{ |

o0 00
HOOC Lo HZNOC/ . N
4 ' 3d

‘ The compounds 3a-h are weak bases. The hydrochlorides could only be prepared
from the ester derivatives, while those of the carboxylic acids and the amides —
though they could be prepared —, the parent bases were deliberated under the con-
ditions of the recrystallization.

.Table I
UV and IR characteristics of compounds 3
Compound R n UV Absorption Maxima (log &) [am] IR v ay (cm~1)
3a 7-COOH 1 344 (—) 236 (—) 1720, 1695
3b 7-COOH - | 2 344 (2.99) 235 (3.28) 1725, 1695
3¢ 7-COOEt 2 345 (4.08) 238 (4.43) 1730, 1685, 1500
3d 7-CONH, 2 344 (—) 235 (—) : 1685, 1495, 1450, 1415
3e 8-COOEt 2 370 (3.89) 264 (4.07) 1730, 1670
3f* 9-COOH 1 335 (3.97) 268 (4.14) 262 (4.13) | 1725, 1695, 1585
3g 9-COOH 2 330 (3.93) 260 (5.05) 1730, 1695, 1595, 1490
3h 9-COOEt 2 336 (4.00) 259 (4.08) 1735, 1670, 1485

* Lit [13] IR (in CDC];,) v 1700—2500 (broad s5), 1720-1670 (broad s), 1575 (s), 1530 (s)
1500—1415 (broad s) cm~—

The pharmacological behaviour of the compounds is under investigation [14].

Experimental

Melting points were determined on a Boetius apparatus, and are uncorrected.
The IR spectra were taken in KBr pills with a Unicam SP 200 spectrometer. The
UV spectra were recorded in ethanolic solution on a Unicam SP 800 spectrophoto-
meter.
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2,3-Tetramethylene-4-oxo-pyrido[ 1,2-a Jpyrimidine-7-carboxylic acid (3b)

a) in PPA:

3.4 g (20 mmol) of 2-Carbethoxycyclohexanone and 2.76 g (20 mmol) of 6-amino-
nicotinic acid were stirred and heated in 20 g of polyphosphoric acid, on a water
bath for 1.5 hrs. Than the hot reaction mixture was carefully diluted with 10-20 ml
of water, and neutralized under cooling with a 10% aqueous ammonia solution.
After 1 hr of standing, the resulting crystals were collected, washed with water
and dried. The product (2.5 g, 51%) was crystallized from ethanol.

Compounds 3a, c-h were obtained similarly. For yields and melting pomts
see Table 1.

b b) in POCly—PPA mixture:

2-Carbethoxycyclohexanone (3.4 g, 20 mmol) and 6-amino-nicotinic acid (2.76 g,
20 mmol) were heated and stirred in a mixture of phosphortrichloride-oxyde (5.6 ml,
60 mmol) and polyphosphoric acid (1.4 g) on a water bath for 1.5 hrs. After the cease
of the hydrochloric acid evolution, ice-cold water was dropwise added to the hot
reaction mixture, and it was afterwards neutralized with 10% aqueous ammonia
solution. After 1 hr of standing the resulting crystals were collected, washed with
water and dried. The product (2.15 g, 44%) was crystallized from ethanol. The
product showed no melting point depression with the sample obtalned in the PPA
ring closure.

Compounds 3a, ¢, e were prepared similarly. For yields see Table 1.

Ethyl 2,3-tetramethylene-4-oxo-pyrido[1,2-a ]j)yrimidine-7-carboxylate 3¢)

1 g of 2,3-Tetramethylene-4-oxo-pyrido[1,2-a]pyrimidine-7-carboxylic acid (3b)
was refluxed for 3 hrs in a 20% ethanolic hydrochloric acid solution. The solution
was evaporated, the crystalline residue was dissolved in 20 ml of water, and neutralized
with saturated aqueous sodium hydrocarbonate solution. The resulting yellow
crystals (0.92 g, 82%) were crystallized from ether, m.p.: 99-101 °C. The product
did not show melting point depression with the ester 3c obtained in the PPA or
POCI;—PPA ring closure.

2,3-Tetramethylene-4-oxo-pyrido[ 1,2-a |pyrimidine-7-carboxamide (3d)

1 g of Ethyl 2,3-tetramethylene-4-oxo-pyrido[1,2-a]lpyrimidin-7-carboxylate (3c)
was dissolved in 10 ml of saturated methanolic ammonia solution. The amide (3f)
started to precipitate in 10 minutes. The reaction mixture was left overnight. The
crystals were collected (0.84 g, 94%), and purified by crystallization from dimethyl-
formamide to obtain pale yellow crystals, m.p.: 312-5°C. The product did not
show melting point depression with the corresponding amide obtained by the PPA
ring closure. .

6*
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HACBINEHHBIE TETEPOLIMKBI. XXI.
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TUYECKOU AKTHUBHOCTBIO
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