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'EIN WEITERER BEITRAG ZU DEN QUANTENMECHANISCHEN
UNTERSUCHUNGEN DES WASSERSTOFFMOLEKULS

Von

F BERENCZ

Insmut fir Theoretische Physik der Jozsef-Attila- Universitit
: . Szeged .

.( Eingegangen am 15. Dezember 1973)

Es wurde die Elektronenergle des tiefsten angeregten 1525 21X -Zustandes des Wasserstoffmole-
kiils der Annahme gemiss berechnet, dass sie einer (1,20 )-Bahn—Konﬁguratlon entstammt und
bei dem angeregten 20,-Zustand auch die Hybride der 2s- und 2p-Zusténde erlaubt ist.

In einer friiheren Arbeit [1] wurde die Elektronenenergie des tiefsten angeregten
152512} -Zustandes des Wasserstoffmolekiils der Annahme gemiB berechnet, daB-
sie einer (lo,26,)-Bahn- Konﬁguratlon entstammt, d.h. einer solchen Konﬁguratlon ‘
bei welcher sich das ersté Elektron im Grundzustand und das zweite Elektron im
angeregten Zustand befindet. Demgemil haben die Molekiilbahnen der einzelnen
. Elektronen nach der LCAO MO-Methode die folgende Gestalt:

Lo,(1) = s+ Lss OYV2A TS, O
| 20,2) = 25, + 25, QVVZA+ S, @
e S, = lisgliss), i=1,2, 5 3)

‘und is, und ispy die Wasserstoffeigenfunktionen der is-Zustinde sind. ‘Die Eigen-
funktion des 1s2s1X}-Zustandes des Wasserstoffmolekiils nimmt also die folgende
Gestalt an:

' lﬂ = lo (1)2%(2) V—(Oﬁﬂo 0!2/31) ©)

Auf Grund der Molekilbahn von (4) erhielten wir als Elektronenergle 068086
atomare Einheit.

In einer folgenden Arbeit [2] erweiterten wir die Moleku]bahn von (4) durch
den Korrelationsfaktor (1+prys) und mit der korrelatlonsmaﬁlgen Molekiilbahn
von der Gestalt

ll/Korr = 10'9(1)20' @a +P"12)7‘(‘11ﬁ 'xzﬁl) : (5)

ergab 51ch fur die Elektronenergie der Wert 0,70221 atomare Einheit.

R. S. MULLIKEN [3] und G. HERZBERG [4] haben aber darauf hingewiesen, daB '
bei dem angeregten 2¢,-Zustand auch die Hybride der 2s- und 2p-Zustéinde erlaubt
ist. DemgeméB kann die Ndherungsfunktion von folgender gestalt angenommen
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werden:

Ymn = lo'g(l)20g(2) V——(“lﬁz a2B1)s ©)
wo.
q 264(2) = {[254(2) +255(2)] + A2P4(2) + 2p5 (2)]}/ V2[A+8) +22(1+S3), (7
un :
= (2p4|2ps); : ®

2p4 und 2pg smd die Wasserstoffelgenfunknonen der 2p-Zustinde.

Die Elektronenergie wurde in iiblicher Weise auf Grund des Variationsverfahrens
mit Minimalisierung der Energie erhalten. Bei der Berechnung der Molekiilintegrale
wurde die Methode von M. Kotani [5] u. A. beniitzt. Bei 2=0,98765 ergab sich fiir .
die Elektronenergie der Wert 0,68456 atomare Einheit. ,

Ahnliche Berechnungen mit dhnlichen Ergebnissen sind auch bei J. T. ZUNG
und A. B. F. DUNCAN [6] zu finden, aber mit dem Unterschied, daB3 ihre Berechnungen
mit den von J. C. SLATER {7 emgefuhrten knotenlosen Eigenfunktionen durch-
. gefiihrt wurden.

Die mit den Niherungsfunktionen (4), (5) und (6) erhaltenen Elektronene,rglen
sollen miteinander verglichen werden.

Nach (4) und (5) kann festgestellt werden, da3 auf Grund der Erwelterung
der Molekiilbahn (4) durch den Korrelationsfaktor (1 + pry,) sich eine energickorrek-
tion mit dem Wert von-0,02135 atomare einheit ergibt. Von (4) und (6) kann es aber
konstatiert werden, daBl durch die Einfihrung der Hybride der 2s- und 2p-Zustinde
bei dem angeregten 20,-Zustand nur eine Energiekorrektion mit dem Wert von
0,00370 atomare Einheit auftritt. Diese letztere ist also um eine Gréflenordnung
‘kleiner als die vorige. Aus dieser Tatsache kann wieder die SchluBfolgerung ge- .
zogen werden, — wie wir schon mehrmals festgestellt haben — dal3 der Korrelations- -
faktor (1+prys) bei dem Aufbau der Nidherungsfunktionen eine sehr wichtige Rolle
.spielt.

* % *

Fraulein A. BoLpizsArR mochte ich fiir Hilfe bei den numerischen Rechnungen

auch an dieser Stelle meinen Dank aussprechen. .
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"‘HOBBI BKJIAZ[ B KBAHTOBOMEXAHUYECKUE UCCIEOOBAHUA
MOJIEKVJIBI BOlIOPOL[A '

&, bepeny
Omnpepensiercs dNEKTPOHHAS 3HEPrUsl HEPBOr0 Bo36YXmeHHOTo cocrosiuus 1s2s'X} more-

KyJsl BOAOPOZA TIpeatIonaras Y70 OHa BO3HHKaeT H3. opbHTansHOM kondurypaimn (lo, 20' ) H 0OpH
BO30YXIEHHOM COCTOSHHEH 20, THOPHJ cOCTOsHWI 25 B 2, TOX€E HONYINEH.



SEMI-EMPIRICAL MOLECULAR ORBITAL CALCULATIONS
OF BINUCLEAR COBALT COMPLEXES

By
: V MARAZ
~ Institite of Theoretical Physics, Attila Jézsef University, Szeged

( Received December 15, 1973)

In this paper the energy levels, molecular orbitals, orbital and bond overlap populations and-
- transitions of the [{(NH;),Co(OH),Co(NH;),]** and of the [(NH,,);,CO(OH):,CO(NH3)3]3+ binuclear

complex ions are calculated by the LCAO- MO method usmg the half empirical formula of
WoLFsBERG and HELMHOLTZ. .

The binuclear complex compounds [(NH,),Co(OH),Co(NH,),]** (denoted in
the following by K;) and [(NHj);Co(OH);Co(NH;);]** (K,) are theoretically in--
vestigated by a simple semiempirical LCAO-MO method. In these complexes the
central cobalt ions are surrounded by ligands. of approximately “bi-octahedral”
symmetry (D, and D). The two octahedra have in: the case of K; a common edge
and in the case of K, a common face. The Co ions are in the centres of the octahedra,
the OH ions are along the common edge (K;) and along the common face (X)), .-
- and the NH; molecules are on the other vertices of the octahedra. If we disregard
the distortions of the octahedra on the basis of Pauling’s ions radii [1] we obtain
1,88 A, 1,92 A and 2,66 A for the bond distances of Co-0, Co-N and Co-Co bonds
respectlvely

Computattonal details

In the calculations we neglect the influences of the H atoms on the complex
compounds and we do not take into account the electrons in the closed shells
of Co, O and N atoms, taking into account only the six valence electrons of the
Co ions, the four valence electrons of the OH ions and the two valence electrons
of the NH; molecules (36 electrons for each of both complexes). For the LCAO-MO
- treatment of complex ions we take into account the five 3d, one 4s and three 4p
atomic orbitals of Co atoms, the three 2p orbitals of O atoms and one 2p orbital
of N atoms. The 2p and 3d atomic orbitals are represented by SLATER type orbltals
and the radial wave function of 4s, 4p orbitals is approximated by

‘ ‘ Wapprox = kg; 'Ck’ke_"

where ®=2.60 and ¢y = —0.047 530 507
e, = 0.360145640°

cz = 0.728294 860

¢y = —0.041 616 865
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The coefficients ¢, are calculated from the equation

i f(w—wapbmx)z dr = Inln

- where ¥ is a SLATER type 4s, 4p radial wave function.
The energy levels and molecular orbitals have been calculated by means of
group theoretical considerations, which give :

Iy = TAy,+ 1By, + 4By, + 4By, 4 4By, + 3B, + 2By, + Ay,
Iy = 6E" +5E"+ 541+ 547 + A4,

reducible representatlons for the complexes. The bases of the irreducible repre-
sentations are presented in Table I. )
The group overlap mteerals S;; have been calculated exactly, the group integrals

Table I (Ky)

Co

0

d(D+d2(2)

e e (D+da_ 2 (2) _ - (D). (D +p. (D)
x -y x2—y
Ay s(D)+5Q2) x40, FP=@ 2,2 (5) 1 p. (6)+p. () +p.(8)
p-(N+p.(2)
A Adxy(l)+d,f,,(2)
B, dey () —~dsy (2) p-(D+p.(2)
(1) ~d.2(2)
o (D~ des_ 2 (2) ' P-(N+2.Q2) p,(s) -p.(®
x y y= __ — €
Bi. s()—s(2) P+, (1D =Pu2) 4252 7.+ ©)=p-()~7.®)
p-()=p.(2)
: der ()~ dx. (2) . . ‘2 5
By, p(D=p.(®) —p( )»+py( )P —py( )P:(l)—p=(2)+pz(3)—pz.(4)
d,.(1)~d,.(2) i
™ p,(D=p,(2) p:(D=p.(2) pz(S)—gz(G)—p=(7)+p;(8)
dy. (D +d,.(2) o
By, py(D+p,(2) P=(5)=p:(6)+p. (N ~p.(8)
d..()+d..(2) - :
Bs,, . bx(l)_*_px(z). px(l)+py(l)—px(2)_py(2) Pz(l)‘—P:(Z).—Pz(3)+Pz(4)
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Table I (K5)

: Co ' . O . . - N
do()+d o2 :
P : (1;+ 22§ ) (D +p,(D+p. D)+ p.()+p-Q2)+p. )+
A s +s( +2y(D 40 (3) +0,(3) 0. () +.(5) +p.(6)
P-(D+p.Q TR =
a | | @400
d(1)—d_(2) ' B ‘ ‘ '
e s PeD+Pe(2)+P(3)— p-()+p.2)+p.()—
Az sh=s (D=, 2,3 | —p.@W=p.(5)—p.(6) -
p:()—p.(D) _ o
do g +dis 0@ | —2p.(1)= 250 (D tpa(d) & o
=Yy y x ¥ x . 2 + . 3 + . 5 3
e (D4, (2) +Py(2) +p(3)+py(3) fp ((;> i 21(7 )(1)1]— g; o)
P47, Q) P.(H—p-Q2) = BT
oG DO S N S B S
dxy (1) —_dxy (2) - .
d,.)—d,.(1) P2y D =P B)=0s() |, (3)4 5 (6)—p,(2)-p.(5)
'Py(z)._Py(l) . Pz(2)+Pz(3)—22z(1) ) ;
doy(1) 4.y () - - -
d,.(1)+d,.(2) P@H2,3) 2,2~ |p.(2)+.(6)—P.()~1.(5)
: Py (D40, - : .
E// ] T P SRS S S
2__ 42 2 d g_ 2 1 N .
4 Y 8 P (;)() 2p.(1)=2p, (1)~ P+, 3)=p.(5)=
xx (1) =d. =P =P340y D)+, 3) | =p.(©)=2p.(1)+2p. (&)
Pe(D=p.() - » ) )+2p.(

H;(i+#)) have been determined by_the"appfoximation.vforrhula of WOLFSBERG and ]
HeLmBOLTZ [2] . o
H;; = 0,5F,S;;(H;+H;;),

where the empirical factor F, was chosen to be 2.20 for ¢ bonds and 2.62 for =

bonds [3]. The integrals H;; were substituted by the ionization potentials: in the
case of Co ions for 4s orbitals —7.84 eV, for 4p orbitals —4.08 eV, for 3d orbitals

—9.38 eV [4], in the case of NH,; molecules for 2p orbitals —13.81 eV-and in the

case of OH for 2ps orbitals —11.24 eV and for an orbltals —10 54 eV [5],

respectlvely

_ Results and discussion- . ,
The energy values of the MO’s are summarized. in Table II The 36 electrons-
occupy these energy levels according to Pauli’s principle. In the ground state of the

complexes the highest filled MO of K, is 2b,, (—8.357 eV), that of K, is 3e”
(—9.208 eV). The lowest empty MO’s are 1b,, and 3¢/, respectively. On the basis
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of Bohr’s frequency rule the allowed electron transitions can be easily calculated
with respect to the selection rules summarized in Table III. The most important
transitions (in cm™!) are given in Table IV. and are indicated in Figs. 1 and
2, which show the experimental absorption spectra of the complexes [6]. The figures
show that the agreement between the experimental and theoretical results is fairly
good. :

Table I

Ky
Ayg By, Bay By, By, Bsg Byg A
—0.259 | +59.168 |. +3.940 | —3.373 ~1.561 +1.881 8344 | -9.343
—-6.004 | —1.417 —6.021 -7.211 —8.357 —-9.110 | —11.374
-6.766 | —5905 | —12.264 | —11.919 | —11.927 | —14.136
-9.275 —8.328 | ~14.718 | —14.754 | —14.107
—12.622 | —12.160
" —14.883 | —14.794
—15.331 | —15.207
Ky
A} Ay A3 A E”
+1.158 —10.54 ' +49.096 —2.886 +2.375
~5.972 : -0.315 —6.723 —5.953
—9.470 —8.472 —8.670 —9.208 .
~12.881 —11.920 —11.368 —12.328
—15.199 - ~14.923 ©—12.185 -14.679 -
: —14.678
Table 1T
Ky
A1g"’Blu A Am“’Bzg Bl “’an )
Aiy~Ba | AueBy, | BuBy, Table IV
Alg"’Bsu sz“‘Bsu Blu"*Bsg N
Alu*"Blg ' Blg“Bsu Blu"'Bag Ky K,
K 7 641 27190 5938 | 22164
12 840 33588 6455 | 26262
e AT E/eE —E 16 653 41572 | 8052 | 30797
bR Rl A 18 988 47583 15088 | 37477.
A1—~E E'~E s E 25 857 47616 20050 | 43690 |
E"~E" o © 26803 47720 21768 | 45150
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Table V (K,

Co N

wo | ' >
3d | as | 4p 2p - 2p
15, —-3.373 22 0 38 10 - 30
3by, —-5.905 44 1 3 16 36
2a,, - 6.004 41 12 7 2 38
2b,, -6.021 40 o 7 24 30
3a,, —6.766 21 18 17 33 20
2bs,, —7.211 34 0 18 34 14
" ab,,, —8.328 57 4 -2 25 12
16,5 - —8.344 59 0 0 41 . 0
2bs,, —8.357 50 0 10 32 8
26, | —9110 89 - 0 5 0 6
-4ay, —-9.275 o 62 9 7 12 10
Ay —9.343 100 0 0 0 . 0
2b,, —11.374 39 0 4] 60 ’ 0
3bs, —-11.919 15 0 4 58 24
3b,, —11.928 32 0 8 as 14
5by., -12.160 23 5 3 - 51 . 18
3b,, —12.264 14 0 11 60 16
Say, -~ 12.622 18 7 8 48 . 20
-4b,,, —14.107 2 0 10 4 84
“3bs, —14.136 0 0 12 0 88
4b,, —14.718 19 0 5 8 68
-4by,, —14.753 20 0 4 11 66
6b,, | —14.794 15 9 4 8 64
6a,, —14.883 .19 7 2 7 66
by —15.207 i9 12 (4] 1 68
Tay, —15.331 12 15 2 3 68

In Table V the atomic orbital percentage ‘of occupied and of some empty mo-
Zlecular orbitals are listed, and in Table VI the total gross populations on atoms [7]
-are summarized. Table VII shows the subtotal overlap populations between atoms.

According to these results the first and the second bands arise from Co-O .
~ bonding orbitals 2b,,, 2bg,, 3¢” in both complexes and the remaining two bands
.are assigned according to our calculations to the MO’s 2b,,, 3by,, 4ay,, a;, 4¢
respectlvely, which are mainly of Co-O bonding character and correlate with O
-orbitals in- origin. The orbital and bond overlap populations are similar in both
-.complexes, but in the case of K; the orbital population on Co 3d orbital is higher
‘than in the case of K, and the overlap population between Co atoms in the case
.of K; is less than that of K,. The electron charge densities on Co atoms are also
“higher in K, than in K,. According to our calculatlons the resultant electron con-
figurations of Co atoms are

(3d)55(45)*6(4p)°¢ for K, and (3d)4'6(4s)°'8(4p)°'°' | for K,.

*
* ¥

The author wishes to express his thanks to Dr. F. J. GfLDE, Director of the
Institute of Theoretical Physics, for helpful discussions
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Table V (K,)

11

energy - Co o N
Mo - V) 34 4s ap 2p 2p
2ay —~5.72 16 17 6 41 20
7e” —5.953 43 0 7 24" 26
2e” —5.953 46 -0 7 22 24
8¢’ —6.723 - 25 0 5 42 18
2e’ - 6.723 34 0. -4 42 20 -
3a3 —8.472 52 © 4 1 31 127
9e’ - 8.670 48 0 13 30 8 -
3e’ —8.670 49 0 13 | 29 . 10
3e” —9.208 84 -0 1 . 10. 6
8e” —9.208 82 0 . 1 11 6
3ay -9.470 44 26 ¢ 10 6 14
as —11.24 0 0 0 © 100 0
4e’ —11.368 - 13 0 4 70 14
10¢’ —11.368 13 0 4 71 12
4ay —11.920 12 8 -2 64 14
Se’ - 12.185 24 0 6. 56° ‘14
11¢ —12.185 - 25 "0 6 56 12
4e” —12.328 20 0 9 53 18
9¢” -12.328 19 0 8 55 18
4a) —12.881 14 5 8 50 - 22
6e’ —14.678 22 0 3 10 66
12¢’ —14.678 24 0 3 10 62
5¢” —14.679 ‘24 0 4 10 62
10¢” —14.679 22 0 4 10 64
S5a3 —14.923 4 13 5 14 70
5a} —15.199 7 16 4 12 62
Table V1
Co o N
K; 6.673 4.574 1.688 and 1.692°
K, 5.906 4.684 1.689 :
Table VII
Co—-Co Co-0O Co-N
K; 0.178 0.387 - 0.277 ‘and 0.278
K, 0.327. 0.369 - 0.273 :




12 V. MARAZ: MOLECULAR ORBITALS OF BINUCLEAR COBALT COMPLEXES

References

[1] Pauling, L.: The Nature of the Chemical Bond. Cornell University Press, New York, 1939.

[2] Wolfsberg, M., L. Helmholtz: J. Chem. Phys. 20, 837 (1952).

[3] Gilde, F.: Dissertation, Szeged, 1958.

[4} Landolt—Bdérnstein: Zahlenwerte und Funknonen Atom und Molekularphysik T (Springer,
Berlin, 1954.)

[51 Mulliken, R. S.:J. Chem. Phys. 2,792 (1934)

[6) Csdszdr, J.: Private communication.

[7] Fraga, S., G. Malli: Many-Electron Systems: Properties and Interactions W. B. Saunders
Company, Philadelphia, London and Toronto, 1968. . .

TTOJNIYSMIUPUYECKUE BBIYUCHEHWA HA ABVAAEPHBIX KOMIUIEKCAX
KOBAJITA METOAOM MOJIEKVJIAPHBIX OPEMT '

B. Mapa3z
B nagHo#l pa6oTe PacCYHTaHBI IREPTHH, MOJCKY/IPHEIC OPOATEI, OPOHTANLHEIC K IEPEKPBIT-

Hble MOMYJTalHA H MEKTPOHHbIE TEPEXodsl ¢ moMompio MeTona JIKAO-MO ¢ HCrons30BaHAEM
nomy3aMmaprieckoii-dopmynn Bonpcbepra — I'enbmromsua.



WOLFSBERG—HELMHOLTZ CALCULATIONS
. ON [Fe(phen),** AND [Fe(phen-(OH),)** COMPLEXES

By
GY. PAPP

Insmute of Theoretical Physics, Attila Jbzsef Unlver31ty,
) Szeged, Hungary

( Received Decembe_r 15, 1973)

‘W OLFSBERG—HELMHOLTZ calculation has been performed for [Fe(phen);)** and [Fe(phen-
-(OH)y)sJ%+ complexes The bond between the metal and the ring and the modification caused by the
OH radicals built in have been studled in this approxunatlon

: In this paper we attempt to move one step forward i in understandmg the electronic -
structure of [Fe(phen),]** and [Fe(phen- (OH),);]?*. The molecules have significance

" in redox processes; [Fe(phen),]?* is applicable as a redox indicator. During the past

years a model, known as the extended HUicKEL model, or the WOLFSBERG—HELMHOLTZ

model [1] has been used to study the molecular orbitals of all electrons in large

" molecules. The molecules we are dealing with are complicated, so we must neglect
a great number of orbitals, especially the ¢ orbitals of C atoms and the s orbltals :

of H atoms. S

Method
We try to find the solutlon of the equatlon
Heelj = &y;
where the MO -s ; are expanded in. the mlmmal system of atomic orbitals:
Z PpCpj _
The MO energies g; and the coefﬁments ¢p; are solutions of the equatlon
Hc = &Sc , . O

In Eq. (1) H and S are the matrices of the effective Hamiltonian and the so-
called overlap matrix, with the matrix elements.

((pp! effqoq)’ Spq = ((Pp’ (Pq),

respectively. “Instead of the calculated values, WoLrsBErRG and HeimsorTz 1]
suggested to use the ionization potential values of the atomic orbitals ¢, of the
free atom for the dlagonal elements H,,, and the values

KSpq( pp + qu)
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for the off-diagonal elements H ,,, where K is an appropriate interaction 'patameter.
: We expand ; in terms of five 3d, one 45 and three 4p orbitals of the central
ion and one 2s, two 2p orbitals of N atoms, as well as of the 2p_ orbitals of C and
O atoms.

Model and geometry

The [Fe(phen),]?* complex ion is formed by a central Fe++ ion and by three
phenantroline molecules (Fig. 1). The nitrogens of phenantroline molecules (A, B

Fig. 1. Schematic structure of iron-phenantroline

and C) in position 1 and 10 occupy the vertices. of the octahedra around the central
ion. In the other ion, i. e. in the [Fe(phen-(OH),);]** complex, the hydrogens bonded
to C atoms in position 4 and 7 of the phenantroline molecules are substituted by
OH radicals. , _ _ ‘

X-ray diffraction studies [2] led to 4 bond distance of 1.97 A between metal
and nitrogen. We assumed the C-C, C-N distances to be 1.39 A, and the C-O
distance 1.08 A. Numerical calculations have been done by means of a MINSK-22
‘computer. In order to reduce computation time we have taken into account the
symmetry properties of the molecules [3]. The symmetry group of molecules con-
sidered is Dj. ' CoL

Choice of parameters

For computing the overlap integrals we have used single orbitals of SLATER type:
@(n, I, m) = Nr"~—texp (— {n Y™ (O, 9)

where N is a normalizing coefficient, » is the effective quantum.number, which can

_be determined according SLATER’s prescription and ¢ is a parameter depending
on the nuclear charge. CLEMENTI [4] proposed for ¢ a higher value than that of
SLATER. Computations by ZerNER and GOUTERMAN [5] for systems physically
similar to our molecules have shown that a very satisfactory picture of the ligand
field can be obtained by the. following choice of ¢ (Table I). These values of ¢ lie .
between those given by SLATER and CLEMENTI. Using the parameter values of Table I, -
we have computed the overlap integrals shown in Table II.
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Table 1 ‘
Basis Set Exponentials*
s D d-
Fe 1.370 1.370 2.722
N 1.9237 1.9170
1.5679
o 1.2266
* Ref. [5]
Table 11
‘ _ Overlap integrals
Overlap | (25, 45) | (po.d9) | Qpo.3die | @5, 3dsioy 2o, Hetoy)
ype _
'0.38808 0.25276 0.03882 0.04903 0.06743
Oferar | (25,3 | @p.,3d) | @0S, 203) | 0%, 29) | @05, 209)
002567 | T0.02682 | 0.2249 0.25102 0.2409
Table 111
" H,, for Fe, N, C and O* Potential in eV
s - d. d
Fe d°s*>d’s—7.90 d*sp~ds—4.55 dos*—>dbs*—10.82
.N stxyz—»sxyz—25.17 s2xyz—stxy+(p)—14:158 .
C s2xyz—stxy+(p)—11.316
. A\
(O

s2xyz—>s2xyz+(p)—15.863

* Numbers in this table are from Ref, [8]
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The ionization potentials of valence electrons of the free atoms used in the
calculations are presented in Table III. HOFFMANN [6] proposed the value 1,75 for
the interaction parameter, and we accept the same value for the n-n bond. For
the H,, values between central ion and nitrogen we used K=1.89 [5].

Results

The formation of metal-phenantroline bond mainly depends on .the atoms
~of phenantroline. Comparing the obtained energies of orbitals (Tables IV and V),
it can seen that the substitution of OH radicals results in changes in the energies
of the E orbitals. ‘

By means of the components c,; obtained from the matrix equation, a so-called
population analysis [7] has been performed Results are presented in Tables VI
and VII

The = electron densities at the N atom are 1.3225 and 1. 4081 in the first and
second molecule, respectwely The electron density at O atoms is 1. 7815, the values
for C atoms are shown in Table VIII.

Table IV
Molecular-orbital energies of [Fe (phen);}** in eY
A, 4s E
~253341 | —25.1618 | 252342 | ~10.8936
~15.1388 | —15.9441 | —25.1613 | —10.8183
~14.1521 | —148581 | —159928 | —10.6337
~13.3673 | —143211 | —152817 | —9.7981
~12.4468 | —133619 | —15.0711 ~7.8781
—11.1087 | -10.4607 |- —14.2339 —17.6562
106681 | —9.4342 | —141611 | —62707
88528 | —7.4593 | —13.7598 —4.5182
-75032 | -27258 | —13.609 ~4.2205
—2.4381 —17348 | —12.8571 —0.6301
—0.3861 1 12.1058
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Table V _
Molecular-orbital energies of [Fe (phen;(OH)f_;);,]?“ inev
4 As E
—25.3341 —25.21618 —25.4491 - —12.0464
— 16.7525 —16.8557 —25.1638 —10.7329
—15.1349 —15.8484 —16.7668 —10.6108
—14.1521 —14.6166 -—16.7652- - 10.5605
9. -
—12.6964 . | —14.3211 —15.9927 —9.2405
—12.8428 — 13.0487 —15.2458 — 7.6264
-12.4212 —11.2148 —15.0678 —7.4691
| —10.6868 | 85651 | —142533 -| —62054
B —10:6681 —7.4574 ,——-‘14..1613 —3.0532
‘ —I8.1227 —2.7258 —13.6141 —2.9192
—7.4796 —~0.3384 —12.9563 —0.4106
03861 - 122662
Table VI
Total electronic populatibns of [Fe (phén)ﬂ“
Fe, + 4s 4p 3d Total . Net
0453 - | 0.0893 5.8074 6.3497 +0.3497
‘N 2s 2p. 2p.
1.8653 1.8925 1.3235 . 5.0813 .—I— 0.0813
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Table VII .
Total elecironic populations of [Fe (phen-(OH)f_,)a]H
Fe.+ 4s .. 4p 3d Total Net
0.453 0.0568 57437 6.2535 +0.2535
N - 2s 2p, 2p,
1.8048 | 1.8719 14081 | 5.1848 +0.1848
T;Ible 14174 | e
n electron densities of C' atoms
Ce Ca ’. Clu) Ces “Can Cu'a)
[Fe (phen),]2* 1.0156 -| 0.9566 | 09907 | 09793 | 1.0186 0.9713
[Fe (phen-(OH),) 2 * 09944 | 1.0712 | 0.7168 | 1.0181 | 09634 | 0.9724

As it can be seen, the charge density at nitrogens is transferred to the = orbitals,
a more intensive part-in the bonds. 4s orbitals of Fet* have a considerable charge
-dens1ty in both cases. Substitution of the OH radicals is indicated by the changes
- in the charge density of the surroundmg C atoms, as well as_ in the dlStI‘lbuthIl of
3d and 4p orbitals of the Fet* ion.

*
* ¥

'We are indebted to DR. F. J. GILDE for his kind inkterest and valuable discussions.
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BbI‘-ﬂ/ICJIEHI/IE'HAO BOJI®CBEPTY—TEJBMIOJIBLLY HA_KOMI'IJ’IEKCAX
[Fe(phen);]** u [Fe(phen-(OH),)s]?*
I'. Hann
\7081 nposem{ BBIMUCJICHRE NO Bontbcﬁepry—renbmronbuy HA KOMIUTEKCAX [Fe(phen)3]2+ u

[Fe(phen—(OH)Z)s]“. IIpn TakoM TnPHOMKEHHH HMCCNEAOBAIM CBA3b MEXIY METANJIOM M KOJb-
flaMH, W KaKMe U3MEHEHUS AAeT B pacnpefesficHUH IJICKTPOHOB BCTpoeHue pagukamoB OH.



THE VIBRATIONAL TEMPERATURE OF ORGANIC MOLECULES
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The vibrational temperature as a function of the band Wigiths and the Stokes-shift was deter-
mined for electron exitation spectra of Gaussian distribution in case of mirror s1mmetry of different
kinds and of asimmetry of absorption and fluorescence.’ An approximate formula is given for the .
rapid determmat1on of the Vlbl'athIlal temperature from the spectrum characteristics. .

lntroa’uctzon '

If comphcated molecules are optically excited with frequenc1es greater than
those of the pure electronic transition, the excess energy is degraded by radiationless
processes and may appear as local heat; this can cause translational diffusion of the -
photodissociation products [1], rotational diffusion in condensed systems [2], change
in the “photoorientation” of molecules excited by polarized light [3] and the de-
polarization of fluorescence in solutions [4]. ALBRECHT [5] suggested a very quick
dissipation - of the local heat while JaBrowskr [6] assumed a quick and a slow
mechanism of dissipation, in the picosecond and the nanosecond range, respectively.
KozMa et. al. [7] offered a thermodynamical interpretation of the dissipation of
heat, assuming a weak thermal interaction between the ‘“‘hot”, excited molecule
and its environment. This approach has been corroborated by studying the dependence :
of the local heat on temperature [8] and solvent [9].

The problem of local heat around a “hot”, excited molecule in solution.is’
closely connected with a relationship between the absorption k(v) and fluorescence
energy spectra £,(v) already studied several decades ago [lO] The followmg form
of thls relatlonshlp was proposed by StePANOV [11]:

(k@) = D)V exp (~hvkT) W

where D(T) is a constant independent of the frequency of light v, T is the temperature '
of the solution, and / and k. are the Planck and Boltzmann constants, respectively.
KETSKEMETY et. al. [12] gave a more generally valid formula containing also ‘the

frequency- dependent relative yield of fluorescence and the refractive index of the
solution. The relationship was studied by several authors [13], and found to be
valid. However, in the majority of cases, the temperature 7* calculated from equation’
(1) in the knowledge of the other quantities was higher than the ambient tempera-

2*
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ture 7 originally introduced into (1). The higher temperature was explained by assum-
ing that a part of the excess electronic excitation energy is not transferred to the
environment within the mean life-time of the excited state. In vapours this occurs
very easily and permits the vibrational specific heat to be determined experimentally
[14]. Since a T™ higher than T is obtained from (1) in many cases, the distribution
“of the molecules among the different vibrational levels in these cases corresponds to
a local or vibrational temperature T* Therefore, the excited molecules act as
“thermometers”, revealing the vibrational temperature at the instant of emission.
The reading of this molecular temperature indicator is given in (1) through the
shapes, the overlap and the relative intensity distributions of the fluorescence and
absorption spectra.

In this paper the influence of the band widths and the Stokes-shifts of the fluor-
escence and absorption spectra on the local temperature was studied for different
“model systems. ‘

Methods

The calculations were based on the linearized form of (1):

k] h )
fe(V)] @

= xT V.
From the slope of the straight line F(v¥), T=T* was calculated. For k(v) and f.(v)
different distributions were taken, assuming different symmetries (and also asym-
metries) between these distributions. This is an allowed procedure, since the slope
of the function F(v) depends only on the relative spectra. The calculation of T*
was performed easily and quickly with a Minsk-22 computer by means of a simple
computer program. '

F(v)=In [D(T)v3

The local temperature and the shapes and locations of the absorption
and fluorescence spectra

1. Gaussian distribution of spectra

" (@) The case of Levshin mirror symmetry [15]. The relationship (2) should
be written for the fluorescence quantum spectrum f,(v), by using the relationship

Sy =hvf(v):

k (")rel h
2lnv+in +const = —v. 3
fq (v)rel kT ( )
In the case of Gaussian distribution
k()1 = exp [-(v—m)?*[207) ' 4)
and :
fa(Wa = exp[—(v—n)*[207]. 6)

‘where m, n and o,, g, are the locations and standard deviations of the absorption
and fluorescence spectra, respectively. (Further, the band width will be given in
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terms of standard deviations.) If these representations with 6,=0,=o0 are substituted
into (3) and the values of the constants are considered, we obtain

4800

2inv+ 22"y 4 const = v. 6)

The functlon G(v) 2In v+ " y is used now for the determmatlon of T*=T

(linéarity dues not hold over a greater interval of v due to the presence of In v).
With m=4.5-104Hz (666.7nm) and ¢=0.1-10 Hz (=15nm), the depend-
ence of T* on the Stokes-shift m—n and on ¢ is shown in Fig. 1.

600r

500

T*(°K)

. 400

I

3001

016-10™ Hz

200

Fig. 1. Depenglence of the vibrational tempéralure T* on the Stokes-shift m—n at different standard
deviations o of the absorption and fluorescence bands of Gaussian distribution

(b) The case of Blohintsev mirror symmetry (16).

k()1 = exp [—(v—m)*/267]
and :

fq(v),d = const 2 exp [~ (2v0 )2/20-2].
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should be substituted into (3). v, is the mirror frequency. The result is

In 2vp—v _2(v°:m)v+C0n5t = g)(—)v, N

v G*

The function G(v)=In (2v,—v)/v—2(vo—m)v/a? is used for the determination
of T*. The result of the calculations is in accordance with that obtained for Levshin
mirror symmetry; only small quantitative deviations were observed. .

(¢) The case of non-symmetry. In this case the representations (4) and (5) should
be substituted into (3); the result is: '

2lnv+

m? (v—m 4800- A .
(22) (22) cost:—]-,—v. o ®

Wlth m=4.5-10" Hz (6667nm),/o' —02 104 Hz (=31 nm) and’' n=4.1. 1014 Hz
(731.7 nm) and different Values of c,, T,* was calculated and plotted as a functlon

// 7 _,, I . . : 1
500 | ' ' 7 ;
, ' ., .
o7
7, i
&, ; !
9)/ i
400 +
°§ m=45" 1014 Hz
+ 4 S
m-n=04-10 Hz
00+ .
7/
N4
m 1 1
015 . 025 .
g, o™ re] —

Fig. 2. Dependence of the vibrational temperature T* on the stan-

dard deviation 6, of the fluorescence band of Gaussian distribution

with absorption maximum at m=4.5-10" Hz and Stokes-shift

m—n=0.4-10" Hz at different standard deviations ¢, of the ab-
sorption band
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of o, (Fig. 2, solid line). With ¢,=0.18- 104 Hz (28 nm) and 0.22. 101 Hz (34 nm)
the dependence of T*on o, is somewhat different (Fig. 2, broken lines). If.
m=>5.5.10" Hz (545.5 nm), the functions T*(c,) (6, =const) w1ll be enhanced by
a maximum of only 1%. If m=4.5-10"*Hz and ¢,=0.2. 10 Hz, the dependence
of T* on g, at different locations of the ﬂuorescence maximum is shown in Fig. 3.

600r
500f
£
5
—
4005
. 300F
; bm:L.S-'IO';Hz - . R X
o) =02,10“‘u2 5025 <n 12 060
e 6030 = i3 065 -
703% » % 070
200 ) . . . B
072 . 03

A L

Fig. 3. Dependence of the vibrational temperature T* on the standard deviation o, of the fluores-
cence band of Gaussian distribution with absorption maxiumum at m=4.5:10"* and a standard
deviation o, of the absorption band at different Stokes-shifts m—n of the fluorescence and
absorpuon bands . .

2. Analytical forms of absorption and ﬁimlescence Dowmsi et. al. [17] derived
analytical expressions for the actlve absorption and. fluorescerice spectra. According
to thelr results

S2() = Bv®ch~[a(v —vy)] exp (—bv) : ).
k(v) = Avch=1[a(v — v;)] exp (bv) : - (10)

With proper choice of the parameters a and b, the analytical and experimental
fluorescence spectra coincide. If the analytical spectra are substituted into (1), we
obtain b=const /4/2kT. According to SzALAY etal. [13], a=const h/2kT, too.
Using this dependence of the parameters -on the temperature, the temperature-
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dependence of the absorption and fluorescence spectra can be established. For
300 and 500°K at vy=15.33- 10" Hz (=563 nm), this dependence is shown in Fig. 4.
In the anti-Stokes region the spectra can be well approximated with Gaussian
distributions.

101 QA /
fqtv) K (v)
oV max kv o,
05
W A
O .
8/ . . 2,
< é . A %
X A\
» G
0 L 1 b}
50 »=533 55"

v 0" HZ] —_—

Fig. 4. Relative absorption and fluorescence spectra‘calculated
with the analytical expressions (9) and (10) for 300 and 500°K

- Approximate relationship between the vibrational temperature
and the spectral characteristics

Figs 1—4. show that the vibrational temperature T* depends on the widths
of absorption and fluorescence (¢, and o,), the distance of absorption and fluor-
escence peaks (m—n, Stokes-shift) and (to a smaller extent) on the location of the
absorption maximum. According to Figs 1—3. it can be supposed that 7% ~o¢,
and ~o,, and further~1/(m—n), so that finally T*~g,0,/(m—n).

For the values of our parameters, the proportionality factor is approximately
hfk-1.04. Therefore
0.0, o

L} 940 _ 4615 %09 oy (1)

'*2 —_—
T “1-04 k m—n m—n

(Here the quantities 6,, 6, and m—n are considered without the factor 10'4.) If
the standard deviations of the Gaussian distributions are replaced by half band
widths, this expression can easily be rewritten in a form reminiscent of equation (6)
of KAZACHENKO’s paper [18]. With equation (11) T* is easily calculated, but a high
precision of the quantities is necessary.
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If the specira are plotted as functions of the wavelength 4, and the accuracy
of the wavelength A, and the accuracy of the determination of the locations of
maxima is 0.5 nm, the value of 7* can be given as T*+16° K (with an accuracy
of 1 nm, T*+28° K is obtamed) Fig. 5 shows the accuracy of the approximation:
of T* calcu]ated with (11).

6001

5001

T*(°K)

4001

3001

2001

s, fo™ Hz]. _—

Fig. 5. Selected curves from Fig. 3 approximated by curves
(broken lines) calculated with (11) -

The deviation from symmetfy
of the absorptzon and ﬂuorescence bands -

In the case of Levshin symmetry [15] v,—v,=2(v,—v,). If both the absorption
and the fluorescence bands are of Gaus51an distribution, the difference v,—v, as:
a function of v;— v, yields a straight line with a slope k different from 2; it is defined
in v,—vy=k(vo—v,). The dependence of k£ on the standard deviations ¢, and o,
is shown in Fig. 6. If the fluorescence band is narrower than the absorption band,
k is smaller than 2; in the reverse case k is greater than 2. In all cases the intercept
of the straight llnes is found at 1. All stralght lines in Fig. 6 can therefore be given
by the equation

Vo— Vo = [j—+1] Co—v) (12)



26 o ) A. RINGLER AND L. SZALAY

(otherwise in the case of 6,=0¢,, k could not have the value 2). This means that
of course, the slopes of the straight lines in_Fig. 6 can be determined by means
of the standard deviations only for spectra of Gaussian distribution. If k{v) and

0 . 005 G10 i 0B
. q, o™ Hz) —

Fig. 6. Slope k of the mirror symmetry relation v,—v,=k(v,—v,) as
a function of the standard deviations of the fluorescence and ab-
sorption bands (¢, and o,) of Gaussian distribution

J4(v) have Gaussian distributions with different standard deviations o, and G, a-nd
vy is in the interval n<vy<m, while further the condition

exp [— (vo— 1)?/26%] = exp [ — (vo—m)*/20%]
is fulfilled, the following relationship is valid: -

G, _ Vo—n ‘ ‘
o.My, (13)

AIntroducing this into (12)
: Vo—H m—n

kzm——v +]:m——v : o (14

‘This is another possxbxhty for the determination. of the slopes.of the straight lines
in Fig. 6. .
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CB}'IBB' KOJIEBATEJILHOWM TEMIMEPATYPBI OPTAHUYECKUX MO.HEKSU'I
C ABCOPBI_U/IOHHI:IMI/I U ODMUCHUOHHBIMU CTIEKTPAMM PACTBOPOB

A, sze/lep, J. Canau
Onpeneneﬂbl konebaTennas TeMmnepaTypa B 3aBUCMMOCTH or HIPUHBL NOJOCHL ¥ CMEIIeHUs

CroKca IUIs Pa3HBIX CAy4aeB 3€PKafibHOM CHMMETDHM, U IJI8 HECUMMETPHYECKOTO ClIy4as HAa OC-
HOBAHMM CPEKTPOB 3MEKTPOHHOTO BO36GYXAeHUH, OONamAKIINX PacTipeaeneHueM - 1o Tayccy.

Tlpenyioxkeno nMpUOTHKEHHOE YPaBHEHUE TS GBICTPOTO pacqua BHOPAIMOHHOI TeMnepaTypr HAa .

QCHOBEC CIICKTPaJIbHbIX XapaKTEPUCTHK.






ABSORPTION SPECTRA-OF PEROXIDASE SOLUTIONS
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In the absorption spectra- of neutral tris-buffered solutions of 5:10~8—1.10-* M horseradish
peroxidase, beside the known bands at 270—280 and 405 nm, a band at 190 nm is reported. The
Beer—Lambert law of absorption is not valid, the molar extinction coefficients are concentration
dependent even at the lowest concentrations mvestlgated The deviation from the Beer—Lambert
law is explained by assuming the presence of aggregates. The extinction coefficient of the short wave
band at 190 nm is 1.10-10° 1-M~'cm~?! in 2-107* M solutions. Because of the invalidity of the
-Beer—Lambert law, the RZ-value (Reinheitszahl, extinction at 402  nm/extinction at 280 nm),
generally used for characterizing the purity of peroxidase, is not unequivocal.

Introduction

Comparatively few data concerning absorption of peroxidase have been published .
until now. The earliest data are due to H. THEORELL and A. MAELY [1], who gave
a relative absorption spectrum and proposed the ratio of the height of the-band at
402 nm to the height of the band at 280 nm (the so-colled RZ-value) for charac-
terizing the purity of peroxidase. K. G. PauL [2] and L. M. SHANNON at a/. [3]
found significant changes in this ratio during purification of peroxidase. Also E. M.
STRICKLAND [4] published absorption spectra, but without further explanation, as
the emphasis in his investigations was on the study of circular dichroism spectra.
The absorption spectra were measured in the wavelength range 250—450 nm, but -
the value of the molar.extinction coefficient can be deduced only in some cases,
for example at 401 nm, calculated from data of [3], it is 1.02-10° /- M~1cm™L.

As a criterion of purity was given on the basis of the absorption spectrum and
this criterion, according to the investigations in [2] and [3] seems to be problematic,
these spectra were redetermined and also the validity of the Beer-—Lambert law
for peroxidase solutions was studied. In addition, it seemed worth while to clear

up the existence of an absorption band in the region below 250 nm, where an in-
crease in absorptlon was found by earlier measurements :

Matérials and methods

Lyophilized and 3X crystallized horseradish peroxidase of the Nutritional
Biochemical Corporation (Cleveland) was used. The preparate was of 3170 units/mg
activity and of RZ=3.0 purity. Tris-buffered solutions of pH=7.0 were prepared
from the crystallized material by diluting a standard solution of 1:10-> M to the
concentrations 5-107¢, 2-1076, 1.1076, 5.1077, 2-1077, 1-1077 and 5-1078 M,
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respectively. The solutions were stored at a temperature between 0 °C and 4 °C for
about 24 hrs. before use.

Absorption spectra were measured partly with an Optica Milano (Type CF 4DR),
partly with a Unicam (Type 1800) spectrophotometer. In a series of measurements
made with 11073 M solutions the temperature dependence of the spectra in the
temperature range 10—55°C was also determmed

Results

The absorption- spectra have three characteristic bands (Fig. 1—2). In the
figures only curves of selected concentrations are presented. The maximum of the
band in the ultraviolet is-at 190 nm, that in the near ultraviolet between 270—280 nm
and the third at about 405 nm. At 500 and 620 nm there are two shoulders (see [5]).
The molar decadic extinction coefficients of the maxima in the region of shortest
waves are about two orders of magnitude higher than in the two other regions
(110-10%,2.6-10*and 7.2-10* /-M~* cm~* in the order of increasing wavelengths of

. the locations of maxima in 2-10~% M solution). The absorption spectra are plotted
with different scales according to the () values of the different spectral regions
denoted by A4, B (Fig. 1) and A, B, C (Fig. 2). The absorption spectra of the 2- 10~
and |-107%M solution are, however, continued according to the scale of section
B also in section C. The absorption is comparatively very low in the 250—450 nm
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Fig. 1. Absorption spectra of neutral tris-buffered and water
solutions of peroxidase as a function of concentration

spectral range. A similar techmque was used in the 350—700 nm spectral region
(Fig. 2).

" Under 205 nm the absorption of the tris-buffered solution cannot be determined
owing to the strong absorption of the buffer even in nitrogen atmosphere. Therefore,
in this spectrum region the absorption of water solutions of peroxidase was measured
and is shown in Fig. 1. A. :
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The. molar decadic extinction coefficients are highly concentration dependent,
revealing that the Beer-Lambert law of light absorption does not hold. This should
-be ascribed to. physical or -chemical interactions occuring between peroxidase
molecules with increasing concentration.’ o i :
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_ Fig. 2. Absorption spectra of neutral tris-buffered and water solutions
of peroxidase as a function of concentration

Discussion

" The absorption band at about 190 nm has not been publishéd hitherto. This band:
of the spectrum corresponds partly to the absorption of the peptide bonds, partly
to that of ring compounds [16]. The concentration dependence of the extinction
coefficient was not described earlier. There are only few references to the Beer— .
Lambert law in tréating the light absorption of proteins (see e.g. [1, 6]). According
to our measurements the law is valid for the phosphate buffered (pH=7.0) solution
of lysozyme in the 2-10~*M—5-10"7 M concentration range (Ema,(1)=3.5-10%
M1~ cm™1). Since the law is not.valid for peroxidase, it seems questionable whether
it is justified to define the purity of peroxidase on the basis of absorption spectra
with the so-called RZ-value [1]. According to this definition, for pure peroxidase
RZ =¢(402)/¢(280)=3.04. L. M. SHaNNON and even H. THeoreLL [1] found per-
oxidase preparations with RZ-values exceeding 3.04. Therefore, already L. M.
SHANNON et al. [3] remarked that the use of the RZ-value is not satisfactory for
characterizing the purity of the preparation. 'However, the critical remark was not
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in connection with the Beer—Lambert law. In the case of our sample, RZ-values
I. Since the absorption does not follow the Beer—Lambert law and the ratios of
absorptions measured at different wavelengths changing with the concentration were
found. These -changes are presented in- Table are concentration depe ndent, the
RZ-value according to its original definition does not seem satisfactory for charac-
terizing the purity of peroxidase.

Table I
. ) £(402) .
Dependence of RZ-values |RZ= on concentration
£(280)
c £(402) £(280) RZ
M/L (-M~1em™1) tM~lcm™Y) ) .
2-10-7 9.00 3.62 2.49
5-10-7 7.93 3.0 2.64
1-10-° 7.40 2.66 2.78
2-10-¢ 7.17 2.56 2.80
5.107¢ . 6.92 2.46 281
1-10-% 6.80 2.23 3.05

In some cases the deviation from the Beer—Lambert law can be explained by
the appearence of associates. If, however, the molecules were spherical, an aggregation
would be very difficult according to the following arguments. ‘A spherical peroxidase
molecule should have a radius r=52 A, calculated from r=1.67 (M/d)}® with the
molecular weight M=4.10* and density d=1.3g cm~3 Supposing a random’
* .distribution of the spheres, from the formula R3=3(4n-cN’)~1 [8] (where ¢ is the
" «concentration in M/l; N’=6-10% and R is the distance between two neighbouring
molecules in A), the average distance of neighbouring spheres in the 1-1075M.
solution would be R=326 A. If the distance between the centres of the spheres is
326 A, the distance between the.surfaces would exceed 200 A ; thus at this concen-
‘tration no association could occur. Therefore, it should be supposcd that either the
molecules can be better approached by ellipsoids, or some molecules are associated
:already during the dissolution of the crystalline material. Namely, with the axial
ratio 12:1:1, neighbouring ellipsoids could come into contact in the solution mentloned
above and the neighbouring molecules could form associates.

Approximate information concerning the form of the molecules can be obtained
.also by hydrodynamical methods. The constant ﬁ in the formula

sN-n 4 e
M= [ﬂ(l 5d) [m]/
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is characteristic for the axial ratio [9]. M is the molecular weight of the protein,
@ the specific partial volume, n, the viscosity of the solvent, d the density of the
solution, 1, the limiting viscosity, s the sedimentation constant, and N=6-10%,
For tris-buffered solution of peroxidase, with M=4.10%, 5=0.689 cm3 g~
s=3.5-10"Bsec, 3,=1cP, n,==1.087 cP, d=1.0012 gcm~3, f=2.6 - 10® was obtained.
The viscosities were determined at 25° C with a Hoppler viscosimeter. The densities
were measured, the other data were taken from [3] and [9]. According to H. A.
ScHERAGA [10] the axial ratio of the ellipsoid for f=2.6- 106 is 15:1:1. With respect
to the approximate character of the hydrodynamical methods, the accordance
with our ratio (12:1:1) seems to corroborate the statement that the perox1dase mole-
cule is rather well approximated by an ellipsoid.

As the Beer—Lambert law does not hold, the extinction coeﬁicnents obtained
for different concentrations are only apparent. It can be supposed that in the
5.108% M solution there are practically no aggregates. In this solution the extinction
coefficients of the band maxima of the ring compounds are £(280)=3.6.10* and
£(402)=8.5-10* 1-M~1 cm™%, respectively. According to [12] &(280)=7.10*
I-M~*cm~?! and from [4] £(402)=10.8-10* 1. M~tcm~1. The deviations are due
to differences in the preparations (in [4] Al fraction was used).

The Beer—Lambert law isnot valid even in 10~7 M solutions, in which the neigh-
bouring molecules are in a distance of more than 1000 A. Since the diluted solutions,
were prepared from a concentrated (in our case | -10~% M) solution, if we assume
that the aggregates formed in this solution are not completely disaggregated during
dilution, this violation of the Beer—Lambert law can be understood. The validity
of this explanation can be tested by studying the temperature dépendence of the
spectra. According to measurements in the temperature range 10—45° C the extinction
coefficient at 280 nm increases only by a few percents. ThlS means that the aggregates
are not easily dissolved.

It seems unusual that the Beer—Lambert law is not Vahd for 10~7 M concen-
tration ; however, this case is not unique. It is known thatin 1-10~7 M dye solutions
the Beer-Lambert law does not hold [13]. It was also concluded from fluorescence
spectra that aggregates of pigment molecules may be present in 51mllarly highly
diluted solutions’ [15].

. The deviation from the Beer—Lambert law may be in connection with the ratio
of charged and neutral amino acids in peroxidase. Though the primary structure
of peroxidase is not known in all details, the amino acid composition of the molecule
is practically clarified [7, 14]; it consists of 60 charged and 250 neutral amino acids,
the ratio of these numbers is 0.24. According to FiscHEr [11] the minimum inter- -
action energy originating from hydrophobic forces in water solutions-is attained,
if all charged amino acids are located on the surface of a sphere and the neutral
ones in the interior. For a spherical particle a theoretical ratio p=0.28 is given.
in [17] Since in our case the experimental p is smaller than the theoretical P,, the
surface is not completely covered by charged particles. Therefore, a decreas€ in
the interaction energy of solute-solvent system association may occur and the mole-
cular weight may depend on the concentration of the protein.
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_ ABCOPBLIMOHHbIN CITEKTP PACTBOPA ITEPOKCHUIA3BI
JI. Casau, 3. Bapxonu

B HeifiTpambHBIX ,,TpUC’-Oy(depHBIX pacTBOpax NEPOKCHAA3bl, INOJYYEHHOH M3 XpeHa Imp
KOHUEHTpaudsax 5-10%8—1.10-% Momb/1 B aGcoOpOLMOHHBIX CIEKTpax OOHapyXeHa, KpOMe 'M3-
BecTHBIX 270—280 m 405 HM nosoc TOTNOLIEHHs!, KoBas nojoca mpa 190 um. 3axon JlambGepra—
Eepa HE YOOBJCTHCTBOPACTCA HA B OOHOM Ciry4Yae AJis1 3THX NOJIOC, MOII?ID}{LIG SKCTHHKLIMOHHBbIC
KkoehHMIMEHTB! NOKA3LIBAIOT KOHLIEHTPALMOHHYIO 3aBACHMOCTDb AaXK€ MPH CaMBbIX GONBIUKX pa3-
baBnernsax. OTknoneHne oT 3akona Jlambepra—Bepa MoxeT 00 BICHATECH 0Opa30BaHAEM ACCOLMA-
T0B. KoedpmmenT IKCTHAKIIME pH norsiomeHrd Ha 190 HM COCTaBIISIET ISl pacTBOPa KOHLEHT-
paomn 2+10-¢ momsa 1,1-10% ;1. M. 1. cM. ~! Benencrere RenpreMITeHOCTH 3akoHa JlamOepTa—DBepa,

- 00bMHO TpHMeHseMoe RZ-uyuciio (=3KcTHHKIMA npa 402 HM/SkCTHHKUMS npA 280 HM) HE  ABIs-
€TCS OOHO3HAYHON XAapPaKTEPUCTHKOM.



OCOBEHHOCTI/I i‘EHEPAIII/IOHHBIX CBOVICTB KPACHUTEJIEN
B ITOJIIPHBIX PACTBOPAX '

A. H. PYBUHOB, B. U. TOMUH )
KHcmTyT ¢usnkn AH BCCP, Munck

(Hocmynu.o 6 pedakt;'ulo 11 ansapa 1974 2.)

PaccMOTpeHO BIMAHHE OPHEHTALUMOHHOIO YINMPEHHS 3JIEKTPOHHO-KOJIEGATENLHBIX YPOBHEH,
BO3BHHUKAIOLIETO:- B pe3y/jbTaTe BIMSAHUA MEXMOJEKYISAPHBIX B3aMMOAEHCTBUMII HAa TOpPOTOBBIE,
3HEPTETHYECKHE M CTIEKTPAJIbHBIE XAPAKTCPHCTHKH TEHEPAUMH MNOJAPHBIX PACTBOPOB KpAaCHTENE.

VCTaHOBIEHO, YTO BETMYMHA OPHEHTALMOHHOTO yumpel-m;{ ypom{eu CyLileCTBEHHO BJIAAET
Ha TIOPOT M MOUIHOCTb TeHepalluH KpacHTeleil.

. BeiBenena ¢opmyiia, No3BOJAOLIAS XOPOLIO pacc'mn;maTb YaCTOTY TeHepaLMHi TPU pazmm-
HBIX TEMTIEPATYPAX, HAKAYKAX M TOTEPSX HIIYYEHUs B PE3OHATOPE.

IToka3aHo, YTO OPUEHTALHOHHOE YIIMPEHHE NPHBOIMT K [OTIOJHHTEILHBIM 3aBHCHMOCTAM
COexTpa TeHepaluH OT TeMNepaTyphbl cpelbl, HHTEHCHBHOCTH M YaCTOTHI M3/TyYeHHs HaKauKH.

 CHeKTpasbHO-JIOMUHECIEHTHBIE CBOMCTBA MOJIEKYJI OPIaHMYECKHX KpacHTE-
Jiei IPA BHECEHHWH UX B PACTBOP CYLIECTBEHHO H3MEHAIOTCS: JTH H3MEHEHHS C343a-
Hbl C BO3HMKHOBEHHEM MEXMOJICKYJIAPHEIX B3anmMogelicreuit (MMB) monekynbr
KpacHTeJis ¢ MOJIeKyJlaMH pacTBopuTens [1—3]. '
K mnacrosuieMy BpeMeHH CIEKTPaJbHO-JIOMHUHECHEHTHEIE CBOMCTBA pacTBO-
poB KpacuTeyeil M3ydeHbl HeIutoxo. OcoOBIH MHTEpEC LPEACTABIAKOT MOJSPHBIE
PacTBOPHI KpacHTeNei, T. K. KAK MX CIEKTpalbHbIE CBOMCTBA HMEIOT PSJ CYIIECT-
BEHHBIX ocobennocreit [1, 2].
" Crporoe onucanne ONTHIECKHX CBOM- 1*
CTB KpacHuTeseil B MOJIPHBIX pacTBOpax,
KaK TOKa3aHO aBTOPaMM JaHHOH paboThl
[4—7] nonxHO TpOM3BOOHTCHA C obA3a-
TEJILHBIM YY€TOM OPHEHTALUOHHOTO Y-
" peHMsT KaK CIEKTPOB JIFOMHHECLEHIHH,
TaK U CNEKTPOB MOTJIOIUEHHS C HOMOILBIO h-\), .
COOTBETCTBYIOIIMX -(DYHKOMIT pacnpese-
seHnss. VIX aHANUTHYECKHH BHA MOXET
OBITH IOJIyYEH €CJIM UCXOAMTH U3 CXEMBI
YPOBHEH 2JIeMEeHTapHOH sYeHKkn pacTBopa
“(puc. 1), cocTosiliell N3 pacCMaTpHUBaeMOi .
MOJIEKYJIBI  KpacuTens W  OJuxkaiimix r
MOJIEKYJl PacTBOPHTeIIA (ConbBaTHast 060- Puc. 1. Cxema ypoBHeii 21IleMEHTaPHOM
souka). CorjacHO HNAHHOW KOHLEIIIHH, SYEHKH [OJAPHOTO PACTBO pa.

Owy

AW,

3*
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BCe 3JIEKTPOHHBIE YPOBHH IOJISPHBIX PacTBOPOB KpacHTelied, XxapaKTepu3ytoluvecs '
OTNHYHBIMA OT HYJIsl IOCTOSIHHBIMHAMMOAbHBIMH MOMEHTAMH, YIUMPAIOTCS, B OCHO-

BHOM, BCJIEJCTBHE OPHEHTALMOHHBIX B3aUMOJAEHCTBUH MOJNEKYJ. fieMeHTapHbie

aKTBI .FIOTJIOLEHHS W HCOYCKaHHA B TAKUX PAcTBOPaX MPOHCXOAST € M3MEHEHHEM

HE TOJILKO 3EKTPOHHOMH N KosebaTenbHOM, HO 1 OPHEHTALMOHHOM SHEPIrHY pacTBopa,

a CNeKTpHI MOTJIOLLEHUst A UCIYCKaHWA ApPEACTaBASAIOT COOOH MHTErpasbl Mo BeeM

OPMEHTALHOHHBIM TOAYPOBHAM HCXOAHOTO 3NEKTPOHHOIO COCTOSHUA.

n, hv

Klz(") = /.K{'z(") dWw; = - By (v) ’ G
Wi .
T 8mhv® : '
W) = [ W) dWs; = mohy =5 By (), @
‘Tae . . . )
By() = [ Bla(v)ofdW,;, (3)
Bu() = [Bix(v)eidWs. ' . )

Waj

B Beipaxenusax (1)—(4) ¢f u oi-Qpynxuuu pacnpeneneHus fA4eek 10 OpHEHTALM-
OHHBIM . TIOJIyPOBHSAM B OCHOBHOM M BO30YXIE€HHOM 3NEKTPOHHBIX COCTOSIHHSX,
Kfy (v) u W3 (v)-koa(pduiUHEeHT NOrNOWIEHHS W MOLIHOCTh JIIOMUHECUEHUHH, a
B, (v) u B (v)-cnextrpanbtbie KoaohuumeHTsr DHHLITEHHA TIOCIOIEHUS U HC-
TycKaHUs ANA j-0i (paHK-KOHOOHOBCKOM mapbl OPHUEHTALIHOHHBIX COCTOSIHHIA
'C IHEPrUAMHU OPHEHTALUOHHOTO YUIHpeHus Wi; H-Ws;j, Ny M Hy-HACENIEHHOCTH OCHOB-

_ HOro U BO30YXIEHHOTO 3JIEKTPOHHBIX YPOBHEI.

AHanu3 [5] COOTHOLIEHUS MEXK Y HHTETPaNbHEIMM CNIEKTPAMH JIIOMHHECLIEHLIUH
‘¥ MOTJIOIIEHUs TOKa3all, YTO OHO MPUHHUMAET BH/l YHMBEPCAJbHOTO COOTHOLUECHHS
Crenanosa (YCC) nuws B TOM ciiyuae, korna ¢pyHKOMH pacrnpeaesieHus 3jeMeHTap-
“HBIX siY€eK 110 3HePTHH B3aHMOJEMCTBHS BCEX MOJIEKYJ sMEHKH SBIISIOTCH PaBHOBEC-
HuIMH. Takue GyHKUNH pacnpeaeneHus 31EMEHTAPHBIX Y€eK PeaM3yIoTCs B YCJIOBU-
AX TEPMOJAHHAMHYECKOTO PABHOBECHS, HEOOXOAUMBIM YCIIOBUEM KOTOPOTO SIBISETCS
MaJiasi IO CPaBHEHHIO CO BPEMEHEM JKHM3HH T 3JIEKTPOHHOIO COCTOSHHUS NMOCTOSH-
Hast T, MEKMOJIEKYIAPHOH OPHEHTAUHOHHON peslakcauny cpeabl '

f_=%<%l.- S G).

DTO yCnoBHe SIBISETCS TAKXKe YCIOBUEM OPUEHTALHOHHOM CTIEKTPasbHOH Of-
HOPOAHOCTH MOASPHOrO pacTBOpa (CMNEKTPbI JIFOMHUHECHEHILMH B 3TOM CJlydYde He
3aBHCAT OT 4acTOTHI BO36yxmarowero ceeta). IlpH Manbix MHTEHCUBHOCTSX BO3-
OyxX/IeHAs BpeMs >KH3HH OCHOBHOTO 3JIEKTPOHHOTO COCTOSIHMA  Ype3Bbl4alflHO Be-
JIAKO H PaclpelesieHHe IO OPUEHTALHOHHBIM IIOAYPOBHSM -3TOTO COCTOSIHHS Clie-
JyeT CYUTATEL PABHOBECHBIM JiJIsl BCEX BUAOB PACTBOPOB. B BO36YXKAEHHOM 3NEKTPOH-
HOM COCTOSIHMH PaBHOBECHE TIO OPHEHTAUMOHHBEIM MOAYPOBHAM YCTaHABJIMBAETCA
WM HE YCTAHABIMBAETCS B 3aBHCHMOCTH OT BBIUIOJHHUMOCTH (5) M JIerko MOXeT
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ObITh Hapylleno. B 3ToM cnydae pacnpelie/ieHHE 3JEMEHTAPHBIX A4Y€eK MO 3HEPIUH
B3aHMOJEHCTBAA B BO30OYKAEHHOM COCTOSHHM He OYJET PaBHOBECHBIM M, CIEIO-
pateibHo, YCC He JOJKHO UMETh MECTO. YCTaHOBJIEHHBIE C HOMOIUBIO MOZEJH
IEMEHTAPHOM sueiikin TpaHULBI BHIMOJHUMOCTH YCC COOTBETCTBYIOT IKCHEPH-
MEHTaJIbHO HabGnronaeMeM [1].

B ycnoBmsix MeIUIEHHON MepeopheHTanuH, korja (5).He BRIOJHSAETCS, CyLIecT-
BYET HEOJHOPOJHOE OPHEHTALMOHHOE YIUMPEHHE CIEKTPOB. DKCIEPUMEHTAIBHO
OHO MOXET TpPOSBJATHCA B 3aBMCHMMOCTH CIEKTpa JIOMHMHECUCHUMH OT 4acTOTbI
BO30YKIACHHS.

Tak xak B BelpaxkeHuu (5) BeJUUMHA f OmpelessieT XapakTep OpHEeHTalHOHHON
CIEKTpaIbHOM OTHOPOOHOCTH, TO 6y,ueM e€ HaspBaTh (HaKTOPOM OpHEHTAIIMOH-
HOM CreXTpabHOM OTHOPOIHOCTH.

OT/INYATENBHOH OCOOEHHOCTBIO CHCTEM C OPHEHTAIHOHHBIM YIUMpPEHUEM
yPOBHeE# sIBJISETCA CPABHATENLHO MPOCTAst BO3MOXKHOCTh MEPEBO/IA WX OT OJHOPOM-
HOrO K HEOJHOPONHOMY COCTOSIHMIO M 0OpaTHo. HeoOXomuMmblil xapakTep CIEKT-
panbHON OAHOPOJHOCTH MOXKET OBITH PEAN30BaH 3a CYET H3MECHEHHA KaK BPEMEHH
OpUEHTALIMOHHON penakcallid Cpeiibl, TaK U BPEMEHU JXM3HU BO3OYXAEHHOIO COC-
TOSIHHSA (CM. (5)). Ha skcmepuMeHTe M3MEHEHHE XapakTepa opneHTauHOHHOH on-
HOPOJHOCTH TOCTHTHYTO 4ETHIPbMS Pa3JIMYHBIMH CHOCOOaMMu:

1) yBenmueHHEM T, 32 CHET NOHWKEHNS TEMIIEPATypbl PaCTBOPA [11;

2) yBEJIMYEHMEM T, 3a CYeT MCIOOJIB30BaHHSA TBEPABIX pacTBopos [1];

3) cokpauleHHeM 1: IpY TYLICHHH BO3OYXIEHHOIO COCTOSHHS Kpacutens
MMOCTOPOHHUMH npuMec;IMH 7}

4) yMmenbllieHHeM ¥ mox neficTEMEM IOJIst MOIIHOM CBeTOBOI BOJHEI [7].

IMepsonayansHo Teopus pacueTa OKI ucxonmna M3 CHEKTPATbHO-JIOMUHEC-
LEHTHBIX CBOMCTB OTAENBbHON MONEKYJIB], 110 CyLIECTBY HE YUHTHIBas €€ B3anMOIeH-
CTBHS C MOJIEKYJaMH pacTBOpuTes. Takoe NpHOMHMXeHNe BIOJHE TNPATONHO ISt
OMHCAHUS HETOJAPHBIX PACTBOPOB KpacHTesei, HO NOBOJbHO I'py6o 17t MOJEKYJ,
HAXOOAUIMXCA B OJIIPHBIX PACTBOpAX,. T. K. HE YYUTHIBAET CrieHH(pHIECKHX OCOBEH-
HOCTelH, BO3HHKAIOIIMX B pe3ynbrate Bimsaius MMB. B To ke BpeMs B OONBIIMHCT-
Be chyyaeB HauOosnee 3(heKTHBHBIMH AKTHBHBIMH CpelJaMH SBJSIOTCA WMEHHO
TIOJIAPHBIE PACTBOPBI KpacHTelsieit (Hampumep, IPOM3BOIHBIE . (PTAJIMMHAA, KCaH-
TEHOBBIE M TIOJTMMETHHOBBIC Kpacnrenn B cnupTax M raumepune) [10—11].

Llens HacTosiedl paGoTBl — aHANU3 TEHEPALOHHBIX CBOWCTB IOMSAPHBIX
paCTBOpOB KpacHuTeliell ¢ y4eToM cneumbnqecmx ocobeHHOCTe! MX CHEKTPaJIbHBIX
CBOWCTB.

B paboTe paccMaTpuBaeTcs BIMSHHE OPHEHTAIIMOHHOTO ymnpemm Ha

1) xo3hduuyeHT ycnieHus, MOPOT U MOLUHOCT TeHEPAIHH;

2) 3aBUCHMOCTb XapaKTEPUCTUK TeHEPALMHU OT TEeMIEPAaTyphl CPens;

3) 3aBHCHMOCTH T€HEPalMOHHBIX CBOMCTB OT MHTEHCHBHOCTH M HaCTOTHI Ha- -
Ka9KH,

Tlpu paccMOTpPEHHH MBI HCXOAMJIH U3 TOIO, YTO MPOLecchl BO30yXIeHUsl, TeHe-
panuy W U3MEHEHMs TEMIIEPAaTyphl CPEibl MOTYT BBI3BIBATHL HapylieHHE pacrpene-
JIEHHsl 3JIEMEHTAPHBIX s4YeeK B BO3DYKIEHHOM 3JIEKTPOHHOM COCTOSIHHM H, CIENO-
BATENIbHO, NMPHBOAMTH K HM3MEHEHHIO CHEKTPOB NIOMUHECHEHIMH MW HapYLUCHUIO
' YHHBEPCANBbHOTo cooTHolleHns CTemaHoRBa. ‘
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Bausnue opuenmayuoHHoz0 yuwupeHus Ha Ko3@p@uyueim
YCuAeHua, nopoz u MOWHOCMb 2eHepayuu pacmeopos Kpacumedeil

ITepexon OT MONAPHOTO pacTBOPa K HEMONAPHOMY, a TAKXKE CHIBHOE OXJIAXK-
JiecHHMe pacTBOpa IPUBOJUT B OOJNBUIMHCTBE CJIYYaeB K CYLUECTBEHHOMY IIOBBILLIE-
.HHUIO MOpOra ¥ MNajeHuro MOILUHOCTH revepauuu [12]. FlpaBunbHasg KadecTBeHHAs
TPaKTOBKAa BOIIpoca TpeaioxeHa B pabote [13]: sBaeHue MOBBILLIEHAS NOpOra Te-
HEpanHH KpacHTeJieH Npexe BCEro CBA3bIBAETCH B Hell ¢ OpPHEHTANMOHHBIM YIIH-
PEHHEM 3INMEKTPOHHBIX COCTOSHUIA.

Kak cnenyetr u3 [10], ko3¢ duumeHT ycHiieHHs Km(v) OporoBasi MJIOTHOCTh
pagnauny Hakadkd Uf°P(v) v ynenbHas MOISHOCTb KBa3HCTAMOHAPHOH TeHepauuu
Wia CBA3AHBI CO CIIEKTPajIbHO-IFOMHHECLEHTHBIMHU CBOMCTBAMHM PacTBOpa KpacHTENs
H HapaMeTpaMH Pe30HaTOpa CIeAYIOUIUMM BhIpaXKeHHSIMU:

Ko (v) = 65, (v) [n2 ny exp{ }}(A]‘:}] : 6)
nop — KHOT (V)+ Ojo (V) n

TBUfP = o)1 . 0

ﬂ}l (V) = nhv[BUH— HOP] » (8)

oo

r,ue BUH f B, (v) Uy (v) dv-ckopocTb Hakadkw, 021(v) M 05(V)-CeueHus BBIHYX-

IEHHOTO HCHyCKaHHSI ¥ [OTTOLUEHHS, - KOHLEHTPALisi aKTUBHBEIX MOJIEKYJ B PacT-
' BOPE, M, M ny-CyMMapHBIe HACENICHHOCTH OCHOBHOTO M Boz6y>x,aeHHoro 3JIEKTPOH-
HBIX COCTOSHHIA. :

ITpu BeBOAE (6)—(8) cumTanock, 4TO MOJEKYJIBl PaCTBOPAa HAXOOATCS TOMEKO
B OCHOBHOM H BO306YXIEHHOM COCTOSIHHUSX, T. €. H=H; + H,.

W3 dopmynst (6) creayer, 4uro Koa(bdmuueHT YCHJIEHHsI BO3pacTaeT ¢ YMEHb-
LICHUEM BEJIHYHHBI :

ma =n -2, | ©)

MPONOPIHOHATIbHON HACEJEHHOCTH IIOYPOBHS € SHepIHei hAv.

vy
hn
Laa L
o1
mnr
XN L}
G

|
|

Q) 0)

Puc. 2. CxeMa 3MIeKTPOHHBIX YPOBHEH KpacHTeNs B Hero-
napHoM (a) H OOJIAPHOM (6) PacTBOPHTENSAX.
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Crnenyer uMeThb B BHAY, YTO, KaK IIOKa3aHO B [9], B COOTHOILEHHAX, OIHACHIBAIO-
INUX TIOJISPHBIE PAacTBOPHI OPH YCHOBHH (5), POJIb 9aCTOTHl YHCTO JJIEKTPOHHOTO
[epexoa BHIIOJHSAET 4ACTOTA V¥, ompeneiaseMas SHEPIeTHYCCKUM PaCCTOSHHEM
Mexay nonypoBasmu I° u IT* (puc. 26). Kax BunHO u3 Beipaxenus (9), ¢ yBeIA9eHH-
eM 3a3opa h Av 3Havenue n,(4v) yobBaeT Mo 3KCIOHEHIMAILHOMY 3aKOHY.

- CpaBHHEM BeJIM4HHBI 3330pOB 4V B HEMOJIAPHBIX (PUC. 2,a) ¥ NoaspHBIX (puc.2,6)
pacrBopax. Ilepexoy OT OAHOrO THIIA PacTBOpa K APYTOMY CBSI3aH C H3MEHECHHEM
CXEMBI JIEKTPOHHBIX YPOBHEH KPAacHTeslsi B Pe3yJbTaTe BIHSIHUS OPHEHTAaNHOHHBIX
MMB. B xuOokux NOJISIPHBIX PacTBOpax MpU KOMHATHOH TeMmepaType (ycn (5)) KO-
HEYHBIM [UJIS UCIYCKaHHUS SBJSETCA OPHEHTAIMOHHBI MOoAypoBeHb II% KOTOpBIH
PacIoiokKeH BEIilIE PABHOBECHOrO MOXYpoBHs 1° Ha Benmuuauuy AW, )J;Jm TIPOCTOTEI
MOXHO TPeONOJIOKHTh, YTO JIa3epHBIH Hepexon OyneT 3aKaHYHBATHCS .HA OIHHA-
KOBBIX KOJIEOATENBHBIX MOAYPOBHAX OCHOBHOIO COCTOSHMSI KAK B IOJSAPHBIX, TaK U
B HETOJIAPHHIX pacTBopax. B aToM cny4ae sHepreTmyeckmii 3a30p A 4v B HOJIpPHOM
pacTBOpE, KaK 3TO BUJHO U3 PUC. 2, HOJIbIIE HA BEIMYMHY OPHEHTAMHOHHOIO YIIM-
penrss AW, OCHOBHOTO 3JIEKTPOHHOTO COCTOsAHMA. IS IIONAPHBIX PACTBOPOB, KaK
Obu10 ToKa3aHo B [9], Benmunna AW, MOXeT JOCTUTaTh HECKOJNBKO THICAY OGpaTHBIX
caHTUMeTpoB. CIeNoBaTelbHO, IIPOIECCHl MEXMONEKYIIPHOW OPHEHTAIIHOHHOM .
peJiakcanyy, HPUBOASALIME K 3HAYMTELHOMY YBEJMYEHHIO SHEPTETHIECKOTO 3a30pa
hAv, yBeNIUYHBAIOT MHBEPCHIO JIa3€PHOrO TEpexoda W MO3TOMY MOTYT BEI3HIBATH
CYUIECTBEHHBIH pocT koabhduuueHTa ycuieHus. OTHOBPEMEHHO C YBEIMYECHHEM

" koadhduLHeHTa YCHICHHS B TAKKUX CIydasix, Kak 3T0 chaeayet u3 Gopmyiist (7), noKeH
3aMETHO NaflaTh MOPOT FEHEPALHH H3-32 YMEHBIICHUS NOTTIOLIEHNS 015(V) B 0011acTH
resepanuu (It cxeMbl 26 CIEKTp JIIOMHUHECICHUMH CWILHEE CHBUHYT B KpaCHy}O
061aCTh IO OTHOLIEHHIO K CHEKTPY IOTJIOLUEHHS, YeM IS CXEMEIL 2a).

PacuéT mOpOroBEIX 3aBHCHMOCTEH HAKauKM, BHIMONHEHHBIH Ui JIEMEHTApPHBIX |
f9eeK OJHOTO M TOTrO kK€ KPACHTENS B HEMONSPHOM W HOJSIPHOM PACTBOPUTEISAX,
CBUIETETBCTBYET O CYIIECTBEHHOM TIOHMXEHHWH IIOPOTA NPH OPHEHTATMUOHHOM
ymnpeHuy ypobHel. OcobeHHO CyLIECTBEHHOE CHIKEHHE IOpora H, CIEA0BAaTENbHO,
yBeJM4YEHNEe MOLIHOCTH TeHepallu IOJIAPHBIX PACTBOPOB AOCTHTAeTCA MPHU MabiX
‘xoaddunuenTax moreps pesonaropa. Hug xosbpdunuentos morepp ~ 0,01 cM™1t
BEJIMYMHA TIOPOTa B MOJIAPHOM PAacTBOPHTENE TMOYTH B 2,5 pasa HHXe. l'IppI 601~
IIUX MOTepsAX ~ 1 cM™! MOPOrH MpaKkTUYECKH COBIANAIOT.

C pacyeTaMu KayeCTBEHHO COTJIACYIOTCS JKCIEpUMEHTANbHBIE uaMepenus [12],
B KOTODHIX MOpOT reHepamun 4-ammuHO-N-Metmndranumuza npu Kuor~0,01 em™1"
Bo3pacTan B 3,7 pa3a IfpH mepexole OT IJIMHEePHHA K AHOKCAHY (C yYeTOM OTIHYHS
KBAaHTOBHIX BBIX0H0B). K coxanenuio, 60oJiee TILATENBHOE COMOCTABJICHHE KCIEPH-
MEHTAJILHEIX JAHHBIX C PACYETHBIMH OYeHb 3aTPYAHEHO, TAK KaK Ha OIBLITE Xapak-

TEPUCTHUKH TEHEPAUMH ONPEACISAIOTCS HE TOJNBKO OPUEHTALMOHHBIM YIIHPEHUEM,

HO H pAAoM Jpyrux GakTopoB (HampHMep, BAHSHHEM HOCJIOLUEHHs BO30YXKIEHHBIX
MOJIEKYJI, IJIsl JETAIBHOTO yIeTa KOTOPBIX B OOJIBIIMHCTBE CJIy4aeB HET KOCTOBEPHBIX
IaHHBIX).

IToHuxeHne TOpora reHepalud pacTBOpPA TPH BO3HUKHOBEHWH OpHeHTaHI/IOH-
HOTO YUIMPEeHHsl YpOBHeH HeM30eXHO M, Xak 3To cienyer u3 dopmynsl (8), DONKHO
IPMBOIUTbL K YBEIMYEHHIO MOILHOCTH TeHepHpyeMoro m3nmyuenus. Hambonee cy-
LIECTBEHHOE YBEJIMYEHHE MOIIHOCTH I'€HEpallMM 32 CYET OPHUEHTANMOHHOTO YIIHpE-
HHA yPOBHEH TMPOABIAETCS IS HaKayek, He OYeHb CUJIBHO NPEBBILIAIOIHNX TOPOro-
BY10. : : :
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Tenepayua pacmegpoé kpacumedeil npu pasAudHbLIX memnepamypax

JInsa NoNApHBIX PacTBOPOB KpacuTeneil, XapaKTePU3yIOIUXCH CYLIECTBEHHBIM
OPHEHTALMOHHBIM YUIMPEHHEM YPOBHEH, 3KCHEPUMEHTabHO MOjy4eHbl [12] cunb-
Hble TeMIepaTypHble 3aBUCUMOCTA 4acTOThl reHepaiuy. Tak Kak 3TH 3aBUCHMOCTH
NPEeACTaBNAIOT 3HAYMTENbHBI NPAKTHYECKHA HHTEPEC, TO KENATENbHO ObLIO OB
HMETh MATEMaTHYECKOE COOTHOLUEHHE, KOTOPOE TMO3BOJSUIO OBl pacCYMTHIBATH HX
BO BCeX HeOOXOAMMBIX ciy4asax. Taxoe BblpaxeHue [Jis KBa3HCTAIMOHAPDHOH reHe-
PalUMK BLIBOJMTCA B JaHHOM pa3lielie.

YacToTa reHepalMH Beeraa yAOBJETBOPAET YCJIOBHIO .

a [K}?c (V) - Knor (V)]
v )
‘B 06H.ICM cnyvae, Korja CrneKTpbl HOFJ’IOIHCHPIﬁ N UCIIYCKAHUA MOIYT HE TIOA-

yuHAThC YCC, BEIpaXeHue M1 K03(hQUIMEHTa YCHIIEHHS MOXET OBITh 3amucaHo
B BHIE: , .

=0 (10)

K;’c(") = Ny09, (V) — 1,612 (). ) . (11)
Ilycty motepu B npenenax CHeKquanoifI obnacTu ycujI€HUSA OIHMHAKOBBI
0Knor (V) ~
Thnott?) — 0
- . av ’ ’ (12)
a JIIMHHOBOJIHOBAas YaCTb KOHTYpa 0,,(V) ONUCKIBaeTCA pacnpenenenneM I'aycca
) 2
—v
-0y (V) = 0, €Xp {— [Lm‘__] } (13)
: ) Yo

TJ€ 0,-CEMEHHE MNPENETbHOTO YCHIIEHHS B MAKCHMYME, yo-CHEKTpajbHas LUMPUHA
Go1(v). 3aBHCHMMOCTB KOHTYpa HOTJIOLIEHHS CJIOKHBIX MOJIEKYJ OT TeMIIEPaTyphb!
MOXHO [14] onuceiBaTh ¢ NOMOIWBI TUNEpOONNYECKOd GyHKHHA

615(v) = g€ sech [% (v— vl)] R | (14)

rue o, a, b ¥ v,-ocTodHHbIe, XapaKTepU3yOIUMe AAHHBIA COPT MOJEKYJ (v;-Beu-
4yyHa, OJIM3Kas K 4acroTe 3HCKTpOHHOI‘O nepexona). B 06na0'm TEHEpalMHy, TAe

—(v-— v)=>2, u3 (14) crenyer

[
0..(V) = oexp [b—%] v]. (15)
IMocne noactanosky (13) u (15) 8 (If) ¢ yueTom (12) nony4aemM
b —%] 7o
Ve = ()~ 2 : D)
2 1+ nor .

iy
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Vpapuenue (16) Mo3BOJAET TPOAHATH3NPOBATH 3aBUCHMOCTE YacCTOTHI FEHEPAUUH
v. OT CBOMCTB aKTHBHOHM cpenbl M pe3oHaTopa. Ilpexne Bcero, u3 (16) BUIHO, 4TO-
4acTOTa TEHEPAUMH V. MEHbINE YaCTOTHI MaKCUMyMa V, CHEKTpa OpPelcibHOIO:
YCHJIEHHs! Y 3aBHCHT OT KOHLEHTPAUHH 1, U Ko3pdUIUEHTa NOTePh Koy H3IIy4eHHA"
B pEe30HATOpPE BO BCEX CIyYasik, KPOMe OJHOTO, KOTHa HACEeJICHHOCTh OCHOBHOTO:
COCTOSHHUS paBHA HyTI0. B 3TOM cnyuyae BTOpoe cnaraemoe B (popmysne (16) oGpa--
maercs B HyJjib, M TeHEPALUS UAET TOJIBKO HA YacTOTe v,,. Ha mpaktuke njis noiyye--
. HAS TeHepauxH BOJIM3M MaKCHMyMa CEUCHMS BBIHYXKIEGHHOIO HCIyCKaHUS V,, JOC-
TaTOYHO, 4TOGHI BTOpOE ClaraeMoe B OpaBoil 4vactd (16) GBUIO 3HAYMTENLHO-
MEHBIIE CHEKTPAJIbHOM INUPHHBI KOHTYPA JIIOMHHECHECHIIMH, DTO YCIOBHE MOXET
OBITb BBITIOJIHEHO MUIS BELIECTB C 60J‘IBIIII/IM "CTOKCOBBIM  CHBHTOM CHeKTpOB~

. (a exp [[b——) ]-Mano) COOTBeTCTBy}oume 3aKOHOMEPHOCTH HaGJIIO,IIaIOTCH IKC--

nepumenTaipHo [10].

YacToTa M3/IyYeHHs TeHEpAlMH, KaK TPaBUIIO, 3aBHCHT OT TEMIepaTyphl paCT-
Bopa kpacutens (cm. (16)).

UyBCTBUTENIBLHOCTD HacTOTHl TeHEpalMhd K M3MEHEHHIO TeMnepaTypm 3aBHCHT
OT KOHIIEHTpalliH BEHIECTBA U MOTeph pe3oHaTopa. Ecnanu Bo BceM MHTEepBaJjie BApH--
anuK TeMNepaTypsl BTOpoe cnaraeMoe B (16) 04eHbh Majio MO CPABHEHHUIO C LIMPH-:
HOM KOHTYpa JIOMHMHECHCHIAYN, TO HE3aBHCAMO OT TEMIEPaTyphbl, reHepanns OydaeT
APOUCXOINTh BOJIH3H MAKCHMYM2 IIOJIOCH! JIEOMWHECHEHIMH BeluecTsa. Ilpu yme-
JIMYeHVH KOHLEHTPAUNM KpacuTells. U YMeHbIIeHHH KodhdHLiMeHTa TOTEPh pe30--
HaTopa, BTopoe cnaraemoe B (16) pacrer, YTO cO3[aeT YCIOBHE /I IIPOABJICHUSL
. TEMIePaTypHOH 3aBHCHMOCTH CHEKTpPa TeHePalyH.

B mosiApHBIX pacTBopax KpacuTeNlel NPH YyMEHbILIEHHH TEMIEepaTyphbl BCAEACT~
BHE M3MEHCHHMA BPEMEHH OPHCHTAHNHMOHHOW peJlakCalllM CPeAbl OCYLIECTBIACTCS
HEpeXoA OT YCJIOBHSL OAHOPOAHOTO yWHpeHHs (5) X YCIOBUAM HCO,Z[HOpOlIHOI‘O-
yimpenns (f>-1). :

Kax ussectHo [1,2], Takolf: mepexorn CONMpOBOXKIAETCS CHILHBIM CMEIIERMEM
CIIEKTPOB JIIOMHHECHEHIMH 0oy (V) M CITENOBAaTEHHO, v,,,(f) B KOPOTKOBOJIHOBYEO .
o0nacTe BCJIEACTBHE M3MEHEHUS OPMEHTALMOHHBIX B3auMomedcTBuii. CHEKTPBL
MOTJIOIIEHHS TIPA 3TOM IIPAKTHIECKH HE H3MEHSIOTCS.

W3 seipaskenns (16) BHAHO, YTO €CH YMEHbILUCHAE TEMIEPATYPHl NMPUBOIUT X
KOPOTKOBOJIHOBOMY CMeIIEHHID MAKCHMYMa CHEKTpa -MCIYCKAHHA V,(f), To tMe-
HIEHUE YaCTOTHI TeHepauH pacTBopa Oyner Bcerga NPeBHIIATH €ro H3-3a BIHAHHA
BTOporo cmaraemoro. TemmepatyprHasd nepecTpolika cHeKTpa reHepaluu, OCHOBAH-
Has HA OPHEHTAUHOHHBIX 3(pdeKTax, 0cobeHHO addexTuBHA B PaCTBOPaXx IMPOU3BOI-
HLIX dTannvuna [12]. TeMnepaTypHoe cMeleHUe CIEKTPAa reHepalii TaKOTO THIIA
Habfoanach HaMHu IKCIEPUMEHTANLHO TaKKe Ha MpHMepe rﬂuueanOBoro pact-
BOPa KPUNTOUHMAHHUHA [15]

IIpy pacueTe YacTOTBI TEHEPALMH MONAPHBIX pacmopon o popmyre (16)
Heo0X0AMMO 3HaTh QYHKHUIO v,(f) U y4ecThb eilie 3aBMCMMOCTb (PAKTOpa OpHEHTA-
LIHOHHOTO YIIUPEHUS f OT U3JyUYeHHS, COKPAMIAIOLLETO BPEMSI JKU3HH BO3OYKIEHHOTO
cocTosHMsA. EciM B KayecTBe TAKOTO U3JIyYEHHS CIYXKHT FeHepHpyeMas palnanus,
TO B BBIPAXEHHH JJIs BEJIMYHMHBI f BMECTO BPeMeHH CIIOHTAHHOT'O pachmaia Bo30yiK-
JEHHOTO COCTOSHMA. CIEAYET pacCMaTpHBaTh BpeMs KH3HH C Y4eTOM BBIHYXICH-
HBIX IIEPEXOIOB, BHI3BAHHBIX T€HEPUPYEMBIM H3NyueHHeM. B 3ToM ciy4ae pacyér
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YacTOTEl TEHEPUPYEMOIO H3JlydeHHS B oOlieM ciy4ae NOJDKEH HPOM3BOIHMTBCSH
no ¢opmyne (16), B KOTOpo# MOA MapaMEeTPOM OPHECHTAMUOHHOH OAHOPOAHOCTH
f cienyeT TOHEMAaTb BHIPAXXCHHE .

fo= fp(T)[(IT:p)erx}’ an
rae
Kror 012(v)

m0u (V) 6u(v)’

X-YACJIO IOPOTOB HAKAYKH.

Tax KaKk CMeILEHHe YACTOTHl TEHEpAIlMH MOXET ObiTh CBS3aHO HE TOJIBKO
C TeMIepaTypod, HO M ¢ M3MeHeHueM Hakauku (popmyna (17)), To mpaBmibHee
TOBOPHTb O TEMIEPATYPHOM CMEICHWH TeHepalui TPM KaKoM-TO NOCTOSHHOM
YPOBHE HaKaukH.

-3
* 10 <00 20 40 60 -80 ;
o i t'c
-12 -8 4 0 .
" [grp
221 hvppe
— =777 -~ Koom *3
o 1 “Knom-=1
° - Knom=01
. il ~Knom=001
D b A
.
18 K }
0 5 10 lg

Puc. 3. 3aBHCHMOCTB 4aCTOTHI TeHepalUuH 3-aMUHOB TATIAMHUIA

B_IJHUEPHHE OT (PaKTOpPa OPHEHTAIMOHHOM CHEeKTPalbHOH

OMHOPOAHOCTH, paccyuTaHHasA mo (16) oy pasimMyHbIX KO-
(DHUIIMEHTOB MOTEPh pPe30HATOpPA K o;- BepTHKaIbHBIVM

oTpe3kaMu 0003HAYEHBI 3KCTIEPHMEHTAIILHBIE CIEKTPEI I'eHe-

paluH, NOJiydeHHble Tipy Bapmaumu (akTtopa f m3meHeHueM

TeMmepaTypsl pactBopa. [TyHKTHpOM yka3aHa 3aBHCHMOCTDb
’ MaKCHMyMa JIFOMUHECUCHIMH OT daktopa f.

Ha puc. 3 npusenensl paccuntanHble 1o (16) 4acToThl reHepanuu 3-aMHHOQ-
TaaMMHJA B IJIAOEPHHE B MOPOTOBOM pPeXHMME X ~ 1 IS pa3iau4HbiX TeMuaepaTyp (a,
CREOBATENHHO, W PAa3NAYHbIX 3HAUCHUH (haKTOpa OPHEHTAIHOHHOH OIHOPOAHOC-
TH f) ¥ VIS pasHBIX BEJMYHH K03(ULeHTa TOTeph U3YUYeHus B Pe30oHATOPE Kyor-
Ecnu 3navenne koaddunmenta morepb Heenvkn K,=0,01 cM~1, To 3aBUCHMOCTD
ve oT T cnabas. Mi3amepeHHass Ha ombiTe IpH Ko3¢dhHOueHTe TOTEPh Ha 3epKaliax
K, ~0,01 cM™! 3aBUCHMOCTb CrieKTpa TeHepanuu (BEPTHKAIbHBIE OTPE3KH HA PHCYH-
ke 3) oT TeMmmeparypel mias 3-amuHodTamuMuma B rimOeprHe (t¥=1,2- 1078 cex)
TIpH HeGOJIBLINX TIPEBBIIICHHSX HAKa9KH Hal TIOPOTOM X~ 1 oka3zanack OAM3KOH
K pacCuMTaHHOU NpH kodpduuuente norepp Kyor=1cm™ L
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W3 dopmyinsl (17) cneayeT, 4TO OOHO M TO K€ CMEILEHUE CHEKTpa I'eHepanyH
MOXeT OBITb TOJTy4eHO KaK H3MEHEHHEM HaKadyKu 60X NpH GUKCHPOBAHHON TeMIlepa-
Type, TaK M IIPH W3MEHEHHH TEMIIEPATYphl 67 PacTBOpa 3a CYET U3MEHEHHS T, NPH
HOCTOSIHHOH HAKa4Ke, €CIM TOJNBKO IPH 3TOM OJIMHAKOBO M3MEHHMIIOCH 3Haqune
(hakTOpa OpHEHTAIMOHHOTO YIHPEHHS f.

Cssi3b Mexy BenuunHaMu 6x u 67, HCO6X0,I[I/IMaSI IJIS TOTO, ‘ITO6BI 3TH BeJHI-

“YUHBI MPHBOIMIN K OAMHAKOBOMY CMEILEHHUIO CrieKTpa renepaunn, HMeeT BHA:

1 dt, (1=9)+yx.

dx = — —F ——=——T.

YT ar ¥ : .(1«8)
Hns rnnuepHHOBmx PacCTBOPOB. KpacWTesiell NpH KOMHATHOH TeMIepaType T,=
=10~ QCCK, dT =—3-10""° cex rpan;l. IToncrasnas >tm 3uadenns B (18) mony-

Yaem, 4TO IpH x =1 IMOHWKEHAE TEMIIEpATyphl HIDKE KOMHATHOI Ha 22° M0 CBOEMY
OEeUCTBHIO 3KBMBAJICHTHO YBEJIMUYECHHIO MOLIHOCTH Hakadyku B 15 pa3. 3rta omenka
coryiacyercs ¢ pe3ymbTaTaMH 3KCIIEpHMEHTA: B TJIMLEPUHOBOM pacTBOpe 3-aMu-
HO(TAINMHUAA TIPH KOMHATHOH TEMIEpaType MBI HaGIIOAQM CMENIEHME HACTOT
reHepainn Ha Av=300 cM™! Npy ysemuieHHH Hakadku OoT x=1 mo x=15. Takoe
e CMellieHHe, KaK BHAHO M3 pHC. 3, mojiydaeTcd NpPH OXJAXACHHH pacTBOpa Ha
27°C ot 20°C no —7°C npu ¢uxkcupoBaHHOH Hakauke kpacuteils x=1. B He-
HOJSPHBIX PACTBOPAX CTIEKTD TeHEPAUMH HEe 3aBHCHT OT HAKAYKH X.

3asucumocmu uacmomst U nNopo2a 2eHepayul
OM yacmomul 8030yacoeHUA

HenocpencTeennas CBA3b CHEKTPOB TE€HEPANHU CO CHEKTPAMMU JIIOMHHECIICH-
LiMd B pacTBOpax KpacHureliel, Bpipaxaemas (opmyioii (16), mo3BoasieT caenaTh
BBIBOJI O TOM, YTO CMEKTpPbl TeHEpallMK KPacuTesed [OJKHBL 3aBUCETh OT YACTOTHI
BO30yXIeHHS TIPH TeX JXe YCIOBHAX. B PACTBOpax, IIPH KOTOPHIX HabGIIomaeTcs
GaToxpoMHas JFOMUHECHEHLUs [4—9], T. e. KOTga CYLUECTBYET 3aBHCHMOCTh MaKCH-
MyMa JIFOMUHECHEHUHH V,, OT YaCTOTHI BO3OYXIeHUs v,(f>1). Cnenyer OTMETHTS,
Y710 N0A00HAas 3aBUCUMOCTb O CHX IOp He Habmiozanace. OHa MOXeT paccMmaTpH-
BaThCd XaK aHauor 0aTOXpOMHOH JIFOMHHECHEHIMH B BBIHY)XIEHHOM HCIYCKAHHU
KpacuTeneil. B HEMOMAPHBIX pACTBOPax 4acTOTa IeHEpalUM He 3aBHCHT OT YacTOTHI
BO30YyXeHUS.

Ha puc. 4 npuBeaeHbI paCC‘II/ITaHHBIe nio (16) 4acToTel revepanuy (kpusbie 1-—6)
TIOJISPHOTO DPACTBOpA THIIMYHOTO (TaMMHIA B 3aBUCHMOCTH OT YaCTOTHI BO3-
OyxaeHus NPH pa3/IM4HEIX HOTEPAX H3JIYyYeHHS B pe3oHaTope Kop, @ TaKXKe 3aBU-
CUMOCTh MAKCHMyMa OaTOXPOMHOM JIIOMHMHECHEHIMH OT YacTOTHI BO3GYXKIEHHS
(xpmBas 7). VI3 3TOro pHCyHKa BUIHO, 4YTO YMEHbILIEHHE YACTOTHI BO30YKICHMS
pacTBopa, He HaXOASLIEerocs MpH YCIOBHH (5), MOXET MPUBOAUTD K CYIIECTBEHHOMY
HU3MEHEHHIO 4acTOTHI TeHepauud. VIHTepBajl 4acTOT HakKauki, B KOTOPOM IPOUC-
XOANT Hamnbolee CyLIeCTBEHHOE CMELIEHHE YACTOTHI TeHEepAlldH, MPHUMEPHO COOT-
BETCTBYET JIUAamNa3OHy CaMOTO 3HAYATEIbHOTO HM3MEHEHHS MaKCHMyMa OaTOXpoM- .
Ho# moMuHeceHUMH. T1pu koaddrmuentax moreps Ko, >0,5-10"¢cm~1 yacrora
TeHEpalMy CMELAETC B KPacHYIo OO0JIaCTb C YMEHBILEHUEM 4YacTOThl BO30yXk-
nenusi. [Ing oveHb MajblX 3HaYeHHH koadduumeHT moteps Kyor<0,5-1074 cm—



44 A.H. PYBHHOB, B. U. TOMHUH:

-3 -t
V,-10) cu

B 20 25 30 0w’

Puc. 4. Pacu€THble 3aBHCHMOCTH 4aCTOTHI TreHepalLuu

MOJIAPHOTO PacTBOPA OT 4acTOTsl BO3OYXKIEHMA NPH pPa3n-

MYHBIX NOTEPAX B pe3onaTope (1—6) 1 3aBHCAMOCTb MAKCH~

Myma crnektpa Kodbduimenra B, (V) OT 4acrorsl Bo3-

- — .10-5 -1.9. —10-5 -1.

6yxnenus (7): 1: K =0,5-10"*cm™1;2: K =10"%cm™Y;
. — .10-5 1. 4- — .10-5 -1.
31K,y =1,25-10-% e~ 4: K, =2,5-10-5 cm~Y;

5:K;,=06-10""cm™?; 6:K =0,5-10"° cMTL

YacTOTa I¢HEPAalH HETPHBHAJIBHBIM O0Pa3OM U3MEHSAET CBOE IOBEICHHE M OIMCHI-
BaeT KPIOK TIPH M3MeHEHHH BO36yxaeHusa B obmactu 20 000—25 000 cm~1. B atom
cly4ae ¢ YMEHbILIEHHEM YacTOTHI BO30YKIEHUS YacTOoTa FeHepaluy CHavyaja cMeLla-
€TC B CUHIOIO CTOPOHY (HECMOTpPS Ha TO, YTO CNEKTP JIFOMHHECUEHLHH IPH TOM
Ke M3MEHEHWU BO30YKICHHS CMelnaeTcs B KpPacHYKO CTODOHY), a 3aTeM, Hocie
JOCTHXXEHHS MaKCHMyMa, HaOJrofaeTcs CMELEHNE YaCTOThl TeHEPAlMH B KPAcHYIO
CTOPOHY. DTO HPOWUCXOAMT BCJIEACTBHE TOro, YTO B YCJOBHAX HEONHOPOIHOTO
- OPHEHTALMOHHOTO YINMPEHUS TIPH U3MEHEHHH YACTOTHl BO3OYXKIEHHS Vg OCYILECTB-
JIIETCA Tepexo] K BO3DYXAEHWIO 3JIEMEHTApHBIX fA4YEeK, XapaKTePH3YHOLIHXCS
HHBIMH CIIEKTPANbHBIMH CBOWCTBAMH JIFOMHHeCHEHIMH. [1JiS pacTBOPOB ¢ OAHOPOI-
HHIM ODHMEHTALHMOHHBIM YIIMpeHueM cIektpoB (ycir. «(5)) cmektp koabduuuenta
ycujieHus (Kp.2) pH OJHHAKOBOH CKOPOCTH HAKAUKU By, (v5) Uy (vp) He 3aBUCHT OT
YaCTOTHI BO3OYXKIEHUS, TAK KaK Tepel aKToOM HCIyCKaHHs YCIEeBAeT yCTaHaBJIIH-
BaThCAd YHUBEPCANBHOE PAaBHOBECHOE pacrpeleilieHue BO3OYXKIEHHBIX Y€K pacT-
BOpa.

Pe3ynabTaThl, H3N0KeHHble B NaHHOH paboTe MOKa3bIBAIOT, YTO MPH ONHCAHHH
CBOJICTB TeHepallMH MONAPHEIX PACTBOPOB KpPAacHTeNeH HEOGXOAMM y4eT BIMUSAHHS
MMB, npuBonsiero K OpHUEHTALHOHHOMY YIIMDEHUIO JJIEKTPOHHBIX COCTOSHWH.
Vuer pndsgHds MMB HeoO0XoauMoO NMPOU3BOAKTL IIPU PELIEHHHM BCEX NPAKTUYECKH
BAXKHBIX 3a/av: MpU pacuyeTe Nopora W MOLIHOCTH TeHepanuH, 3aBHCUMOCTEH . re-
HEPALMOHHBIX ApaMETPOB OT TEMMeEPAaTypEl H YacTOThl BO30yxncHus. Pazymeercs,
4YTO pacyéT reHepallMOHHBIX XapAaKTEPUCTHK PACTBOPOB KpacHTeleH HOJIKEH Mpo-
U3BOAHUTHCA C OJHOBPEMEHHBIM YYETOM KaK NPOLECCOB, CBA3aHHBIX C OPHEHTALHOH~
HBLIM YIUMPEHHEM YpPOBHeH, TaK M TPHICT-TPHIUIETHOrO HNOTNOILEHNs, CBOMCTB
pe3oHaTopa U HaKayKH. :

*

% %
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) B zakntoueHne ABTOPBI CYUTAKOT CBOUM MNPHUATHBIM OOJITOM BBIPA3ATb MPHU3HA- -
TCIBHOCTh AKaACMHKY b. 1. CTenaHosy 3a MOCTOAHHOC BHUMAHHEC H Honnepxcxy.
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CHARACTERISTICS OF STIMULATED EMISSION OF DYES IN POLAR SOLUTIONS
A. N. Rubinov and V. I. Tomin ' . *

The effect of orientational broadening of vibronic (electronic vibrational) levels due to molecu-
lar interactions, on the threshold and the spectral characteristics of stimulated emission in polar
dye solutions has been investigated. It has been stated that the extent of the orientational broaden-
ing of the levels exerts a considerable influence on the threshold and the power of stimulated
emission. A formula permitting to calculate the frequency of stimulated emission at different tempera-
tures, pumping intensities, and loss coefficients of the resonator is deduced. It is shown -that the

" orientational broadening leads to additional dependence of the spectrum of stimulated emission on
temperature of the medium, on intensity and frequency of pumping.
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THERMAL DECOMPOSITION OF ACETALDEHYDE
IN THE PRESENCE OF NITRIC OXIDE

By
"I BARDI dnd F. MARTA

Gas Kinetics Research Group of the Hungarian Academy of Sciences, Szeged and
Institupe of General and Physical Chemistry, Attila Jozsef University, Szeged

( Received 10 December, 1973)

The pyrolysis of acetaldehyde in the presence of nitric oxide has been studled in the temperature
ange 495—550 °C at an initial acetaldehyde pressure of 25-—200 torr and at 0—50 torr nitric oxide
pressure. The decomposition was followed by pressure measurements and by GC analysis. The
order of reaction with respect to CH;CHO and NO was determined by different methods. From
pressure measurement data “influencing curves” were deduced and on this basis, some properties
of the catalytic and inhibition region are.summarized. Arrhenius parameters are given for the overall
decomposition in the catalytic region. The effect of nitric oxide on the formation of major and some
of the minor products (e.g. H., C,He, C;H,, acetone, HCN) was investigated in the catalytic and
inhibited reglons The possible routes of product formatlon are shortly discussed and a simple
mechanism is given for the NO influenced aldehyde decomposition.

Introduction

. The influence on the acetaldehyde decomposition of different substances has
been a frequently studied field of reaction kinetics. It was established that N,O,
H.S, I, Bry,, O,, HCI, HBr, propylene, nitric oxide, etc. have a strong catalytic
effect on the decomposition of acetaldehyde, while in the case of nitric oxide ahd
propylene, inhibition takes place, too [1," 31—34]. In consequence of this double
effect, the NO aroused considerable interest.

Many articles have been published in this field, the earlier ones, based on
pressure- measurements, did not provide detailed mformatlon [2, 3—5]. More recent
investigations were carried out by gas chromatography (GC) and mass spectroscopy
(MS) [6, 7). These latest publications, altogether with LAIDLER’s recent investigations
[8, 91 give us nowadays the best informations in this field, stating the following:
the order of decomposition with respect to acetaldehyde is 3/2 in a wide pressure
range of aldehyde and NO, and in the catalytic region the decomposition is pro-
portional to the square root of NO concentration. SCHUCHMANN and LAIDLER [9]
during the pyrolysis have indentified the products listed in Table I. Rates of for-
- mation of the most important products as a function of NO pressure are shown
according to [9],.in. Fig. 1. '

On the basis of the mentioned experimental results, LAIDLER assumes two
chain carriers in the system, namely CHy and CH,CHO radicals. The concentrations
of these two chain carriers are independent of each other, and the NO influences
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Table 1

Products of pyrolysis in the presence of NO according to SCHUCHMANN and L AIDLER [9]

. N ini Compounds, which
Major products Minor products ' zg.%zlllzng were not obtained during
) pyrolysis
co .| H,Co,, H.0, N,, N,O, HCN, CH,0, CH,ONO, CH;NO,,

C.H;CHO, C,H, | CH,NCO, C,H,;NCO | CH,ONO,, CH,0H, CH,CO,
CH,CN, C,H;0H, CH,0C,H,,
_ (CH,),CHOH, CH,COCOCH,
CH, C.H,, C;H,

CH3;COCH,
CH,COOCH = CH,
(crotonaldehyde)?

-their concentrations in different ways. In the case of methyl radicals, both generation
.and removal take place in a direct reaction with NO, while in the case of CH,CHO
radicals, the formation takes place in an indirect way

CH;+CH,CHO -~ CH,+CH,CHO )
:and the consumption of this radical commences in a direct reaction with NO.
- CH,CHO+NO — ONCH,CHO — HCN+CO+ H,0.
. A .

10" rate Pald=176 Torr
(in mole cc sec’ ) T=500°C N
16"CH,,CO

Hy

10' H,0, HCN

CH3NCO

© CH,COCH,
2 no
CHe 2
2''6
10 20 pNO(Tord
_Fig. 1. Rate of formation of pyrolysis products as function of NO

-pressure, according to SCHUCHMANN and LAIDLER [9]. p,,, =176
: torr, t =500 °C :
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LAIDLER assumes new initiation stéps in the presence of NO, wich explain the in-
crease in the amount of major products According to their very detailed analytical
investigations SCHUCHMANN and LAIDLER proposed a more accurate mechanism

cons1stmg of 41 steps. The steady-statc equations derived from this mechanism _

are in good agreement with the experimental rate—[NO] curves, which verifies
the validity of the mechanism,

After finishing the investigation of the decomposxtlon of the pure acetaldehyde
[25], we wished to clear up the influence of NO on the kinetics of  decomposition
and the distribution of products. Detailed investigations had been carried out ear-
lier in our Institute with the propionaldehyde—NO system {10, 11], Wthh offered
a good opportunity to compare these two systems. . .

Experimental

The apparatus and procedures were essentially the same as used previously
[25]. The mixture of aldehyde and NO was left to stand half an hour, during which,
to promote good mixing, we used thermodiffusional stirring. This time was enough
to reach a good mixing, and the ‘““cold reaction”, mentioned by SCHUCHMANN and
LAIDLER [9), (i.e. the reaction between aldehyde and NO at room temperature and
in darkness) could not be observed. In most cases the reaction was followed by
the measurement of pressure change and the products were analysed by GC. To
facilitate the analysis, the products were separated into fractions condensable and -

non condensable at liquid air temperature. The GC apparatus used and the methods c

of analysis were similar to those used previously [25]. )
Materials. NO was produced by the method of WINKLER [12]. The frozen

NO was subjected to. low temperature bulb to ‘bulb distillation and- was stored o

"in a storage vessel.

CH,CHO. The purification and storage of acetaldehyde were the same as
described earlier [25]. Tn the same paper we gave detailed methods of purlﬁcatlon_
_ of the chemicals used to calibrate the GC.

Pressure—time measurements

The experiments were carried out at five temperatures (495.5, 512, 527.5, 539.5,
550.5°C) and at four different aldehyde concentrations (25, 50, 100, 200 torr).
The concentration of NO changed between 0 and 50 torr. The reproducibility of our
experiments was satisfactory. The character of pressure—time curves, plotted
from the experimental data, does not change in the presence of NO, as it can be
seen in Fig. 2; only, depending on the effect of NO, a rate increase is observable.

The order of reaction
The order of reaction with respect to aldehyde has been found to be 3/2in a
wide pressure range {7]. From the initial rates (calculated from the pressure—time
curves by computer), the order of reaction with respect of aldehyde was determined

and agreement with literature was found, but only in the case when the aldehyde

4
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Fig. 2. Pressuré—time curves at
different NO concentrations.
e Otorr; O 2.4torr; X 10torr;
420 torr; O 34 torr; & 528
» torr NO. p,,q=50 torr,
- — t=527.5°C
10 - 20 30 t(min}
"1 o,
NP t=5275"C 196 Torr NO
Pald=100 Torr 49,43 Torr NO
03 .
2.2Torr NO

02

A}

OTorr NO

5 10 15 20 t (min)

Fig. 3. p~V2—¢ curves at different NO concentrations. 1= 527.5 °C,
Pa1a=100 torr. O Otorr; @ 2.2 torr; X 19.6 torr; A 49.43 torr NO
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concentration was above 50 torr and the NO concentration ‘above 5 torr (i.e. in -
the so called catalytic region). This order did not show any. significant change
neither by the effect of temperature increase, nor due to the increase of NO concen-
tration. This value and the same behaviour was found to be valid if the rate ‘was
calculated point by point from the pressure—time curves.

To check the.validity of the-above value of reaction order, the inverse square
root of the actual pressure vs. time was plotted. This must give a straight line if
the order of reaction is 3/2. As it can be seen from Fig. 3, this condition is fulfilled
above 100 torr initial aldehyde concertration at any NO: concentration, but at 50
and 25 torr aldehyde pressures a slight curvature can be observed. .

Using - the log wy—log p, graphs the order of reaction was determined with
respect of NO concentration.

h .
log w°~11 i : : o ) .
30 o - © 200Torrald
1=5275°C
: x
: x7 -~ . 100Torr ald
25 / . . =
. X Co- ) . /A/
o / % 50Tarr ald
7/
a— A% N
20 _—73%

o/ 25 Torrald -
. o’

. : . //
w

—

05 ] 1:0 © 15 log Pyo

Fig. 4. log wo——]og 25 © curves at different aldehyde concentrati-
ons. t=527.5°C. e 25 torr; O 50 torr; a 100 torr; X 200 torr
aldehyde '

As it can be seen from Fig. 4, where the results of a series of experiments are
plotted, the experlmental points under 5 torr NO always deviate consequently
and a break appears in the line. Omitting these values, the order of decomposition
with respect of NO will be very close to 0. 5, WhICh agrees qulte well w1th the value
found in literature.

4%
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As it was mentioned above, the order with respect to aldehyde in the presence
of NO, under special.circumstances (p,q=>50torr and pyo=>5 torr) was found
to be 3/2, similarly to the decomposition of pure acetaldehyde, and on the ba-
sis of these data obtained by pressure measurements, 3/2 order rate constants
(k’) were calculated. As the values of these rate constants showed no trend within
one experiment; this means that the right order has been established. The mean
values of the rate constants collected in Table Il were used. for the calculations.
As it can be seen from the table, the rate constants change with increasing NO con-
centration.

On the basis of our experimental data the vahdlty of the expressnon

x~Ve =14 % kt

was checked.

Table I
3/2-Order rate constdnts k4102 (in 12 mole~* secY) calculated- from

pressme—-nme measurements at different temperatures and at different
initial aldehyde and NO pressures

PLo (torr) g - X
t°C \ 0.5 1 10 20 35 50 -
. Pa1d (torr) . :
25 2.0466 2.2842 3.3214 4.3910 6.2307 7.8356
512 °C - 50 - 2.0061 2.0780 ; 3.5765 4.9359 5.7482 6.4391
- 100 | 1 2.2864 2.4938 3.3433 5.0071 6.1949 ~  7.6908
200 - 2.5683 2.8815 . 3.8727 C— 6.4220 7.4857
25 41725 30955 56788 7.9451 99824  13.0743
527.5 °C 50 4.0180 4.0552 5.7085 7.1422 ©9.4212 12,6311
’ 100 4.5319 . 4.5650 6.5204 8.1801 10.3819 12.0651
200 — = 7.0976 8.4977. -10.4713 —
25 5.6820 6.4810 7.9751 10.5422 - 17.9280 18.9714
539.5 °C 50 5.8059 6.0799 8.7783 10.9755 13.9311- - 17.4890
. 100 6.4289 — 91310 11.9646 15.4762 18.2058
550.5 °C 25 . 8.7468 - 9.8916 - 13.3774 17.0703 22.3297 —
. 50 9.0301 7.8097 12.2757 - 159104 19.9267 23.1799

This expression is obtained from

) .
k = 7 [C—1/2_CO—1/'2]

by rearranging and introducing some-symbols (¢/c,=x and c}/*t=1). A

In the case of reactions of 3/2 order, plotting x~/2 against 7, a straight line is
obtained, the slope of which gives k/2. Th1s gxpression was found to be valid only
in the catalytic region, as Fig. 5 shows.
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On the basis of this expression, 3/2
order rate constants were calculated
from our experimental data.

Inﬂuencing curves

If ko (the rate constant calculated

from experiments in the presence of -

NO) is divided by & (rate constant’ in
the absence of NO), and kyo/k (F(I))
is plotted as a function of the pressure
of NO, the curves obtained- very char-

acteristically show the inhibition and -

catalysis phenomena and offer the possi-
bility of a quick view of experimental
data. Typical influencing curves are
shown in Fig. 6.

In Fig. 6, the points of the curves'

below and above the value 1 indicate
inhibition and catalysis, respectlve]y

1 r i ~ 50Torr NO
36 Torr NO

t=500°C

- pald=200Torr 218 Torr

NO

10 Torr NO

>

0 100 200 plt 300

Fig. 5. v—l’z pa’2t (1) relatlonshnp at different
NO concentrations. .£=500°C p,;,=200 torr.
e 10 torr; O 21.8 torr; X 36torr; A 50 torr NO

It can be seen from Fig. 6 that above 100 torr aldehyde concentration the
rate of reaction monotonously increases with NO concentration (catalytic region).
As seen from Fig. 6, above 150 torr aldehyde concentrations the effect of NO
practically does not depend on the initial aldehyde concentration. This is proved
by the fact that the experimental points at 150 and 200 torr aldehyde concentrations
coincide with each other. The aldehyde dependence of the NO effect below 50 torr
aldehyde appears not only in the decrease of catalytic effect, but also in inhibition.
With increasing NO concentration the inhibition changes into catalysis. = -

4

200 Torr ald

100 Torr atd
. x

FD[ - , 1=512°C .
. A/
50 Torr ald”
10 : 20 30 40 pyolTorn)

Fig. 6. Aldehyde dependence of influencing curves at 512°C. a 25 torr;

A 50 torr; X 100 torr; O

150 torr; e 200 torr aldehyde



54 . I. BARDI AND F. MARTA

Similar behaviour was found by LAIDLER and Eusur [13] in the case of pro-

- pionaldehyde, where, independently from the initial aldehyde concentration, an

inhibition perrod going over into cataly51s was always found to appear. In the
catalytic reglon the rate-of reaction is independent of the pressure of aldehyde.
" With increasing temperature, the degree of catalysis strongly decreases, as

it can be seen from Fig. 7. '

This decrease is very significant at higher concentrations of NO and aldehyde.

A
F 4955°C 512°C

- pald=200Torr

o 10 20 30 40 50 pyo(Torn),

th 7 _Temperature dependence of influencing curves in the catalyuc reglon
p,,,d—200 torr. O 495.5°C;  512°C; X 527.5°C

In contrary, by mcreasrng the temperature the 1nh1b1t10n markedly increases
(Fig. 8).

It turns out from the influencing curves that the aldehyde decomposition in
‘the presence of NO may be divided into two sections, i.e. the catalytic and in-
hibition sections. The characteristic features of these two stages.can be summarized
as follows.

Catalytic region

At above 100 torr aldehyde' concentrations, only catalysis exists at any NO
concentration. In this région, the rate of decomposition was found to be proportional
to pN§. If the 3/2 order rate constants k” (presented in Table II) are divided by the:
square root of pyo, then.the rate constant values tend to be independent of the NO
and aldehyde concentrations (within the limits of experlmental error), as it can be
seen in Table III.

. Using the mean values of these rate constants (Table IV), the overall activation
energy of the NO influenced decomposition was determined from the temperature
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Table 1T
k'[pf2-10-2 values at 512 °C at different NO and aldehyde pressures

Pyo (torr) . :
i 10 20 35 50
Pyyq (torr) : A

25 1.0226 £ 0.9820 1.0531 ©1.0948
50 " 1.0318 0.9872 0.9857 0.9104
100 1.0573 1.0724 1.0447 - 1.0875

200 1.2247 — - 1.0709 - " 1.0587 .

dependence of k’/pl/ 2 for the catalytic region. These values are:.
E, = 41.38£0.79 keal/mole.
A'=3.61840.214-10%

(at 25—200 torr aldehyde and 10—50 torr NO concentrations). The Arrhenius
parameters obtained in this way are comparable with LAIDLER and EUsUF’s values,

k =2.2-102exp —43.5/RT 12 mole~* sec™!

k o _ Tablq 4
(at 100 torr aldehyde and 50 torr NO concentration).

Mean values of k'[pE =k at
. different temperatures (k’-10~2
Inhibition region ‘ . . values in 1? mole~*sec!,
: . Pno in torr)
‘On the basis of our experimental data, only quali-

tative remarks can be'given for this region of reactions. t°C X

The appearance of inhibition is the function of alde-

hyde and NO concentration. Above 100 torr initial s12 1;0456:

aldehyde concentration, inhibition is practically im- 327.5 1.80732
539.5 2.5980

possible to be detected, since a small amount of NO - 550.5 - 3.6578¢

(~0.5 torr) causes a significant catalysis. The inhibition
region caused by NO is very narrow (it is observable ;.

up to max. 5—6 torr NO) and the inhibition is inversely (@) Average of 15 data
proportional to the aldehyde concentration. The (b) Average of 12 data
inhibition region' significantly increases with the tem- (c) Average of 7 data
perature (for example at 50 torrin itial aldehyde '

concentration, 50°C temperature rise increased the inhibition region to the- threefold)
The degree of inhibition also increases, as can be seen from Fig. 8."

Fig. 8 shows ‘that the value of the rate minimum (the maximally inhibited rate)
shifts towards lower NO' concentrations, due to the effect of temperature rise.
This behaviour is in contradiction with that found by MARrTA and SzaBo [15] in
the propionaldehyde—NO system, where the value of the rate minimum shifts
. towards higher NO concentrations. This fact is interpreted by the authors considering
that, at higher temperatures, the primary steps take place much more often, thus
the radical concentration is higher and to remove this higher radical concentration
more NO is needed. A similar effect of temperature on the degrée of inhibition was-
found in the investigation of RICE and VARNERIN [6]. In contrary to our observations,
Eusur and LAIDLER [8] found the degree of inhibition to decrease with temperature.’
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Pald=50Torr pald=25Tor}
05 ‘

2 4 6 pNo(Torr) 2 - 4 6 -

Fig. 8. Temperature depéndence of influencing curves in the inhibited region.
Para=>50torr and 25 torr. t=X527.5°C; a 512°C; O 539.5 °C; ¢ 550.5 °C
at 25 torr aldehyde. t=a 512°C; O 539.5 °C;e 550.5 °C at 50 torr aldehyde

As well known, oxygen in very small amounts (~10~%%) exerts-a strong
catalytic effect on the decomposition of aldehyde [14], and changes very significantly
the rate of NO influenced decomposition. In the presence of trace amounts of
oxygen, we observed significant inhibition at 200 torr initial aldehyde concentration,
at which concentration under oxygen-free conditions, only catalysis could be
observed. : ’ '

Analyncal survey of products

In some cases our experiments were connected with GC analysis. These
measurements were made at 512 °C with two aldehyde concentrations (80 and 50
torr) and four NO concentrations (0.75, 10, .20, 40 torr), which cover both the
catalytic and inhibition regions.

The effect of NO on majér products

~ Some typical concentration—time plots for CH, and CO formation in the
presence of NO are shown in Figs. 9 and 10, respectively, where the results of
experiments at 512 °C, at 80 torr aldehyde pressure and at different NO concentration
. are plotted. This reaction mixture represents the catalytic region.

It can be seen from the Figs 9 and 10 that the shapes of the curves representing
the formation of major products in the presence of NO do not change, however
strongly the amount of major products increases with the increase in NO concentra-
" tion. This increase is observable in the pressure—time curves, too (Fig 2). In the
maximally inhibited region, as it can be seen in Fig. 11, this increase is smaller but
definitely exists.

‘This increase in the concentration of major products with increasing NO
concentration can be interpreted by supposing that the NO reacts with the aldehyde
‘molecule, abstracting hydrogen and producing R radicals, which can continue
the chain

RH+NO-HNO+R. -
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Fig. 9. Formation of CH, as fuiction of time at differ- -
ent NO concentrations (catalytic region) 1=512°C,
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Fig. 10. Formation of CO as function of time at differ--

ent NO concentrations (catalytic region) r=3512°C

Paa=80 torr; pyo: X Otorr; 4 1torr; e 20 torr;
: ) O 40 torr '
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From the Figs 9 and 10 it can also be seen that in absence of NO, the amounts
of CH, and CO agree well, while in the presence of NO, the amount of CO exceeds
that of CH,, especially at higher conversions. This experimental fact has not been
observed by other authors. It is to- be explained by assuming that a greater part

20 N 3
CH, o _—=
(umole) : ot
O ///,
o a7 _ 1=512°C
/ )
4 ~ Pald=50Torr.
. /
7%
(4
0- 20 40 - - 60 t (min)

Fig. 11. Formation of CH, as function of time at
512°C (mhlblted region) paa=>350 torr: pyo: O
O 0 torr; e 0.75 torr

of methyl radicals, mainly at higher NO concentrations, are in the form of RNO
and not in the form of free methyl radicals. The former does not produce CH, at

“all in the reaction.

, From the initial rate values, calculated from the curves of the formatlon of
‘major products, the partial order related to NO was found to be 0.61, in agreement
with the value calculated from pressure—tlme measurements.

In the max1mally inhibited region (50 torr. acetaldehyde + 0.75 torr NO)
there is no difference in the amount of major products within hmlts of experimental

. erTor. :

The effect of NO on minor products

_ H,. Among the minor products, hydrogen forms i the greatest amount’

‘A typlcal H, yield—time curve is given in Fig. 12, showing the analysis data of a
series of - experiments carried out at 512 °C, at 80 tort - aldehyde Ppressure and at
-different pressures of NO.

The shape of these curves does not change in the presence of NO, ‘and remains
.s1m11ar to the curves of major products due to the effect of NO; however, the hydrogen
yield increases markedly. The degree of this increase is higher than in the case of
major products. As it can be seen, e.g. from Fig. 12, after an hour pyrolysis time,
the increase of the amount of major products is twofold, while in the case of hydrogen
is 6fold. This increase in hydrogen formation takes place in the max1ma11y inhibited
region too, but in a smaller extent (Fig. 13). This fact indicates that in both regions
the formation of hydrogen takes place with the same mechanism:

" Acetone, ethane, ethylene. In the presence -of NO, the amount of acetone
formed does not change significantly, while that of ethane and ethylene slightly
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60 . L. BARDI AND F. MARTA

increases, as seen from Figs 14—16. These observations are in agreement with
literature [9]. '
HCN. Itis a general observation that in the pyrolysis of organic compounds
in the presence of NO, HCN is always an easily detectable product. A typical HCN
formation curve is shown in Fig. 17. It can be clearly seen that the formation of
HCN takes place with an induction period, which indicates that HCN is a secondary

A
. O Torr
30 . NO
CoH
26 20 Torr NO
Q.lmolz 10°) )
20| /
o
o]
. [
1=512°C
10 pald=80 Torr .
7°
) 50 100 t(min) 150

Fig. 15. Formation of ethane as function of time at 512 °C_
(catalytic region) p,;a =80 torr; pxo ® 0 torr; O 20 torr

. Detector|

Response 1=512°C
pald=80 Torr 20 Torr NO A
- 100 : S 20
0 Torr NO
Detector
Response
) .
10 t=512°C

50 10 pald= 80 Torr

’ pNOﬂO Torr

0 E 100 t(mm - O 20 40 - 60 t (min)

Fig. 16. Formation of ethylene as function of  Fig. 17. Formation of HCN as function of time
time at 512°C. (catalytic region) p..a= - at 512°C (catalytic region) pa,d—SO torr Prno="
80 torr; pno: @ O.torr; O 20'torr 10 torr
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product; The shape of HCN formation curves is similar to that of major products,
and the amount of HCN formed increases proportionally to NO concentration as
seen from Fig. 18. where the amount of HCN, obtained in the pyrolysis of 80 torr
aldehyde at 50% conversion, is plotted against NO concentration.

De!tzctorA
Response
10° C t=512°C

- 80 . pald= 80 Torr
60
40

20

o 20 40 80 80 pNO(ToF)
Fig. 18. Formation of HCN as function of pye at 512 °C p,,, =80 torr
\ _ e

’ ,q'mole ' : 1=512°C -

60 " pald=g0Torr
pNO=201Térr

40

\03

) 20 » M mole
T : . . 108
- CH,CHO
Afﬁ/ibﬂ-c i ! ¢~ CoHg

20 . 40 60 C ot (min)

Fig. 19. Mass-balance curves at 512°C (catalytic region) p,;q =80
torr. pno =20 torr. 0 CO; a CH,; @ H,: X CH;CHO; O C.H,.
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It is to be noted that, besides the products mentioned above, N,, N,O, H,O,
CO2 could also be detected with the MS technique. A typical mass balance curve
of the pyrolysxs products at 512 °C of 80 torr aldehyde and 20 torr NO (catalysis
region) is to be seen in Fig. 19.

Discussion

It can be seen-from our experimental results that, in the presence of NO, in
the catalytic region the amounts of major and minor products increase. This is in
agreement with the findings of other authors [7, 9]. The increase in concentration
of major products can be interpreted by the chain initiation role of NO. So be51des the

initiation process,
CH3CHO—»CH3+CHO : o NON

we have to take into cons1derat10n the step
"CH,CHO +NO—>CH3CO+HNO —_— )

too. This- step was first suggested by WOICIECHOWSKI and LAIDLER [16]
as an initiation step in NO influenced pyrolyses of orgamc compounds These -
steps are followed by the decompositions :

CH,CO~-CH,+CO (3)
CHO-CO+H ~ _ )
"HNO--H+NO, o -5

which, at the temperature of pyrolysis.(500 °C), take place instantly.
The further reactions of methyl radicals are the following: _
'  CHy+CH,CHO—CH, + CH,CO | ©6)
CH, + CH,CHO ~ CH, + CH,CHO. ‘ ' )
The ratio of these two rate constants (kg/k7), on the basis of literature, is-about
10 [22, 23].

Part of the methyl radlcals reacts with NO in an eqmllbnum reaction, forming
nitrosomethane [17, 18]

‘ , CH3+NO = CH,NO. ' - ®)
The nitrosomethane, formed in step (8) could ison]erize to formaldoxime [26]
CH;NO-CH,NOH _ )
- which later decomposes ' : .
CH;NOH-HCN+H,0 : _ (10)

into water and HCN. In the direct decomposition of formaldoxime, TAYLOR and
BENDER [27] has found, among others, NH, and CO as products, but these results
were confirmed neither by other authors nor by our results. The steps (8), (9) and
(10) show one route of NO consumption. Another route (i.e. further reactions
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of mtrosomethane) 'was first described by Brown [19]. Accordmg to BROWN the
nitrosomethane reacts with NO at higher' NO concentrations '

RNO+2 NO—R(NO);~RN;NO,~ R +N, + NO,

. and gives N, and R radical, whlle the NO; in the NO;+NO—-2 NO2 reaction
glves a stable product. '

- On the basis of our exper1menta1 data, the ex1stence of this type of NO consump-
tion is confirmed. Similar reactions were established by CHRISTIE and EDWARDS [20]
in the photolysis of acetaldehyde—NO system, and by EASTMOND. and PRATT [28]
in the pyrolysis of ethane and butane in the presence of NO.
' The reaction :

_ RNO+NO—>RO+N20 ‘

supposed by CHRISTIE [21] has to be rejected, because we could not detect any
products orlgmatlng from further reactions of methoxy radicals. NyO, which was
detected in our system, probably formed in an another way (maybe in the ‘“cold
reaction” mentioned by SCHUCHMANN and LAIDLER). ‘
Accordmg to our analytical résults, the amount of acetone does not change»
significantly in the presence of NO so the consideration of a new acetone forming
reaction, be51des the
CH3+CH3CHO—>CH3COCH3+H_ T (11)

step, is not necessary
The great increase in the hydrogen formation in the presence’ of NO can be
explained, besides the steps. :

'H+CH,CHO~H, +CH,CO- : , (12)
H+CH3CHO—>H2+CH2CHO ' L a3)

with (11) (4), ‘and (5) as a new step.
- The slight increase in formation of ethylene in the presence of NO can be
interpreted on the’ ba51s of LAIDLER’s mechamsm, because, accordlng to step

H+CH,=CHOH - C,H, +-OH (14) -

with the increase of H atom concentratlon the rate of ethylene formatlon also
increases.

X The formation of CO, and NZO detected by MS method, can be descrlbed
with the following- reactions:

CH,CO +NO—CH,CONO o 5)
CH;CONO +NO--CH,CO(NO),—~ CH3 +CO,+N,0. (16)
Step (15), which was supposed by'severalv authors at room temperature photo-

~ lyses [24, 29, 30] is only to be regarded as formal because its ex1stence at higher
- temperatures is questlonable
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Besides the termination steps described for the decomposition in the absence

~of NO .
: 2 CH,—~C,H, 1
.and : . .
CH,;+ CH,CHO—C,H;CHO, (18)

the following new termination steps take place:
CH;+CH,NO-C,Hs+NO (19)
CH,CHO +NO—» ONCH,CHO-~QCHCHN=0OH—-~H,0+HCNO+CO (20)

"The CO formed in step (20) could give a contribution to the experlmentally found
CO overproduction.

During our investigations, we were not able to detect CH,NCO. So the ex1stence
of a new NO addition step, described by SCHUCHMANN and LAIDLER [9]

o~
CH;CHO 4+ NO = CH,CH—NO ~'CH;+ OCHCNO

‘was not confirmed by us. According to this step, numerous products contammg
‘CN (so CH3NCO, too) should form.
The elementary steps summarized above are suitable for interpreting the main
features of the influenced reaction both in the inhibited and catalytic regions. |
This elementary steps account also for the change in the distribution of products

found experimentally.

* *
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M3VYEHWE TEPMUYECKOI'O PA3JIOXEHUS ALIETAJIBAETMIA
’ B IIPUCYTCTBHU OKNCH A30TA ’

H. Bapou, ®. Mapma

65

Wi3yyeH IMpOJIM3 aLETaNbAETHIA [P Temmeparypax 496—550°C, mpd aBicHMsIX aleTallb-
- meruaa 25—200 Topp u oxuca azora 0—350 Topp. 3a KHHETHKOM Pa3JIOKEHUSA CICANIIA 10 OABJICHUIO

CMECH M Ta30XpoMaTorpaduyecKuM MeToIoM. Pa3HBIMH METOAAMH OUpEAEIeHbI IOPAAKH PEAKIHA -

Pa3JIOKEHAS OTHOCHTENBHO aleTaJbAeruia H OKHCH a30Ta. Ha OCHOBAaHHH LAHHBIX I10 M3MEPEH-
HBIM JIaBJICHUSIM BBIBEJACHH! ,,KDHBbIC BIIMAHAA ", HA OCHOBAHMA KOTODPAIX IPHLIIK K OHPEAEIICHHBIM
BBIBOZIAM OTHOCHTENILHO O0NACTEd HHAYKIME B KaTam3a. B xaTaaMTHUeCKO# 00/1acTH OB onpe-
IeJIeHbl APpPeHHyCOBbIC HapaMeTPLL Ui obmieil peakuumd. M3yyeHo BIHSHAEC OKHCH a30Ta Ha o6pa-
30BaHME OCHOBHOTO MPOAYKTA H HEKOTOPHIX APYTHX mponyKToB pasnoxenns (H,, C;H,, C,H,, HCN,
u CH3;COCHj;) xak B KaTaIATHYCCKOM, TaK M MHTAOMIHOHHO#M o0nacTsax peakmun. KpaTtko paccMoT-
. peHbl MeXaHW3Mbl 00pa30BaHHA NPOAYKTOB H NPEATATaeTCs NPOCTOH MEXaHH3M pa3IOoXKECHHAA

aleTaNbaeriaa B IPACYTCTBHM OKHCH a30Ta.
- " .
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Pyrolysis of isobutane has been studied in the presence of different amounts of nitric oxide in
the temperature range of 773 to 823 K. Beside hydrogen and hydrocarbons, compounds containing
oxygen and nitrogen were identified. The initial rate of formation of hydrogen and hydrocarbons
decreased in the presence of small amounts (0—15%) of nitric oxide. The initial rate of formation
of all products increased in the presence of greater amounts of nitric oxide.

The mechanism suggested includes the formation of “‘polymeric™ radicals followéd by isomer-
ization and decomposition. Lo

Introduction

The effect of nitric oxide on hydrocarbon pyrolytic processes has been extensively
studied. The intérpretations given in early studies were based on the principle of
a molecular mechanism excluding the possibility of the contribution of chain
processes in the “maximally inhibited region™. This idea was accepted in the only
paper published on nitric oxide influenced thermal decompoésition of isobutane [1].

Nowadays the radical chain character of the pyrolysis of hydrocarbons in the
presence of nitric oxide is generally recognized and the formation of compounds
containing the oxygen and nitrogen atoms of the nitric oxide has been observed [2, 3].

Experimental

The reaction was studied in a conventional static system. Different quantities
of nitric oxide (up to 200 torr) and 200 torr isobutane were mixed and admitted
in a Supremax reaction vessel.

The isobutane used was of 99.5% purlty, major 1mpur1t1es bemg propane,
propene, isobutene and ethylene. Nitric oxide was prepared from potassium nitrite
and potassium iodide. Both gases were further purified by trap to trap distillation
in vacuum. The composition of the reaction mixture was determined by gas chro-
matography. Two columns were used: activated alumina (60-—80 mesh) for the
separation of ethane, nitrous oxide, ethylene, propane, propene, isobutane, iso-
butene; molecular sieve SA for that of hydrogen, nitrogen and methane. Water
and acetonitril were identified by mass spectrometry.

5#
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Results

* The initial rates of formation of hydrogen and hydrocarbons decreased in the
presence of small amounts (1—15%) of nitric oxide. Higher amounts of nitric oxide
gave rise to an increase in the rate formation of most of the products.

The relative rate of hydrogen and methane production decreased considerably

with increasing nitric oxide partlal pressure (Fig. 1)

"™ @ o R

Fig. I Influence of nitric oxide on the ratio of initial rates of
formation of hydrogen and methane (T=793 K).

Wo 10 torr-sec”

Fig. 2. Effect of nitric oxide on the ini-
20 40 60 -80 tial rate of formation of methane and

P torr propylene (O methane; O propylene
NO ) T=793 K)




The increase in the rate of pro-
duction of methane and propylene
was remarkable at higher nitric ox-
ide partial pressures (Fig. 2).

This effect is less pronounced
in the case of hydrogen and isobu-
tene (Fig. 3).

" It is surprising that the rate of
formation of propylene increases to
a higher extent.than that of iso-
butene.

An induction period can be
observed in-the ethane formation
(Fig. 4). Its length shows a mini-
-mum at moderate nitric oxide pres-
sures. The position of the minimum
shifts to higher- nitric oxide pres-
sures with increasing temperature.

" The same type of behaviour can
be observed in propane and ethylene

formation. A considerable increase:

can be observed in ethylene for-
mation with increasing nitric oxide
partial pressures (Fig. 5).-

The plot of nitrogen partial
pressures against time gives a good

straight line (Fig. 6). An induction”

period can be observed at lower
temperatures.

The order -of nitrogen forma- .
tion with respect to nitric oxide was

found to be 1.051+0.05 and did not
exhibit any systematic change in the
temperature range of 773—823 K.

Similarly, an order of 1.1010.06 -

with respect to isobutane was ob-
tained. . ‘ '

. The production of nitrous oxide
shows no induction period. Its rate
of formation is considerably. lower
than that of nitrogen and decrea-

ses at relatively- moderate conver- -

sions (Fig. 7).
. Discussion

The mechanism of the reaction
influenced by-olefins was described
earlier [4]. On the basis of the above
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Fig: 3. Effect of nitric oxide on the initial rate of for-
mation of hydrogen and isobutene (O hydrogen;
: O isobutene; T=793 K) .
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FigJ. Effect of nitric oxide on ethane formation

(Pno: ® 0; © 10; v 25; A 50; O 100; © 200 torr;
T=773K) o
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experimental data, some features of the nitric oxide influenced reaction can be
elucidated. The importance of the possible bimolecular initiation steps

'NO +i-C,H,, — HNO + ¢-C,H (1a)
) -~ HNO + i-C,H, (1b)

increases with the amount of nitric oxide present. There is no experimental evidence
for the bimolecular initiation (la, lb), but this assumption can be supported by

other experimental data [5].

10

PC2H4torr

05

1000 2000 3000 4000 | teec

Fig. 5. Effect of ﬁilric oxide on ethylene formation (pyo: & 0'; O 10;
v 25; » 50; O 100; O 200 torr; T=773 K) )

00 200 3000
o tsec

Fig. 6. Nitrogen formation in the nitric oxide influenced
thermal decomposition of isobutane (pyo: O 200; .
0 100; a 50; v 25 torr; T=773 K)
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<*

1000 2000 -3000 4000 teec

Fig. 7. Nitrous oxide formation in the nitric oxide influenced . thermal
decomposmon of isobutanc (p,\o O 200; [0 100; A 50 v 25 torr;

- ‘ =773 K) _
| | g4 E gk
CH,+CHy, —CH, +CH; 113 10.4 846. (a)
CH, +(CH,),0 —~ CH, +CH,OCH, 1L.5 9.5 8.91 (b)

NO + (CH,),0 — HNO + CH,0CH, 14.0 43.4 215 - ()
Using the above kinetic parameters, the rate coefficient of the initiation step:

NO+C,H;—~HNO+C,H; : : ' : @)

can be estimated by making the following assumptions:
(a) kb/kczka/kd
(b) the rate coefficients of primary H-atom abstractions from i-C,H,, and
C,Hj; corresponds to the ratio of primary H atoms present in the molecules (9:6)
_ 7 (c) the rate of tertiary H-atom abstraction exceeds that of prlmary atoms by
a factor of two [6].
By usmg these assumptions the ratio of the rates of the ummolecular i-CH, 0~

—~CH,+2-CyH, (1) and the bimolecular reactions (1a) and (1b) can be calculated:
Wi kyli-CyH,] 10747

_— = — — 10—1.2.
W ko [i-C4H o] [NO] 102210737 :

The error involved in the above calculation is probably large. All the same,
it can be regarded as an evidence that H-atom abstraction by nitric oxide- contrlbutes
to the initiation.

The concentration of methyl radicals drops less drastically than that of hydrogen
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atoms in the presence of nitric-oxide (Fig. 1). Thc decrease in hydrogen formation
(Fig. 3) can be accounted for by the reactions

t-C,Hy + NO — i-C,H, + HNO ' @)
_ H+NO+M ~ HNO+M . 3)

as the hydrogen atoms are produced mainly from the #-C,H, radicals. As a conse-
quence, the rate of all reactions involving H-atoms decreases.
The decreases in the radical concentration in reactions (2); (3), (4) and (5)

i-C;H, +NO —~ HNO + C;H, O

C,H, +NO —~ HNO+C,H, (5).

results in the inhibition of the formation of secondary products (ethane and propane)

(Fig. 4). . _

~* To account for the increase in the rate of the overall pro€ess and the pattern
of rate increase in the formation of various products, other reactions involving
nitric oxide must also be included in the mechanism.

' The addition of nitric oxide to the double bond and H-atom abstraction from

olefins by nitric oxide can yield radicals, too. ’

- NO +CH, - CH;—CH—CH, (6
o |
— HNO +C,H; . G
. - NO'+i-CHg ~ (CH,),C—CH, _ ® |
N
- ~ HNO +i-C,H, S ©)

The observed increase in the rate of formation of ethane and propane in the -
presence of higher amounts of NO reflects a similar change in the concentration
of ethyl and secondary propyl radicals. They are not formed in the addition steps.

H+C,H, —~ C,H,

H+C;H, —~ i-C,H,,
since the formatioﬁ of hydrogen does not show any major increase; Ethane’ and
propane are shown to be the products of propylene and isobutene pyrolysis and

the above radicals are suggested to be formed from “polymeric’ radicals undergoing
internal H-atom transfer processes and dissociation {7, 8]. ‘
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CH3
-

CyHy+2 CgH, 2255 CH, = CH—CH,—CH,—CH—CH,—CH—CH,

1,5 H shift
4

CH; -

+

C,He—1,3 + CH,—CH—CH,—CH,—CH,

¥

| C;H,+C:H,
CyH;+2 CgH, 228 CH, = CH—CH,—CH—CH,—CH—CH,

| l
CH, CH,

1,5 H shift

~ CH,=CH—CH—CH—CH,—CH—CH,
: . | ol

CH;, CH,4

CsHy—1,3 +i-C,H,

+

C;H, + CH,
i-C,H,+i-C,H, — CH2=C——CH2—CH2—?Q—CH;
_ |- -
CH, CH,

1,5 H shift - -

i . :

CH,=C—CH,—CH,—CH—CH,
N - '
CH, CH,

73

. (10)

(11 )
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1
C;H,+ CH,—CH,—CH—CH,
|

.CH,
+

C,H,+i-C;H, - 12)

i-C,H, + C,;H, - CHy—C—CH,—CH,—CH—CHj,
I
CH,

I,5H shif}
+ . .
CH,—C—CH,—CH,—CH,—CHj,
I
CH,

|
¥

C3H4+C2H4+C2H5 . (13)

“Polymeric” radicals can be produced in the isobutane pyrolysis, too. Some of
the possible reactions are shown above. They are intended only to demonstrate
the possibility of interpreting the experimental facts using the basic idea outlined"
in [8].

The steps suggested above and other add1tlon—lsomerlzatlon—decomposmon
-steps result in the formation of products with increased rates of formation in the
presence of nitric oxide. Allene is an exeption. Under the condition of the reaction,
this compound is converted into various products in fast reactions demonstrated
in separate experiments.

The nitroso compounds formed from various R radicals present in the system
.are probably the source of nitrogen [3]:

RNO+2NO —~ R(NO); -~ RN;NO; ~ R+ N, +NO;. - (14)

In agreement with this assumption, increased nitrogen formation was observed
in a system of 200 torr i-C{H,,+ 100 torr NO+ 25 torr C;H,, compared to that in
the absence of the olefin.

The formation of N,O is proposed to occur in reactions similar to those suggested -
by Esser and LAIDLER [2] in the nitric oxide influenced ethane decomposition.
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R—CH—NO —~ R—C=NOH —X2. R C =N+ HNO,
y | - l '
R R ' R

—OH : +NO-

C
R—C=N 2. N,O + products
. With R=CH,; and R=H, reaction (15) results in the formation of CH,;CN.

" The OH radicals formed in reactions (15) and (16)

. HNO,+M -~ NO+OH+4+M _ (16)
give rise to"water formation - _ ‘
| ' OH+RH ~ H,O+R. -
HNO formed in various reactions is a source of NZO.A | .

- HNO+NO ~ N,O+OH. o as)
Termination is expected to occur between NO and the various radicals present. -'_
R +NO — products. | (19)

However, no reliable. information specifying these processes is available.
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BJIUSTHUE OKUCU A30TA HA TEPMUYECKOE PA3HO)KEHI/IE M3,0BYTAHA
M. lepzenu, JI. Ulepew, ®. Mapma

W3yyeHn mponns u300yTaHa B MPUCYTCTBUM PA3IHYHBIX KOHLEHTPAMi OKHCH a30Ta B MH-
TepBaze Teminepatyp ot 773 no 823 K. Hapsay c Bogopoaom H yrineBoopoiaMi ObITH OTIPeesIeHbI
TaKXe COeAUHEHHS ColeprKallye Kuciaopod 1 a3oT. CkopocTu obpa3oBaHns BOAOPOAR H YIJICBOAO- .
POJI0B YMEHbIUAINCh B MPUCYTCTBHM (0—15%) oxucu azota.. Havanwnas CKOPOCTB obpazosanus
BCEX TIPOAYKTOB BO3pacTalia C NOBBILEHUEM KOHLEHTPALMH OKHMCH a30Ta. ‘TIpemtoxeHHblH Me-
XaHU3M pEaKIHH BKIIioYaeT B ceOe obpa3oBaHue ,,NIOJUMEPHBIX’ PAAMKAIOB, COMPOBOKAAIOLICECS
U30MepU3alueil ® Pas3IoXEHUEM. S :
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Previous investigations [1—3] have shown that the rate of oxidation of primary alcohols is
controlled by a non-electrochemical step. Results of further study support the view that the rate-
determining step is an adsorption process of non-electrochemical type.

°

Iﬂtroduétion

Earlier investigations concermng oxxdatlon of primary alcohols on Pt electrode :
~in acidic solution resulted in contradictory opinions regarding the kinetic charac-.
teristics of the reaction. Regarding the chemistry and the stoichiometry of oxidation,

it was assumed [4] that the process goes to the formation of CO,, whereas other
results [5] and our gas-chromatographic analysis showed definitely that the alcohol—
aldehyde transformation is the 'main current producing reaction in the overall
process. Thus the experimentaly measured current corresponds to this reaction.
The data concerning the change in rate’ of the reaction with the potential are in
- variance too. In the literature, attemps to characterize the rate by Tafel-slope [6], and
the experience that the rate is not or only slightly changing with the potential can be
found [7]. On the other side, experimental results regarding the role of adsorbed
material in the current generating process were scarcely found in literature [8, 9]. .
During the course of our investigations of the mechanism of oxidation it was con-
cluded that the adsorbed material cannot be considered to be the intermediate
product of aldehyde formation [14, 2]. The. material adsorbed on the surface
gives rise to an inhibition effect and. the decrease in the rate of the process with time
is due to the increase in the amount of adsorbed material. Since the intermediate
product of the alcohol—aldehyde reaction could not be detected, its amount must
be very small (§<0.1) and negligible in comparison with the amount of adsorbate
causing- the inhibition (similarly to the results of PobLovcHENKO [10]). Therefore,:
in describing the characteristics of the process, the inhibition effect has to be
taken into account with-every kinetic parameter. In this way, the value of the rate
of the process is proved to be independent of the potential, i.e. the rate- determmmg
step is not an electrochemlcal process [3].

~In the mterpretatmn of the characteristics of the oxidation which considers
the adsorbed material as an intermediate [4], the expenmentally measured current
. at 400 mV is in direct connection with the adsorption. This is due to the premise
that at this potential value only adsorption takes place and the current results
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from the charge transfer which occurs during the adsorption. On this basis, the rate of
change of the coverage and the experimentally detectable current are in close relation-
ship. Assuming one electron transfer on each adsorption centre during the adsorption,
the two rates were found to be equal [4, 11] in the case of methanol and higher
primary alcohols. Although other relations were also obtained for methanol [12],
it was accepted as a proof that the process of oxidation goes only to the first step
i.e. to the adsorptlon at this potentlal
. Since in the oxidation of primary alcohols the adsorbed material shows an
inhibiting effect, experiments have been carried out to obtain further data on the
above relationship.

Experimental

The equipment and the method applied in the investigation have been described
elsewhere [1]. The measurements were carried out at 25°C in 1N H,SO, solution
prepared from triple distilled water, finally distilled in a closed system from charcoal.
Sulphuric acid was Merck p.a. product. A hydrogen electrode in the same solution
served as reference electrode, and special care was taken for its preparation, i.e.
its potential value.. During the measurements, the disc type working electrode was
rotated with 1000 r.p.m.; its real surface area was 1.6 cm® Highly purified N, gas
was used to deoxygenate the solution.

Results and discussion

Measurements were carried out in the case of ethanol, n-propanol, n-butanol
and propionaldehyde. The progress of adsorption as well as the simultaneous
current were measured, too. Each adsorptipn value was obtained with freshly cleaned
surface and simultaneously the current passed during the adsorption was recorded
each time to ensure reproducibility.

(mA)

01

001

0001

1 10 100 ts)

" Fig. 1. Experimentally measured (—) and calculated (— — —)
current for 0.1 mole-dm—3 n-propanol solution
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With the assumption that one electron ‘transfer occurs at each adsorption centre
during the adsorption, the current corresponding to the rate of increase in coverage:
was calculated. This and the experimentally measured current are given in Figs. 1—3 .

i
(mA)
001 {
-+ 0.001 1
! 10 100, t(‘s)'
Fzg 2. Experimentally measured (—) and calculated (-— - =)

current for 0.1 mole dm‘3 n—butanol solution

for the alcohols. As can be seen, the experimentally measured current is higher
with all materials. This deviation is contrary to the assumption that the adsorbed
material is an intermediate product and supports the view that two processes are
taking place on the surface. One is the alcohol—aldehyde reaction, and the other
- the adsorption process which results in strongly- bounded spe01es and inhibits the
alcohol—aldehyde transfer. _ } o -

i
(mAY ] |
0.01 A
0.001 -
. 10 100 t(s)
Fig. 3. Experimentally measured (—) and calculated (———) -

current for 0.1 mole-dm—2 ethanol solution
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Since the investigations carried out on the oxidation of propionaldehyde have
. 'shown [15] that the organic material adsorbed at 400 mV is an intermediate of the
aldehyde oxidation, it was expected, that in this case the two currents should be
equal. The experimental results shown on Fig. 4 are in agreement with this assumption
and the above conclusions.

As the rate of the oxidation of primary alcohols does not change w1th the .
potential if the currents belonging to the same coverage are compared [3], it may

(wA)] - <,

0 7 | x\

Fig. 4. Experimentally measured (-) and calculated (X)
current for 0.1 mole-dm 2 propionaldehyde solution

be assumed that the non-electrochemical rate-determining step is connected with
the adsorption of the reacting alcohol molecule or with some other chemical change
of the adsorbed intermediate. The second possibility should give rise to an ap-
preciable amount of intermediate product on the surface. This could not be detec-
ted, therefore the first assumption is to be considered as valid.

Further data might be obtained .by investigating members of the homologue
series of alcohols. It could be expected that the reaction rate would not change
within the homologue series in the case of equal inhibition effect, i.e. coverage,
because of the same reactivity of the functional group in each member. The experi-
mentally observed currents given in Fig. 3 of [3] show that the reaction rate de-
" creases «in order of ethanol, n-propanol, n-butanol, which is apparently at variance
with the equal reactivity of the functional groups. In order to explain the change
in current, it seems to be obvious that it is connected with the change in molecular
size. On this basis it can be assumed that the rate-determining step in the reaction
depends on the size of the molecule. In this respect the diffusion of the organic
reagent has to be disregarded, since its effect was eliminated by the experimental
arrangement; furthermore the kinetical behaviour of the reaction excludes this
possibility. Similarly, the desorption might be- excluded too, because of the inhibiting
effect of the adsorbed material.
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In order to explain the effect of the molecular size, one possibility remains,
namely that the rate-determining step ‘is the adsorption of the reagent molecule
Several cases might be taken into account:

(/) The alcohol molecule has to be oriented properly for the reactlon whlch
is in favour of smaller molecule. _

(i) The larger molecule has to remove possibly more. water molecules from. .
the surface before the reaction [13]. ;

(iii) The larger molecule which is already strongly attached to the surface and -
therefore acts as an 1nh1b1tor interferes to a larger extent wuh the mcommg molecule
than the smaller one.

Although we have to consider all these possibilities, it seems that with increasing
coverage the second and third effect should be more important than the first one.

On - the basis of the exper1mental results, the following processes mlght be
suggested for the alcohol—aldehyde transformatlon :

ROHsul. : ROHorienfed --
ROHoriented Y_dL ROHads . ) : g ' o ;

ROH‘;dS&ROHadS‘l.'H-*'Fe “ ) ‘ ‘_ 'tlg

ROH, 4, 2% RO+ H* +e

With the suggested steps we do not exclude the possibility that the adsorption
step in the process might take place with dissociation followed by fast charge
- transfer and desorption. However, it seems unlikely that, in such c¢ases, only the .
ionisation of the forming H atoms should be fast and the reaction of the forming
organic radicals should be slow. This would be in contradiction with the inhibiting
effect of the adsorbed material, since under such circumstances the intermediate
product of aldehyde formation should accumulate.
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MEXAHU3M AHOJHOI'O OKHUCJIEHUSI TIEPBUYHBIX CITMPTOB
M. Hosax, H. Tanmow

Ha ocHoBanvu npenpiaymux HecneaoBanuii [1—3] npuiimy  BEIBOAY, YTO CKOPOCTH OKMCAEHUA
ONPEICIACTCA CTAOHEH -HE JJIEKTPOXHMMYECKOro xapaktepa. IloJiyYeHHBIE 3KCTIEDHMEHTAJILHBIC
JaHHbIe TOATBEPXAAIOT IPEICTABJICHHE, YTO NPOLECC, ONPEACIAIOMMI CKOPOCTb OKHCIEHMS HE
3JIEKTPOXMMU4ECKOH NPHPOABI, HOCHT aICOPOIHMOHHbIH XapaKTep.
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. A critical survey on the various interpretations suggésted for the effect of different additives
on the thermal decomposition and ignition of ammonium perchlorate is given. On the basis of all
the data and observations, a mechanism for the catalytic decomposition of ammonium perchlorate
is proposed

In the previous paper we summarized the main results of kinetic and thermal
analytical measurements concerning the effect of oxides and different salts on the.
slow and fast decomposition of ammonium perchlorate (AP) [1]. In the present
review we examine first the influence of catalysts on the gas-phase decomposition
of AP, and collect all the data regarding the interaction between catalysts and AP,
and then give a critical survey on the various interpretations proposed for the eﬂ"ect
of additives on the stability of AP.

Finally, on the basis of all the data and informations we attempt to derive the
most probable mechanism for the catalytic decomposition of AP.

Catalysis of the gas phase decomposition of AP -

The first experiments on the catalysis of the gas phase decomposition of AP
were reported by HERMONI and SALMON [2]. According to the brief conference abstract,
chromic oxide and copper oxide are able to catalyse the gas phase reaction of AP.

.In the more detailed experiments of BOLDYREV et al. [3] the AP was separated
from oxides by glass wool. It-was found that the rate of the gas phase decomposition
of AP is increased by many oxides, but data were reported. only for the effect of .
NiQ. (Fig. 1).

In the presence of nickel ox1de the pressure of permanent gases increased, the
effect being the greater, the larger the surface of the oxide. Since the decomposition
of AP occurred under the reaction conditions used also in the absence of the catalyst,
it could not be excluded that the oxides affected the secondary reactions between
the products in such a way that the pressure of the permanent gases increased.

Experiments convincing with regard to the catalysis of the gas phase reaction
were those made with 30% decomposed AP, the oxides being placed on sintered
glass above the AP residue after the reaction [4, 5]. As can be seen from the few
measurements in Fig. 2, decomposition of the pure AP was extremely small or

6‘

8
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negligible in this case, and the observed pressure increase was due exclusively to
the catalytic decomposition of vaporized AP. '
In geweral, transition metal oxides catalysing also the low temperature de-
composition of AP proved to be effective. ZnO, however, exhibited a strikingly
high catalytic activity; even at 260°C it accelerated the gas phase decomposition
of AP to a large extent. For comparison, the effects of some oxides on both the
slow decomposition of AP and the lowest temperature of ignition were studied.

80 P, Torr
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60 A/ A~ ]

. ] A/ . ) i
50| / AT ./
40 ' )2
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o] A/‘ o _
%- . 3 ) time (min)

- -

10 20 0 . 40 ' 50

I«‘z;g'. 1. Gas-phase decomposiﬁoh of AP on nickel oxide of different sur-
face area. 1: pure AP; 2: NiO 2 m?/g; 3: NiO 5,4 m?*g; 4: NiO 36 m®/g
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Fig. 2. Gas-phase decomposition of AP oﬁ different oxides



MECHANISM OF THE CATALYTIC DECOMPOSITION OF AMMONIUM PERCHLORATE -85 »

According to the typical data in Table T, the series of effectiveness of the oxides is
fairly different in the low temperature decomposition from that in the high temperature
-decomposition; this permits conclusions on the change of importance of the individual
reaction steps. Nor was there a close connection between the effects of the oxides
exerted on the decompositions of perchloric acid and of AP (Tables I and IV).

Table 1

Effect of oxides on the slow decomposition, the ignition, and the gas-phase
- decomposition of AP; mole ratio of the AP:oxide mixture 10:1

Catalyst Sl(_)p.e og 2%% curves, Minitgxmu;?’igaition ’ to, et 320°C
ZnO 171 252 6.1
MgO . 1.04 280 42,0 -
Cu,0O 0.795 256 . — .
CdO 0.692 ) ' 268 t L —
NiO : . 0.650 263 . ) 18.0
CoO 0.592 . . . 261 - ’ 20.5
CuO , 0.487 264 16,0
Fe.0, 0.319 - 307 28.5
TiO, 0.303 385 A 43.5
Cr,0;, 0.300 - 293 ' 13.3
SnO, 0.287 - o 390 : - 53.0
CrO;.4; : 0262 270 . |- —
AlLO, 0.257 . 385 350
CaO - 0.190 - 360 —
Without -0.250 T 420 57.0 -
" catalyst . ’

t(, time»(in minutes) for 50% decomposition

BOLDYREV et al. [6] recently 1nvest1gated the gas phase. decomposmon of AP
on manganese dioxide, copper chromite, iron(III) oxide and silica. The activities
of the oxides decrease aecordmg to the followmg sequence: :

MnO,>CuCr,0, >Fe203>8102

It was shown that in the presence of ammonia the decomposition of perchloric
acid increased to about the 10-fold; this was explained by the re-establishment
of the original state of the catalyst’ ox1dlzed by the perchloric acid.

In their view, the order of effectiveness of the oxides is the.same in the de-
compositions of both AP and perchloric acid; from this, conclusions were drawn
on the importance of the catalytic decomposition of perchloric acid in the decom-
position of AP. Since their studles covered only four ox1des their comparlson was
not suﬁ"wlently founded. B

Effect of additives on the products of decomposztmn of AP

Rather few investigations have been reported on the effects of additives on the
products of decomposition of AP,

"HErMONI and SALMON [7] found that the quantity of oxygen decreased in the

presence of nickel, cobalt, manganese and chromic oxides. An increase in the chlorine
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dioxide content was reported, but this result was not confirmed by later studies;
the increase of the ClO, content was attributed to the use of a wrong analytlcal
method [8].

‘ The studies of SHMAGIN and SHipLOVSKII [9] showed that transition metal
- oxides decreased the extent of chlorine and dinitrogen oxide formation. The nitrogen
was found primarily in the form of NO. These oxides barely affected the formation
of HCl. An extremely large decrease of the HCI content was observed only in the
presence of zinc oxide.

Inami, ROSSErR and WISk [8] studied the decomposmon products. of AP in
the presence of copper chromite, as well as of cobalt and iron oxides. The products
of the catalytic reaction were determined by subtracting the values measured in the
- decomposition of pure AP from the data found.

. The most substantial difference between the products of the two reactions
was that N,O and HCI are not formed in the catalysed reaction. The results of the
chemical analyses are reported in Table 1L

Table I
Products of decomp'dsitiot_z of ammonium perchlorate in the pres'ence of Harshaw CuCr,0,
R Yield Recovery i
s %’v‘i“is ; N i Wt %
o |« O, N, _Neo Cly HNO;3 [ 'HCI NO {atom%) (atom%) ..decotn;)p.
250 | 0 0.61 | 0.055{ 0.37 | 0.39 | 0.14 | 0.15 | 0.006{ 98.7 934 198
250 1.79 | 0.54 | 0.064( 0.32 | 045 | 0.15 | 0.091| 0.019{ 93.8 100.2 29.4
250 3.99 § 0.54 | 0.078) 0.30 | 0.43 { 0.15 | 0.11 | 0.026] 93.6 '100.0 31.0
275 0 0.55 | 0.051] 0.36 | 0.39 | 0.15 | 0.17 | 0.011] 97.8 96:0 26.8
275 0 0.50 | 0.047) 0.35 | 0.39 } 0.19 | 0.16 | 0.019} 99.1 [ 949 - 26.5
275 1.03 { 0.56 | 0.073{ 0.29 | 0.41 | 0.17 | 0.12 | 0.014| 91.7 94.7 35.3
275 | 1.79 | 0.47 | 0.080( 0.28. | 0.44 | 0.20 | 0.095| 0.023{ 949 [ 994 36.5
275 2.73 1 0.47°).0.090| 0.26 | 0.44 {.0.20 [ 0.10 | 0.026] 92.9 100.9 36.2
275 390 | 0.53 {012 | 025 } 042 | 022 | 0.10 | 0.024} 97.6 96.8 38.7
100 |
80]
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Fig. 3. Evolution history of the products in laser pyrolysis of a mixture of AP:Fe,0,(5w%)
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PeLLETT and SAUNDERS [10] studied the effects of iron oxide, copper chromite
and manganese dioxide on the decomposition products of AP with a time-of-flight
mass-spectrometer. The AP was heated up rapidly with a diamond laser. Tt was
assumed that the decomposition products were formed in'the hetéerogeneous phase
reaction at high temperature (500—600°C). The first step was. the dissociation of
AP to ammonia and perchloric acid. The latter decomposes rapidly on the surface .
of the solid, the main products being chlorine dioxide and hydrogen chloride. A fairly
slight decomposition of the chlorine dioxide was also observed; in high vacuum,
‘under the experimental conditions, its stability exceeded that of perchloric acid.
NO also occurred as a main product. The sequence for the amounts of nitrogen
compounds formed was

NO >>N2 >N,0>NO,. ‘
Fig. 3 shows the tlme dependence of the prlmary products in the presence of
iron oxide. _
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Fig. 4. Laser pyroly51s of AP: Harshaw copper chromite and Fe,O;.
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In Flg 4 the product distributions in the presence of copper chromite and
iron oxide is presented.

In order to distinguish nitrogen and nitrogen dioxide from carbon monoxide
and carbon dioxide, 1*N-containing AP was used in some experiments. The relative
amounts of products in the presence of various oxides are given in Table II1.

Table 111

20 eV product distributions obtained from Laser
pyrolyses of SNH,CIO,/metal oxide mixtures

ey | reo, | wo,
Wt % (estimated) 50 50 70
HCI 1.00 1.00 1.00
N, 0.20 0.14 . 0.31
CcO ' 0.2 . 0.19 0.2
N,O . 0.11 0.04 0.13
CO, 0.75 0.57 ’ 045
NO 0.88 0.67 0.40
NO, 0.08 0.03 0.06 .
ClO, 0.72 0.31 1.65
NOCI 0.30 0.09 0.38
NH;+H,0 15- 3.3 - 12.3

"An important difference in the effects of the oxides appeared in the case of
iron oxide, where the amounts of N,0, ClO, and HOCI were significantly smaller
than in the other two cases.

The effects of various oxides on the products of the gas phase decomposition
of AP were studied by BOLDYREV et al. [6] by mass-spectrophotometric analysns
Some measurements were also made w1th perchloric ac1d The data are given in
Table IV.

According to their analyses there is a temperature range in which the perchlorlc
acid decomposes to chlorine dioxide without the formation of chlorine. This is de-
scribed by the following reactions:

HCIO, - HO,+ClO,

HCIO, ~ ClO,+OH .

ClO; — Cl0,+O.

It is. clear from the reported data that if ammonia is present in the system,
then there is no molecular oxygen among the secondary products of the catalytic
decomposition of perchloric acid. In the low temperature decomposition of AP,
however, it was found earlier that oxygen is formed this was explained by a dlf-
ferent decomposition of the perchloric acid.
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Table 1V
Mass- spectrometrtc analysis of the gas- phase decomposition’
of AP in the presence of camlysts [6]

. 28 30 32 36 44 46 51 67 70 -7.2 . 83 - 100
C("éf;‘/y;)‘s N§ | NO* | of [HCI*|N,OF | Noj | CIO* | ciog sy |snsscif | ciog |HCIOf | T °C
" | cot €Oz '
MnO, | 15 [ 540 | s4 | 61| 69 [108 | — | —|230| 155 | — | — | 200
-(25) 68 {415 | 83 108|177 | 77 | 15 | —|346| 223 — | — | 150
50 {2081 50 | 82| 98 |46 | 25 | 46{216| 140 | — | — | 100
Cu0 g [100| 33 | 47| s5| — |38 | 63| s6| — | 1| —.|275
0.2) s 16)3a | 20| 25| — |6 | 78] —| — |27 11 |200
13 252|118 | 590|173 | — | 36 | s2{227| — | — ] — |33
Bauxit | 30 | 13023 | 46| 31 | — | 6 | 92|100| — | — ] — |300
Gy |40 | s0]23] 4| 67| — 70 |1m1| —| — | —1] — |260.
- o | s s 19| 24 | |56 | 85| —| — |40 | 16 |210
Si0. - T4 710 20} 17 | — | 60 | 113 | — | - —.| 43 | 17 1 300
dosy | 8] 6| 260 200 20 — 160 | 109 —| —.| 5| 20 | 260
0 tas | —1ar | 20] 14| — |4 {11 —| — | 72| 20 [210
Fe,0, | 69 |120| 82 | 45| 71 | 38 | 69 | 106|138 | 106.1 10 | — | 210
3) . . : ' i . ] v . s
CuCro,| 15 | 19| 7t | 31| 7 | 13 | s0 | 96| 79| 44 | 60 | 27 | 165
. Qo - : : . :

Interactton between AP and the catalyst

As has been seen above the admlxture of ox1des to AP essentlally changes the -
direction and products of the decomposmon of AP'in many cases. As has already
been shown in numerous instances in contact catalytic reactions, the products of the
catalytic reaction modify the surface composition and physical and chemical pro-.
perties of the catalyst. It was mentioned above that in the case of copper(I) oxide:
the catalyst is oxidized to copper(IT) oxide [11]. A number of authors have observed
a ‘similar oxidation with chromic oxide and copper chromite catalysts [7, 12].
HERMONI and SALMON [2] found the formation. of CrO,Cl, at 200—240°C.

It was observed by Rosser, INami and Wisg [8, 13] that the copper chromite
catalyst was oxidized at 275°C; even at the beginning of the decomposition of AP
its colour changed from black to brown, and this was accompanied by the céssation
of the catalytic effect. (Under the decomposition conditions cobalt oxide was also oxi-
dized but its catalytic effect did not cease.) An aqueous solution of the catalyst con-
- tained chromate .ions. The authors assumed that the oxidation of the catalyst is
caused by a strongly oxidizing intermediate (chlorine dioxide) formed in the catalytic
reaction. It was considered less probable that the ox1datlon was caused by HClO4
formed in the dissociation of AP.

‘However, the first results reported on the ox1de—catalysed- decomposition of
perchloric acid showed that even below 200°C perchloric acid. is capable of oxidizing
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chromic oxide [14, 15]. Accordingly, it is not necessary to assume the formation
of a strong oxidant in the catalvtic reaction. Similar observations were published
by PeEarsoN and SutTon [16] in connection with the copper chromite catalyst.
‘The oxidation by perchloric acid is supported by recent measurements of INaml
and WISE [17] in which the oxidation of the catalyst was also observed when it was
not directly in contact with the AP. ,

Other authors found that chromic oxide is not oxidized in the decomposmon
of AP at 310°C, and in fact, in the presence of AP the oxidation of Cr,O5 by air
is inhibited [18]. Oxidation was observed only if the mixture also contained potassium
.chloride.

A substantially greater change than the above occurs when the catalyst reacts
- with the AP, and the perchlorate salt formed in the reaction exerts a very large promot-
ing effect. With the oxides, such reactions were observed in the presence of ZnO,
CdO, MgO, PbO and CaO [19—24].

The formation of perchlorate salts was also observed in the presence of BaCO,
and CaCO, [25, 26].

Unquestionably, the most probable way of formation of the perchlorate salts
is that the perchloric formed in the-dissociation of the AP reacts with the additive.
However, since the above additives also react with other perchlorate salts when no
perchloric acid is present, it cannot be excluded that in the case of AP the process
-occurs via an exchange reaction in the solid phase.

Other studies

‘ In spite of the great number of kinetic investigations, rather few attempts
‘have been made to elucidate the effects of mixing and of different reaction conditions.
These. data, however, can supply very useful information on the mechanism of the -
effects exerted by the additives and also on the nature of the solid phase catalytic
reactions. The extent of the catalytic effect of an additive oxide, and the question
whether the catalytic effect need be considered after the termination of good contact
between the AP and the oxide, appeared fundamental.

From the analysis of the decomposition curve of an AP—MnO, mixture under
-high pressure, it appeared that the effect of the MnO, extends only up-to 4% de-
-composition owing to the termination of the contact between AP and the oxide. .
Using a powder mixture, HERMONI and SALMON [7] observed almost 100% de-
-composition, even at low temperature; in this case the continuous renewal of the
-contact between the AP and the oxide powders was possible, in contrast with the
-situation in the tablet.

In the case of AP—CuO, the effect of the compression of the powder mixture
.on the rate of decomposition was studied in more detail [27]. The experiments
were carried out in air. Although the effect of the pressure is fairly complex, it is
-evident from the measurements that the better contact between the substances,
brought about by high pressure, favourably affects the commencement of the de-
composition of the AP, the initial reaction, and hence, the explosion of the AP.
However, high pressure is disadvantageous in the later stage of decomposition and
for the extent of the reaction.

Concerning the effect of the gas pressure (air, oxygen, nitrogen), some measure-
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ments were made with regard to the rate of the catalysed reaction and the occurrence
of the explosion [28]. The increase in pressure of all three gases increased the catalytic
reaction rate and, at a sufficiently high temperature, brought about the explosion
of the AP. The hmdrance to vaponzatlon of the AP and restriction of the reaction
to the solid phase clearly play a role in the gas pressure effect. :

_ In this respect it would seem worth-while to study in detail how the course

of the catalysed reaction varies with the partial pressure of ammonia. WISE [8]
found that, in contrast to the decomposition of pure AP, the mtroductlon of 2 torr
ammonia does not inhibit the catalytic reaction at all.

The significance of the contact in the AP—oxide mixture was established by
studying various pre-treatments and interruptions [28). The pre-treatment at 215°C
in air, up to the commencement of decomposition, of an AP—CuO tablet (16:1
molarratio), compressed at 2700 atm, decreased the induction period of the explosion
of the mixture at 270°C by about 50%. A similar effect was also observed in the
casé of the substance decomposed to 25%. Identical behaviour was found in
1:1 molar mixtures, too. : :

' If the pre-treatment and the subsequent measurements were carried out in vacuum,
the decomposition began sooner (16:1 molar ratio), here too. However, the pre-
treatment even up to 2% decomposition decreased the rate of decomposition con51der-
ably.

The pre-treatment exerted substantially greater effects on AP—ZnO [28] and
AP—CdO [22] mixtures. The time up to the explosion of a mixture at 270°C decreased
with the increase of the pre-treatment time at 200—220°C. The results concerning
cadmium oxide are given in Fig. 5.

If the interruption occurred at the temperature of the explosmn on renewed
heating the AP—ZnO or AP—CdO mixture exploded after a time which was
shorter by the time of previous heating at this temperature (‘“‘memory eﬁ"ect”)
The duration of the interruption (5 min—24 hours) was an unimportant factor in
this behaviour.

A possible explanation for the phenomenon is that, even at a low temperature
during the pre-treatment, reaction between the AP and the oxide begins, resulting
in zinc or cadmium perchlorate, which are.extremely effective in the decomposition
of AP [28 22]. As a result, at higher temperature, the AP explodes after a substantlally
shorter time.

It is surprising, however that this effect also occurred with the AP—CuO
_mixture, though to a smaller extent [28]. This mixture exploded”in air at 270°C
_ after 310 seconds. If the material was taken out of the reaction vessel in different
stages of the decomposition preceding the explosion, and replaced after standing for
about 15 minutes, then the explosion occurred substantially sooner than in the
non-pre-treated tablet. The total time up to the explosion, however, was longer
here. On the other hand, if the .interruption was made at the end of the accelera-
tion stage of the decomposition preceding the explosion (1:1 molar ratlo) then
the material did not explode any longer on renewed heating.

This means that in the presence of a larger quantity of copper oxide the de-
composition could not accelerate to such an extent and could not produce so much
heat that the tablet containing this amount of copper oxide should attain a tempera-
ture necessary for explosion.
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Fig. 5. Effect of low-temperature decomposition on the induction period for ignition of an

AP—CdO mixture (mole ratio 10-1) at 285°C. Volume of gases formed vs. time..Pre-

-treatment temperature and time: 1. 200°C, 390 min; 2. 220°C, 240 min; 3. 220°C, 120 min;

4.200°C, 260 min; 5. 200°C, 160 min; 6. 220°C 60 min; 7: 200°C 70 min; 8. 220°C 20 min;
9. w1th0ut pre-treatment

Mechanism of the catalytic decomposition of AP

In spite of the large number of studies reported, a generally valid theory of
the role of the additives and of the mechanism of the catalytic decomposition of
AP has not yet emerged. In the following a detailed account of the different views,
their deve]opment applicability and limitations is given.

1. Mechanism of action of oxides

In the derivation of the mechanism of the. catalytic reaction, research workers
in the overwhelming majority of cases relied on kinetic data, and primarily on the
activation energy values. BIRCUMSHAW et al. [29, 30] and GALWEY and Jacogs [31, 32]
found various activation energy values for the decomposition of pure AP, depending
on the temperature regionh, and ascribed this to different reaction mechanisms.
Kinetic studies with pure AP carried out from 1954 to 1962 showed clearly that the
low temperature decomposition of AP, below 300°C, occurs by an electron-transfer -
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reaction. GALWEY and Jacoss [31] presumed that radicals produced in the electron-
transfer process form molecular complexes. The decomposition of these complexes:
takes place in the further reaction steps; the separate, independent decomposition
of perchlorate and ammonium radicals was considered less probable. Since the
activation energy of the decomposition catalysed by manganese dioxide well
approximated the activation energy value ascribed to the electron-transfer mechanism
for the decomposition of AP, the action of the oxide was interpreted as the promotion
of the electron-transfer process [35]. It was assumed that the AP complex formed
- after the electron-transfer is stabilized by manganese(1V) ions (Mn3+ClO,.NH;"),
and the rate of re-formation of the perchlorate ion decreases. The fact that the
catalysed and uncatalysed reactions have the same activation energies was explained
by the electron-transfer to the catalyst taking place via the conductance band of
the AP. The effect of iron oxide in the decomposition at 240-—300°C was also
explained later by the acceleration of the electron-transfer process [34].

From the point of view of elucidating the mechanism of the catalytic reac-
tion and the role of the catalyst, it seemed of fundamental importance to determine
which properties of the catalysts are responsible for the catalysis of the decomposmon
of AP.

According to the. view generally accepted. earller the low temperature.de-
composition of AP occurs by the electron-transfer process, and the first kinetic
studies on the catalytic reaction supported the validity of this reaction [33, 19, 34],
‘therefore, it was rightly assumed [27] that the electrical properties of the oxides
may play a decisive part in the coming about of the catalytic action. From this it
was expected that the modification of the electrical conductivities of the catalyst
‘oxides should influence their catalytic actions-[19, 27, 35). The systematic investiga-
tions carried out from this point of view confirmed this working hypothesis and,
on the basis of the available results, led to the ‘conclusion that p-type semi-

“ conductors are the most effective substances, while n-conductors and insulators
are substaritially less effective or completely inactive [27, 36, 35].

From this it was concluded that the rate-determining process in the catalytlc

reactlon is the first-of the following two elementary steps:

&MeOQ +CIO; = CIO; + 6 MeO +
.©MeO+ +NHf = NH, + ©MeO®,

i.e. the formation of the perchlorate radical [27, 35]. Clearly, p-type oxides can
accelerate only the first reaction. The fact that n-conducting oxides (titanium(IV),
tin(IV), aluminium(IIT), molybdenum(VI), tungsten(VI) oxides) are practically
ineffective on the decomposition of AP, is in agreement with the proposed reaction
mechanism since these oxides of high electron density cannot (or only to a small
extent) promote the formation of perchlorate radicals.

Results obtained on doping the semiconductor oxides supported the above
picture [27, 35, 37, 38]. From the properties of semiconductor oxides it is known.
that their conductivities and, therefore, electron and defect- electron concentrations
can be increased or decreased by the incorporation of ions of differént valency.
In the case of p-type oxides, the defect-conductance of an oxide is increased by the
incorporation of ions of lower valency, while ions of higher. valency bring about
a decrease of the defect-conductance. The reaction rate of the catalytic decomposition
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of AP changed with varying the defect-electron densities of the p-type copper(Il)
‘oxide [27], nickel(Il) oxide [37] and chromium(IIT) oxide {35]. Increase of the defect-
electron density increased the catalytic effect of an oxide, and wvice versa. It is an
important result that the catalytic activity of an oxide was modified by doping
only if its electrical properties also changed. It could be seen from Fig. 3 of the
- previous paper [1] that the induction period preceding the explosion of AP was
increased by doping the Cr,O; with TiO,, while neither ZnO nor NiO additives
caused any change. In contrast with TiO,, the latter practically did not affect the
electrical conductivity of Cr,0,.
- In the case of n-conducting oxides (TiO, or SnQ,), changes in the electron -
concentration did not bring any essential change; from this it was concluded that,
even with the decrease of the electron concentrations (the Fermi potentials of the
" electrons), the oxidés were not capable of promoting the formation of perchlorate
radicals. The only exceptions were titanium dioxide [35] or tin dioxide [38] doped
with a small amount of chromic oxide.
A detailed study of the chromic oxide—titanium .dioxide system led to. the
result that, due to of the oxidation of chromium (valence inductivity) accompanymg
_ the 1ncorporat10n of the chromic oxide,

Cr,O5 + 1/2 0, =2 Crox(Tl) +2Ti0,
and further oxygen chemisorption

1/2 0, +Cre*(Ti) = 1/20;5 + Cre-(Ti),

some of the chromium is converted to 'valency states four and five [39]. The substitu-
tion defects -of .the Cre*(Ti)  and Cre’ (T1) readlly dissociate accordmg to the
_ followmg two equations :

Cre*(Ti) = Cro’(Ti)+ &b
and .
Cre’(Ti) = Crox(Ti)+ o

and so defect electrons are formed in a considerable amount. This process occurs
primarily in the surface layer of the titanium dioxide where, as a resuit, an extremely
good defect-conductor layer exists. With the assumption of n-type — p-type conversion
on the surface, the large catalytic effect of titanium dioxide doped with chronmiic
oxide was explained in an exactly similar way as above [35]. Accordingly, the prac-
tically inactive titanium dioxide asa carrier promotes only the formation of a com-
ponent which is extremely -active in the decomposition and explosion of AP. Since
the titanium dioxide—chromic oxide mixture has a surplus oxygen content and
a surface defect-electron density which considerably exceed those of the same amount
. of pure chromic oxide, it can be understood on the basis of the above reaction
scheme why the effectiveness of the titanium dioxide + chromic oxide surpasses
the effect of pure chromic oxide.
Similar processes take place on the incorporation of chromic oxide into the
surface layer of n-type tin dioxide (formation and stabilization of higher valency
chrommm ions) [38], and the increased catalytic effect of the- tin dioxide doped
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with chromic oxide was explained, here too, by the formation of higher valency
chromium ions with their large electron affinity.

‘However; the fact that a significant catalytic effect was observed in ‘the presence:
of the n-conductor zinc oxide [19, 20, 36], cadmium oxide [22], and the insulator
magnesium oxide [7, 24] is contradictory to. the above assumption. The activation
energies of the catalytic reactions agreed agam with the value ascrlbed to the electron-
transfer process.

Detailed investigations showed however, that the role of the oxides in these
cases fundamentally differred from those above. It was an essential difference that
all three oxides reacted with the AP according to the following reactlon :

2 NH,CIO,+MO = 2 MCIiO,+2 NH;+H,0.

The fact that the perchlorate salts formed exerted similar effects on the.above oxides

permitted the conclusion that not the oxides but the perchlorate salts formed in the

above reaction were responsible for the observed acceleration of the reaction [20,
22, 24]. This is supported by the finding that, when a small amount of additive is

used, the rate of decomposition -is the same in the presence of the perchlofate or

of the oxide; the time lag, however, is longer in the presence of the oxide. This
difference is clearly caused by the fact that, in- the case of the oxides, the formation

of the catalyst must precede the catalytic reaction, i.e. the oxide must react

with the AP. As regards the decomposition of AP, this reaction is primarily dis-

advantegéous; the reaction between the two substances presumably occurs with the .
participation of the most active surface centres which are also of primary importance

for the decomposition. (The decomposition of AP begins on the surface.) On

using small amounts’ of oxide this effect appears either not at all or only to .a small

extent; in.the presence of a larger amount, however, at higher temperature it can

assume such an extent that the decomposition of AP commences later than in the

absence of the oxide. The mterpretatlon of the effects of metal perchlorates i is dealt

with below.

From the kinetic data glven in the prev1ous paper [1] it is clear that, in many ‘
cases, the raising of the temperature region is accompanied by the increase of the
activation energy of the catalytic reaction. Disregarding a few abnormal values,
it is found that the values of the higher activation energy fall in the range 40—45 kcal.

This increase of the activation energy can be interpreted as due to the change.
in the mechanism of the catalytic decomposition and of the rate-determining step.
It was assumed earlier that in this case the primary reaction is the decomposition
of the perchlorate ion, where the slowest process is the rupture of the Cl-O bond.
Since the dissociation energy of this bond (63.3 kcal) is substantially higher than
the activation energy values obtained from kinetic measurements, HERMONI and
SALMON [7] assumed that both the electron-transfer process (32 kcal) and the de-
composition of the perchlorate ion (63 kcal) play a part in the decomposition of AP.
The 40—45 kcal is derived from the above two values. However, it cannot be ex-
cluded that, in the presence of oxides, the decomposition of the perchlorate ion
proceeds with a smaller activation energy. This is supported by experiments with
alkali chlorates and perchlorates. The activation energies of the uncatalysed reaction -
well approximate the value of the dissociation energy of the CI-O bond [40—43]. -
In the presence of the effective transition metal oxides, however, the value of the
activation energy was signigicantly smaller [40, 44]. ‘
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After the development of these mechanisms for the catalytic decomposmon
of AP, more recent kinetic and other mvestlgations with pure AP brought about
a fundamental change [45]. This work is summarized as follows.

(@) Repeated kinetic measurements on both the low and the high temperature
decomposition and the sublimation of AP led to identical activation energies of
" 30 kcal.

(b) Mass-spectrographic studies did not confirm the existence of the molecular
complex and definitely showed that the primary step in the decomposmon of AP
is the dissociation to ammonia_and perchloric acid.

~ (c¢) Calculations, using the most reliable physncal data, of the thermal activation
energy value necessary for the electron-transfer in AP gave substantlally larger
‘values than the above (33—35 kcal).

From all this it was assumed that, regardless of the temperature range, AP
decomposes by a proton-transfer .process. Although a number of authors consider
“the generalized proton-transfer model [46] as over-simplified and maintain the
view that the decomposition mechanism of AP varies with the temperature region
[47, 48], it is certain that many facts reported in detail in the previous paper [49]
prove the general importance of the proton-transfer process.

On the basis of the proton-transfer model, the interpretation given by JACOBS
and RUSSeL-JONES [12] for the decomposition of AP catalysed by copper chromite
was that the perchloric acid formed during the dissociation of the AP migrates
to the surface of the oxide and there decomposes in a heterogeneous phase reaction.
The following steps comprise the oxidation of ammonia by the decomposition
products of the perchloric acid. A proof of this route for the catalysis is provided
by the fact that the oxides also exhibited catalytic effects when they were physically
separeted from the AP [2, 3]. Another result which may be regarded as-important
in this respect was that the effect of nickel oxide mixed with AP, regardless of the
quantity, depended on the extent of the BET surface {3].

Since' the "activation energy of the catalysed decomposition (45 kcal) agreed

“with the activation energy of the homogeneous phase decomposition of perchloric
acid, the authors assumed that the rate-determining process was the decomposmon
of perchloric acid on the surface of the oxide.

This latter conclusion is, however, subject to criticism, since it is difficult to imagine
-that the catalysed and non- catalysed decompositions should take place with the
same activation energy values [14, 15, 50]. Study of the decomposition of HCIO,
catalysed by chromic oxide confirmes this doubt [15].

Since the dissociative vaporization of AP becomes more 1mportant at higher
temperature (300°C), this reaction path seems very plausible at least at higher
temperatures, and with high probability, such an effect on the high-.temperature
decomposition of AP is exerted by the other oxides, too.

It is questionable, however, whether at low temperature {below 240 or 200°C),
where the dissociative vaporization of AP is extremely small, the catalytic decompo-
sition of AP proceeds in this way. The fact that the activity series of the oxides differ
somewhat in the low and the high temperature reglon may be an indication of
_ different reaction mechanisms.

From a consideration of the products of the catalysed and non-catalysed
‘reactions and of the oxidation of the CuO.Cr,0, catalyst, WisE [8] came to the



MECHANISM OF THE CATALYTIC DECOMPOSITION OF AMMONIUM PERCHLORATE 97

conclusion that in contrast with the decomposition of pure AP the catalysed reaction
proceeds according to the electron-transfer mechanism given above.

Knowledge of the catalytic decomposition of perchloric acid appeared funda-
mentally important for the elucidation of the mechanism of the catalytic de-
composition of AP, since the literature did not contain any data in this respect.
The main results of investigations carried out-recently in this field by the author
of this paper and his colleagues are given in Table V [4, 14, 15, 51]. .

Table V' _
Kinetic data .of the catalytic decomposition of perchloric acid [49] ‘

) Temperature kipec Activation % conversion
Cotab " reaciion, °C e i kealmale at300°C m-e
Cr,0, 150—180 31.0 39.8*
MiO 210—250 3.9585 271 9.7**
CuO 270—300 1.4350 42.8 38.3

C0,0;—C0O;0, 210—260 (1.4) — 20.5
Fe, O, 250—285 0.5831 " 42.6 20.2
Al O, 240—290 0.2942 26.5 10.6
SnO, ©295—340 0.2220 20.7 5.8
TiO, 305—330 0.0350 33.0 0.86
ZnO 330—335 0.0154 45.6 0.40
Cdo - 400 — = —_
MgO 400 — — N.D. ***
SiO, 400 — N:D.***
CaO 400 — — N.D ***
* At 180°C ** At 250°C *** No decomposition

To characterize the effectiveness of the oxides, the temperature ranges of the -
"decomposition were given together with the first order rate constants measured at
or extrapolated to 300°C. On this basis, the catalysts were divided into three groups.

(@) Particularly effective oxides which display considerable catalytic action
even at 130°C (chromic oxide) or 240—290°C. (cobalt nickel, copper 1ron and
aluminium oxides).

(b) Less effective oxides (tin d10x1de, tltamum dioxide, zinc oxide) which
catalyse the decomposition of perchloric acid at 300—360°C.

(¢) Inactive oxides (cadmium, magnesium and calcium ox1des) in the presence
of which catalytic reaction was not observed.

The apparent activation energies of the catalytlc reaction fall in the range
20—45 kcal.

From a comparison of the data of Tables I and Vit is qulte clear that the
activity series for the oxides are significantly different in the two decomposition.
reactions. Chromic oxide, which proved the most effective substance as regards
the decomposition of perchloric acid, affected the slow decomposition of AP only to
a small extent. Aluminium oxide, titanium dioxide and tin dioxide, which exerted
only a very slight effect on the decomposition and explosion of AP, catalysed the
decomposition of perchloric a01d fairly well. NleCl cobalt and copper oxides are

7
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effective catalysts of the slow decomposition of AP [7, 27], but catalyse the decomposi-
tion of perchloric acid at a considerably higher temperature than does the less active
chromic oxide. )

. On the basis of all these facts, the mechanism proposed by Jacoss for the
catalysed reaction seems to be an over-simplification, or at least cannot be generally
applied. The experiment referred to in JAcoBs’ review [45] that NH, streaming over
the potassium perchlorate catalyst system did not ignite even above the ignition tem-
perature of AP cannot be considered as a proof of his theory. This was interpreted by
JacoBs to mean that the catalysts act on the HCIO, and not on the ClO; anion.
The oxides effective in the decomposition of AP are also very good catalysts in the
decompositions of potassium perchlorate and. other alkali metal perchlorates.
There are many possible reasons for the failure to ignite: a different decomposition
mechanism; the substantially higher stability than that of AP (the pure salt de-
composes above 560°C); etc.

The fact that the series of effectiveness of the oxides in the low temperature
decomposition of AP essentially agrees with the series found in the oxidation of
ammonia permits the conclusion that the oxidation of ammonia plays a substantially
greater part in the catalytic process than was assumed. Since the electrical properties
of the catalysts are decisive in the oxidation of ammonia with molecular oxygen,
and the rate of oxidation increases with increasing p-character of the catalyst, it
cannot be excluded that the essential role of the electrical properties of the oxides
is to be ascribed to their role in oxidizing ammonia in the decomposition of AP.

- It is highly probable that the effectiveness of the oxides is due to two factors:
the catalysis of the heterogeneous phase decomposition of perchloric acid, and the
catalysis of the- oxidation of ammonia. Oxides able to catalyse both reactions can
be considered as most effective. This also means that the decisive step in each reaction
occurs on the surface of the catalyst, presumably in such a way that the adsorbed
ammonia is oxidized by the radicals formed in the decomposition of the adsorbed
perchloric acid (O, CIO, ClO,). If the temperature and reaction conditions are altered,
then, depending on the properties of the oxide, the adsorption of HCIO, and NH,,
and the decomposition of adsorbed HCIO, change, and this may lead to the modi-
fication of the series of effectiveness of the oxides with the temperature region. -

It is not possible to decide on the basis of the data available at present whether
the direct reaction between the ammonia and the perchloric acid does proceed
on the surfaces of the oxides. According to unpublished méasurements, the above
reaction occurs in the homogeneous phase [45]. :

The fact that the gas phase decomposition of AP.(NH,+HCIiO,) on ZnO
proceeds with a well-measurable rate at temperatures where neither the ZnO-
catalysed decomposition of HClO, nor the oxidation of NH, takes place, permits
conclusions on the promotion of the direct reaction between the two substances
[5, 51]. The optimum adsorption of the substances appears necessary for the catalysis
of the reaction; according to the above, this is available on ZnO in spite of the fact
that ZnO is not an outstanding catalyst for either the decomposmon of HClO,
nor the oxidation of NH,. v

2. Mechanism of action of salts

A further question remains concerning the mterpretatlon of the acce]eratmg
action of various salts, primarily of metal ions introduced in the form of perchlorates.-
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In the first works the effects of the ions were similarly explained on the basis of the
electron-transfer mechanism. Silver, copper and iron perchlorates proved to be
particularly effective substances [52, 53]. Since these metal ions are effective electron
acceptors, it was assumed that, like the p-type oxides, they promote the
formation of the perchlorate radical, and increase its lifetim¢ and the probability:
of its decomposition [52, 53]). The effects of bromide and iodide ions were also
explained by the electron-transfer reaction [52]. The role of chlorate ions in decreasing
the stability of AP to a large ¢xtent was likewise explained by the electron-transfer
mechanism, the chlorate radical formed acting both as an electron acceptor and
also as a radical producer, promoting thereby the reaction [54—56].

However, it cannot be expected that the zinc, cadmium and magnesium ions
participate directly in the electron-transfer reaction between the ammonium and
perchlorate ions, accelerating by this means the electron-transfer. It appears
much more probable that the increased tendency to decompose of the AP is the
result of its partial melting [19, 20, 22, 24, 57, 58], though the melting point .
of pure AP is not known since the substance explodes before the melting point is
reached. However, in the presence of the perchlorate salts in question (and also
of the corresponding oxides) AP was observed to melt at the temperature of the
experiments. This can be conceived in the present case as due to the formation of
an eutectic of lower melting point between the AP and the perchlorate added.

In addition, the polarizing effects of the metal ions should also play a part in
the action of the additives; the greater the polarizing power (effective electric field
strength) of the cations, the greater their accelerating actlon on the reaction [22, 57, 58].
The series of effectlveness of the substances:

Mg2+<Cd2+<'Zn2+
corresponds.t.o the series of effective electric field strengths of the cations:
Mg2* 5.444; Cd2* 5.750; Zn** 6.654.

It should be remembered.that the effective electric field strengths of the cations
play an important part in determining the thermal stabilities of metal perchlorates:
the higher the value, the lower the stability of the substance [41—43, 59]. The signi-
ficance of the polarizing power of the cations is shown by the fact that, although
lithium perchlorate causes the melting of AP, it does not exhibit the large accel-
eration of the reaction observed for magnesium, cadmium and zinc ions [60].
Similarly, the other alkali metal perchlorates and calcium perchlorate did not
possess a catalysing action, It is well known that the polarizing power of the alkali
metal ions is the fowest, their effective electric field strengths increasing from caesium
to lithium. from 1.3 to 2.9. At all events, however, the melting of the mixtures seems
necessary for the polarizing action of the cations to be exerted. This can be seen
from the fact that, when magnesium, cadmium and zinc ions were added in the
form of their sulphates to the AP, no acceleration occurred and the AP did not
explode even at 400°C [22, 57, 58]. The melting points of magnesium, cadmium and
zinc sulphates are extremely hlgh and thelr mixtures with AP did not melt, even par-
tially below 400°C. :

7*



100 . : F. SOLYMOSI

L]

It was, however, an open question up to now, by what mechanism AP de-
composes in the presence of the above metal ions and how these ions are involve
in this mechanism. Leaving out of consideration the above findings, RUSSEL—JONE
and Jacoss [61] explained the actions of these metal ions and of silver by ammin
-formation and hence the promotion of the proton-transfer process. This explanatio
is, however, not very probable because almost the same effects were exerted b
Zn(NH,),(ClO,), and Zn(ClO,), [57]. In addition, at the temperature of the de-
composmon of AP the reaction -

Zn(NH,),(ClO,); +2 NH; = Zn(NHy),(ClO,),

proceeds almost completely towards the left, and thus, at this temperature, the abov
process can be excluded. The situation is completely similar in the case of the cad-
mium salt, too [62]. Irrespective of this fact, it would be difficult to imagine that th
tremendous acceleration effect of .a very small amount of the perchlorate sal
(AP:Zn(ClO,),, molar ratio 1000:1) would result merely from the displacemen
of the dissociation of the AP. In the view of JacoBs and ACHESON [63], in the presenc
of magnesmm perchlorate oxide ions ‘are formed from the decomposrtlon of th
perchlorate ion in the molten phase

2 Clo; = CL+02=+7/20,
and these, as effective proton acceptors, promote the formation of ammonia
2 NHy +027 = H,0+2 NH;.

In our opinion, this reaction path is not probable either, since in the decomposition
of zinc perchlorate, which is more effective than.magnesium perchlorate, pre-
dominantly chloride ions are formed, and the decomposition of the likewise effectiv
cadmium perchlorate does not lead to the formation of oxide ions at all.

We consider that in interpreting the actions of perchlorate salts it is essential
to rely on the findings reported above, according to which the partial melting of
the mixture and the high polarizing power of the cations are necessary for the emer-
gence of the accelerating effect. In studying the thermal decomposition of variou
perchlorate salts it was observed [41—43] that the melting of the mixtures is accom-
panied by the substantial increase by (1—2 orders of magnitude) of the rate of de-
composition. This is probably caused by the increased mobility of the ions and the
ceasing of the restriction of the reaction to the surface (external and internal) of the
crystals. In the present case the following ions can be considered in the molten phase:
M2+, CIO; and NH/ . If the latter dissociates partially, then H+ and NH3 are also
formed

The decomposition of the perchlorate ion in the melt begins depending on the
polarlzmg power of the metal ion. This means that in.the presence of the metal
ions, in a molten phase a new reaction path is available for the decomposition o
the perchlorate ion, a path which played essentially no role in thejabsence of the
metal ions, in other words in solid AP. Earlier investigations showed clearly that
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‘he perchlorate salts of both alkali metals and bivalent metals decompose stepwise
vith the transitional formation of chlorate and chlorite:

ClO; = Clo; +0
Clo; = ClO; +0
 Cloy = CIO-+0
Clo- = CI-+0.

The disproportionation of the oxy anions of chlorine takes place parallel to
the decomposition. The slowest step in the decomposition of perchlorates .is the .
first reaction. If only the first step is considered, it is evident that both the chlorate
ion; which is extremely effective as regards the decomposition of AP, and the oxygen
atom necessary for the oxidation of ammonia are formed. Both products can bring ~
about the increase of the rate of decomposition.

~ Considering the presence of NH; and NH,, it is- very unlikely that the de-

composition of the chlorate ion proceeds in the above way. Ammonium chlorate
is an extremely unstable substance, slowly decomposing even at 40—50 °C, and
exploding above 70°C [64]. Its decomposition is assumed to occur in a_proton-transfer
process; the unstable HCIO; formed decomposmg, the radicals proceed oxidizing
the ammonia.

Accordingly the most probable reaction path seems to- be the formation of "
HCIO, by reaction of ClO; ions with free H* or with protons from NHj ; the -
HCIO, rapidly- decomposmg ‘with the formation of the radicals necessary for the
oxidation of ammonia.

This reaction path is in agreéement with - experlmental observations. The de-
composition of the perchlorate ion in the molten phase occurs only in the presence
of cations of high polarizing power. When lithium perchlorate was- used, although
the mixture melted, the extremely powerful catalytic effect observed in the presence’
of zinc, cadmium and magnesium ions did not occur, since the polarlzmg power
of -the lithium ion is substantially lower than that of these other metal-ions [60].
For similar reasons, no acceleration of the reaction occurred with barium [65] and
calciim perchlorates [62], although both substances caused partial melting
of the AP. In the case of zinc, cadmium and magnesium sulphates, no catalytic
effect was observed, because the mixture remained in the solid phase [22, 58). ’
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MEXAHW3M KATAJIMTUYECKOIO PA3JIOXKEHUS -
NEPXJIOPATA AMMOHNA

&. Uloitmowu -

- B paboTe maH KpUTHYECKHH 0630D Pa3sHBIX B3IVIALOB, CBA3AHHBIX C BIMSHMEM Da3JIMIHBIX
[00aBOK Ha TepMHYECKOEe Pa3IOKEeHHE M -FOPeHHe mnepxiopaTa amMmoHus. Ha ocHoBaHHM BCex
DaHHBIX ¥ HAGIONEHHH HAMH, TIPEANAraeTcs MEXaHH3M. KATAMHTHYECKOTO Pa3fiokeHUs mepxiopata
aMMOHMS. . . : : - .
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‘Some di- and tripeptides, of L- and D-pipecolic acid, fragments of the correspondmg pipecolic
acid-bradykinin analogues aié,descrlbed

Changes in the structure of known peptide hormones by substituting amino
acids of similar character for the constituting amino acids are very important for
the investigation of the ‘connections between h_ormone structure and biological
activity [1]. Among the amino acids substituted several “non-proteinogenic’ amino

- acids [2] are found, mainly as corresponding homologues of “proteinogenic”
amlno acids.

Proline is an important constituent of several blologlcally active peptide
hormones. Three of the nine amino acids contamed in the well- known tissue
hormone Bradyklnm (I) are prolines:

Arg-Pro Pro- C‘ ily-Phe-Ser- Pro- Phe-Arg
@

Thus it is easy to see-that the use of proline homologues in peptide chemistry may
yield much valuable information. The most important homologues to be considered
in their optically active form are pipecolic acid*, azetidine-2-carboxylic acid,
oxazolidine-4-carboxylic acid, thiazolidine-4-carboxylic acid and «-homoproline.

" According to literature, oxazolidine-4-carboxylic acid has not been used in
peptide chemistry owing to various circumstances, and only in three instances
[3, 4, 17c] the use of azetidine-2-carboxylic acid is found; three papers [3—3]
were published on the substitution of thiazolidine-4-carboxylic acid, while a-homo-
proline was applied only most recently, after a -suitable way of synthesis had been
elaborated [6] o

* The abbrevations are those accepted by IUPAC—IUB for peptide chemistry: Pip =pipecolic
acid (piperidine-2-carboxylic acid); Aze=azetidine-2-carboxylic acid; Thz=thiazolidine-4-carboxy-
lic acid; Oxz=oxazolidine-4-carboxylic acid; HPro=a-homoprolin (pyrrolidine-2-acetic acid).
Z=benzyloxycarbonyl; Boc=1-butyloxycarbonyl; ONb=p-nitrobenzyl.
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Pipecolic acid was applied more frequently than the above amino acids, mainly
in connection with the preparation of the corresponding analogues. The first
papers on this topic were- concerned with collagen models [7] and 3-L-pipecolic
.acid-bradykinin [8]. Then the synthesis of 7-L-pipecolic acid-oxytocin [9] followed.
All these publications give very little information on the synthetic work, therefore .
it seemed justified to elaborate a suitable resolution method for preparing optically ™
active pipecolic acids and derivatives suitable for peptide chemical purposes [10].
At the same time with our paper [10a] the first use of pipecolic acid in solid pha}se
peptide synthesis for preparing 7-L-pipecolic acid-angiotensine 11 was descrnbcd’fll]
In the last years, several papers concerning the use of pipecolic acid for m/ eparing
sequence-polypeptides [3] as well as pipecolic acid-bradykinin analggues both
with solid-phase and conventional peptide synthesis [12, 13], are foung/m literature.
In the total synthesis of an analogue of the antibiotic Penicillin-€ephalosporin,
too [14], an optically active pipecolic acid derivative was usect-"Most recently,
isolation and structure determination of Actinomycin [15] and Amphomycin [16]
also points to the presence of optlcally active pipecolic acids. I' he structure support-
ing syntheses are to be expected in the next future.

During the synthetic work aiming at the preparatlo of pipecolic acid-brady-
- ‘kinin analogues, numerous di- and tripeptides containiltg plpecollc acids were
prepared in -our research group. The present paper wishes to review the latter and
to compare them with the results other authors of published after our work had
been finished [17a—c].

The dipeptides containing L- and D-pipecolic acids were prepared (Table I)
with the mixed anhydride method [18] to obtain protected dipeptide esters (1—4),
or by. acylating the salt of the amino component with the N-hydroxysuccinimid
esters of the protected acyl component [19] to form protected dipeptides (5—7).
For comparison, in the case of two protected dipeptide esters (1 and 2) the corre-
sponding protected dipeptides were prepared by-alkaline hydrolysis (6 and 7), too.
From the corresponding dipeptide derivatives the C-terminal (8—11) and N-ter-
‘minal (12—13) protected tripeptide esters or protected tripeptides (Table II) used-
_ for the synthesis of the pipecolic acid-bradykinin analogues were also prepared
with the mixed anhydride method. The preparation of greater fragments obtained
from the latter or with other methods will be descrlbed in a subsequent paper [20]

Expertmental

_ Melting points were determined with a Kofler block, optical rotations with
:a Zeiss polarimeter. The values given are uncorrected. TLC on Kiesel G (Merck)
‘was used for purity control with the following systems:

. '1 n-butanol—acetic acid—water 4:1:1 ]

2. ethyl acetate—pyridine—acetic acid—water 60:20:6:11 . .
. 3. chloroform—methanol 8:2 _

4. chloroform—methanol—acetic acid 85:10:5.

Methyl benzyloxycarbonyl-L-pipecolyl-L-pipecolate (1). 14.48 g (55 mmole)
‘benzyloxycarbonyl-L-pipecolic "acid, solved in 75 ml chloroform, was cooled to
—15°C. 6.05ml (55 mmole) N-methylmorpholme and 5.28 ml (55 mmole) ethyl
chloroformate was added dropwise to the cooled solution. After three minutes
stirring 9.98 g (50 mmole) methyl L-pipecolinate hydrochloride and 5.55 ml (50 mmole)
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N-methylmorpholine, both solved in 75 ml chloroform and cooled, were added
to the reaction mixture and the stirring continued at —5°C for 3 hrs, then at room
temperature for 2 hrs. After standing in a refrigerator overnight, the small amount
of precipitated N-methylmorpholine hydrochloride .was filtered off, the solution
evaporated and the rest solved in ethyl acetate. The solution was washed with
diluted sodium hydrocarbonate, diluted hydrochloric acid, -then with water. After
drying, the ethyl acetate solution was evaporated to obtain an oil, which was
crystallized.

Benzyloxycarbonyl-L pzpecolyl- -pIpecolzc acid (7). 1. 2 g (20 mmole) N-hydroxy-
succinimide benzyloxycarbonyl-L-pipecolate and 3.25 g (25 mmole) D-pipecolic acid
were solved in a mixture of 15 ml water and 15 ml pyridine. The reaction mixture
was brought to pH 8.8 by adding 4N sodium hydroxide under continuous stirring
and held at the same pH for 3 hrs. Then the solution was adjusted to pH 8.0 by
adding 4N hydrochloric acid, saturated with solid sodium hydrocarbonate and
extracted with ethyl acetate. The aqueous solution was acidified to pH 2.0 with
4N hydrochloric acid and the precipitate solved in ethyl acetaté, washed with. water

“and dried, the ethyl acetate evaporated in- vacuum and the: orl .obtained was -

crystallized.

- Nmoben,.yl t-butyloxycarbon yl D-pIpecolyl L-phenylalanyl -L-nitroargininate (10).

. Trifluoroacetate of p-nitrobenzyl-L-phenylalanyl-L- mtroargmmate obtained from
the protected: compound with trifluoroacetic acid, was solved in 30 ml drmethyl-
formamide and 1.33 ml (12 mmole) N-methylmorpholine was added ‘to the
solution. Then, after 1 minute, 3.26 g (10 mmole) N-hydroxysuccinimide z-butyl-
oxycarbonyl-D-pipecolinate was added under stirring. After 24 hrs stirring at room
temperature the reaction mixture was poured in water and the suspension obtained
solved in ethyl acetate, the cooled ethyl acetate solution rapidly washed with diluted
hydrochloric acid, diluted sodium hydrocarbonate and water. After drymg and evap-

orating, an oil was obtained, which was crystallized.

Benzyloxycarbonyl-L-nitroarginyl-L-pipecolyl-L-pipecolic acid (13). 4.2 g (12
mmole) ~ benzyloxycarbonyl-L-nitroarginine was solved in 15 ml dimethylform-
amide, the solution cooled under —15°C, then 1.33 ml (12 mmole) N-methylmor-
pholine and 1.15 ml.ethyl chloroformate were added dropwise. After 3 minutes,
the cooled solution of dipeptide hydrochloride (R ;(1)=0.5, R (3)=0.35) was added .
to the reaction mixture. The dipeptide hydrochloride solution was prepared in
advance from 3.74 g (10 mmole) benzyloxycarbonyl-L-pipecolyl-L-pipecolic acid (6),
solved in hydrochloric acid—metanol, by hydrogenation in the presence of Pd-C
catalyst, then solving in 15 ml dimethylformamide and adding 1.11 ml (10 mmole)
N-methylmorpholine. The reaction mixture was stirred at a temperature lower
than — S°C for 3 hrs and-held in a refrigerator overnight. The solution was evaporated
in vacuum and the remaining oil digerated with diluted sodium hydrocarbonate and
0.1N hydrochloric acid, filtered, washed several times with diluted sodium hydro- -
carbonate solution, diluted hydrochloric: acrd water and ﬁna]ly with - ether then
crystallized.

* * £ _
The "authors are indebted to thanks to Mrs. G. BART6K-Bozoki and Mrs. E.
GAcs-GERGELY for elemental analysis and to Miss I. BacI for technical assistance.
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Table I
Physical properties of dipeptides*
‘ ot Analysis (%)
. . a
Peptide Method Crystallized from Yl;ld N{C}) c:;_ E;l_sl‘:::lﬁ“

a ! . DMF c H N
Z-L-Pip-L-Pip-OMe o MA EtOH—petroleum ether | 69 | 67—70 -62 &5 13 72
Z-L-Pip-D-Pip-OMe**  (2) MA . EtOH—petroleumether | 78 | s6—so | +16 |S5 13 12
Z-D-Pip-L-Pip-OMe 3 MA ' EtOH—petroleum ether | 75 66—68 +18 gi-g ;g ;f
' Z-D-Pip-D-Pip-OMe***  (4) ‘MA EtOH-—petroleum ether | 81 64—66 +ea |89 13 12
Z-L-Pip-L-Pro-OH ® SuOH McOH 68 | 170—173 | 72 |83 &7 18
' : 641 10 1.5
Z-L-Pip-L-Pip-OH 6 SuOH MeOH 60 | 172—174 | =38 | c4's 69 7.5
: hydrolysis MeOH: 93 | 171—174 | —-57 | 638 69 7.4
: : 641 7.0 7.5
Z-L-Pip-D-Pip-OH D SuOH MeOH 65 | 170173 | +16 | ¢4's 69 73
hydrolysis MeOH 95 170—173 +16 64.1 69 7.4

* EtOH =ethanol; MeOH =methanol; SuOH=N-hydroxysuccinimide activated ester; 'MA =mixed anhydride; hydrolysis-ester

hydrolysis

** {17] DCCI method, oil, [«]2®=+22.6°C (c=0.15; in methanol). Found: C: 64.70 H: 6.82, N: 7.47%

#**-[17] DCCI method, m.p. 61—62.5°C, [«)2’ = 4-76.6° (¢=0.4, in methanol). Found: C; 64.8, N: 7.34, N: 7.02%
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CUHTE3 IU- U TPUNENTUAOB B COCTABE HECKOJIBKHX
MOJIEKVJI ONTAYECKA AKTUBHOM NMUITEKOJIMHOBOM KMCJOTHI,.
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' aHAJIOTOB OPaNHKAHMHA C MAIEKOIMHOBONW KACIOTOMR, . ’



KONFORMATIONSANALYSE DES PHENANTHRO-CHINOLIZIDINS -

Von ’

_ S. FOLDEAK und P. HEGYES
(Institut fiir Organische Chemie der Atli]a-J_c’)z'sef-Universitéit, Szeged)

( Eingegbngen am 27. Februar 1974)

Mittels NMR-Daten wurde die Konformation des Phenanthro-chinolizidins und zum Ver-
gleich die des Dehydrophenanthro-chinolizidins untersucht und aus den Ergebnissen Folgerungen
auf die Struktur des zrans-Chinolizidins abge]eltet

In einer friheren Mlttellung tiber die Synthese von Kryptopleurm -Analogen [1]
stellten wir fest, daB die untersuchten Phenanthro-chinolizidine im Gleichgewicht
aufgrund der BoHLMaNNschen Banden hauptsdchlich .in der trans-Chinolizidin-
Konformation vorkommen. Nach der Erganzung dieses Befundes mit NMR—
Untersuchungen teilen wir unsere Ergebnisse im folgenden mit.

Bei Benzo-chinolizidinen zeigte sich, daB in CHCl; im Gleichgewicht 75%:
trans- und 25% cis-Chinolizidin vorkommen [2]. Andere Autoren [3] berichten
iber stabile - cis- und trans-Dibenzochinolizidine, was sie .wegen der geringen
Energieunterschiede der beiden Konformationen in Frage stellen [4] Die Phenanthro-
chinolizidine kénnen prinzipiell drei Konformationen, namllch eine trans (IA) und
zwel cis-Koformationenn (I, IC)
annehmen.

Von diesen ist die Konfor-
"mation I weniger wahrscheinlich.
Die Protonen 9, 12 und 14, und’
in flexibler Form die’ Protonen 9 .
und 13, treten innerhalb des van
der Waalsschen Radius miteinander -
in Wechselwirkung.

Zur Ergidnzung der Konfor-
mationsanalyse  haben- - wir die
chemische Verschiebung der Methy-
len-Protonen in  Ar-CH,-N-Bin-
dung untersucht. -Die chemische
Verschiebung  solcher  Protonen
wird nidmlich. von ihrer Stellung
im Verhidltnis zu dem Elektro- l I
nenpaar des = Stickstoffs bestimmt B . N C.
[5, 6]. Aus dem #dquivalenten oder _ Cabb. 1




112 S. FOLDEAK UND P. HEGYES

nicht-dquivalenten Charakter der Methylengruppe 148t sich auf die Konformation
schlieBen. Die fiir die Protonen in 9-Stellung erhaltenen chemischen Verschiebungen
und die Kupplungs-Konstante Jyzu—9ax=16 Hz (Tab. I) zeigen, dall die beiden
Protonen nicht dquivalent und nicht symmetrisch zum Orbital des freien Elektronen-
paares des Stickstoffs lokalisiert sind. Ahnliche Werte wurden auch bei Kryptopleurin
gemessen [7]. Nach Untersuchung der Konformationsméglichkeiten am Dreiding-
Modell kann sich diese Situation nur ergeben, wenn das Chinolizidin in trans-

Tabelle I -

Chemische Verschiebung und Kupplungskonstante von
Ar-CH,-N Protonen in 6-Werten (CDCl,;, TMS, 60 MHz)

Verbindung L1 dqu ) 89ax Jdqu-ax
Phenanthro- ’
chinolizidin (T) 445 | . 3,56 16
Dehydro-phenanthro- N
~chinolizidin 4,63 4,63 -

Konformation (I,) vorkommt. Im Falle der cis-Konformation (Ig) ist ndmlich
die Lage der beiden Protonen symmetrisch zur -Orientation des freien Elektronen-
paares des Stlckstoffs und dann wire ihre chemische Verschiebung &dquivalent.
. Das Gesagte wird durch die Newmansche

" Projektion in Abb. 2 verdeutlicht, in der die

c C c c La.ge der Substitqenten der C9-N7Paare in
"°\€\ ! ! /l\ "o beiden Konformationen dargestellt ist.

N N Unsere Hypothese wird praktisch da-
Arj\@/Lg Y \@/LH durch unterstiitzt, daB die Iz-Konformation
S sich durch Einfithrung von Doppelbin-

| In" dungen beim Phenanthro-chinolizidin in

A 8 A%a® Stellung (II) erzwingen 14Bt, wobei

Abb. 2 . das Signal der Ar-CH,-N-Protonen bei
0=4,63 (Tab. I) als Singlett erscheint.

Die Aquwalenz der Protonen in Stellung 9 ist aber nur dann méglich, wenn
sie sich in einer zum den freien Elektronenpaaren des Stickstoffs symmetrischen Lage
befinden. Es ist zu bemerken, daB in dieser Konformation die beiden Protonen auch
quasi-symmetrisch zur Phenanthren-Ebene liegen.
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Experimenteller Teil

Die Schmelzpunkte sind nicht korrigiert. Die IR-Spektren wurden mit einem
Spektrophotometer' Unicam-SP 200 in KBr gemessen. Die NMR-Spektren
wurden mit einem Kernresonanzspektrometer JEOL-60 aufgenommen mit TMS
als inneérem Standard.

A0 Dej ydro—plzenanthrp(9, 10b)-chinolizidinum-perchlorat [1]

1,0 g Phenanthro-chinolizidin-15-ol werden in 200 m! Eisessig in Gegenwart
von 1,5 ml 70 %iger Perchlorsdure 11/, Stunden lang am RiickfluB erwérmt, nach dem
Erkalten das kristalline Produkt filtriert und in Athanol gewaschen. Die gewonnenen
1,1 g graulichen Kristalle nehmen von 280°C an unter Zersetsung eine braune Farbe
an. vi,,=1702 (C=N%*). Ber.: C 65,36; H 5,22; N 3,63. Gef.: C 65,20; H 5,31;
N 3 70 00 ) . . .

A4 Phenanthro(9 10b) chmolmdm

Von dem vorerwihnten Immonium- -perchlorat werden 0,5 g in 10.ml Aceton
suspendiert und 1—2 Minuten mit 1 ml 50%igem KOH grundhch gerithrt, dann
5ml Wasser zugesetzt, der Niederschlag rasch filtriert und mit Wasser neutral
gewaschen, in 10 ml Aceton geldst und durch Zugabe von Wasser auskristallisiert.
Nach Trocknen im Vakuum in Stickstoffatmosphire iiber P,O;: gelbe Nadeln,
Schmp. 139—142°C. Ber.: C 88,38; H 6,71; N 4,90. Gef.: C 88,07; H 6,91; N 4,78%.
v;ax=157°5 (C=0). : C :

Phenanthro(9,10b)-chinolizidin

0,5 g Immonium- perchlorat werden in 15 ml Athanol mit 0,2 g NaBH, 20 Min.
reduziert, mit Wasser verdiinnt, mit Chloroform extrahiert, das Chloroform im
Vakuum bei 40°C abdestilliert und die kristalline Masse aus Benzol umkristalliziert.
Farblose Kristalle, Schmp. 174—175°C. Identisch mit den Literaturangaben [1].
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KOH®OPMAITMOHHBINT AHAJIU3 QEHAHTPOKHHOHH3ﬁHMHA
' - ‘UI. ®eadeax, P. Xedvews
Y3yyena xondopMamus ¢eHAHTPO-KHHONM3MANHA, W AETHMAPO-DEHAHTPO-KAHOIMIUAUHA.

Ha ocHoBaru# Rammx paHHUX UK-CnEKTpPOCKOMHYECKUX W l'IOIIy‘{eHHBIX TIMP paHHbIX, cAETAHSI
BBIBOIBL O CTPYKTYPE AHEJUIAUMH KOJNbLLA KHHONW3IHAWHA.
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_ SYNTHESIS OF HOMOVANILLIC ACID DERIVATIVES ‘OF
' CAPSAICIN-LIKE EFFECT

By :
P. HEGYES and S. FOLDEAK ~
Instltute of Orgamc Chemlstry, Attila Jozsef University, Szeged

( Received December 28, 1973)

Capsaicin analogues ~containing inverse acid-amide bonds, alkyl-amides of homovanillic
acid, were prepared and their pungent-and desenzxtlzmg effect, as well as the relation’ of the latter’
to the structure of the compounds were investigated. ’

New homovanillic acid derivatives of capsaicin-like effect (esters and carbox-
.amides) were prepared, in order to study the connections beetween pungent effect
and chemical structure. The present paper deals w1th preparatlon and effects of the
amides of homovanillic acid.

Pungency of natural and. synthetic products, and chiefly lnvestlgatlon of their
structural elements responsible for this effect, attracted the interest of a number
of investigators. Among them, NELSON [1], NEwWMANN [2], OFF and ZIMMERMAN [3],
Szeki [4], and JANCSO [5] are to be mentioned, who performed pioneer work in this-
field. On the basis of their work, the above connections can be summarized as follows.

For producing pungency, the fellowing structural elements are necessary'

(@) p- or o-hydroxybenzylamine or their ring-substituted derlvatlves 1n alkyl-
-acid amide bonding

(b) p-hydroxy group is ‘more effective than o- hydroxy group » T

(¢) substitution of the hydroxy group results in ceasing of the pungent effect

(d) vanillin-amide derivatives are the most pungent but gualacol and ethanol-
amine derivatives are also effective

(e) only aliphatic carboxamide analogues have a pungent effect

(f) C4—Cy, straight-chain carboxamides are the most pungent. »

On the basis of these connections, it is chiefly Van111y1 alkyl amides which (I)
produce the pungent effect.

Continuing - the research of these connections, we made use of -the principle -
of interchangeability of the prosthetic groups (HN—CO—), and synthesized alkyl-
-amides of homovanillic acid (II) in order to study their pungency. Suprisingly, we
found not only pungent spe01es among these compounds but also some of stronger
“desenzitizing effect than capsaicin. . .

An .obvious explanatlon of this 01rcumstance is the structural similarity of
I and II. The change in the bonding of the acid amide in inverse position, as one
of the prosthetic groups responsible for the effect, did not diminish, but rather -

8!
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increased the effect. Concerning other effects, we had found earlier that inversion in
the acid amide function did not cause loss of the effect [8].

The changes in pungency of the compounds of type I on changing the alkyl
chain R, compared also with the capsaicin homologues, are shown by the hatched

HO— -CHz—NH—ﬁ~R
/ 0o
CH,0
|a-c
I;'ig.l
HO— —CHzf—ﬁ—-—NH —R
CH,0’
la-a
Fig. 2
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columns of Fig. 3. It can be seen that the pungency first increases, then decreases

with the number of C-atoms, with a maximum in the case of the C; amide. The

connection with the desenzitizing effect (black columns) is interesting, as it does

not go parallel to the pungéncy but reaches its maximum at C;,. Among the com-

pounds of type II investigated, we did not find any having only desensrzrtrzrng

effect (without pungency), so it is to be inferred that the structure is responsible
for both effects. From the fact that cycloalkyl derivatives are. only pungent and

have no desensizitizing effect, it seems probable that the latter is to be attrrbuted '
to the NH- groups : :

- Experimental

-

 The course of the reactions was followed by thin layer chromatography; the
purity of - the products was controlled by m.p. measurement, elementar analysis
and IR spectroscopy.
All melting points were measured on a Kofler- block the m.p. values given
are uncorrected. IR measurements were made generally in KBr pellets (in some
cases in DUJOD with a Unicam SP 200 IR spectrophotometer

~ Homovanillic acid [6]

“ To-150 ml 21% sodium bisulfite solution (technical grade) 30.4 g vanillin was
added (three-necked flask, mixer, reflux cooler, dropping funnel) and mixed at
room temperature until the vanillin totally dissolved; then the solution was cooled
to —5—10°C, and 26 g (0.4 mole) sodium cyanide dissolved in 40 ml water was
slowly dropped to the cooled solution. The reaction mixture was stirred for 30'minutes
after the KCN addition; during this time it transformed to a crystalline masse, .
which, after adding 60 ml SN H,SO, dropwise in an hour and continuing the strrrrng
for another hour, was filtered..

The substance remaining on the filter was washed wrth ether three times. The -
ethereal phase was acidified with 1—2 ml glacial acetic acid and the ether-destilled
off. The residue is a yellowish oil, 4-hydroxy- 3-methoxyam1gdallc acrd nitrile, wich
can be used without further purrﬁcatron

35 g (0.195 mole) of the acid nitrile obtained was measured into a round
bottomed flask and 66 g (0.29 mole) SnCl,.2H,0 ‘dissolved .in 58.5 ml 37% HCI
was added, shaken throroughly and heated on 110°C oil-bath for 3.5 hours. After
the reaction had come to an end, the mixture was diluted with 25 ml water, left
standing for 12 hours and filtered. The air-dried substance was recrystallized from
50 ml borlmg water. M.p. 142°C, yield: 14.0 g (38 4%)

Acetylhomouanillic acid [7]

25 g homovanillic acid dissolved in 150 ml acetic anhydrrde was reﬂuxed for
6 hours, then diluted with 1600 ml water. The diluted solution was stirred at room
temperature for two hours, possible solid substances filtered off, ‘and the filtrate
evaporated ‘to dryness. The niidly yellowish, crystalline residue was recrystallized
from boiling water (white plates). M.p. 115—137°C. Analysis: Calc.: C 58,64; -
H 5.30. Found: C59.19; H 5,40%. . : )
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Acetylhomovanillic acid chloride [T)

20 g acetylhomovanillic acid was suspended in 25 ml thionyl chloride and
heated on water bath for an hour. The greenish-yellow solution was evaporated
to dryness, taken up in 25 ml abs. benzene and evaporated to dryness.again. The
latter process was repeated three times. The remaining light-yellow oil crystallizes
after standing overnight and can be used with further purification.

- Preparation of acetylhomovanillincarboxamides

0.01 mole acetylhomovanillic acid chloride was dissolved in 15 ml abs. benzene
with ice-cooling and stirring. To the solution cooled to about 8—10°C, 0.02 mole
amine dissolved in 15 ml abs. ether was added dropwise. The reaction mixture was
stirred with ice-cooling for 3 hrs., then at room temperature for 1 hr. The hydro-
chloride precipitated was filtered,” washed with -2X 10 ml ether. The filtrate was
extracted with water (until the water became neutral) and dried over. Na,SO,.
After removing the solvent, the remaining carboxamide was recrystallized from
ethanol. i -

Table I

AcejylhomovahiIIincaiboxamides

Calculated vC=0

Formula . Amines used " M.w. Found . N:p Yield
. . °C % Carbox- Acetyl
¢ H N | amide

C,,H,;O,N | 3-azabicyclo- 331.41 | 68.85 7.60 4.25 | 97—101 78 1642 | 1758

~(3.2.2)nonane 68.33 7.20 4.51 _ N

Cy:H ;04N " | dodecylamine | 391.54 70.55«-_9.52 3.57. 31—82 85 1650 § 1755
’ | 69.78 9.74 3.33 : ’

CiHp,ON | homo- . 305.38 | 66.86 7.59 4.58 oil "83 | 1648 | 1750
_ piperidine 66.53 8.02 4.43 L :
C;,H,, 04N | dibutylamine | 335.45 | 68.03 8.71' 4.17 |  oil -85 | 1640 | 1755
_ 4 , 68.78 8.96 4.00 :
CiH,;O4N | cyclooctyl- 33343 | 68.44 8.76 4.20 oil 85 | 1652 | 1756
amine - 69.11 9.02 3.96 :
CysH;;,NO, | heptylamine 321.42 | 67.26 8.15 435 | _ oil 75 | 1645 | 1752
_ 66.73 8.28 4.04 N
CiH,,04N | piperonylamine | 357.36 | 63.58 5.36 3.91 oil |70 | 1644.| 1755
' 64.02 5.50 3.60
CosHyON | tetradecyl- | 419.61 | 71.56 9.84 3.33 | 8680 | 95 | 1650 | 1758
amine 70.80 9.78 3.40 C
CiHy 0N | piperidine 291.35 | 66.00 7.27 4.81 | 55--57 | 76 | 1645 | 1755

65.78 7.53 4.60

g
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Preparation of homovamllmcarboxamtdes

(a) 0.01 mole KHCO,, was suspended in 30 ml abs. ethanol and the solution of
0.01 mole acetylhomovanillincarboxamide in 10 ml ethanol was added. The reaction
. mixture was stirred at room temperature for 4—10 hours, then mildly acidified with
HCL. 50 ml water was added to the mixture and the precipitate extracted with 3X30ml
benzene, the benzene phase washed with water to neutrality and dried over Na,SO,,
the benzene evaporated in vacuum and the oily residue crystallized from ethanol.
(b) If the amine component is used in at least threefold excess in the preparation
of the acetylhomovanillincarboxamide and the acetylcarboxamide is not isolated
but stirred at room temperature for 10—12 hours, quantitative hydrolysis of the
acetyl groups occurs. After the stirring, isolation is performed as described under (a). .
The physical constants of the acetylhomovanillincarboxamides and homo-
vanillincarboxamides prepared are presented in Tables-I and IL

*
* *

'We wish to exspress our thanks to Dr. A. " GABOR-JANCSG-and Dr, J. SZOLCSANYI -
for kindly performing the pharmacological 1nvest1gat10ns and to L. FOLDHAzI
for preparing the startmg materlals

Table II .

- Homovanillic' carboxamides

Calculated ’ Co )
. o " M.p. Yield -| vC=0O| vOH
Formula Anmines used Mw., - Found l\f ? feld Carbox-| Hy-
’ ’ C % amide | droxy
C H N .

C;Hg; 04N | 3-azabicyc- 289.38 | 70.56 >8,0_1‘ 4.84 | 153—154 95 | 1600 | 3200

10-32.2) | - 7051 831 4.91
C1HyO,N' | dodecyl- 349.52 | 72.27 10.10 4.00 | 70.5—71 98 | 1650 | 3600
amine - 71.81 10.10 404 ‘ A
C.sH,;O0;N | homopipe: | 263.34 | 68.41 8.03 531 | 110—111.5| 90 | 1610 | 3200
‘ridine . .| 68.62 821 5.16 ‘ , - :
CyH,ON | dibutyl- | 293.41 | 69.59 9.27 4.77| 56.5—57.5 | 90 | 1630 | 3350
, amine 68.62 9.38 4.78 - v
CioHuO,N | cyclooctyl- | 291.40 | 70.07 8.64 480 | 48—s0 | 96 | 1642 | 3400.
. : amine 16994 873 505 | - -

C,;H,;0,N | heptylamine | - 279.38 68.78 9.01 5.01 oil | 91- | 1650 | 3400
o _ ' 67.78 9.58 5.70 : :
CiH,;ON | piperonyl- | 31533 | 64.75. 5.43 4.44 | 1191205 | 90 | 1628 | 3440

o amine ' 64.15 5.17 4.37
CuaHyO,N | tetradecyl- | 378.56 | 72.97 10.11 3.70 | 75.5—76 | 96 | 1650 | 3600
_ amine 73.36 10.48 3.95 ’ 1 -
CuHy,,O5N | pipéridine .| 24931 | 67.44 7.68 561 | - oil | -93 | 1630 | 3800

67.45 7.39 5.02
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CUHTE3 NNPOU3BOJHBIX FTOMOBAHUJIUHOBOM 'KUCJIOTHI
C AHAJIOTUYHBLIMU TIO BJIUSAHWIO CBOMCTBAMU KAHNCAHLINHA

I1. Xedsew, . desdear

Brum cHHTETH3APOBaHBI AMKUIAMHIbI TOMOBAHMJIAHOBOM KUCIOTHI — AHAJIOTHM KancaumdHa,
CO CTPYKTYPHBIMH 3JIEMEHTAMH OOpPATHOM CBA3M aMUAA KapOOHOBOH KHUCIIOTHI, H3YYEHBI UX TODPb-
Kne CBoHCTBA U 3¢ dexT necencHOmmMM3am. KopoTko H3MararoTcs BHBOABI OTHOCATENBHO NAHHON
XAMWYECKOH CTPYKTYPHI U €€ BIMSHHUA. -
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For studying indole derivatives with hormonal activity occurring in plants, it is necessary to-
synthesize “C-labelled compounds. The paper describes the. syntheses of carboxy-4C-labelled
2,3,4,6-tetra-O-benzyl-1-O-(3’-indolylacetyl)-8-D-glucopyranose,  2,3,4,6-tetra-O-benzyl-1-O-(3’-in--
' dolylacetyl)-B-D-glucopyranose and 1-O-(3’-indolylacetyl)-ﬂ-D-g]ucopyranose

In recent years a great number of papers dealing with the metabolism of 3-in-
dolylacetic acid in plants were published.. At the same time various 3-indolylacetic
-acid conjugates, drawing attention to the different sugar conjugates of 3-indolyl-
acetic acid [7, 11, 12] and its amino acid conjugates [1, 6] were also detected. Studies:
on 3-indolylacetic acid conjugates have also demonstrated that, besides the amino
acid or sugar components, phosphoric acid, too, may be linked to 3- 1ndolylacetlc
. acid [8], while the existence of complexes in Wthh 3-indolylacetic acid is bound
to nucleic acids [3] permits the conclusion that the 3-indolylacetic amd—nucleotlde'
conjugates are also of importance in the metabolism of 3-1ndolylacet1c acid. .

The B-D-glucopyranoside of 3-indolylacetic acid was detected in 1961, on the
_bas1s of its qualitative reactions [7, 12]. Similar types of conjugates are formed
by various groups of plant materials possessing hormonal activity, e.g. gibberellins, -
cytokinines and abscisic acid. Investigation of the physiological importance of the:
individual conjugates demands the preparation of the chemically pure compounds
both in-inactive and radioactive forms. In a great number of cases research workers

failed to prepare the authentic conjugate desired and, therefore, experiments con- - -

cerning their effects and mechanisms of action are virtually still lacking. In the absence
of such experiments, numerous authors assume that the various conjugates have
no physiological importance [7, 12], and are formed only as detoxification products.
The simplest means of deciding wether the 3-indolylacetic acid in the conjugates.
appears under in vivo ¢onditions in the free 3-indolylacetic acid, in a metabolite,
or in the other conjugates, is investigation with isotope technique. For this purpose
the synthesis .of conjugates labelled in the 3-indolylacetic acid seems justified. The
in vivo formation of 3-indolylacetic acid-B-D-glucopyranose cannot be utilized
for the isolation of greater amounts of the compound, nor is it possible to ensure
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the specific activity necessary for the biological experiments. On the basis of analogous
reactions, carboxy-*C-1-O-(3-indolylacetyl)-§-D-glucopyranose was prepared by
synthesis of 2,3,4,6-tetra-O-acetyl-f-D-glucopyranosyl chloride, followed by its
coupling with the silver salt of carboxy-*C-3-indolylacetic acid.

CH,0R
li/ oo TQ —
OAg
. CH,0R
RO o |
RO\ O~%‘CH1\C©
OR P _
0 - N~ :
H
9
X= 8F,C| R= CH3C" CgHsCHQ—, H-

Because of the sensitivity of the molecule, the deacetylation may be questionable, -
therefore, 2,3,4,6-tetra-O-benzyl-f-D-glucopyranosyl chloride was used for the
preparation of the free glycoside, and, after the separation of the anomers, the benzyl
groups could be succesfully removed by reduction on 10% palladium on charcoal, -
on the analogy of the methods applied in the chemical synthesis of 1-O-(3-indolyl-
acetyl)-B-D-glucopyranose [5].

: Chromatographic comparison of the synthetlzed product mdlcated that it is
not identical with the compound isolated from pea roots, the properties of which
have been described [9]. :

Experimental

‘Carboxy-1*C-3-indolylacétic acid

was prepared from 10.5 mmole gramine and 40 mmole 20 mCi K**CN by the
method of GORDON et al. [4], by the reaction path indole, gramine, 3-indolylaceto-
nitrile-1C, 3-indolylacetic acid-*C. Yield: 70%, 1225 mg, molar activity: 500
p#Ci/mmole. The radioactive punty was checked chromatographically and auto-
radiographically.

2,3,4,6-T etra-O acetyl-oc-D-glucopyranosyl chloride

was -synthetized .by the method of REDMANN and NIEMANN [10] Yield:
5%; m.p.: 70—71°C (decomp).
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. 2,3,4,6-Tetra-O-acetyl-1-O-indolylacetyl—carboxy-14C-/3-D-glucopyrdno$e

2,3,4,6-tetra-O-acetyl-B-D-glucopyranosyl chloride (1.12 g, 3.0 mmole) was dissol-
ved in 25 ml abs. benzene and the freshly prepared silver salt of 3-indolylacetyl-carb-
oxy-%C (843 mg, 3 mmole, 750 uCi) was added. The reaction mixture was shaken in
the dark at room temperature for 36 hours. The precipitate was separated by centrifuga-
" tion, and washed once with 5 ml benzene. The combined supernatants were evaporated
- to dryness. The residue was fractionated on a silica gel column (1 cm in diameter,
40 cm high, containing 8 g silica gel), the solvent being a 1:1 mixture of benzene :ethyl
“acetate. Dried above coricentrated sulfuric acid in vacuum, the chromatographically
homogeneous syrup solidified within 24 hours. The 2,3,4,6-tetra-O-acetyl-1-O-
-(3-indolylacetyl)-carboxy-14C-f-D-glucopyranose  was recrystalhzed from abs.
" ether—pentane. Yield: 0.64 g, 42%. M.p.: 119—121°C (uncorrected) (lit.: 121—122°C
~[5D), [«]p=—27°C, ¢=1, in chloroform (11t [o]p=—26°10. 2°) Activity: 250 uCi/
/mmole, -

. 2,3,4,6-Tetra-_O-benzyl-oc-D-glucopyranosyl chloride

was synthesized from 2,3,4,6_--tetra-0-benzyl-ac-D-glu‘copyrénose with thionyl
chloride by the method of AUSTIN, HARDY et al.[2]. The product was purified by
chromatography on a silica gel column, 2:1 petroleum ether—ether mixture being

- used for elution. The: product was a pale yellow oil. Yield: 55%. The purlty was <

checked by thm layer chromatography

2,3,4,6-Tetra-O- benzyl-1-O-(3- mdolylacetyl ) -carboxy-“C B-D-glucopyranose

A mixture of the halogen sugar (2.57 g,4.61 mmole), Ag salt of 3-indolylacetic .
acid-carboxy-14C (1.3 g, 4.6 mmole) and 1 g anhydrous CaSO, protected by
aluminium foil was refluxed in 100 ml absolute benzene for 8 hours, with magnetic
stirring, under exclusion of moisture. The reaction was checked by thin-layer chroma-
tography in a 3:2 mixture of ether—petroleum ether. The precipitate was separated
. by centrifugation and washed with 2X5 ml benzene. The combined supernatant

was evaporated in vacuum, and the residue chromatographed on a silica gel column,
with 3:2 éther—petroleum ether as eluent; 4 ml fractions were collected. The un--
changed chloride was eluted first, then the desired ester product (2.26 g) with a little
colouring matter, and finally, by chloroform elution, the substituted tetrabenzyl-
glucose. The anomer composition can be checked by thin-layer chromatography in
a 3:2 ether—petroleum ether mixture. A violet double spot was obtained with
10% sulfuric acid. The reaction mixture was separated in'layers, and the more
slowly moving f-anomer fractions were. collected, dissolved in abs. benzene, and
evaporated fo dryness. The residual oil was dissolved in abs: benzene, petroleum
ether was added, and after 8 hours at 0°C the B-anomer had crystallized (0.8 g);
m.p.: 98—100°C; [a]p=—1.7°, ¢=1.0, in chloroform. The physical constants
agree with those found in literature [5]. The a-isomer could not be isolated as crystals.
Activity: 0.25 mCi/mmole. Chromatographically homogeneous.

1-O-(3-indolylacetyl)- -carboxy-1*C-B-D-glucopyranose

400 mg 2,3,4,6-tetra-O-benzyl-1-O-3-indolylacetyl-carboxy-14C- glucopyranose
‘was dlssolved in 15 ml 2-methoxyethanol, and reduced for 30 hours at room temper-



124 F. SIROKMAN AND E. KOVES

ature with 500 mg 10% palladium on charcoal in the presence of 0.4 ml acetic
acid. The reaction mixture was checked chromatographycally in a 6:2:1 mixture
of ether—petroleum ether—methanol, with 10% sulfuric acid as developer. The
debenzylated glycoside had an Ry-value of ca. 0.1 and was reddish-violet. The catalyst
was removed by centrifugation and washed with 2-methoxyethanol, and the solution
was evaporated in vacuum at 35°C. The remaining 200- mg light-violet oil was
dissolved 'in a 55:30:11. mixture of isopropanol—petroleum ether—water, and
chromatographed with this solvent on a column containing 25 g cellulose. The in-
dividual fractions were checked by layer chromatography, and the eluates containing
the glycoside were collected and evaporated in vacuum. The oily residue was extracted
with 3X 10 ml ethyl acetate. The extract was evaporated to 1/3 volume and petroleum
ether was added until the first signs of turbidity. The g]ass-hke material at 0°C,
after 24 hours, solidified over concentrated sulfuric acid, and was pulverized to a pink
powder- (80 mg). This was extracted with a 20:1 mixture of ethyl acetate—iso- -
propanol, a few drops of petroleum ether were added, and the filtered solution
was left to stand at 0°C to separate the remaining coloured material. The practically"
colourless supernatant was put in a centrifuge tube and precipitation was promoted
with petroleum ether. The 1-O-(3-indolylacetyl)-carboxy-14C-g-D-glucopyranose
crystallized in the form of very pale pinkish-white needles. Yield: 40 mg. M.p.:
168—172°C (lit. m.p.: 172—173°C [5]). Paper-chromatographic R -value in 12:3:5
butanol—acetic acid—water: 0.7. Chromatographycally homogeneous. Activity:
0.25 mCi/mmole. o .
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CHUHTE3 1-O-(MHAOJI-3-UJTALETUID-$-D-T. HIOKOHMPAHO3EI
MEYEHOI1 T10 KAPEOKCU-1C
&. Mlupoxman, E. Késews

Cunte3 C MEYEHHBIX COENMHEHMH, HEOOXOAMM K M3YYEHHIO MHOOJHBIX BELIECTB pacTe-
HUi{, HMEIOLUHX TOPMOHANLHOE HeicTede. B paboTe onucan cuutes 2,3.4.6-terpa-O-anetun-1-O-
~(mnaon-3’-unaveTni)-f-D-rimokonupanossl, 2,3,4,6-terpa-O-0eH3ui- 10-(uunon-3’-nnauemn) B-D-
-rmokonApano3bl v 1-O-(uupon-3’-unauerun)-f- D -IJIIOKOTIMPAHO3bI, MEYEHBIX 1o KapOokcun-14C.
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- The paper describes the syntheses of 3- mdolylacetyl-carboxy-“C -aspartic acid, 3- mdolylacetyl-
aspartic acid-*H and the doubly labelled 3- mdolylacetvl carboxy-“C—aspartlc acnd-3H

‘The literature dealing with the physiological effects and metabolism of 3-indolyl-
acetic acid describes the occurrence of 3-indolylacetyl amino acid conjugates in -
plants [1, 3]. The details of the physiological roles of the individual conjugates have .
_ not been clarified. The problem of whether the bound 3-indolylacetic acid be-
comes free again can be investigated by means of an isotope technique. Labelling of the
3-indolylacetil amino acid conjugates on the amino acid permits study of the
connection of the amino acid 'and protein metabolisms, while labelling- on the
3-indolylacetic acid permits study of the turnover of 3- mdolylacetic acid. Some labelled
combinations of 3-indolylacetylaspartic acid were prepared, utilizing carboxy-“C-
_-3-indolylacetic acid and 3H- and inactive aspartic acid.

Syntheses of a number of inactive 3-indolylacetyl amino acids have been dealt
with by HUTZINGER et al. [2], who applied the methods for carboxyl activation of
the amino acids, and made use of 3- mdolylacetlc acid active esters with N-hydroxy-
succinimide. )

MoLLAN et al. [4] describe the: preparatlon of the compound in accordance
with the known synthe51s steps, by using 3-indolylacetic acid p-nitrophenyl ester.
On the basis of inactive experiments we found that the latter method gives a substan--
tially better yield in the active syntheses, and achieved the synthesis of 3-indolyl-
acetyl-aspartic acid by coupling the p-nitrophenyl ester. of 3-indolylacetic acid
with L-aspartic acid.

The purity of the compounds formed were checked among others, by radio-
chromatography; these compounds could be used to identify radiochromatography-
cally natural 3-indolylacetylaspartic acid.
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Expérimentﬁl

Carboxy-**C-3-indolylacetic acid was synthesized by the method of SturZ
et al. [5] from 10.5 mmole gramine and 40 mmole 20 mCi K*CN, via the reaction
path indole, gramine, 3-indolylacetonitrile-'*C, 3-indolylacetic acid-1-**C. Yield:
1225 mg, 70%. Molar activity: 0.5 mCi/mmole. Radioactive purity checked by
chromatography and autoradiography. M.p.: 164—166°C.

Carboxy-**C-L-aspartic. acid was a New-England Nuclear preparation. Specific
activity: 250 uCi/mmole.

3H-L-aspartic acid was also a New-England Nuclear preparation. Specific
activity: 1 mCi/mmole. ’

Inactive 3-indolylacetic acid p-nitrophenyl ester. 0.40 g (2.2 mmole) 3 indolyl-
acetic acid and 0.32 g (2.2 mmole) p-nitrophenol were dissolved in 8.5 ml ethyl
acetate and the mixture was cooled to 0—5°C. A solution of 0.46 g (2.2 mmole)
N,N’-dicyclohexylcarbodiimide in 1.6 ml ethyl acetate was added at 0°C, and the

" mixture stirred for one hour at room temperature. The N,N’-dicyclohexylcarbamide

was filtered off, and the solution concentrated to 1.6 ml, cooled and filtered again.
Crystalline p-nitrophenyl ester was obtained by removing the residual solution.
M.p.: 100—103°C. Recrystallization from an ethyl acetate—petroleum ether mixture
gave pale-yellow needles. Yield: 0.85 g, 72%. M.p. 106—107°C. .
3-Indolylacetyl-carboxy-**C-p-nitrophenyl ester was prepared from 0.7 g
- 3-indolylacetyl-carboxy-1*C, 0:556 g (4 mmole) 3-p-nitrophenol and 0.832 g (4 mmole)
N,N’-dicyclohexylcarbodiimide. Yield: 0.88 g, 75%. M.p. 106—107°C.
3-Indolylacetyl-1L-aspartic acid. 092 g (1.66 mmole) L-aspartic acid was
dissolved in 25% aqueous tetramethylammoniumhydroxide solution (1.22 g,
3.33 mmole), and the mixture lyophilized. The salt was suspended in 8.3 ml
dimethylsulfoxide. Dissolution was achieved after addition of 0.49 g (1.66 mmole)
3-indolylacetyl-p-nitrophenyl ester and stirring the mixture overnight, The dimethyl-
sulfoxide was removed in vacuum, and the product taken up in 17 ml 5% NaHCO;
- solution and in 17 ml ether. The aqueous phase was extracted with 220 ml ether,
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acidified with concentrated -hydrochloric acid, and extracted with ether again.
The aqueous phase was further acidified to pH 1, and extracted with 2X 8.5 ml butanol.
The butanol phase was washed with 8.5 ml 0.1N hydrochloric acid and with 10 ml’
. water. Removal of the butanol in vacuum led to a pink glass, and recrystallization
from wateér to colourless crystals. Yield: 0.31 g, 66%. M.p.: 189—190°C. '

3-Indolylacetyl-carboxy-1*C-L-aspartic acid. The method used in the preparation
of inactive 3-indolylacetyl-L-aspartic acid was used. A 25%-aqueous solution of
0.365 g tetramethylammoniumhydroxide and 0.133 g (I- mmole) L-aspartic acid-
was. lyophilized. The residue was dissolved in 6 ml dimethylsulfoxide and 0.296 g
(1 mmole) 3-indolylacetyl-p-nitrophenyl ester was added. Yield after working up:
0.159 g, 60%. Activity: 1 mCl/mmole M.p.: 188—190°C. Autoradiographically:
one spot.

3-Indolylacetyi-L-aspartic aczd-3H 1 mCi L-aspartic acid-*H was diluted to
an activity of 1 mCi/mmole with inactive L-aspartic acid. The synthesis was per-
formed with mmole amounts. Yield: 0.145 g, 50%. Total activity: 450 pCi. Specific
activity: about 1 mCi/mmole. ' '

3-Indolylacetyl-carboxy-"*C-L-aspartic acid-*H. 0.13 g (45%) 3-indolylacetyl-
-carboxy-14C-L-aspartic acid-*H was formed from 1 mmole L-aspartic acid, activity .
. 1 mCi/mmole, and 1 .mmole 3-indolylacetyl-p-nitrophenyl ester, activity 250 pCi/
/mmole. Total activity C: 112 uCi;3H: 440 pCi. The activities were measured
with a Nuclear Chicago liquid scintillation spectrometer.
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The dipole moments of alicyclic ethyl cis- and trans-2-hydroxycarboxylates were studied. On
" the basis of the dipole moment values it proved possible to investigate the validity of the conformation
rule in the case of these compounds. The fairly good agreement between measured and calculated
dipole moments permitted to assume _the presence of intramolecular hydrogen-bonds in the cis-is0-
‘mers and of intermolecular hydrogen bonds in trans-isomers. :

Introduction

Alicyclic ethyl cis- and ‘trans-2-hydroxycarboxylates may serve- as starting
_ materials for the synthesis of stereochemically homogeneous bifunctional alicyclic
derivatives. Several papers describe the synthesis and spectroscopic studies [5, 6] -
of c¢is- and trans-2-hydroxycyclopentanecarboxylic acid (1), cis- and trans-2-hydroxy-
cyclohexanecarboxylic acid (2), c¢is- and trans-2-hydroxycycloheptanecarboxylic
acid, and of the respective esters [3, 4] IR and NMR spectroscopy reveals primarily
the intramolecular and intermolecular hydrogen bonds of the isomers as well as:
the preferential conformation of the individual substituents. IR spectroscopy and
viscosity measurements led CASTELLS and PALAU [5) to the conclusion that in the
molecules of ethyl cis- 'and . transZhydroxycyclopentanecarboxylate and ethyl
cis- and trans-2- hydroxycycloheptanecarboxylate the - cis-isomer is less prone to
associate than the trans-isomer..

BAUMANN and MOHRLE [7, 8] studied the conformatlon of isomers and determined
their equilibrium constants [9]. Equatorial hydroxy groups promote a more pro-
nounced association than axial ones. Based on NMR spectra of BAUMANN and

% Part’ XIX Zs. Vajna Méhesfalvy, G. Bernith, P. Sohar Acta Chlm Acad. Sci. Hung.
in press.

** Part II: G Bernath, Gy. Gondés, P. Marai, L. Gera: Acta Chim. Acad. Sci. Hung. 74,
471 (1972). .

9
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MoHRLE [8] as well as our own IR and NMR spectroscopic data, and measurement
of dissociation constants and reaction rate of chromic acid oxidation, the preferential
conformation of compounds Ia and Ib was established in agreement with literature
data [10]. NMR spectra suggest that in cis-2-hydroxycyclohexanecarboxylic acid
equatorial position may be assigned to the carboxy group and axial to the hydroxy
group [6]. ,

- It seemed justified to investigate the interrelationship between physical constants
of isomers and their configuration with regard to dipole moment studies, too. De-
termination of the dlpole moments may enable us to examine the validity of the

“conformation rule” in the specific case of these molecules.

Determination of the dipole moment

The dipole moments of ethyl cis- and trans-2-hydroxycyclopentanecarboxylate
(Ia,b), ethyl cis- and trans-2-hydroxycyclohexanecarboxylate (Ha,b), and ethyl
cis- and trans-2-hydroxycycloheptanecarboxylate (IIla, b) (Fig. 1) were determined.
The synthesis of the model compounds was published in former communications

[4, 11] The samples used for dipole moment measurements did not contain impu-
' " rities [4, 11].

tH, CO0CHs CH, . )COOQ”S - The determinations were made
SCH _ /. ~CH at 2540.1°C, the density d of the
(c”@“ (I;u (Chahn - (I:H ' solutions was measured with a
CHy \OH CHy~ 0 scaled dilatometer; np was assayed

with Abbe’s refractometer. The die-
lectric constant was recorded on a

la.« n=1 lb: n=1 WTW Type DM 01 instrument ata
o : n=2 o : n=2 frequency of 2 MHz, with a DFL 1
Wa': n=3 Mo : n=3 : condenser. The cyclohexane used as

. ' Fig. | solvent was dried on molecular sieve

Klinosorb” 4. The dipole moment
was calculated according to HEDESTRAND [12] and GUGGENHEIM [13] from. the
followmg equation: _

& ‘ 3M1
P“"- , '3] (e+2)2

with the following symbols:

B — slope of the density vs. mole fraction straight line

g, .— value of the dielectric constant vs. mole fraction stralght line extrapolated
" to infinite dilution

o — slope of the dielectric constant vs. mole fraction stralght line

d, — value of the density vs. molar fraction stralght line "extrapolated to

infinite dilution
M; — molecular weight of the solvent
M, — molecular weight of the solute.
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The dipole moment at known K, value is
w'= 022123 yP.—R,
where R is the sum of atomic and electronic polariiation. The approximate value
of R may be calculated from the molecular refraction (by multiplying with- +1.05):
R = MR,-1. 05.

The measured data are hsted m Table I.

Tablev 1

.Dipole moments of al:cychc ethyl cis- and trans—2~hydroxycarboxylates (Ia b—]]Ia,b )
measured and calculated with HEDESTRAND'S method

Compound X, e3% . a3 ’ -, (D)
_ 0.005 20586 | 07805 %=17.700 _

o 0.010 2.0967 0.7824 B=0.358 275
.| oe1s |- 21353 0.7840 £,=2.019 :
0.020 2.1741 0.7863 d,—0.7788

, 0.005 2.0461 0.7784 «=5223
b 0.010 - 20746 | © 0.7806 $—0.395 5291
A 0.015 2.0984 -0.7824 £=2.018 :
0020 | 21281 | 07847 d,=0.7765
" 0.005 2050 | 07782 |  «=7.730 .
0.010 © 2.0968 0.7812 B=0.401 :
Iia 0.015° 21298 | 07832 . £=2010 2.740.
0.020 21745 0.7859 d,=0.7770 :
0.005 -~ 2.0560 0.7776 | . o=5.866
- 0.010 2.0867 0.7805 |  p=0.4266
- 1b 0.015 2.1140 0.7816 - 8, =2.027 2.359
0.020 2.1460 0.7839 d,=0.1752
0.005 20603 | . 07794 | . a=7.710
0.010 21035 |  0.7815 B—0.435
Itla 0.010 21360 - | - 0.7834 8 =2.022 2.703
' 0.020 21742 | 0.7854 d,=0.116
0.005 ° 20546 | . 0.7785 x=5.750 -
0.010 2.0835 0.7810 - f=0.407
mb - 0.015 21115 | 07826 | &=2.025 2.324
0020 | 21400 0.7846 d,=0.7779

The dipole moments of the molecules were calculated by GUGGENHEIMS
method [13]: v

_r
4nN d1 (81 i 2)2

)'M2.5

- 0%
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too, where
k — ¥.381.1071% (Boltzmann constant) -
N —6.023.102 (Avogadro number)
dP® — density of cyclohexane (0.77389 g/ml)
n¥ — refraction index of cyclohexane (1.4233)

g, — dielectric constant of cyclohexane (2.0199)
M, — molecular weight of the solute

a, —& 2—& = f(ws)

a, —npy.—npy = f(wy),

Plotting the data measured in 5 or 6 dilute solutions (of 1—7 mole percent) the above
calculations were performed and the results obtained are listed in Table II.
Table III contains the comparatlve figures obtained by both methods The
~ dipole moment of the cis-isomers is always higher. :
Based on the measured dipole moments displayed in Table I, it" may be
concluded that the dipole moment values are not substantially mﬂuenced by ring
sizes. : : ‘

Vectorial additive method for the calculation of dipole moments- .

The dipole moments of molecules are determined by their conformation.
Knowing the approximate geometry of a given substance, its dipole moment may
be calculated theoretically on the basis of its bond angles and bond moments, re-
spectively. Using the unit vectors of the substituents of the cyclopentane and cyclo-
hexane skeleton {14, 15], calculations based on the assumed conformation of the
compounds could be performed. According to our vector analysis, and in agreement
with BAUMANN’s studies ‘[8], the envelope form was chosen. BAUMANN’s studies
revealed that, though the substituents had no direct influence on the conformation
of the ring itself, the interaction between functional groups may promote a pref-
erential orientation. In the case of 1,2-disubstituted cyclopentanes the trans-isomer
tends to adopt envelope conformation, consequently both substituents are in
pseudoequatorial “position. In the cis-isomer, having envelope conformation, only
one of the substituents is pseudoequatorial thus the energy content of the cis-isomer
is -higher than that of the frans-isomer. :

"~ In the case of ¢is- and trans-cyclohexane derivatives equatorxal—aXIal and
diequatorial orientation may be assigned to the substituents. The unit vectors.
of these conformers were used in the calculations. i )

The dipole moment of compounds containing freely rotating or rigidly fixed
substituents, respect:vely, may be calculated on the basis of GILMAN s method [27]
as follows

12 = 13+ 3 15+2 2 i (Uoti + oy * iy + oe - @;2) X cOS O +
i=1 i=1 . .

+2 s’u,u (ai.a A+ iy, + @ a;.)cos 0,0,

iy J}
isj
wherefrom the simplified equation

1= G4 24 5 (ay Ao +.a1ya2y + al:arz.’.) c0s 0,0,
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Table I1

Dipole moments of alzcychc ethyl cis~ and trans-2-hydroxycarboxylates (la,b—--Illa,b) determined
by GUGGENHEIM’s method [13]

. Compound ) Wy - ,,'231’2_,,'231,2 "3,52 £, 61 ) u(D)
_ 0.011 0.0010 1.42339 00430 | A ,
I 0.020 - 0.0021 . 1.42372 0.0850° | a,=0101 | ..
0.030 0.0031 1.42431 0.1280 | a,=4.22 :
0.040 |. 00041 142445 | . 0.1710
£ 0.010 0.0009 142335 | . 0.0320
b 0.020 0.0018 1.42365 0.0640 - | a,=0.09 5375
0.030 0 0.0027. | 1.42400 0.0960 a,=3.07 :
0.040 0.0036 - 1.42430 0.1230
0.010 0.0011 1.42341 0.0380 :
a 0020 |  0.0021 1.42372 0.7700 2,=0.101 | 5.0
0.030 0.0031 ©1.42431 0.1140 a,=3.80 160
0.040 0.0041 142445 0.0540 .
'0.010 0.0010 - 1.42339 0.0300 .
- 0.020 0.0020 1.42370 0.0610 =009 | 5 4a0
: 0.030 0.0030 - 1.42405 0.0930 .=3.080 :
0.040 0.0039 1.42440 0.1220
0.011 0.0014 - 1.42350 0.0404
fa 0.022 0.0028 1.42410 0.0836 4,=0135 | 5.0,
_ 0.032 0.0041 1.42450 0.1175 a,=3.61 :
0.043 0.0055 1.42500 * | 0.1549 :
0011 |. 00013 | 1.42320 0.0341
0.022 0.0026 .1.42400 0.0636 a,=0.135 |~
Db 0.032 0.0040 '1.42449 0.0916 . | a,=2.85 2.462
0.043 . 0.0053 1.42490 0.1220

Note. 3% data: are to be found in Table T.

Table 111

~ Dipole moments of alicyclic ethyl cis- and trans-2-hydroxycarboxylates
calculated with GUGGENBEIM’s and HEDESTRAND s methods

/‘A=F‘cis'—”trans‘
Compound e HH -

- G H
Ia. 2772 2.750 ;
b 2375 | 2220 0.397 1 0530
Ifa . 2.760 2.740
1ib 2.479 2.359 0.281 0.381
lfa - 2.784 2.703 :
1Ib 2462 | 2324 0322 0.379
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can be obtained, where
Lo - — dipole moment of the rigidly fixed polar groups
Hox Moy Mo; — Drojection in the direction of the coordinate axes of the dipole
" moment y, of the groups

ik — moments of the n rotating groups
0:0; — angles formed by group-moment-vectors with rotation axes a;a;
a;.a;;a;; — unit vectors of the rotation axis i in the chosen coordinate system.

Bond moments and bond angles according to h‘terature used for the cal-
culation of the dipole moment of ethyl cis- and trans-2- hydroxycyclopentane-
carboxylate (Ia,b), are presented in Fig. 2. .

’_;,’CSHIO = OVD [16]
moH =1.6D 118]
mcooc,H, = 1.8 D [17]
N
R——X = 89° rotation angle of the carbethoxy
" group around axis.a; . [17]
\
& - '
. . R———X = 63°rotation angle of the hydroxy group
Fig. 2~ ’ * around axis @, [18]

Table IV lists the unit vectors of cyclopentane substituents [14] in' the chosen
coordinate system.

Table IV

Unit vectors of cyclopentane substituents [14] in the chosen
coordinate system

Unit vectors of substituents
Position Orientation
- X , y oz
1 equatorial 0.169 0.000 0.986
2 axial —0.280 0.900 0.332
3 equatorial -0.114 -0.039 —-0.992
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Bond moments and bond angles according to literature, used for the cal-
culation of the dipolé moment of ethyl cis- and trans-2-hydroxycyclohexane-
carboxylate, are presented in Fig. 3.

meH,, =0D  [16]
moOH =16D" [i8]
mcooc,H = 1.8D 17 HyC,00C
\.
o\
R—— X = 63°rotation angle of hy-

droxy group around axis a,
[16]

N\
oL

- R——— X = 89° rotation angle of
carbethoxy group around
axis a; - S a7

o

Fig. 3

Table V lists the unit vectors of cyclohexane substltuents {15] in the chosen
coordinate system .

Table V

Unit vectors of cyclohexane substituents [15] in the chosen
coordinate system

C Unit vectors of substituents
Position’ Orientation - -
x y z.
.1 equatorial —0.997 0.000 0.077
2 axial —0.333 . —~0.067 0.940
2 equatorial —0.333 —0.804 —-0.492

Pertinent literature data of ethyl cis-and trans-2-hydroxycycloheptanecarboxylate
were not available, consequently no vectorial calculations could be performed.

Using the above values of the substituent unit vectors, bond moments. and.
bond angles, the dlpole moments summarized in Table VI were obtained. -
" Table VI demonstrates the good agreement between the dipole moments cal-
culated according to the supposed- conformation and the measured values. This
agreement is especmlly striking in the case of the frans-isomers. The dlscrepanmeS'
experlenced in'the czs—lsomers will be dealt with later.
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Table VI

Calculated and measured dipole moments of alicyclic ethyl cis- and
trans-2-hydroxycarboxylates (Ia,b, Ha,b)

Hmeasured A= Hmeasured ~ Heale
Compound Healce -
. G H G . H
Ia 2.390 2972 - 2.750 +0.372 +0.350
Ib 2.390 . 2375 - 2.220 -0.015 +0.170
IIa 2.40 2.760 2.740 +0.360 +0.340
b |~ 240 2.479 2.359 +0.079 —0.041

Discussion

Comparing the measured dipole moments of alicyclic ethyl cis- and frans-
- 2-hydroxycarboxylates, it is apparent that the dipole moments of the .cis-isomers
are higher. Spectroscopic [5, 6] as well as other studies [9] revealed the _presence
‘of an intramolecular hydrogen bond in the cis-isomers.

The dipole moment. of the cis-isomers should be lower due to the polarity-
-lowering effect of the intramolecular hydrogen bond.. Other investigations [19], .
however, draw the attention to the circumstance that an intramolecular hydrogen
bond enhances the rigidity of the skeleton, and thus increases the dipole moment.
The increase in dipole moment of the cis-isomers may be attributed to the fact,
that, due to the relative position of the functional groups in the cis-isomers, the -
skeleton of the molecule is less coplanar than in the trans-isomers with diequatorial
substituents. Regarding the comparatively good agreement between meéasured and
calculated dipole moments, it may be assumed that, under the applied conditions
of measurement, the intermolecular hydrogen bond of the cis-isomers may be
omitted, consequently, in the case of the cis-isomers of cyclopentane, cyclohexane,
and cycloheptane -derivatives, the presence of the intramolecular hydrogen bond
may be considered the determining factor. :

Knowing the dipole moments, the respective molecules may be studied dccording -
to the conformation rule.-On the basis of AUWERS’s equation [20, 21], in the case of
cis—trans-isomers, it is the cis-isomer which has higher density, refraction -index
and lower molar refraction. This rule, or its modified form [26] can. be used for
comparing stereoisomers, though only interpretations on the basis of the conforma-
tion rule may lead to correct results [22]. ELIEL assumes that the less stable confor-
mation may be assigned to the isomer of higher boiling point, refraction index, and
density; i.e. it is the isomer of smaller molecular -volume which has higher en-
thalpy. Isomers with conformations in which all substituents are equatorial, have lower
boiling points, density and refraction mdex than those- contammg axial ‘sub-
stituents as well.

Originally, the conformation rule was set up for cyclohexane derivatives;
nevertheless it could be successfully applied to some cyclopropane cyclopentane, '
cycloheptane and cyclooctane derivatives, too [23]. Its interpretation is the most
clearcut in the case of hydrocarbons. Strong dipole—dipole interactions promote
stronger association of the respective molécules through the increased dipole
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moment i.e. as a rule, in the case of dipole moments showrng marked difference,
the isomer having a higher dlpole moment has a higher boiling point as well. The
conformation rule, however, is not valid for isomers having highly different dipole
moments. In this case ARKEL’s dipole rule [24] should be applred which is valid
for broader ranges of dipole moment values (0.2 D).
_ ELIEL [25] demonstrated that in the case.of polar substituents (OH, NH,)
boiling points do not follow the conformation rule, and the diequatorial trans-
isomer has the higher boiling point. On the basis of his results obtained with 2-, 3-,
and 4-methyleyclohexanols, he interpreted’ this fact with the circumstance that'.
the intermolacular hydrogen bonds with the equatorial hydroxyl are more pronounced
than in the case of axial conformers.

~As’a conclusion, van ALKEL’s rule can be applied in the case of our model
compounds. Components having higher physical constants (except boiling point.
and VlSCOSIty) have higher dipole moments as well. The higher boiling points of
the -trans-isomers may be due to intermolecular hydrogen bonds, which promote
association. The intermolecular association of frans-isomers is confirmed both by
spectroscopic studies and gas chromatographic data [4]. Dipole moment measure-
ments were in-agreement with Lutskir’s former observations [19] that in -this type
of molecules, beyond dipole—dipole interactions, intramolecular hydrogen bonds,
enhancrng the rrgrdrty of the skeleton, may play a decisive role

%
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cal Chemlstry, Budapest, for supportrng this work.
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CTEPEOXVIMUWYECKUE UCCIIEAOBAHUA, XX
M3VUYEHHE HUKIINMYECKHNX 2-OKCHMKAPBEOHOBBIX KHUCIIOT, HI
CBSA3b MEX/TY MOJIEKYJIAPHON CTPYKTYPOU Y JUITOJIbHBIMHA MOMEHTAMU
ATUJIOBBIX DPUPOB IJHC- U TPAHC-2-OKCUKAPEOHOBOU KI/ICJ'IOTBI

E. Tomopu, . ®epenyu-Tpec, r. Bepnam -

W3zy4eHs! NUIObHBIE MOMEHTHI 3THJIOBBIX dGHPOB yuc- H mpakc-2-OKCAKapOGOHOBOM KHCIIOTHL.
IIpu W3BECTHBIX BeJMYAHAX HWMONMGHBIX MOMEHTOB HPEACTABIISETCS BO3MOXHOCTE IIPOBEPKH
TIPEMEHAMOCTH KOH(GOPMAIMOHHOTO HPaBHJIA. XOPOIIee COBNANECHHE MEXKAY H3IMEPEHHBIMA H
DPAaCCUATAHHBIME BEMYMHAMHE [MIIOIBHBIX MOMEHTOB yKa3bIBaeT Ha BEPOATHOCTh HAIIMYHA BHYTDPH-
MONEKYIAPHBIX BOOOPOAHBIX CBA3€H Y yuCc-A30MEPOB ¥ MEXMOJIEKYIISIPHBIX — Y MPAHC-A30MEPOB.
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Studies on Cyclic 2-Hydroxycarboxylic Acids, IV*
Syn_fhesis of cis- and trans-2-Hydroxycyclooctanecarboxylic Acid.
Data on the Reduction of Cyclic Ethyl 2-Ketocarboxylates**

By
G. BERNATH, GY. GONDOS and L. GERA
Institute of Oxjgamc Chemistry, Attila Jozsef University, Szeged

( Received September 4, 1973)

The preparation of cis- and frans-2-hydroxycyclooctanecarboxylic acid (13, 14) is described. It is
shown that cis-2-hydroxycyclooctanecarboxylic acid, considered as stereohomogeneous in a recent
paper [14], is actually a mixture of the cis- and trans-isomers. The isomer ratio of the catalytic and
sodium borohydride reduction of homologous alicyclic 2-ketocarboxylates (1-—4) has been studied.

Introduction .

In the course of our investigations on the reaction mechanism and conformational
analysis of alicyclic 1,3-disubstituted compounds [1—6], it proved necessary to elabo-
rate methods suitable for preparing larger quantities of alicyclic cis- and traps-2-hy--
droxycarboxylic acids. We reported earlier [7] on our methods of synthesizing cis-
and trans-2-hydroxycyclopentanecarboxylic acid as well as ' cis- -and trans-2—hy-
droxycycloheptanecarboxylic acid.

Stereohomogeneous cyclic 2-hydroxycarboxylic a01ds can be obtained by

. reduction of the corresponding 2-ketocarboxylates and subsequent fractionation
of the resulting cis—trans mixture. However, no suitable methods for the separation
of greater quantities of cis—trans mixtures were available. The separation of ethyl
cis- and trans-2-hydroxycyclopentanecarboxylates (5, 6) was elaborated by PASCUAL
and CASTELLS [8], who separated the corresponding dinitrobenzoates by tedious
fractional crystallization. Later on MOHRLE and BAUMANN [9] separated the ethyl -
cis- and trans-2-hydroxycyclopentanecarboxylates. (5, 6) by countercurrent distri-’
bution, and recently CAPON and PAGE [10] by preparative gas chromatography.

As we reported [7], a very efficient separation of these compounds, as well
as of the corresponding cyclohexane and cycloheptane homologues can be achieved
by fractional distillation on a column of about thirty theoretical plates. With this -
method we succeded in separating the ethyl cis- and trans-2- hydroxycyclooctane-
carboxylate (11, 12)

* Part XX(IIf): E. Tomori, S. Ferenczi-Gresz, G. Bernéth Acta Phys. et Chem. Szeged
20, 129 (1974).
** Presented in part in a lecture delivered at the Congress of the Hungarian Chem1ca1 Society,
Debrecen, August 31, 1971,
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As the efficiency of the distillation depends highly on the isomer ratio of the
starting mixture used, it seemed justified to study the isomer ratio of the catalytic
and of sodium borohydride reduction.

In the present paper we report on the preparation of cis- and trans-2-hydroxy-
cyclooctanecarboxylic acid (13, 14) and on our investigations concerning the isomer
ratio of the reduction of homologous cyclic ethyl 2-ketocarboxylates.

Ciy  _COOCoHs CHp pCO0GHs ¢y ,COOC;Hs

/ ~CH PN /i
(CN&Qn é (CH\z)n (I: + (C”\z)n (l:

- . —~CH ~Cy
G Ng CHz Nqy CH™ Py
f :in=t 5:ns=1 * - Bin=A
2 :n=2 7 :n=2 8 :n=
3:n=3 9 :n=3 0:n=

4 :n=4 M1:n=4 : 2:n=4

Fig. 1

Results and discussion

In the reduction of cyclic ethyl 2-ketocarboxylates, the isomer ratio of the re-
duction products was investigated only in the case of lower homologues [11], though
the accuracy of the methods used for determining the isomer ratio, e.g. fractional
crystallization, or m.p. determination of the 3,5-dinitrobenzoate of the product

. cannot be considered as sufficient. The reduction of ethyl 2-ketocycloheptanecarb-
oxylate with Adams’ PtO, catalyst and with sodium borohy'dride was also per-
formed by PascuaL et al. [12], without giving, however, the isomer ratio.

BHARGAVA, MATUR and SAHARIA, reporting [13] on the synthesis of cis- and
trans-2-hydroxycycloheptanecarboxylic acid, assumed that under the experimental
conditions used (sodium borohydride—ethanol, or W-7 Raney nickel catalyst—
hydrogen—ethanol), only ethyl cis-2-hydroxycycloheptanecarboxylate (9) formed,
without proving the homogeneity of the product. As we subsequently reported [7],
both the catalytic and sodium borohydride reductions, under various experimental
conditions, always leads to both isomers, though the cis isomer is predominant.

In 1968, SaHARIA and Tyacr supposed [15] the product obtained by sodium
borohydride reduction of ethyl 2-ketocyclooctanecarboxylate (4) to be stereo-
homogeneous ethyl cis-2-hydroxycyclooctanecarboxylate (11).

With respect to the above, it seemed reasonable to study the catalytic-and sodium
borohydride reductions of the homologous ethyl 2-ketocarboxylates (1—4) using
the less expensive Raney nickel catalyst. As we found earlier [7, 15, 16] that at lower

- temperatures the reduction of analogous ethyl 2-ketocarboxylates with sodiuin
borohydride yielded a higher frans isomer ratio, we studied also the influence of

temperature on. the reaction under comparable experimental conditions. For determin-
~mg the cis—trans isomer ratio we used gas chromatocraphy Results are summarlzed
in Table I.

It can be seen that the catalytic reduction of all four homologues always
yields about,90% cis isomer, the sare beeing true for the sodium borohydride reduc-
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Table I*

Isomer ratio of the reduction of-cyclic ethyl 2-ketocarb'bxylates 1—4)

Isomer ratio, %
NaBH, Raney nickel/H,
Readction °C T a5 60°C
cis’ trans cis trans . cis’ tr.ans
‘1 - 5+ 6 31.2 © 68.8 40.6 60.4 87.3 - 12,7
2 - 7+ 8 . 62.0 . 380 51.7 - 48.3° 88.2 11.8
3 > 94+10 94.1 .59 91.8 8.2 89.7 10.3
4 > 11+12 92.7 7.3 88.4 11.6 91.2 8.8

. Note. * Reaction conditions see: Experimental part.

tion of ethyl 2- ketocycloheptanecarboxylate (3) and ethyl 2- ketocyclooetanecarboxy-

late (4), while in the case of the lowér homologue the sodium borohydride reduc-
tion yields considerably more frans isomer than the catalytlc process. :

COOH cooH

OH . K OH

“Fig. 2 .

. SanHaRIA and TyAGl, hydrolysing the product of sodium borohydride reduction
of ethyl 2-ketocyclooctanecarboxylate, and assuming it to be homogeneous ethyl
Ccis-2- hydroxycyclooctanecarboxylate (11), -reported a m.p. of 70°C for the cis-2-
hydroxycyclooctanecarboxylic acid (13) [14]. In contrary, by hydrolysis of the gas
chromatographically homogeneous -ethyl cis-2-hydroxycyclooctanecarboxylate, we
obtained a m.p. of 97°C. for the cis-2-hydroxycyclooctanecarboxylic acid (13), -
and 109°C for the trans isomer, similarly prepared from gas chromatographically
homogeéneous ethyl trans-2-hydroxycyclooctanecarboxylate (12). Stereohomo-_
geneity of the cis- and trans-2-hydroxycyclooctanecarboxylic acid (13, 14) is unequi-
vocally supported by IR and NMR data (see:.Table IT and Figs 3 and 4). It follows
-from the above, that the reduction product of the Indian authors could not be homo-
- geneous, consequently the hydroxy acid they obtained must also have been a mlxture-
of the cis and trans isomers.

" Experimental

M.ps were determined on a Kofler-block -and are uncorrected. IR" spectra
were obtained. in KBr pellets, with a Perkin—Elmer infrared spectrophotometer.
NMR measurements were made with a 60 Mc/s J-NM-C-60 (JEOL) spectrometer
CDCl; was used as solvent and TMS as internal standard.
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- Table 11
IR and NMR data of the cis- and trans-2-hydroxycyclooctanecarboxylic acid (13, 14)
IR data®’ NMR data®’
Compound OH OH F3 F

(alvcohol) (acid) “vC=0 CH, (12) CH (COOH) CH (OH)

' 1698 275 4.25
-13 3320 3500—3200 (sharp) 70—130 Hz (12 Hz) (10 Hz)

' : 1695 . 265 4.10
14 3250 3500—2300 (broad) 70—130 Hz (20 Hz) (20 Hz)

’ Note' ) Measurements of IR spectra were made in KBr pellets with a PeIkln—Elmer IR
: spectrophotometer ‘Spectra see Figs 3 and 4.
b} Chemical shifts in & ppm, coupling constants in Hz units. Solvent: CDCl,.
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Figs 3 and 4

Reduction of cyclic ethyl 2-ketocarboxj)lates (1—4)

a) The catalytic reductions were performed in abs. ethanol with 0.2 mole
ethyl 2-ketocarboxylate using 10.0 g Raney nickel catalyst previously washed with
water and ethanol several times, and applying 120 atm starting hydrogen pressure. -
After the reduction had been completed, the catalyst was filtered off, the solvent
removed in vacuum and the isomer ratio of the remaining crude product was deter-
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mined by gas chromatography, using a Gazofract 400 C apparatus: column
height 2 m; stationary phase: polyethyleneglycol adipate 20%; support: super-
thermolit 30—40 mesh; temperature 160°C; carrier gas: hydrogen.

b) 200 ml abs. ethanol was placed in.a 750 ml three-necked round-bottomed
flask equipped with stirrer and reflux condenser, then 0.15 mole sodium boro-
hydride was added in portions under stirring. After the reagent dissolved, 0.1 mole
of the corresponding ethyl 2-ketocarboxylate (1-4) dissolved in 50 ml abs.' ethanol
was added dropwise, maintaining the flask at 0°C or 25°C, respectively. The reaction
mixture was stirred for 6 hrs, a mixture of 16 ml glacial acetic acid and 150 ml
water was added dropwise under stirring. The ethanol was distilled off at reduced -
pressuré (25—30 torr). The remaining mixture separated into two layers and was
extracted 4 or 5 times with 100 ml ether and, after drying over Na,SO,, the ether
was. distilled off. The isomer ratio. of the remamlng cyclic ethyl 2- hydroxycarboxylate
was determmed as above v

~ Cis-2-hydroxycyclooctanecarboxylic acid (13)

. 20.0 g (0.10 mole) gas-chromatographically homogeneous ethyl cis-2-hydroxy-
cyclooctanecarboxylate (11) was shaken with 150 ml 15% NaOH solution at room
temperature for 12 hrs. To remove contaminations, the alkaline solution was extracted
with 2:X100 ml ether and acidified to pH 2 by adding conc. HCI, then extracted
with 5X 100 ml ether. The.combined ethereal solution was dried over Na,SO, and.
after eveporation gave 12.9 g (74.8%) cis-2-hydroxycyclooctanecarboxylic acid (13),
which was crystallized from benzene, m.p. 95—96°C. After three recrystallizations
from benzene the m.p. was 97°C, which remained constant on fuither recrystallization
(Lit. [14] m.p.: 70°C). IR spectrum: Fig. 3, NMR spectrum: Table IL. ©

CoH,405 (172.23). Caled. C 62.77; H 9.36. Found C 62.50; H 8.96%.

Trans-2-hydr0xycyclooctanecarbdxylic acid (14)

2.0 g (0.01 mole gas-chromatographically homogeneous ethyl zrans-2-hydroxy-
cyclooctanecarboxylate (12) was hydrolysed .as above to yield 1.55 g (89.9%) trans-
2-hydroxycyclooctanecarboxylic acid (14). This was crystallized from benzene,
m.p. 105—106°C, recrystallized two times from benzene and three times from ether.
M.p. 109°C, which remained constant on further recrystalhzatlon IR spectrum:
Fig. 4, NMR spectrum: Table II.

CoH,40; (172.23). Caled. C 62.77; H 9. 36 Found C-62.79; H 9.59%.

*
* *
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. CTEPEOXWMWYECKUE I/ICCJ'IEL[OBAHI/IH XXI
M3YUEHHWE DUKIIMYECKHX 2-OKCMKAPBOHOBBIX KUCJTIOT, IV
CUHTE3 L[HC- U TPAHC-2-OKCULNKIJIIOOKTAHOBOUM KUCJIOTEL JAHHBIE
O BOCCTAHOBJEHUH IIMKJIMYECKHNX CJIOXKHBIX 30UPOB
A2-KETOKAPEOHOBOI;I, KHWUCJI0TH!

I'. Bepnam, . Ho. I'énoéw, JI. I'epa

OnucaH CHHTE3 ylic- U MpaHC-2-OKCHLMKIIOOKTaHoBo# (13, 14) kucmoTh. INokazaHo, YTO OMH-
-CaHHasa HelaBHO B pabore [14] yuc-2-OKCHLIMKIIOOKTAHOBAS KUCJIOTA SABIISETCS CMECLIO yilC- U mparic-
- -H30MepoB. V3yueHo pacupenesneHne H30MEPOB TOMOJIOTUYECKOTO PAAA CIIOKHBIX FQHUPOB ATULIKK-
JIMYecKol 2-xeTokapOoHOBOit KMCIOTHl (1—4) TMpH KaTaJHTHYECKOM H HATPUil-GOPIHAPUIAHOM
BOCCTAHOBJICHUH. ' o
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. The first paper of our series on sedimentation of stfuctured suspensions begins with summa- -
rizing the most important results available in literature. The principal types are presented by describ-
ing 'some characteristic. procésses. Then, based on the results, a model consisting of three sec-
tions, namely sedimentation, filtering and shrmkmg is drawn up. Finally the objectives of further -
mvestlgatxons are outhned '

. Introductmn

Investlgatlons on sedlmentatlon of structured suspens1ons performed at the
Institute of Colloid Chemistry during the last ten years made it necessary to review
_the results obtained from a uniform point of view. It seemed also justified to deal
with the results to be expected in the series of articles beginning with this paper.

Preliminaries. Review of literature

The problem of sedimentation of extremely dilute suspensions seems. to be
practically resolved on the basis of Stokes’ and Navier’s conception and its further
- development. The question concerning. more concentrated suspensions seems more
problematical, even if dynamically independent spherical particles, settling indi-
vidually, are considered. The most widely used approximations for this case were
elaborated by STEINOUR as well as by RICHARDSON and ZAKI. These authors, like others,
taking into account the upward streaming of the displaced medium and the effect
on the settling process of .the density and viscosity of the suspension, generally
gave relations for determining the sedimentation rate of rigid monodisperse spheres
as a function of the “free” volume (relative volume of the medium, i.e. porosity &)
and the classical parameters (radius or diameter of the sphere, difference in density,
and viscosity of the medium). These relations are generally complicated: functions

10
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of ¢, because the influence of hydrodynamical interactions, as well as the density
and viscosity of the suspension also depend on &. According to STEINOUR [l], for
non-flocculated spherical suspensions in the range 0.5<£<0.7, the relation

g3

0 = 17— | (M

is valid, where Q is the settling rate of a suspension of porosity ¢; i.e. of volumetric
'density (1 —¢), consisting of spherical particles and vy the settling rate of the particles
in a corresponding, infinitely dilute suspension according to Stokes RICHARDSON
and ZAKI [2] calculated w1th the following relation:

0 =vets. ye)

In comparetively more dilute, monodisperse suspensions, as long as ¢ can be
considered as constant in the upper zone, the séttling velocity of the interface between
the slurry and the supernatant is constant, the beginning of the settling curve can be
considered as linear (see later). In intermediate concentrations, technically in the
shrinking zone, ¢ changes with the height of the zone during sedimentation. In this
case, some authors [3, 4] assume as an empirical approximative solution that the
sedimentation rate dV/dt is a linear. function of the difference between the instantane-
ous volume 14 and the ultimate volume Ve

dv o
,-—(F_k(V Ve, o - 3

where k is the velocnty sonstant. Integrating with the mmal cond1t1on that at 1=0
V(0)=V,, the following exponential formula .

V() = V‘,,+(VO——V°°)e"’“ o @
is obtained. : .

In heterodisperse suspensions of rather low concentration, if interactions - be-_
tween the particles can be neglected, the particles of different sizes will fall indivi-
dually with different velocities, according to Stokes’ law. The settling suspension
does not give a sharp interface and the weight of the sediment increasés with time
according to the classical analyses. In suspensions occurring in practice, the inter-
actions (adhesive forces) between the particles cannot be neglected. In this case the
formation of larger or smaller aggregates (orthokinetic coagulation) is to be expected,
by which the sedimentation process becomes much more complex. Kinetics and
mechanism of this process has been first dealt with in detail by TuoRrILA [5] and
MULLER [6]; subsequently ANDERSSON [7] elaborated a theory, taking into account
the hydrodynamical effects between the settling particles. The probability of collision
and adhesion of thé particles depends. on the sign and the value of the resultant
of the attractive and repulsive forces between the particles. These can be calculated
_on the base of Deryaghin—Landau—Verwey—Overbeek’s (DLVO) theory. This
was taken into account by JovanoviC [8) in his recent calculations concerning more
dilute suspensions containing individually settling aggregates.

The most complex cases — occurring most frequently in industrial practice —
are those of comparatively more concentrated suspensions, in which the-interactions
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between the partlcles have also to be taken into account. Despite their heterogenelty,
these suspensions mostly settle with a sharp interface; their particles are-in more
or less aggregated state. (The respective literature is not quite uniform and cqnsequent
in using the terms ‘“‘coagulation” and “flocculation”; therefore we use the most
general term*). This type of sedimentation was studied first in the case of kaolin
suspensions by ‘COE and CLEVENGER [9], who dealt with the concentration’ zones
formed in the settling suspension, and pointed to the fact that the upward streaming
of the displaced liquid in the sediment is actually a case of streaming through pores.
Taking into account the results of POWERS [10] concerning concentrated,. ﬂocculated
cement suspensions, STE]NOUR [11, 12] gave the followmg relatlon

O. l23Us (8 _,Wi):i

‘Q=(17—W,i)2 — %)

where W; is the volume of the so called “immobilized” liquid, which does not
take part in the streammg through the pores. According to STEINOUR, in hetero-
disperse systems . .
' 2 ) : : '
— s < B . 6
= L | ©

where g is the grav1ty acceleratlon o, the density of the suspended materlal gf
that of the liquid, 5 the viscosity of the medium-and ¢ is the specific surface of the
partlcles relative to their volume. For spherical partlcles of radius r, 6=3/r, and
vg is in-accordance with Stokes’ relatlon Equatxon (5) is very 31m11ar to the sedl-
mentation formula of POWERS [10]: - : :

T 02g(es—gf) (e=W) - '
Q oty l-e = (-7,)-»
It has to be mentioned that, in PowEers’ formula, the specific surface is determined
from gas permeability instead of the definition used by STEINOUR. The quantity of .
the immobilized water was taken into account in some cases, namely in ﬁlter-
beds containing c]ay, by Kozeny [13] and CARMAN [14]). : :

A partly different model was used by MICHAELS and BOLGER [17] in their in-
vestigations on. sedimentation of flocculated kaolin suspensions. These authors,
starting from the types of settling curves described already by SMELLIE and LA M&R
[16] (see Fig. 1), treated more dilute and more concentrated suspensions separately .
They assumed a more complex structure to exist in more dilute suspens1ons too;

“the units of sedimentation are aggregates consisting of flocs formed by the primary kao-
lin particles. In dilute suspéensions the aggregates, considered as spherical, settle individ-
vally, and produce a sharp interface. The settling curve begins with a linear part (Fig..
1, curve @). The model of MICHAELS and BOLGER is thoroughly connected. with earlier
X-ray absorption investigations of GAUDIN and FUERSTENAU [17], by which they

* To distinguish this case of sedimentation from other types, it is designed as “subsidence”
in English literature. The expression ‘“‘collective sedimentation’ is also used.

10*
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verified the existence of a sedimentation zone of constant density. The sedimentation
rate Q, can be characterized by the slope of the linear part of the settling curve;
it is a function of &, (volume concentration of the aggregates). MiICHAELS and

) BOLGER applied the relation of
v RICHARDSON and ZAKI

Qo = vs485%® ®
where vg, is the settling rate of
the aggregates according to Stokes,
g,=1—d,. With respect to the
material balance,

Y

- glos—epdi ‘065 -
&g

where d, is the mean diameter of
the aggregates, $=1—¢ the volume
-ratio of the solid component and
C,=9,/P, i.e. the quotient char-
acterizing the “looseness” of the
aggregate (the ratio of the.immo-
bilized liquid). The above relation
permits to determine d, and C,

0 - _ ' : . TiME by a graphic method, which can
Fig. 1. Three general types of settling curves be applied in the range of @ in
according to MicHAELS.and BOLGER [15] which vg, and C, are independent

- of .

"The behav1our of suspensions of intermediate  concentration, the settlmg curves
of which were of type b, was interpreted by MICHAELS and BOLGER using a network
model of the aggregates. They found the Central part of the curve to be linear;
" the corrected maximum settling rate, characterized by. the slope of . the stralght
independent of the dimensions of the settlmg system, is

. g(0.~0)0d} | S
T (RN S ()

In this equation dp is the mean pore diameter in the network, C, .= ®,/®;, and
@, is the volume ratio of the flocs forming the aggregates relative to the volume
of the suspension. The characteristics of the flocs can be determined by studying
" the sediment volume in detail. The corrections suggested in [15] can be obtained by-
studying the sedimentation of suspensions starting from different levels and in
vessels of different size.

_ The above investigations .on flocculated suspensions were, withouth exception,
performed with aqueous suspensions. Simultaneously with the results of MICHAELS
and BOLGER, as well as somewhat later, one of the present authors published results
on the sedimentation rate of structured suspensions in organic media [18, 19] and
described analogous sedimentation curves. Later on, we extended the evaluation
method of MicHAELS and BOLGER to systematically coagulated aqueous kaolin
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suspensions [20]. In a recent publication on suspensions of organophilic bentonite [21]

the curves of type b were formally approximated by a hyperbolic tangent function

with four parameters ‘
V(t) = Ptanh(Nt+R)+ S (1

where P, N, R and S are parameters of the function. In the same paper we presented'
a better fitting approximation by the function -

. ' t |0
an

T (e
1 —
(7]
where V), méans‘the volume at t=0, V(z) the actual settling volume, V., the ultimate

volume at t=-<, and ¢’ is given by the relation V(¢')=1/2 (V,+V..). The meaning
of n will not be considered here.

V() = (12) |

" General description of the phenomenon of vstructu_red sedimentation

Suspensions settling with sharp interface may result from homodisperse systems
containing particles of the same size, as well as from heterodisperse suspensions
of semi-coherent structure. From a practical point of view, the latter are more
important, because homodisperse suspensions are far more rarely found. A semi-
coherent system can be formed e.g. from an aqueous suspension, if the adhesion
between the particles is increased by an electrolyte. Namely, the {-potential of the
electric double layer ensuring the stability of the suspension will decrease by the
electrolyte, and thus coagulation may occur. The extent of coagulation can be
controlled best by changing the concentration and valency of the ions. Polyelectro-
“lytes ‘can be also used as coagulants. In this case, besides the narrowing down of
the double layer, it is very important that bounds of physical or chemical nature
between the linear macromolecules and the solid particles may arise and so. the

particles become connected by the macromolecules In thls way, aggregates of very
loose structure are formed.

In the case of suspensions in orgamc medla it i$ the lyophility -of the partlcles
which has the most important influence on stability. Between particles poorly wetted
by the medium, adhesion will manifest itself and the particles become connected.
The character of sedimentation both of aqueous and organic suspensions under
'given conditions’ will depend on the concentration of the suspension, a certain
minimum of concentration being necessary for the forming of semi-coherent structure.
At lower concentration a well observable interface will not develope. The concentra-
tion minimum necessary for obtaining a sharp interface crucially depends on the
dispersity, the shape and interaction of the particles.

As an example, settling curves of aqueous sodium kaolinite suspensions of
volume concentrations &, containing primary particles- of diameter d<2 pm, are
presented in Fig. 2. The coagulation occurs at a given electrolyte concentration.
The aggregates easily disintegrate by mild shaking. In suspensions of different con-
centrations the following observations can be made during sedimentation.
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~ At low concentrations, for a short time (some minutes) after shaking, practically
no change can be observed in the system. Then the flocs appear simultaneously
with the sharp interface which begins to sink.rather quickly. Besides the settling, an
upward streaming of the medium, carrying part of the flocs with the stream, can
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Fig. 2. Settling curves of sodium kaolinite suspensoiné of different
volume concentrations @; containing 19 mmole CaCl,/I

be observed and the interface becomes diffuse. The perceptible upward streaming
of the liquid ceases when the suspension becomes more concentrated due to the
settling, and the sedimentation itself turns slower. Then the interface becomes sharper,
more distinguished. In suspensions of intermediate concentration there is also a
short time during which no change can be observed, then the sharp interface ap-
pears, but its sinking is slower. Meanwhile, visible inhomogenities (gaps and gross
flocs) appear in the originaly homogeneous suspension. When this formation of
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gaps can be observed in the whole -
suspension, fast sedimentation m
begins (Fig. 3). At the same time,
the upward streaming of the medi-
um can be observed and the inter-
face becomes somewhat diffuse. The
-settling of the suspension progres-
sing, the sediment formed becomes
more compact and the process
slows down. The visible upward
streaming of the medium ceases, the /
interface between the sediment and -5
the supernatant becomes sharper.
If the initial concentration of
the suspension is further increased,
then no period of fast sedimentation e
can be observed. e _ B o
The picture of sedimentation Fig. 3. Sodium kaolinite suspension in different pha-
in organic media is qualitatively ses of sedimentation. ®=0.00388, electrolyte con-
similar if the particles are poorly centration 50 mmole NaCl/l. @ and b: upper part

s . of the tube, a: at t=>5 min; b: at =15 min; cand
wetted by the liquid, e.g. in the d: lower part of the tube, c: at t=22 min; d:at

case of kaolin suspended in acetone =30 min.
(see Fig. 4).

Three-section model

If the purpose is only numerical fitting of the settling curves, then several
empirical formulas (e.g. the hyperbolic tangent function mentioned above) are
available. In certain cases the different parameters calculated by this fitting may be
used for characterizing the suspensions; it is, however, evidently difficult to find
connections between these parameters and the structure of the suspensions.

In the following a model for describing the process is given. Though this model
permits the evaluation of the curve only by sections, we hope that later we shall
be able to obtain a unified equation by improving this model.

Let a suspension of volume ¥V, and mass M, susceptible to sedimentation, be
prepared in a test-tube of cross-section F. Let the shape of the settling curves
measured at different concentrations ®=M/V o, be corresponding to those of
Fig. 1. Let 4(0)=hy=V,/ F be the height of the interface at the time 7=0, Q= —dh/dt
the sinking velocity of the interface plane, and ¢e=1— @ the proportion of the free
liquid.

In the case of comparatively low concentrations, the settling curve is similar
to curve g in Fig. 1. At higher concentrations the sigmoid curve, characteristic for the
sedimentation of structured suspensions, can be observed (see Fig. 1, curve b). For
very high concentrations, the curve ¢ shown in Fig. 1 is characteristic. It is important
to observe that the values /.. = A(=), pertaining to a series of increasing concentrations
P, < @,< @,, often increase proportionally to M.

The particles may form aggregates already in dilute suspensions and, as this
process involves “inclusion” of some liquid, a porosity ¢,(<¢) will be characteristic
for this system.
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Let us suppose that, in a certain concentration range (@,, @,) of the suspension,
the aggregates form a semi-coherent structure. This condition can be characterized
by a porosity e(<e,). The structure is not rigid; it “shrinks” under the inﬁuence
of its own weight and, after a certain time, it “breaks down”.

In the case of a given system, there is always a critical concentration &, above
which coherent structures are formed The sedimentation of such suspensmns'

“should be designed as “compression”.

Based on this model, the types of settling curves shown in F1g 1 can be inter-

preted as follows: .
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a) If &< dil, then a state characterized by the por051ty £4 is formed ‘The .
séttling rate is constant and proportlonal to the Stokes settling rate vg of solid partlcles
The proportionality factor ¢, is a function of the porosity

Q = vsf1(e4)- S - (13)

In the settlrng phase, @ is practically constant. The volume of the sediment settlcd
at the bottom of the test-tube increases until the “quick’ period of sedimentation
is finished. The sediment volume .is first proportional to (1—g,), but it does not
remain constant, because the sediment shrinks. For the shrinking a formula analogous
’to Eq (3); or other srmrlar relations can be apphed '

Q=k(—ho). ey

-b) If 451% &< P,, then a structure characterized by &, is formed. According
to our assumption, this structure is similar to a coherent, soft ﬁlter bed and for the:

setthng rate the equation . -
: Q= vsf2(Es) o S (1sy-
will be valid.

At thé end of the “filtering” characterized above, the structure “breaks down
‘and the sedimentation of the aggregates proceeds according to Eq. (13); then the
. shrinking described by Eq. (14) can be observed. .

¢) If &=&,, then only “compressron is to be observed this can probably
be described by Eq. (14). : :

From_the above three cases, the curve of type b, shown separately in Frg 5
is the most common. The ordinates delimiting the different parts of the-curves
(separating the sections of filtering, settling and compression) are A, s, and the
corresponding abscissas are 1;,Z,. Under otherwise identical conditions it is always’
possrble to find a concentration @ for which ¢,, is maximum. At this concentratron
the semi-coherent structure w1ll be the most’ stable..

h
b
hvw ______ N
!
[ N
0o
o
-0 (I,(', ' t‘

Fig. 5. Characteristic sections of a settling curve of type b
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) “As a conclusion, this model indicates two critical points on the settling curve.
Experimental investigation of the environment of these points is very important
from a theoretical point of view. It is to be expected that by an exact description
of these environments and of the deviations from the sections supposed to be linear
in the model, it will be possible to find a.formula permitting uniform characterization
-of the general settling curve. It seems that “fitting” of the values Q given by Eq.
{13)—(15) might lead to such a formula if it were possible to express the respective
variables as functions of the porosity. It seems favourable that an-analogy between
fl and f; can be found

Some further conceptions

In our opinion, for the description of sedimentation, and of course-also. of the
shrinking of more or less structured systems, a uniform meéthod of description
should be used. This follows chiefly from the conviction that the state of the system
studied changes under the influence of external and internal forces, and the sedi-
mentation in a given system can be considered as a motion due to gravitation, Of
course, it cannot be sufficient to take into account only the external gravitational
forces, -as the formation of any structure points to ‘the .presence of considerable-

- internal forces, too. Therefore it seems that a detailed investigation of the nature .
of these internal forces would lead to the desired result. In principale, the internal
~ forces involved in the formation and preservation of the structure can be described
with the means of modern physics. The units forming the system are, however, so
‘different and their interactions so complex that this way does not seem practicable.
Up to now the efforts to give a complete description of the process do not seem
- to haveé been succesful. The above conception suggests, however, that a-uniform
" -way of description must exist. It is possible that the phenomenological ‘aspect of
the problem will become clear only after dividing the problem into parts and inves-
tigating these parts separately. But also in this case, a subsequent step, coordinating
the description of the different parts, must exist. Namely, if a phenomenon can be
approximated by dividing it into three partlal processes, each of which is characterized
by a parameter, then it can be tried to give a uniform.description containing three
parameters. Taking into account the necessary initial condition, four characteristic
-data will be needed. Similar efforts led to the formula given in Eq (12), which satlsﬁes
the requirements mentioned above.

Comparing Egs. (3) or (4), describing the shrmkmg phase, with Eq. (12)

and approaching the latter for high values of ¢, the relatlon :

V=Vt Vo—Va) ———

T

can be obtained. The term e=* in Eq (4) also tends to zero, though not in the same

(16)

—1
way, but 51m11arly to [1 +( ] ] .. To decide the question as to .in which way the

factor of (V,— m) approaches zero, further and more exact measurements will be
necessary. :
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_ If our purpose is to give a complete phenomenological description of the process,
a more general method has to be applied, because the movement in a complex
system cannot be described by a single rate value. Therefore, it has to be supposed
that the sinking velocity in the bulk of the settling system-changes from .point to
point. Our objective should therefore be to find the equation of motion describing
the field of velocity with the initial and boundary conditions determined by the
experiment. The objective outlined earlier-in this paper is only a part of this more

general program; as its aim is only to describe the motion of the interface between -

the pure medium and the suspension.

Besides carrymg out the total phenomenological program drawn up in the above,
it will be necessary. to raise the question of the microscopical interpretation of the
phenomenon. This does not exclude- the possibility of trying to find methods (see
the three-section model), " which describe directly the events occuring in the sus-
pension. It will be certainly necessary to follow both ways.
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CEAMMEHTAUNA CTPYKTY?MPOBAHHBIX CYCHEH3UM, I
Baenenve u nexoTopbie 00Lume NONTOKEHUs

M. luaoe, ®. Caumo, K. Baf)za, &. H. luaoe

B cepun paboT, NOCBALICHHBIX HCCIEAOBAHHUIO CEAMMEHTALIMM CTPYKTYPHPOBAHHbIX CYCTIEH3HIA,
B NAHHOH CTaThe PACCMATPHBAIOTCH OCHOBHbLIE MOJIOKEHHS. IO JIMTEPATYPHbIM HanubiM. [Ipenc-
TABJIEHB! OCHOBHDBIC THNI NPOUCXOMSALUIMX ABACHHA. Ha OCHOBaHWM JMTEPaTYPHBIX MAHHBIX, CO3-
ZigHa MOMIelb U3 TPEX COCTABIAIOLUMX: OCEAAHMS, GUILTpauMK W yrnoTHenus. Hameuenbl myTu
JanbHeHInX UCCeNOBaAHKE.






I/ICCJ]E,Z[OBAHHE CTPYKTYPBIL 1 PEOJIOTMYECKHX CBOIICTB
MHOT'OKOMITOHEHTHBIX DMYJIBCUOHHBIX CUCTEM, II
' Peoiorns i CTAGHBHOCT CHCTEM TOMOJIOTHYECKOro
PAa KAILUMEBBIX MBI NPe/eIbHBIX
KnchT—‘K_cnnoJI—Bona '

H. AHJOP, :
I/IHCTKTyT obImeit 1 d)nsm{ecxou XAMHAY YHUBEPCATETA M. ATTHIBI I/once(ba Cere):[

. BAJTAXK,
Kad)e;lpa KOJUIOHMAHOM XMMHH YHUBEPCHTETA MM. ATTPI.TIBI Voxeda, Ceren

C. B. ®EJIbMAH

Ka(benpa (GHINKO-XUMUM TIOTMMEPOB YHHBEPCHTETA HM I/I . Metmmccma
Ouecca

(Hocmynuno 6 peaam;uio 16 ansapa 1974 2.)

HecrnieqoBagsl CTPYKTYPHO-MEXaHMYECKHE CBORCTBA U CTA0HILHOCTD CHCTEM MEBUIO — KCHIION
+— BOJA JUTS KaJbUMEBLIX COJCil NPEeeNLHBIX MOHOKapOOHOBEIX KHCIIOT € YeTHBIM YACIOM yIIIepOL-
HBIX aTOMOB OT KarnpoHOBOI KO CTeapuHOBOIL KHCIOTHL. ITokazana HeoGXOAMMOCTE yYeTa MOJIp- -
" HBIX, & HE BECOBBIX KOHLEHTpALWMil MEUT 1IPH PACCMOTPEHHM PEONOTHYECCKMX U APYTHX CBOKWCTB
HMCCIIEAyeMBIX CHCTEM. IIpeliIoKeHa M JKCIEPUMEHTANLHO MOKAa3aHa Ienecoo0pa3sHOCTL NpHMe-
HEHMSA BEJIWYHMHE] BECOBOTO COOTHOLICHUA TrAApOGUNbHBIX H THHOoGOHNBHBIX YacTei montekyn (CIJI),
OPEACTABIFONIel BO3MOXKHOCTh KOJIMYCCTBEHHOM OLEHKH CTPYKTypOoOODasylOUMX CBOHCTB MbLT
FOMOJIOTHYECKOTO Psiia B YIIIEBOAOPOMaX. - TIDOBENEHO OTHECEHHE DPEOIOTHYECKUX TapamMeTpos u
moxasareneii CTaGHIIBHOCTH K MOJICKYIAPHBIM CBOUCTBAM KOMITOHEHTOB CHCTEMBI.

HecMoTpss Ha MHOT'OYHCJICHHBIE MCCIIENOBaHWS MBUIHBIX CMa30K, TeopeThyec-
_KHE€ OCHOBBI MOA0OpA 3aryCTHTENA, ONTHMAJIBHOTO AJIS KOHKPETHOTO IPHUMEHEHHS,
Jto cux mop He co3ganbl [1—4). Mexay Tem pa3BuTHE TeXHHKM TpeOyeT Kak cosna-
HUSL MHOFO(YHKIMOHABHBIX CMa30K, [PHIOMHBIX HJif IIMPOKOTO MHTEPBAaa TeM-
mepaTyp, NpPU BHICOKMX IPaJHEHTaX CKOPOCTH CABHMIra M OONBIUMX KOHTAKTHBIX
HATIPKEHUSX, TAK M CMA30K, 06J1aJafOIIUX ONTHMATBHEIME CBOMCTBAMHE B OTIPE/C-
JICHHBIX crequudeckux yciaosasax. ONBIT NPHMEHEHHS MBUTLHBIX CMa3oK B Mpo-
. meccax o6paboTKH METAJIOB TaBJICHHEM U B psifie NPYTHX CIIyYaeB, CBUAETENLCTBYET
0 TOM, 9TO HaHOOJBLIMHA WHTEpeC MPEACTABIAIOT HMEHHO 3TH cMaskk [5]. ‘B moc-
Jle/iHee BPeMs TP M3TOTOBJIEHAM CMa30K HIMPOKO IPHMEHSIOT MHIMBHAYabHbIE
KUPHBIC KACIOTHI M MX KOMIO3ALMU. DTO TMO3BOJSIET MOJyYaTh CMa3Ku C Gosee
BOCIPOM3BOAAMBIMH CBOMCTBAMH, YeM IIPH HCHOJIb3OBAHUH . JKHPOBOIO CHIPbS,
cocTaB KOTOporo cjoxhee. IIpOM3BOACTBO M IIpYMMEHEHHE IUTACTUYHBIX CMA30K,
BCE K€ eIllc OCHOBHIBAFOTCS IIaBHBIM 00pa3oM .Ha SMIMPHYECKHX pe3ynbTaTax [6].
B TUTEPaTYpe AMEETCS. MHOTO N3HHBIX O XapaKTepe CTPYKTYp MBIJII:HO-MaCIIﬂHLIX
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CHCTEM, O/IHAKO, €Lle HET CBEAEHHA O TOM, KAKMM 06pa3oM MOKHO co3laTh onpe-
neneHHyo Tpebyemyto. cTpykTypy [7].

Ype3BbiuaiiHO BelMKa, XOT8 0 CHX MOp Majo nayqena pOJIb BOABLI B CMAa3Kax.
Boma comepkuTcs B NMIOObIX CMa3skax H Jaxe B HeOOMbIINX KOJMYECTBAX HEPCAKO
OKa3bIBaeT PEHIAIOLIEE BAWAHME Ha MX CTPYKTYPY U cBoMcTBa [8,9].

B npensinyuemM coodmenuu [10] HaMu ObIIO PACCMOTPEHO BIUSHHE HHTEHCUB-
HOCTHM JMCHEPIUPYIOLIEr0o BO3NEHCTBUS M BPEMEHH CO3PEBAHMA Telsl KalibLUEBOM
COJIH JIaypHHOBOM KHCJIOTHI Ha €ro CTPYKTYPHO-MEXaHHYECKHE CBOHCTBA M CTabuiib-
HOCTb .B 3MYJIbCMOHHOH CHCTEME MbLUIO — KCUjioNl — BoJa. M3ydenue cBoiicTB
NpeACTaBHUTENC TOMOJIOIMYECKOTO pAAa MNMpeaocraBaseT o0cofo OnarofpustHbie
YCIIOBHSA JUIA W3YYEHHs MEXaHU3Ma BO3HMKHOBEHHS CTPYKTYD M MX TEYEHHS B JMC-
NEPCHBIX CHCTEMAX H I MHTEPIPETAUMH MONYYEHHEIX PE3yAbTaTOB HA Monexynﬂp- '
HOM YpPOBHE.

3ama4a maHHOM pa6orH 3aKJIF0YaJIach B onpeneneumi BIIASIHUS [UTAHBI erIeBo- -
AOPOAHOTO PalHKaia MOHOKAPGOHOBBIX MpelebHBIX KHCJIOTHBIX OCTATKOB Kallb--
LMEBBIX MBI HAa CTPYKTYPHO-MEXaHHYECKHe CBONMCTBA M CTaGMILHOCTHL CHCTEMEL

- MBUIO — KCHJIOJI — BOJA. '

3Kcnepu.MeHina/1bele pe3yabmantsl

MeToayKka TPOBENEHHA OMBITOB TMOAPOBHO OMHCAHA' HAMH paHee B pa60Te
[10] B }J,aHHOPI paboTe MPUMEHATMCH XUPHBIE KHCAOTHI MPOM3BOACTBA: ,,Diyka’
Mapku ,u.n.a.” JlucneprupoBaHue CHCTEM MPOU3BOOUAM B TEYEHHE 5 MUHYT TIpH
4250 06/MHH MeLIANKH roMorenusaropa. Peosioruveckie uaMepeHusi ¢ MOMOILBIO
POTAlMOHHOTO BUCKO3MMETPa MpoBoaunu 10 MHHYT cnycTd HOCHe NMPUIOTOBJICHUS
cucTeMsl. Bo Bcex mpoleccax M M3MEPEHHUsX OBLIO OCYLIECTBIIEHO TEPMOCTATHPO-
BaHHe ¢ TouHOoCThI0 10 +0,2 °C npu Temnepatype 25 °C.

B suTeparype Hamu He OblLTH HaHIeHB! JaHHbIE IO CHCTEMATHYECKOMY: MCCIie-
JIOBAHHUIO PEOJIOTMYECKHX CBOMCTB MBLIBHBIX CHCTEM rOMOJIOTHYECKOro psna. B pa-
60Tax 1MOROGHOTO XapaKTepa aBTOPbl OLPAHMYMBANMCH PACCMOTPEHHEM Pa3pos-
HeHHBIX npenctasuTeneii psanos [8,11]. B TpoliHbIX cucTeMax MbBLIO — MAaclio — .
BOIA, B KOTOPLIX BOJA HAXOJHTCA B BHIAE AMCTEPCHOH (asbl, HA HAIL B3TJAI, OCO-
OeHHO. BaXHO TPOBEACHHE HCCIIENOBAHMS B LUMPOKOM HHTEPBAJIE MOJEKYJISPHBIX
JBECOB- IJIsl ONpeJeeHUs] BO3MOXHOTO BAMSHHAS TUAPOGUILHO-TUHO(PHIBHOIO
Gananca MOJEKyJ Mbijia Ha CTPYKTYpooOpa3oBanMe, PEOJIOTMYECKHE CBOMCTBA M
cTabUNBHOCTL TakUX cucteM. Vicxons u3 310ro, HaMH OBUIO TIPOBENEHO H3YYeHHE
CHCTEM C KaJbLIMEBBIMH COJISIMHM TIPEAENbHBIX MOHOKAPOOHOBBIX KHCIOT C YETHBIM
9HCIOM aTOMOB yriepoza oT 6 1o 18 yrieponHsix aTOMOB.

Ha puc. 1 TPENICTABJIEHB! KPUBBIE TEUEHUS CI/ICTGM ¢ ¢a3oBbIM cocTaBoM Pp=
=0,14 u @x=0,84, ‘IPATOTOBNEHHBIX C PABHLIMH BECOBLIMM KOHIEHTPALUAMH .
KalbLMeBBIX MBLT B cHcTeMe 7,56 r/100 mn. KpuBble TeyeHUs! MpeACTaBleHbl TONBKO
HUCXONsUIEH BETBLIO, IOCKONBKY He OOHApykeHBl OTKJIOHEHUS OT HalimeunoH panee
- 3aBucuMocTH [10]. Kax BMAHO M3 HaHHBIX pHC. 1, IIS BCEX CHCTEM XapakTepHO
TedeHue 060061LeHHbIX ORHIAMOBCKHX TeJl. Bce moJlyyeHHBlE HAMH KPHMBBIE TEUEHHS
UMEH aHAJIOTHYHBIH XapakTep, HO3TOMY NMEPBUYHBIE NaHHBIE B ';[anbﬁeﬁmeM

He MPUBOASATCA.
Ha puc. 2 mpeiCTaBieHs BeJHYMHBI NpeebHBIX HanpsnKeHmI c,uBnra (tp)
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¥ IUIACTHYECKHX BA3KOCTEH (1) IJIA CHCTEM C KaJbIHEBHIMH MBLUIAMH C Pa3sHBIM
YUCJIOM YIJIEPOAHBIX aTOMOB B YIJIEBOJOPOJHOM menmd. XOpoIno 3aMETHO; 4TO TIpH
PaBHOW BECOBOH KOHNEHTPAlMM MBUI HAOMIONaeTCs pe3koe CHUXKEHHe OHHTaMOBC-
KOro IIpCIICJILHOl'O HampsDKEHHsl CAMIA C YBENIMYCHHEM JJIHHBI YTJIEBONOPOIAHOMK
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HUemu KHCIOTHOTO OCTaTKa. 3HAYEHMS BEJIMYHH  IUJIACTHYECKOH BSA3KOCTH BechbMa
MaJihl — OOPSIKA HECKOJILKHX CAHTHIYa30B —, HO JiJIsl IEPBBIX WIEHOB H3y4aeMOro
pa0a NOCTATOYHO SBHO BBHIPAXKEHA TEHCHIMS CHUXKEHHUS 1] C YBEIMYEHHEM IJIHHEL
YIJIEBOTIOPOJHOTO panukajia Mbina. Ilogo6Hble 3aBHCHMOCTH HabIIoNaloTCs B TeX
cnyyasx, korja (YHKIHOHAIBHBIE TPYIOBEL MOJIEKYJ MIPAOT OCHOBHYIO DOJb B
CTpykTypooGpasopanuu. IIpu paBHOH BeCOBOH KOHIEHTPAIMH MBLI,” KOJIIMICCTBO
(GYHKIHOHANBHEIX TPYIII B HCCIIENYEMOM MHTEPBAJIE BO3PACTAET 60nee 4eM B 2 pa3a
¢ YMEHbUIEHHEM MOJIEKYIAPHOrO Beca.

Ha puc. 3 npencraeneHsl JaHHBIE [0 [PECTBHBIM HanmeeHmIM C/IBHI‘a i
NJIACTHYECKUM BA3KOCTSM IJIi CACTEM MBLIIO — KCHJIOJ — BOJA, IPH PaBHLIX MOJIApP-
HBIX KOHUEHTPANMAX KajbOWeBBIX MblM. M3 MOJYYEeHHBIX MOAaHHBIX CJAEAyeT, 4TO
MJACTHYECKAA BA3KOCTb, IJIO-CYLUECTBY, HE3HAUYNTENILHO MEHAETCH B U3YYEHHBIX
cucTeMax. B TO jxe BpeMs OMHTaMOBCKOE NMPEeSIbHOE HATPsiKeHHe OCBUTA CHIDKA-
€TCA ¢ YIUIHACHUEM YIIIEBOIOPOMHOM I B HCCIeAyeMOM psAdy, IPHUMEpPHO, B 3
pasza. DTu JaHHbIE TIOKA3BIBAOT, YTO MEXOY PeOJIOTHYESCKUMHE -H MOJIEKYJISIPHBIMHE

V,MA

24
20
3]

2.

1 i 1

. G .20 40 60 trunyr
R ~ . .

Puc. 5. KuHeTHKa BbIIENCHUS KCHITONIA N3 CHCTEM MBIIO

— KCUIIOJT — BOJA U1 * KaJbUMEBBIX COJNEH KHCIOT

TOMONIOrMYECKOTO psAAa NpH koHueHTpaunu 0,04 Momb/m,
<DB—0 2, @ =0,8u Voo =40 M1 (C,, — 4uCNO aTOMOB
yIiepona B Kncnore)

11 .



162 : WU. AHIOP, 5. BAJIAXK, C. B. ®EJIbAMAH

CBOHCTBAMH M3y4aeMOH TpPOHHOH CHCTEMBI HET CTOJIb NMPOCTOH 3aBHCHMOCTH Kak
B T€X CiIyyasX, KOTAAa Kakoe-HHOyAb CBOHCTBO CHCTEMbI OIpelefsieTcs TOJbKO
9uciioM (YyHKIHOHANBHBIX TPYIHI.

Jinsa BRIACHEHHs XapakTepa B3aMMOICHCTBHS MeXIy KOMIOHEHTaMM CHCTEMBI
M YCTAaHOBJIEHHS 3aKOHOMEPHOCTEH BO3HMKHOBEHHS 3JIEMEHTOB CTPYKTYDBI, LIEHHBIE
JaHHBIE MOXHO NOJYYHTh NPU H3YUYEHHH XapaKTepa W KHHETHKM Ipolecca pasfe-
nennd a3, T. e. cTaOUNBHOCTU CHCTeMB!. C 3TOM LEABIO HAMM OBUIH M3YYEHBI CHC-
TEMBI, NOJIyYEHHblE AHAJIOTHYHBLIM HPEeABIAYIUHM METONOM, OIHAKO, ONA HOJy-
4eHHUS JAaHHBIX O BO3HHKHOBEHUM CTPYKTYD He0OXommMO ObLIO IPUMEHEHHE KOH-
LEHTpalUMii MBINa, TPH KOTOPBIX He 00pa3yloTcs CIUIOLIHBIE CTPYKTYpPHBbIE KapKachl
B CHCTEMax HH C OJHHUM H3 H3ydaeMbIx Mbl. Ha puc. 4 m 5 npeacTaBneHb! KHHETUKH
OTHENEHHUs MacisaHOH (a3bl B CHCTeMax NPH PaBHBIX BECOBBIX H MOJISPHBIX KOH- -
LUEHTpalMaX MBI, COOTBETCTBEHHO. BechbMa NpHMEYATENBHO, YTO TOMOJOFHIECKHI
psAA AaeT MPOTHBOHOJIOKHYIO 3aBHCHMOCTh B ITHX ABYX ciy4vasx. MckmroueHue
NpEeACTaBseT TONBKO CHCTEMa C KaPOHATOM KasibIWA NPH PAaBHBIX BECOBBIX KOH-
nenTpauusx (puc. 4).

M3ydyenHble cHCTEMBI C TOYKH 3pEHHS ycTOH‘IHBOCTI/I NPEeACTaBISIOT elle OAHY
0coOEHHOCTh: BOJA, KPOME I'uApaTUpyoweld BxonsdueHd B CTPYKTypy MbLia, Kak
BTODPast XHIKas (a3a CHCTEMBI, BO BCEX CHy4anx (3a HCKIIOUEHHEM C KalpPOHATOM
KaJIbIiisA) OTAENSIach Cpasy Mocne npeKpalleHns nepeMelnBanud. TakuM oGpaszoM,
715 CPaBHEHHs CTAOHMJILHOCTH CHCTEM B OTHOLUCHUU BBIZENCHUA BOAHON (a3pl MEI
MOT/IH BOCHONb30BAaThCA TONLKO MOJHBIMH o0beMaMu OTHEAMBLUeics Boabl. s
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Puc. 6. [Anarpamma HeycToHYWBOCTH (V MJI BbIAETHB-

weics @a3b) CHCTEM C KaNbUUEBBIMU MBITAMU (KOHILL

=1,75 r/100 Mmn) ans rOMOJIOTHYECKOTO psina KUCIOT
(C,): kcunoa — [, Boga — ©
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KOJUYECTBEHHOI O CPABHEHUS YCTOHYHBOCTH CHCTEM B OTHOLICHUM BBIACICHAS Mac-
nswod (a3el, Mbl DOJNL30OBAJNMCH O0BbeMaMH OTAeNMBUIErocs Kcwiona 3a 1 dac.
ITonydeHnsle KcHepHMEHTAJIbHBIE NaHHbIE NpeICTaBjeHbl Ha puc. 6 m 7.
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Puc. 7. IuarpaMma HeycTORYABOCTH (V' MJI BblAEMBLIE-
¥ics da3bl) CHCTEM ¢ KalbUMEBbBIMU MBbUTaMH (koH1l. =0,04
MOJIB/N) Ris  roMoNoruYeckoro psapa  kucnor (C,):

keunoir— [0, Boaa — © :

O6cyxcdenue pezyssmamos

VcTaHOBACHUE MEXaHU3Ma BO3ZHHKHOBCHHA CTPYKTYp H HX paspylUeHHd' IpH
TEYeHHH HA MOJIEKYJISPHOM YDOBHE SBISETCA OJHON M3 HanGoJjiee BAXHBIX U HHTE-
PECHBIX TIPOOJIEM PEOJTOTHH AMCIEPCHBIX CHCTeM. Kak u3BecTHO, CTPYKTYpHO-MeXxa-
HHYECKUE CBOWMCTBA XapaKTepU3YIOT BO3HHKHOBEHWE B CHCTEME CTPYKTYp pasjud-
HOro BMOAa. B HEKOTOpEIX paHHuX paboTax [12] yka3piBajioch, YTO HJIS NOCTPOCHMS
MOJIEKYIPHOX TEOPHMH Te4YeHHs CTPYKTYPUPOBAHHBIX CUCTEM HEOOXOAMMO HOJIB30-
BaThesl IGQGPEKTHBHOM BA3KOCTBIO, KaX BENIMUYMHOMN, OTPAXarolIei BCIO CIOXKHOCTH
Oporecca TEYEHHS C TOH WM UHOH CTENEHbIO Pa3pyllueHUs] CTPYKTYPHI, B PaBHO-
BECHBIX YCJIOBHSAX CTallMOHAPHOIO NMOTOKA. 3a OWHraMOBCKMMM NapaMeTpaMH IIPU3-

11*
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HaBaJIoCh HX Oosiblmoe (DEHOMEHOJIOTHMYECKOE 3HA4YEHHE B PACYETHOM ammaparte
TEOPHH NJNACTHYHOCTH H TJIACTHYHD-BA3KOro notoka. OaHaxko, co Bce GoJiee mupo-
KMM Da3BHTHEM HCCIENOBaHMi B 00/1aCTH (pU3MKO-XUMHYECKOH MEXaHMKH AHCHEpC-
HBIX CHCTEM OGONBLIMHCTBO aBTOpOB [13] CTajgo NONBL30BATBCA GHHIAMOBCKUMH
mapaMeTpaMH, KaK MMEIOIUMMH OINpelefslollee 3HaYeHHE [ XapaKTePHUCTHKU
PEOJIOrHYECKOrO MOBENEHUS BA3KO-MNACTUYHBIX Ted. Tak, Hanpumep, B paborax
[8,14] oTmMeuaeTcs, YTO CONPOTUBIEHUE CUCTEMBI TEUEHUIO CIATACTCH U3 COCTABJIAIO-
IUMX: CONPOTHBJICHHMS Da3pyLIEHHUIO CTPYPHOTO KapKkaca M paspbiBy OTAEBHBIX
YacTHI AUCHEPCHON (a3bl (IPOYHOCTL CTPYKTYPH — Tg); BA3KOIO CONPOTHBICHHS
TEYEHUIO AUCTIEPCUOHHON CpeNbl U CONPOTUBJIEHUST CO3MABAEMOTO MOTOKOM YACTHIL
naucnepcHoi da3pl 1 00JI0OMKaMH CTPYKTYPHOTO Kapkaca (BA3KOCTH CHCTEMEI — #g).

B paGote [10] Hamu Obino moka3aHo, YTO B MCCNEAOBAaHHOM CHCTeMe Naypar
KaJbliid — KCHJION —— BOJA IIpEAENbHOE HATpsKEHHE caBura (Tp), TIPH MAPOYHX
PAaBHBIX YCJIOBHSX, ONPEIEIACTCS AUCHEPCHOCTBIO CTPYKTYpPOODOpa3yroUIux 3jeMeH-
TOB, & WJIACTHYeCKas BS3KOCTh (/) B OCHOBHOM HPHPOJOH M CHIAMH B3aUMOIEHCT-
BHUS, COCTABJISIOIINAX CHCTEMY KOMIOHEHTOB. TakHM 00pa3oM OYEBHIHO, 4TO s
‘CHCTeM, HOMYMHSIOIUMXCS 3aKOHOMEDHOCTSAM Te4eHHs OOOOGLIEHHBIX BA3KO-IUIAC-
THYHBIX Te€Jd, aHAJIN3 SKCIIePUMEHTANbHBIX JAHHHIX 10 GHHraMOBCKMM IapaMerpam
OPEACTaBiIsieT BO3MOXHOCTE TNOJIydeHUsl Hauboee - ZOCTOBEPHBIX CBEJCHHH O Xa-
pakTepe HMEIOUIUXCS CTPYKTYP.

Ipy W3y4eHHH MBUIBHO-MACISHBIX CHCTEM OGONBLIYIO TPYOHOCTh COCTABIISET
TO OGCTOSITENIECTBO, YTO HPH HMX H3TOTOBJIEHHH OGBIYHO OOPa3yrOTCA CBA3M Kak
KPUCTAIUIM3ANUOHHOIO, TaK W KOaryJAIMHOHHOro Xapaktepa. Ilocienrne HMEIOT
3HAYUTEJILHO MEHBUIYyI0 MPOYHOCTH, NpuMepHO B 20 pas [15], 4eM kpHcTamnu3anm-
oHHBIE. [IpH PEONOTHYECKUX HCIBITAHUSAX BA3KO-TUIACTMYHBIX CHCTEM HPOCTPAHCT-
BEHHas CeTka B 00beMe, 3aHSATHIM CTalHOHAPHBIM IIOTOKOM, OKa3bIBAETCS paspy-
LIEHHOHN BO Bce Gonbiueil B OOMbIIEH CTemeHH, OHAKO, TAKOE pa3pylIeHHe HUKOT Aa
HE JOXOOWUT mo KoHma [12]. Benencreue 3TOTr0, MOJIy4eHHE MOCTATOUHO HOCTOBEP-
HBIX KOJINYECTBCHHBIX NAHHBIX, IO3BOJIAIOLIMX NPOM3BECTH OTHECEHHE PEOJIOTH-
4ECKUX NapaMeTPOB K OHpPEENEHHBIM 3JIeMEHTaM CTPYKTYPBI, BeCbMa 3a'rpy11HeHo
TpunsTas HAMA METONWKA TNONYYEHHWS CTPYKTYPHPOBAHHOM TPOMHOM CHCTeMbI,
crnocoboM 06pa30oBaHMs MbLA HA TPaHUIE pasaena ¢as IMYI5CHH B H30TEPMHUYEC-
KHMX YCJIOBHSX, IIO3BOJIET PACCMATPHUBATHL CTPYKTYPHI B OTCYTCTBHE KpPHCTAJLTH3a-
TIIMOHHBIX CBSA3€H, BO3HMKAIOWIMX TIPH OOBIYHBIX METOJIaX TPUTOTOBJICHHS, KOTIa
CTPYKTYPHBI Kapkac o6pa3yeTcs MPH OXJIAKJIEHUH HCTHHHO PaCTBOPEHHOIO B Mac-
JISHOM ¢haze MBINA, T. €. MpA KpHcTaLIu3anuu. Hanuupe ogHuX TOJBKO KOaryJis-
IMOHHBIX KOHTAKTOB B HAalIMX CHCTeMax olecrieyuBaeT NOJyueHHe GoJiee MPOCTHIX
JKCMEPUMEHTANIBHEIX 3dBHCHMOCTEH H 3HAYMTENIbHO OOIeryaer . MX MHTEpIpeTa-
nHio. Belencrsue 3TOro NOABISETCS BOSMOKHOCTE HAMETHTD BEPOATHBIA MeXaHH3M
BO3HHKHOBEHHS ¥ TEYEHHS CTPYKTYP B TAKHX TPOMHBIX CHCTEMAX. MEIJIO —— MAcCio —
‘BOZA. : _

W3 ganHbIX puc. 1 BHAHO, 4TO TPOUHAA CHCTEMA MBIJIO — KCHIION — ‘BOJA, IPH
H3YYeHHOH KOHIEHTpAalMd KaJdblUHeBHIX MBLT (7,56 /100 Mur) uccieqyeMpIx KUCIOT,
HMEET KPUBBHIE TEYCHHUS XapaKTepHBIE MJIS OO0OOLUEHHBIX OMHIAMOBCKHMX TeJ B MH-
TepBajie TPAAUEHTOB CKOpPOCTH OT 16,2 mo 2620 cex ™. DTo moxa3pIBaeT, 4YTo U Cie-
JIOBAJI0O OXHAATh, YTO B TOMOJOTHYECKOM PSAY MBLI OJHOTO METajliia, BO3ZHHKAIO-
WHe CTPYKTYPbl UMEIOT ONMHAKOBYIO NPUPONY H, CIIeA0BaTe/bHO, AHAJOTWYHBIH
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xapakTep TeyeHus. QaHako, o6pamaer Ha ce6si BHUMAHWE HETPOTIOPLHOHANLHO
BBICOKOE 3HAYEHHE Tz B CHCTEME C KAlPOHATOM KaJbLuA. : .

[Ipx paBHOM BECOBOH KOHUEHTPALHH MBI MpPENeSbHOC HAIPSKEHHE COBUIaA
C YBEJIMYEHHEM MOJIEKYJSAPHOrO Beca Mbuia CHHXaercs (puc. 2). DTO CBHAETENb-
CTBYET O TOM, YTO OCHOBHBIM CTPYKTYpPOOOpasylomIHM 3JIEMEHTOM B 3THX CHCTe-
Max SBJSIOTCS NOJAPHble TPYNnel MbUT. K TakoMy e BBIBOJYY IPUXOMIIA aBTODPBI
‘B pabotax [16,17] Ha OCHOBaHYH N3Y4YeHHUs BIUSHUS NOGABOK COJIER HA CTPYKTYpO-
06pa3oBaHHe B MBUIbHBIX NCEBIOTENAX M 1O JAHHBIM TEILUIOT afcopOuuM yrieBo-
HOpPOOB Ha MbUIaX. Bee e npAMOl Koppensuum Mexay NPOYHOCTBIO CTPYKTYPHI °
¥ KOJNMYECTBOM TOJIAPHBIX TPYHIL HET, KaK STO BHOHO TAaKXe M3 JaHHBIX DHC. 2,
HA KOTOPOM MPHMBEAEHB PACCUMTAHHBIC MOJISIPHBIE KOHICHTPALMH COOTBETCTBYIO-
X MbUL. HemocpencTBEHHYIO 3KCHEPHMEHTAAbHYIO IMPOBEPKY POJH MOJIAPHBIX
IPYNII B CTPYKTYPaxX MOXHO TIPOBECTH IIPH PEOJIOTHYECKOM H3YUYEHHH CHCTEM C paB-
HbIMH MOJISIPHBIMH KOHLIEHTPALWsAMH MBI B TakoM ciydae, €CIM CBA3H CTPYKTYPHI
CTPOMJIMCEL OBI MO BCEM HAJIMYHBIM IOJNAPHBIM IPYyINIaM, CIEA0OBANO ObI MOJYYHTH
HE3aBMCHMOCTb MPOYHOCTH CTPYKTYPHI OT MOJEKYJNApHOro Beca. JlaHHblE puc. 3
NOKA3bIBAIOT, YTO Tz B Cilyyde PAaBHEIX MOJIADHBIX KOHIEHTPAHMi MBUI CHHXKAeTCs
Ipy yIUTMHEHUM LENH YLNeBOAOPOAHOTO paIuKana MbUIA, XOTS B 3HAYUTENHHO
MeHbIleH Mepe, YeM 3To HabmoaanoCh OPH PaBHBIX BECOBBIX KOHIEHTPAIHAX. -

U3 obweil Teopuu CTPYKTYPbl MBLIBbHO-MACHSAHBIX TICEBJOTECH H3BECTHO °

[9, 18, 19], YyTO MBLIbHBIE KPUCTALTHTEL (GROPHIIBY) COCTABNAIOT OCHOBY CTPYK-
TYPHOTO Kapkaca. Buay TOro, 4to yrjeBOJOPOMIHBIE ilenn 06NaNarOT ‘3HAYNTEINE-
HBIM CPOJACTBOM K apoMaTH4eckKHM yriesodopoaaM [20, 21], koarynsuuoHHbie
CBJ3M MOTYT BO3HMKHYTh B HalllAX CUCTeMaX B OCHOBHOM TOJIBKO 3a CYET MOJSApP-
HBIX TPYII, HAXOMALIMXCH.HA TPaHiX KPUCTaNauToB Mbeuia. M3 aroro cnenyer,
4TO TOJBKO OMNpeaeseHHas A0JIsl MOJSIPHBIX TPYHII MOXET y4acTBOBATh B CO3JAHUH
CTPYKTypHOIi ceTku cucTeMbl. ITpu 3TOM caMo coGoii pasyMeeTcs, YTO AMCTIEPC-
HOCTh M aHHM30JMAMETPUYHOCTb YaCTHI[ MbUTHOH ¢da3bl mpuobperaer Oobiioe
sHavenwme [22]. B paGoTe [23] ObuTO MOKA3aHO, YTO B TOMOJIOTHYECKOM Py MeETal-
JUYECKOTO MbLIa B apOMATHYECKOM YIAeBOLAOPOJAE YMCHO arperaluid mpu o6pazo-
BAHHM MHULENJ YMEHBINAETCS HEe3HAYUTEJIbHO C YBEJIMYEHMEM MJIMHBI menu. Eciu
K 3TOMY Y4YeCTh CTPYKTYPY KPHCTAJJIMTOB. MBI [9,24], TO CTaHOBHTCS OYEBHAHBIM,

MTO AWCHEPCHOCTb M AHM30AHAMETPHYHOCTH YACTHIL JOJDKHA OBITH TeM GOJbIUEi,
yeM MEHBLUE [JdHA YIJIEBOJAOPOMHON LENMN MbLia. ECTECTBEHHO, € YBEJMYECHHEM
JMCIIEPCHOCTH W aHA30AMAMETPHYHOCTH YacTHI. BO3PacTaeT BepOSATHOCTH 06pazo-
BaHUs KOAryJISIHOHHBIX KOHTAKTOB W BO3pacraeT npquocn, BO3HHMKAIOLIHUX CTPYK-
Typ (8] -

PaccMaTpuBasg fUIACTHYECKYIO BS3KOCTh CHCTEM, AAHHBIE PHC. 2 yKa3BIBAIOT-
Ha HENOCPECTBEHHYIO CBA3b MEXIY, MONAPHOH KOHUIEHTpallMed MBUIA W TIIacTu-
YeCKO#l BSI3KOCTBIO B CEPUH ONBITOB C PAaBHBIMH BECOBBLIMH KOHLEHTPALWMSAMU MBI,

. B TakoM cnyyae, TIpH DAaBHBIX MOJAPHBIX KOHUEHTPAUMAX JOJKHO HabnromaThed
IIOCTOSHCTBO TJIACTHYECKOH BI3KOCTH B TOMOJIOTHYECKOM Py MbLI. [lannbie puc. 3
MOKa3plBAlOT XOpOlilee COBMNAJECHHE 3THX NPENCTABIEHUH C TOJYYeHHBIMH 3KCTIEPH-
MEHTANbHbIMH J4aHHBIMH, T. €. HaJAYME TIOCTOSHCTB3 NJJaCTHYECKOH BSI3KOCTH.
Hebombiuve OTKIOHEHHS Pe3yJibTaTOB OOBACHAKOTCH 3KCIEPHMEHTAJIBHLIMH OLING-
KaMH, BO3HWKAIOLIMMH NPexXIe BCEro BCIIECACTBHE TOTO, YTO HPH BEICOKHX NMPOY-
HOCTSIX CTPYKTYP B YCIIOBHSIX HAlUMX ONBITOB (06JaCTh M3MepeHuit iMis 3KCTparno-



Tabauya I

Cs0dusie danimie cuUcmeM, U3YYEeHNBIX 6 PEOAO2HUYECKUX HCRbIMAniax

1 2 3 4 5 6 7 8 9 10 12
- _ Komerr. | Komeurn: I R R
T‘i.’!%"i:};.l’.::«'éf’e e | Nnenorm | e e T e e | €T 3{;',1/,’522; é'e‘é'.'}’:“c“r’f MDQ‘f”ccp. nec. cep o
‘ n 100nn n 100mn

Ca-kanponat 6 | 11616 | 27040 | 0.28 | 7.56 | 0.17 | 4.66 | 0.66 | 65.6 - | 283 2.9 4.9 1.0
. Ca-kanpunar 8 | 14422 | 32642 (023 {756 | 0.17 | 564|050 | 57.4 98.0 2.5 38 11
Ca-xanpunat 10 | 17227 | 38262 | 020 | 7.56 | 0.17 | 6.60 | 0.39 | 45.1 57.4 2.3 3.6 1:2
Ca-naypart . 12 | 20032. | 438.72 | 017 | 7.56 | 047 | 7.56 | 0.33 | 410 41.0 2.3 2.3 12
Ca-muprcrar 14 | 22832 | 49472 | 0.5 | 7.56 { 0.17 | 8.55{ 0.28 |. 328 28.7 1.9 23 12
Cananemurar | 16 | 256.43 | 550.86 | 0.14 | 7.56 | 017 | 9.50| 024 | 246 12.3 1.9 23 1.0
Ca-cTeapat 18 | 28448 | 607.04 | 042 | 7.56 |047 |10.5 |022 | 205 12.3 19 1.8 0.9
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nsoun oT 880 mo 2620 cex ') He mocTHMraeTcs enle HeoOXOOMMOe pa3pyilieHHe
CTPYKTYpHL. B pe3ysbTaTe 3TOTO SKCHEPHMEHTANBHO MONYYarOTCA HECKOJBKO 3a-
HYDKEHHBIE 3HAYCHHS Ty ¥ 3aBHILUCHHBIC 7, B TeM Oolbllell Mepe, 4eM BBILIE NPOY-
HOCTh HM3y4aeMo# CTpykTypsl. Hailidne KoNH4eCTBEeHHOH CBA3M MEXAY ILIaTHYEC-
KOl BA3KOCTBEO M MOJISIPHOM KOHLEHTpauueil MbBUI CBHAETEJILCTBYET O TOM, 4YTO
TIPH TEYEHUM STHX CUCTEM OCHOBHOE BIMAHHE HA BEJIMYUHY BSI3KOCTH MMEKOT CHIIBHO
B3aMMOMEHCTBYIOIME HOJAPHBIE TPYHmsl MbUL W3 3TOro cliemyer, yro TmOCIE
pas3pylieHHs CILUIOUIHOTO CTPYKTYPHOTO KapKaca BSI3KOCTb CHCTEMBI OIIpeNeNseTcs
NPUPOI0H KOMIOHEHTOB CUCTEMBI: BA3KOCTBIO XKUAKHX (ha3, KOJUYECTBOM H Xapak-
TEpPOM MeCT TBEPAOW AucnepcHoM (asbl, COoCOOHBIX 06pa3oBaTh KOATYAAMAOHHbBIE
KOHTAKTEL. - Biusinne pasmepa u GOpMBI MEPBUYHBIX YACTUL B YCTAHOBUBUIEMCS
CTALHOHAPHOM TOTOKE, MO-BUANMOMY, UMEET BTOPOCTEEHHOE 3HAYEHHUE.

HaMm  mpencTaBisiiioch BeCcbMa 3dMaHYMBBEIM TOMBITATCHS HAUTH MOAOOHYIO
KOJAMYECTBEHHYIO CBA3L MEXAY MOJYYEHHBIMH OKCIEPUMEHTAILHBIMA * JaHHBLIMH
0O NpeNesibHBIM HANIPSHKEHUAM CHBATA CTPYKTYP W TapaMeTpaMh, KOTOpPBIMH
' MOFYT XapaKTepH30BaThCs HCCIIeAyeMble Mblia. B Tabmuue I mpencraBieHb 0CHOB-
-HBIe [AHHBIC ‘TI0  H3YYCHHBIM MEIIBHEIM -cucTeMaM. [fo manubIM Tabx. I MoxHO
cienaTh P 3aKJIOUEHHH, KpoMe 06CyXIEHHBIX yXe Bhillle BOMPocoB. Becbma mpu-
MeJaTeNbHO, YTO B OMBITaX MPU PaBHBIX MOJAPHBIX KOHLIEHTPAUSX MBI (cT0J10et 6)
HX BeCcOBas KOHIEHTpAIHUs, M COOTBETCTBEHHO 0OBEMHOE 3aIOIHEHHe, 110 uccienye- .
MOMY HHTEpPBajy BO3pacTaeT Ooilee WeM B 2 pa3a, HO, HECMOTPS HA 3TO, KakK Tg,
TaK ¥ 7 yMeHbmarTced (c16. 8 1 10). s KoNIn4eCTBEHHOM XapaKTepHCTHKY HAGIIIO-
naeMoll 3aBUCHMOCTH IpPENeNbHOTO HATIPSKEHMS CIBMIA TPU PABHBIX MOJSAPHBIX
KOHIIEHTPALMAX MBLI, Ha Haul B3[JIAA, MOXHO TNPEMIOKHTH Benudyudy (c16. 7),
MOy4aeMYIO NPH PacyeTe BECOBOTO COOTHONIEHMS IUAPOMUIBHOM IPYyNNbl MbLia
(4 aToMa KHCIOpPOmA ~+ ATOM KaJbHus) K JmnodmibHOM -yacTi (YIIEBOZOPOIHEIE
menu) mogiekyn (CI'JI)..Bemnunna CIJI npencraiser coboli cBoeoOpa3HbIil ruapo-
punbHO-TUNOGUIBLHBIN 6aaHC MBUTBHBIX MOJIEKYT. TO OGCTOATEALCTBO, YTO BEJU-
ynuHbl Tp (cT6. 8),  orHecenHble x Bemmyune CIJI maror 3HadYenus, IO-CyIIECTRBY,
moctosiHabie (1+0,2)-10% (c16. 12), moxaswsiBaeT, ato CI'JI MOXXHO paccMaTpuBaTh
KaKk KO3(pOHUHEHT, COOTBETCTBYIOUIHI AOJE TOJAPHBIX TPYIH, CHOCOBHBIX y4acT-
BOBaTh B 0Opa30BaHMH KOAryJISINOHHBIX KOHTAKTOB CTPYKTYyphl. Kak yxe ykasbl-
BajJOCh BEIIUE, 3Ta AOJA TOJAPHBIX TPYIH, B pe3yabTate CTPOCHHS MOJIEKYN H
KPHCTAJTATOB MBI, JOJKHA YMEHBIUATLCS B TOMOJIOTMYECKOM DSy C YBeJIHYEHHEM
MoJleKyasipHoro Beca. [lo-BHAMMOMY, B COOTBECTBUM C ITUM HAGJIIONIAETCA yMEHB-
IIeHNE TIPEAENLHBIX HATIPSUKEHW COBHIA B CHCTEMAaxX MBUIO — KCHIION —— BOIA
(ct6. 8). :

K ONMCAaHHBIM PEONOTHYECKAM MCIBITAHHSAM HAMHU OBIM -0J00paHb! paHee
[25] Takve cooTHOMICHNST KOMIOHEHTOB, KOTOPEIE ITO3BOJIMIIM MOSYYCHHE NOCTATOY-
HO YCTOMYMBBIX CHUCTEM IpH TNPOBENEHNH PEONOTHYECKHX MCIBITAHHI 17 BCEX
M3y4aeMBIX MBUI. MBI CTPEMIITHCH TIPH 9TOM NPHMEHUTH HEBRICOKME KOHHEHTPAUH
MBLJIA, TIOCKONBKY B MCHee KOHLCHTPUPOBaHHBIX CHCTeMax Gonee sBHO TpOSB-
JISIOTCSL W, Jlerde OOHAapyXHBAaiOTCS OCHOBHBIE 3aKOHOMEPHOCTUH OOpa3oBaHHUS H
TEUEHHs CTPYKTYP B JUCTIEPCHBIX CHCTEMax [26].

BecbMa 3HAYMTENBHBIM B TEOPETHYECKOM ' M TPAKTWYECKOM OTHOILEHHAX
SIBASETCA BOMPOC TaK HA3bIBAEMOH ,,KOJUTOMIOHOW CTAOMIBLHOCTH® MBUIBHBIX CHC-
TeM, T. €. YCTOHYMBOCTHM CHCTEMBI BO BPEMEHM IPOTHB Ipolecca MaKpOCKOmHeC-
Koro pasneneHus ¢as. I'Ipn HU3yYeHHH 3TOTO SIBJIEHUSI MOXHO. [IOJyYUTh BECbMa



168 WU. AHIOP, 5. BAJIAXK, C. B. ®EALAMAH

HeHHble CBEJECHHA O CBOMCTBAaX CHCTEMBI H O B3aMMOJCHCTBUA €€ KOMIIOHEHTOB,
0COOEHHO TPH OTCYTCTBHH CIUIOIIHOW NPOCTPAHCTBEHHOW CTPYKTYDBI, HaJIHIHE
KOTOPOH 3HAYHMTENBLHO YCJIOXHSET IPOACXOA[LIHE NPONECChl. AHAJOTHYHO Hpeibl-
IymHEM PEOJIOTHYECKHM ONBITaM, W3ydeHHe CTaOMALHOCTH OBUIO NPOBEACHO IO
IBYM cepusiM: npu paBHBIX BecoBbix (1,75T/100 Mn) u mMonspuuix (0,04 MoJib/m)
KOHUERTPaUMAX MbUI B cucTeMax (Tabi. II). Takue cMCTEMBI B CHIIBHOM Mepe arpe-
TATHBHO H Ce[IMMEATANHOHHO HEYCTOWYMBEI H YAOGHO CIIENUTH 338 NPOUCKOAALLUMH
B HUX NpOLiECCAaMH CaMOMpPOU3BOJILHOTO paszfieneHusd das.

KuneTnka BRIIEICHHUS KCHIIOJIA BO BCEX Cilyuasix (pUC. 41 5) MOKa3bIBaeT OOBIYHBILIH
XOIl MHTErPabHBIX KPHBBIX HAKOIIEHHs NpH ceAuMeHTauuy. OgHako, BECbMa DPH-
MedateneH (akT INPOTHBONOJIOKHOIO M3MEHEHHS CKOPOCTH BBLICJIEHMS KCHIOJIA
B TOMOJIOTHYECKOM DSy KajbLAEBbIX MEBUL B CEPHSX IPH DPaBHBIX MOJISPHBIX H
PaBHBIX BeCOBBHIX KOHIleHTpammsAx. BospacTanue ycTOHYMBOCTH CHCTEMBI C- yAJIH-
HEHAEM YIJIEBONOPOJHOR NeNn B MOJIApHO#H cepuu (pruc. 7), jerko oObscHsETCA
BJIMSIHUEM u3Menenni HodunsHocTH [20, 21] ¥ moBBIIEHHEM BECOBOH KOHLEHTpA-
oua guciepcHoi daser (tabn. I, cr6. 4). .

Ta6auya 11

Ceodnbie Oauuvle cucmeM, UIYHENHIX 6 UCHBIMAHUAX MO ycmoiiuugocmu

1 . 2 3 4. i 5 6 7

Tommmoe | o | Nommeme | Komewonm v
HA3BAHUE e, L MOTIAPH. C€p. Crit keun. | v{CTI
MbLna Monb/n r/100mn MoONb/a r/100mnA- M o
Ca-xanpoHar . 6 0.065 1.75 0.04 1.08 0.66 [ 24 36.4
Ca-xaupuiaT 8 0.054 1.75 0.04 1.30 .50 18 36.0 .
Ca-xanpuHar 10 0.045 1.75 0.04 1.53 0.39 15 | 385
Ca-naypart 12 0.040 1.75 0.04 1.75 033 | 12 36.4
Ca-mupucrat 14 - 0.035 1.75 0.04 1.98 0.28 11 39.4
Cag-nansmuTaT 16 0.032 1.75 0.04 220 1024 9 37.5
Ca-cteapart 18 0.029 1.75 0.04 243 . [ 022 8 36.3

Haiinennyio sxcieprMeHTaIbHO 3BHCHMOCTh BBIJENECHUS KCHUIOJA B TOMOJIOTH-
9ECKOM Psify DM PaBHBIX BECOBBIX KOHLEHTpAOusx (pHc. 6), Ha HAIl B3rsd, MOXHO
OOBACHUTL H3MEHEHHUAMH CTPYKTypooGpasyrowux coicts, muul. [lpn camonpo-
H3BOJILHOM OTAENeHHH (a3 OPYyr OT Apyra IPOMCXOLHT  CEAMMEHTAIMS KPYIHBIX
CTPYKTYPHPOBaHHBIX arperatoB Meija. PasMephl 3THX arperaToB H MX pa3BeTBJIEH-
HOCTB (PHIXJIOCTB) TeM GobLIe, YeM GoJIbIlie CKIOHHOCTD K CTPYKTYPOOOPA30BAHUEQ
Y COOTBETCTBYIOLUHX MBUI H, HaBOpOT, TeM MeHbINE CKOPOCTh pa3iesneHus ¢as.
Kak yxe yka3piBajioCh HaMH, KOJMYECTBO KOATYJISIIMOHHBLIX KOHTAKTOB 3aBHCHT OT
MOJIADHOM KOHLEHTPALUH, CIENOBATENBHO, C YMEHBLICHHEM MOJIEKYJISPHOro Beca
MBINa, OPH PaBHBIX BECOBBIX KOHueHTpaumx BO3pacTaeT CTPYKTypooOpa3zoBaHHE
H CTaGHHbHOCTb B CHCTEMax.

IlesHble CBeIEHHUS O CTPYKTYPe H3YYEHHBIX CHCTEM Oaju Ha6JIIO,ZIeHHSI 34 BBI-
NeNieAneM BOAHOM (a3bl IPH OTCYTCTBHH CIUIOIUHOTO CTPYKTYPHOTO KapKaca MBLIA.
ITpocneniTh KMHETHKY BBIAETECHHSA BOIBI He OBLIO BO3MOXHOCTH BBHMIY HeMeIJICH-
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HOTO IIOSBJIEHHS TIOYTH BCETO KOJMYECTBA BOJABI HA JHE COCYd, B KOTOPOM IIPOH3-

BOAUIOCH AHCOEPTUPOBaHHE cUCTeMbl.-Kak u3BecTHO [9], 4acTh BOJBI BXOAMT B CTPYK-

" TYPY MBUIBHBIX KPHCTAJJITOB, OCTaNbHAS € YacTh HAXOAUTCS B JUCHEPIrHpOBaH-

HOM COCTOSHMH B BH[E SMYJIbCHE B Macie. QakT HeMeIJICHHOTO BBIICICHHUS IHC-

HEPrUPOBAHHON NONH BOAbL' M JAHHBEIE PHC. 7 MOLYT OOBACHATHCS TEM, YTO B CHC-

TeMax ¢ MBUIAMH, HMEIOLIUME 24 YIJepoaHbIX aToMa U Goliee, He 06pa3yeTcs{ 3a-

WIMTHOTO a/COPOIMOHHGTO CIOA Ha KaneibKax Bombl. B aTX ciywasix Boja ocraeTcs

B BHUJIE SMYJbCHH TOJBKO B TOM Cily4ae, €Cli CILUIOUIHOE CTPYKTypooOpa3oBaHue

B CHCTEME YAEPXKHBAET €€ MEXAHWYECKMMH CHJIAMH B TakoM BHAE. YCToWumBas

oOpaTHast 3MyJbCHS -BOABI B KCHJIOJIE B- OOBIYHOM CMEICTE 00pa30oBajiach TOJBKO
B NPHCYTCTBHM KampoHaTa Kajbuud, B 3ToM ciyuae, 3a Bpems Habmoneuus (48

¥aCcOB) HE OGHAPYXHBAJOCH BBIIEIIEHHE BOIBI B CIUIOIHHYFO (ha3y, HO KCHIOJ BHI-

JEJISIICS HECKOJIBKO OBICTpee OXKHAAEMOTO, BCEACTBHE CEAMMEHTALMU HE KOajec-

LMPYIOLIMX Kanenek BoAbl (puc. 4 u 6). Kanpunar u kanpuHaT Kajbius obpasyioT

BeCEMa CJIabwIil 3aMTHBIN ancopOupowHbI cnoit (puc. 6 u 7). TakxuM o6pasom,

0COGEHHOCTH PEOJIOrMYECKOro TIOBEACHHS CHCTEMBI C KalpOHATOM KaJblus CTa-

HOBATCA TIOHATHBIMH: OOpa3oBaHME 3MYJIbCMH BOJBI “B KCHJIOJNE, 3aLUHLICHHOH .
JOCTaTOYHO .POYHBIM- ICOPOIMONEEIM CIOEM MbIJ1a, M3MEHSET YCIOBHS CTPYK-
TypooOpa3oBaHUs B CHCTEME, YTO HauboJiee SIpKO npoxsnnoa, IpH PaBHBIX BECO-
BBIX KOHICHTPAIUAX MBUT (puC. 2).

Brinenenue KCHIIona B CEpUH ONBITOB OpH paBme MONSPHBIX KonueHTpaunﬂx'
(tabn. 11, ¢16. 6) oTnecennoe k paccuntarinbiM Bemuunam CIJI (c16. 5) maer aHa-
JIOTUYHYIO 3aKOHOMEpPHOCTh IOCTOSHCTBA cooTHOoWweHUs 382 (c1b. 7), Kak 3TO
HaOJrOHaloCh HaMU IiJisl TIpelesibHBIX HanpspkeHud cosura (taba. 1, ¢16. 12). D
IOAHHBIE CBMAETEJBLCTBYIOT O TECHOH CBSI3H CTPYKTypooBpasoBaHs W CTaGHIb-
HOCTH MBUTHO — MacCJISTHBIX cHCTeM. Harmm naHHbIe HaX0AATCA B XOPOINEM COTJIACHH
€ IMTEPATYPHBIMHE [27], COTJACHO KOTOPHIM B IPACYTCTBHHM CT€APATa JIUTUA B MACIE,
YBEJIHUCHHE JMCTIEPCHOCTH M aHM30JMAMETPUYHOCTH YACTHLl NPHUBOJHUT K BO3pac-
TaHUIO Npenena NPOYHOCTH M KOJUIOMIHOHW cTaGHIbHOCTH CHCTEMBL.

TakuM 06pa3oM, MOXHO MPHITH K 3aKJTIOYEHHIO, YTO B CHCTEMAX KaJibIMEBBIX
MBUI — KCHJIOJ — BOJQ, HOJYYCHHBIX B HM30TEPMHYECKNX YCIOBHUSX, OCHOBHBIM
CTPYKTypoo6pa3syiolluM 3JI€MEHTOM,  0DYCIOBIHMBAIOIIMM DPEOJNIOTHYECKOE TIOBE- |
IIEHHE W CTAOMNIBHOCTH CHCTEM, SIBJISIOTCS KOATYJNANMOHHbBIE CBA3H MOIAPHBIX IPYHIL
Hx obluee KoIMYECTBO M JOJIA COCOOHAs X 06pa3oBaHMIO KOATYJISHMOHHBIX KOH-
TAKTOB M3MEHAIOTCS B FOMOJIOTMYECKOM PSIy MbLIa ITPH PaBHOM BECOBOM COZEP-
XKAHUM €ro B CHCTeMaX. B COOTBETCTBHH C 3THM IIPH . PEOJIOTMYECKHX M JIPYIHX
HCHBITAHHAX HeOOXOOMMO YYUTBHIBATH IpeXIe BCErO0 MOJISIDHYIO KOHIEHTPAIWEO
MbUT. BecbMa NpWroaHOW BeNTHYMHON XapaKTEPHCTHKH CTPYKTYpoOOpasyroHuX
CBOMCTB MBUI B YIJIEBOJIOPOJAX ABISETC, Hpe,uJ'IO)KeHHaﬂ W TPOBEPEHHAs IKCIEPH-
MenTasibHO, BenuduHa CIJT.

HH3IHMC TOMOJIOTH KaJIbIIHEBBIX MBLIT CTOCOOHBI 00pa30BaTh 3alMTHEIA a;lcop6- '
IMOHHBIA CJIO Ha KaTIAX 3MYJLCHH BOJBI B Maclie, YTO Pe3Ko OTpa)kaeTcsd Ha KOJ-
JIONAHOH CTabUIIBHOCTH M CTPYKTYPHO-MEXaHHYECKMX CBOHCTBaX TPOMHBIX CHCTEM
MBLJIO — MacJio — BoJa. IToay4yeHHble 3aKOHOMEPHOCTH HU3MEHEHHMH peoJioThuyec-
KHX NMapaMeTpoB B TOMOJIOIHYECKOM DSy KaNbIMEBBIX MBLI B 3HAYNTEIbHON Mepe
OIpeETISIOTCA B3aUMOJENCTBHEM MacnsaHOi (a3bl ¥ MBI, CEIOBATENBHO, B yIie-
BOJOPOIHEIX Ccpemax apyroi. mpupomsl OyAyT OTINYATBCS OT HalACHHBIX IJIA
Kcujona.
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INVESTIGATION OF THE STUCTURE AND RHEOLOGICAL CHARACTERISTICS OF
MULTICOMPONENT EMULSION SYSTEMS

Rheological and Stability Studies in Systems of Calcium Soaps of the Homologous Series of Satu-
rated Monocarboxylic Acids, Xylene and Water

J. Andor, J. Baldzs and S. V. Feldman

Rheological properties and stability of soap—xylene—water systems of calcium salts of satu-
rated carboxylic acids with even carbon numbers from caproic acid to stearic acid were studied. The
- necessity of using molar concentrations instead of weight concentrations for the characterization of
systems in rheological and other studies is demonstrated. The usage of the weight ratio of the hy-
drophilic and lypophilic parts (RHL) is justified and recommended for quantitative characterization
of the structure forming power of soaps of the homologous series in hydrocarbons. The rheological
parameters and the characteristics of stability are interpreted in terms of molecular properties.
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Von unseren im Laufe der letzten Jahre ausgearbeiteten Reaktortypen kann der Bandreaktor
durch VergoBerung aus dem Fadenreaktor entwickelt werden. Wiahrend der Fadenreaktor fiir
mikropriparative Zwecke im. Laboratorinmsmafstab brauchbar ist, sind die Band- und Gardi-
nenreaktoren fiir priparative Laboratoriums- und Betriebszwecke geeignet. Betrieblich finden sie
derzeit bei der Erzeugung organischer Phosphorsidureester und Kohlensiureester Verwendung.

In dem vorliegenden Artikel wird .die Verwendbarkeit des Bandreaktors bei der Nlmerungs-
reaktion im Falle von Benzol und Toluol beschrieben. -

" Band- bz-w. Gardinenreaktor

Aus dem Fadenreaktor [1] konnen nach dem einfachsten VergréBerungs--
prinzip, mittels Planparallehslerung [2], Band- bzw. Gardinenreaktoren entwickelt
werden [3].

Durch VergroBerung der Breite des Bandes nimmt die produznerbare Material-
menge fast proportional der OberflichenvergroBerung zu, wihrend in Langsrlchtung _
die lineare VergroBerung natiirlich nicht anwendbar ist.

Das Hauptelement unseres Bandreaktors (Abb. 1) ist das 120 cm lange, 5 cm

weite, doppelwandige Glasrohr, in dessen Achse das iiber eine groBe Oberfliche

verfiigende Band aufgehidngt ist. Das Material des Bandes kann den Anspriichen
‘bzw. Forderungen gemil .gewidhlt werdeén; in Betracht kommen Glas, Quarz,
Keramik, Metall, Baumwolle oder zwischen Glasplatten gepreSte Glaswolle. Dem.
Reaktorkorper schlieBen sich oben die Dosierer an. Das Auftragen der Reaktions-
komponenten auf das Band ist.durch emfaches Auftropfen oder durch Zerstdubung
moglich [4].

‘Durch - Verbreiterung: das Bandes gelangen wir zum Gardlnenreaktor Die

VergroBerung des Gardinenreaktors kann durch parallele Aneinanderkoppelung
~der einzelnen Elemente geschehen (Abb 2). Die Wirmeableitung wird durch die
zwischen den in Abstinden von einigen cm angebrachten Gardinen zirkulierende
Quer- oder Gegenstromluft gesichert. Die Reaktionskomponenten werden am zweck-
miBigsten durch Zerstdubung auf den oberen Gardinenanteil auftragen. Der Band-
reaktor gehdrt zur Familie der Filmreaktoren und ist so auBer fiir chemische
Reaktionen fiir alle Zwecke verwendbar, fiir die Benutzung von Filmreaktoren in
Betracht kommen kann. .
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Nitrierung von Benzol und Toluol am Bandreaktor

~ Die Nitrierung ist eine Reaktion, zu deren Durchfiihrung der Filmreaktor
besonders geeignet ist. Die Reaktion wurde frither in Riesel- wie auch in Rotations-
Filmreaktoren studiert {5, 6]. Der grofle Vorteil unseres Bandreaktors gegeniiber
den fritheren Riesel-Reaktoren liegt in seiner einfachen Konstruktion. :
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aus Glasgewebe; 2: Reaktor; 3: Offnungen
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Abb. 1. Bandreaktor: 1: o 60
Dosierer; 2: Glashaken S
zum Aufhéingen des Ban- ° . 4
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Beschickung des Bandes . ‘;’,’ 7
mit  Reaktionskompo- « —
nenten; 4: Glasrahmen -
zum Aufhingen des Ban- 20 4
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Reaktorkorper aus Glas; p ) v v
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zumAbfithren der frei- : ) Bandlange
werdenden. Gase; §: A
Sammelkolben mit Ab- Abb. 3. Abhingigkeit der Produktion von der

laBhahn Bandlidnge bei Benzol- und Toluohitrierung
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In unseren Versuchen haben wir die Wirkung der die Produktion beeinflussenden
Parameter: der Bandlinge und der Dosierungsgeschwindigkeit, am Beispiel der
Benzol- und Toluolnitrierung studiert. ‘

Das im Reaktor verwendete Glasgewebe war 4,5 cm breit und enthielt pro
Quadratzentimeter 6 Lings- und 8 Querfiden. Die Reaknonen wurden bei Raum-
temperatur durchgefithrt. Mit den Messungen wurde in jedem Falle erst begennen,
wenn der stationdre Zustand im Reaktor und am Band erreicht war, d.h. aus dem_
Reaktor ein dem thermodynamischen Gleichgewicht entsprechend zusammen-
gesetztes Gemisch abging (nach 15—20 Minuten).

Der schnelle Abbruch der Reaktion wurde durch AuITangen des nitrierten
Produkts in Eiswasser gel6st. Bei der Benzolnitrierung untersuchten wir den Mono-
und Dinitrogehalt des erhaltenen Produkts und bei der Toluolnitrierung die Menge
der ortho- und para-Isomeren. Die Berrechnung der Ausbeute geschah stets mit
Bezug ‘auf das zu nitrierende Material.

In der ersten MeBserie priiften wir — bei konstanter Benzol- und Nitriersdure-

" bzw. Toluol- und- Nitriersiure-geschwindigkeit — den EinfluB der Bandldnge auf

die Produktion. Die Mefiergebnisse veranschaulicht Tabl. I. Die Abhidngigkeit
-der Ausbeute von der Bandlinge hatten wir schon in fritheren Arbeiten anlidBlich
der Sulfonierung von Dodecylbenzol bestimmt [7].

Die graphische Darstellung der Resultate zeigt den Zusammenhang zw1schen
Bandldnge und Produktion (Abb. 3). Es zeigt sich, daB von 100 cm Bandléinge an
der Produktionswert praktisch unverdndert bleibt. Zu jeder Dosierungsgeschwindig-
keit gehort eine optimale Linge, iiber ‘die sich die Steigerung der Lénge als un-
zweckmifig erweist. Bei der von uns benutzten Benzol- und .Toluoldosierungs-
geschwindigkeit von 50 g/Stunde betrug die optimale Bandlinge 100 cm. Beim
Nitrieren von Benzol im Filmreaktor, wie auch im Bandreaktor, entsteht neben dem
Nitrobenzol auch Dinitrobenzol, aber. in  niedrigerem Prozentsatz als bei der
fraktionerten, klassischen Nitrierung. Wie .aus Tab. I und II ersichtlich, ist der
Dinitrobenzolgehalt - zwischen 1,2 und 2,8%. Die Anderung des Dinitrophenol-
gehaltes in Verbindung mit der Bandlidnge zeigt Abb. 4. Der. Charakter der Kurve
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Abb. 4. Abhanglgkelt des Dinitrobenzolgehaltes von
der Bandldnge
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erinnert an die Relationen von Bandlange und Produktion im Falle von Nitro-
~benzol und Nitrotoluol.

Tab. I veranschaulicht auch deutlich, da be1 Nitrotoluol das Verhiltnis der
Isomeren bei den verschiedenen Bandldngen nahezu gleich ist.

. Tabelle 1
Abhangigkeit der Produktion von der Bandlinge bei Nitrierung von Benzol und Toluol
Dosierungs- Nitr ’
. HNO,/Benzol geschwindigkeit Bandlinge be:lzg;- . Dinitrobenzol-
Nitrierséure Molverhiltnis L cm ausbeute gehalt
. A Benzol Nitriersiure o %
cm3/h * em3/h
50 29,8 1,2
: 70 36,0 1,7 -
55ml 65% HNO, 1,2 57,5 120 80 - 46,6 . | 2,5
65 ml cc. H,SO, 90 64.7 2,55
100 77,6 2,75
120 78,0 2,8
Nitrotoluol.| ¢-Nitro- | IpNitro-v
-ausbeute % toluolgehalt %
40 31,6 73,3 - 26,6
352 ml 65% 60 33,3 73,0 27,0
HNO, . 0,9 - 58 75,5 80 48,1 73,6 26,4
40,2 mlcc. H,S0, : 100 75,2 73,3 26,7
120 76,2 72,8 27,2

In der nidchsten Versuchsrelhe wurde bei Verwendung eines 100 cm langen
- Bandes die Wirkung der Anderung der Doswrungsgeschwmd1gke1t auf die Produktion
untersucht. Die MeBergebnisse sind in Tab. II dargestellt. Mit der Verdnderung
der Dosierungsgeschwindigkeit des Benzols wurde natiirlich auch die Dosierungs-
geschwindigkeit der mtrlerenden Sédure proportional gedndert, um die Bestindigkeit

des HNOjg/Benzol- Molverhaltmsses zu

Tabelle 11 sichern. ‘
Abhdngigkeit der Produktion Aus dem Z_usammenhang von Dosle'
von der Dosierungsgeschwindigkeit rungsgeschwindigkeit und Produktion
bei 100 cm Bandlinge (Abb. 5) ist ersichtlich, dafl mit der
Dosicransgeschwindigheir em*/h Nionerson Stelgerung der Doswrungsgeschwmdlgkgt
ausbeute in dem von uns angewandten Benzoldosie-
Benzol Nitriersiure ) rungsintervall von 50-—140 cm3/h die

Produktion nachlidflt. Dies erklidrt sich

28 13;’3 %; daraus, daB an einer gegebenen Bandober-
70 146 64.2 fliche die gréBere Dosierungsgeschwin-
90 188 50,5 digkeit einen dickeren Film, eine gréBere
120 249 40,8 Laufgeschwindigkeit zeitigt, wodurch die
140 292 371

Intensitdt der Mischung und die Verweil- -
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zeit am Bande verringert werden, also das Ausmafl der Umwandlung
kleiner wird.

Die Ergebnisse zusammenfassend 1st Zu sagen, daB der Bandreaktor zur Ver-
wirkhchung von N1tr1erungsreakt1onen gut verwendbar ist. In jedem Falle muB3
im Interesse der Erzielung einer maximalen Umwandlung die optimale Linge und
Dosierungsgeschwindigkeit ermittelt werden.
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Abb. 5. Abhéingigkeit der Produktion von der
Dosierungsgeschwindigkeit bei Benzolnitrierun_g
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WU3YYEHVE HUTPOBAHUS B JIEHTOYHOM PEAKTOPE
M. Cabo; JI. Mecapow, XK. Ypoanuy

W3 cepHm HOBBIX THIOB PeaKTOPOB, CO3JAHHBIX HAMM 32 IOCTEJHHE TONbI, YBEIMYCHHEM -
pa3sMepOB HUTEBOTO peakTopa M3TOTOBJICH JCHTOYHEIN peakTop. Ecii HUTEBOM peakTOop NPHIOAeH
IJIsi MHKPOIPENapaTHBHBIX JIa00paTOPHBIX Liesiell, TO JICHTOYHBIN M MJICHOYHBIA PeakTOpH! MOIyT
CIyXHTh IS TIperrapaTHBHBIX J1aOOPAaTOPHEIX M NPOM3BOACTBEHHBIX NPOIECCOB. B HacrosHiee
BpeMsl IPEMEHSAFOTCH 3THU PEaKTOPhI B TPOMBIIIJIEHHOM MacIiTabe npyu NPOM3BOACTBE OpraHWYec-
Kux a¢gupos dochopHoi U yroeHoi kuciaoT. B manHoi paboTe paccMOTpEeHO IPUMEHEHHUE JICHTOY-
HOTO peakTopa.B mpolieccax HUTPOBaHMA OCH30JIa M TOJNIyoa. . .






ANWENDUNG EINES NEUARTIGEN, MIT MIKRODOSIERUNG
ARBEITENDEN FADENREAKTORS BEI NITRIERUNGSREAKTIONEN

Von

M. SZABO L. MESZAROS und Z. BAUMANN
Insmut fiir Angewandte Chemie der Attila-Jozsef- Universitiit Szeged,

( Eingegangen am 20. November 1973)

Im Laufe unserer technologischen Forschungen haben wir ein¢ Filmreaktorenfamilie entwik-
kelt, zu dem auch der.in der vorliegenden Arbeit beschriebene Fadenreaktor gehort. Dieser
kontinuierliche Mikroreaktor ist zur Herstellung von 0,5—2,0 g Substanz pro Stunde geeignet.
Die Reaktionskomponenten treten an der Fadenoberfliche unter Bildung eines feinen Films -mit-
einander in Beruhrung Mit diesem Reaktor lassen sich chemische und physikalische Prozesse in der
heterogenen Phase im MikromaBstabe verwirklichen. Es wird die Verwendbarkeit des Reaktors bei
Nitrierungsreaktionen untersucht..

Aufbau und Funktion des Faa’enreakt_brs

Der Reaktor besteht aus zwei Y-formig zusammengedrehten Féden; die in
der Lingsachse eines temperierbaren doppelwandigen Glasrohres Platz nehmen
(Abb. 1). Probenentnahme in verschiedener Hohe des Fadens ist im Falle der in’
Abb. 2 ersichtlichen Zusammenstellung méglich. »

Der Fadenreaktor [1—4] ist reaktortechnisch als e1nd1mens10naler kontmuler-
licher Filmreaktor zu betrachten. Als eindimensional, weil der Durchmesser des
Fadens im Verhiltnis zu seiner Lidnge zu vernachldssigen ist und so die physika-
lischen und chemischen Erscheinungen — einen stationdren Betrieb vorausgesetzt —
sich nur entlang der Lidngsache dndern; als- kontinuierlich, weil. die Reaktions-
komponenten und die entstandenen Produkte ohne Unterbrechung zugefiihrt,
bzw. aus dem System entfernt werden kénnen. Die Stromung ist stindig, ohne
Materialanhiufung. Ein Filmreaktor ist er insofern, als die in Reaktion tretenden
Stoffe an der Oberfliche des Fadens unter Bxldung eines diinhen Films miteinander .
in Kontakt treten. ]

‘Zwecks gleichmaBiger Zufuhrung der Reaktlonskomponenten haben wir eine .
- Mikrodosier-Biirette konstruiert. An der Oberfliche der in der Mikrobiirette be-
findlichen Fliissigkeit kann durch einen vorher einstellbaren Reduktor ein Luft-
oder Inertgas-Uberdruck von 0,1—2,0 At hergestellt werden. Am unteren Teil
endet die Biirette in einer Kapillare, die die in der Biirette enthaltene Fliissigkeit
auf den Y-férmigen Faden dosjert und eine gleichméfBige Zufiihrung von 0,1—4,0 ml
pro Stunde sichert. Durch gesonderte oder simultane Anderung von Druck,
Kapillarenlinge und Kapillarenquerschnitt 1dBt-sich die gewilinschte Dosierungs--
geschwindigkeit reproduzierbar einstellen. Durch . hydrostatische Druckinderungen
wird die gelichmiBige Dosierung nicht wahrnehmbar beeinfluBt. -

i2
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Im Reaktor sind Reaktionen in der Fliissigkeit—Fliissigkeit- und in der Fliissig-
keit—Gas-Phase gleichermaBen durchfiihrbar.

Das Material des Fadens kann stets der Natur der jeweiligen chemischen Reak-
tion entsprechend gewihlt werden: er kann aus Glas, impragniertem Glas Textilie,
Quarz und Keramik bestehen.

]k

N e X
Abb. 1. Fadenreaktor. Abb. 2. Fadenreaktor
1: Mikrodosier-Biiret- ) - mit Probenentnahme-
te; 2: Gasableitungs- . -Kapillaren in ver-

rohr; 3: Glasfaden; 4:
Doppelwandiger Reak-
torkGrper aus Glas;
5: Kapillare zur Pro-

benentnahme des Pro- .

dukts; 6:- Sammelkol-

ben mit AblaBhahn; 7:

Glaskugel zum Fixie-
ren des Fadens

schiedenen Hohen. 1:
Mikrodosier-Biirette ;

2: Glasfaden; 3: Pro-
benentnahme-Kapilla- -

ren: 4: Gasableitungs-

rohr

Im Reaktor spielt der Faden eine sehr wichtige Rolle; deshalb ist es im Interesse
der Reproduzierbarkeit der Reaktionen zweckmiBig, folgende Eigenschaften
konstant zu halten: :

a) die chemische Zusammensetzung des Fadenmaterials (um Anderungen
eventueller heterogener katalytischer Wirkungen zu vermeiden)
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b) die physikalischen und geometrischen Eigenschaften des Fadens (Festig-
keit, Zwirnung, Fadenlinge und -dicke, Rauheit der Oberfliche), die hinsichtlich
der Kontaktdauer, des Diffusionsquerschnittes sowie der. Stabilisierung des. Ver-
mlschungsgrades wesentlich sind.

Im Falle von nicht mischbaren Fluss;gkelten konnten wir anhand mlkroskopl- ’
scher Untersuchungen feststellen, dafl am Faden eine vorw1egend laminare Strémung
zustandekommt [5].

‘Wir haben die Anwendbarkeit des Reaktors in chemischen Reaktxonen erprobt
und bei den Versuchen einen Glasfaden benutzt, der aus 100 Einzelfiden von je
20-—30 pum Durchmesser bestand. Die Linge des Fadens wurde der optimaler Um-
- wandlung entsprechend gewihit. .

Nitrierung von Chlorbenzol am Fadenreaktor

Der Fadenreaktor ist — seinem Mikrofilm-Reaktor-Charakter entsprechend —
besonders zur Durchfithrung von stark exothermischen Reaktionen in heterogener
Phase, wie z. B. Nitrierung und Sulfonierung, geelgnet Als Modeliverbindung bei
der Untersuchung der Nitrierungsteaktion wihlten wir Chlorbenzol.

Die Versuche wurden bei verschiedenen Temperaturen und Dosxerungs-
geschwindigkeiten, sowie bei Yerwendung von zwei HNO,/Chlorbenzol-Molverhilt-
nissen unternommen. Die Reaktion wurde von dem Zeitpunkt verfolgt, als im
Reaktor und am Faden der stationdre. Zustand erreicht war, d.h. als ein dem .
'thermodynamlschen Glezchgewwht entsprechend zusammengesetztes Reaktions-
gemisch den Reaktor verlieB.

Die zum Erreichen des Gleichgewichtes erforderliche Zeit wird vor allem von
dem Verhiltnis der Reaktionskomponenten, von ihrer Mischbarkeit, im Falle
von nicht-mischbaren Fliissigkeitsphasen von der GréBe der Beriihrungsfliche -
«der Phasen und von der Zufiihrungsgeschwindigkeit bestimmt.

Bei Erhéhung der Dosierungsgeschwindigkeit des Chlobenzols wurde auch die
Zufuhr der Nitriersjure proportional erhért. Das quantitative Verhiltnis der ortho-
und para-Isomeren im Reaktionsgemisch wurde mittels IR Spektroskopie bestimmt.

Die. Lange des bei den Versuchen benutzten Fadens betrug 44 cm. S

Die verwendete Nitriersdure hatte- folgende Zusammensetzung: 1 ml-konz.
- 'HNO, (spez. Gew.: 1,54) und 1,2 ml konz. H,;SO,. MeBergebnisse sind.in Tab. T
and 11 zusammengefaBt Die Ausbeutewerte wurden auf Chlorbenzol bezogen be-
“rechnet.

Wie die Tabellen I und II deutlich zelgen nimmt bei Erhohung der Temperatur .’
und des HNO,/Chlorbenzol-Molverhiltnisses die Ausbeute zu, bei Steigerung der
Dosierungsgeschwindigkeit dagegen ab. Letzteres erklirt sich daraus, daB mit =
hoherer Dosierungsgeschwindigkeit der Film dicker wird, das Material schneller

am Faden ent]ang rinnt und so die Komponenten einender kiirzere Zeit beriihren,

was einen geringeren Umwandlungsgrad zur Folge hat.

Aus Tabelle II geht hervor, daB das Verhiltnis der. Isomere unter den von
uns angewandten Versuchsbedingungen unverindert blieb, aber von den in der
Literatur angegebenen Mengen [6] — ndmlich 30,1% o-Nitrochlorbenzol und
69,9% p-Nitrochlorbenzol — abwich. * :
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Tabelle T
Produktion bei einem HNQ,/Chlorbenzol Molverhdltnis von 1:3 und verschiedenen
Dosierungsgeschwindigkeiten und Reaktionstemperaturen
Dosier hwindigkeit
Reaktions- Reaktionsdauer Gewicht des isolierten . Ausbeute
tcmp‘p,eéatur Chlorbenzo} Nitriergemisch Min. Nnrochl(g)rbenzols %
cm?/h cm3/h
2 2,4 30 0,6211 40,7
1,7 2 35 0,6623 41,9
25 1,5 1,8 40 0,7004 43,1
1,3 1,6 .45 0,7012 43,4
1,2 1,44 50 0,7125 44,1
.2 2,4 30 0,7475 48,5
40 1,7 2 .35, 0,7595 49,7
1,2 1,4 50 10,7805 - 50,7
2 2.4 30 0,8495 55,0
60 1,5 1,8 40 0,8688 56,4
1,2 1,4 50 0,8717 ° 57,1
Tabelle II
Produktion im Falle eines HNO,/Chlorbenzol Molverhdltnisses von 2,5 und verschtedenen
Temperaturen und Dosierungsgeschwindigkeiten .
Dosi hwindig- . Gehalt des Produktes an
Reaktions- | 1 et 0 | Reaktions | Geichtdes | e
temperatur - dauer benzols’ [3 o-Nitrochlor- p-Nitrochlor-
°C Chlorbenzol | Nitriersdure Min g benzol benzol
cmd/h cm?/h N % =~
- 2 4,4 30 0,7817 51,3 20,65 75,54
25 1,3 2,9 45 0,8613 55,8 © 21,52 - 74,58
1,2 2,6 50 0,8939 58,11 - -
: 2 4,4 30 0,9247 60,1 21,62 74,48
40 1,7 3,8 35 0,9617 62,3 22,1 75
’ 1,5 3,3 40 0,9981 64,8 - -
1,7 3,8 35 1,1586 75,2 21,5 75,2
60 1,5 3,3 40 1,1738 76,2 22,09 74,01 -~
1,2 2,6 50 1,2569 81,6 - — ’

Die durchgefithrten Versuche beweiéen», daB der Fadenreaktor zur Kontinuier-
lichen- Nitrierung von Mikromengen geeignet ist und bei optimaler Auswahl der
Reaktionsparameter die Umwandlung sich im gewiinschten MaB erreichen lafit.
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4HPI/IMEHEHI/IE HWUTEBOI'O PEAKTOPA, MME FOIIETO
MUKPOO0O3ATOP HOBOW KOHCTPYKLIWUU, B PEAKI_II/I}{X HI/ITPOBAHI/I}I

- M. Cabo, JI. Mecapow, 3. BayMan

IIpH WCCENOBAHMH TEXHOIOTHH XMMHUHYECKHX ITPONECCOB pa3paboTaHa CEPHA DEaKTOpOB
HOBOTO THIA. OMUCAHHBIN B OAHHOK paGoTe HHTEBOU PEAKTOP, ABIACTCA OFHMM U3 IIPENCTABHTE-
el 9TOk ceprr. DTOT MAKPOPeakTOp GeCuPEPEIBROTO NeHCTBAS NPATONEH IUTA noyydenns 0,5—2 r.
BeliecTBa B yac, KOMIOHEHTH! PEAKIHE MPUXOAST B CONPEKOCHOBEHAE HA IOBEPXHOCTH HATH B 06-
pasyloluelicsi TOHKOM IUICHKS. PeakTop HPHTOJiGH JUIA TPOBEACHHS FETEPOTEHHBLIX (HH3MYECKAX
¥ XAMMYECKHX MPOUECCOB B MEHKpOpasmepax. B manroO# paGoTe paccMOTPEHO NPHMEHEHHE pea-.
TOpa B NpPOLECCE HATPOBAHUA,






VERWENDUNG DER FADENCHROMATOGRAPHIE
ZUR TRENNUNG VON “C- UND *H-MARKIERTEN VERBINDUNGEN

Von

F. SIROKMAN, E. KOVES, M. SZABO und L. MESZAROS

Institut fiir Radiochemie, Pflanzenphysiologic und Angewendte Chemie
der Attila-Jozsef-Universitét, Szeged

(Eingegangen am 2. Mdrz 1974)

Auf Glasplatten mit verschieden groBen Trogmulden gelang die Trennung eines Konjugates
aus “C-markierten Indol-3-Essigsdure-Metaboliten und °H-markierter Asparaginsiure mittels
Silikagel-Fadenchromatographie. Bei Trennung eines Materialgemisches von 1 ug war autoradio-
graphisch eine Aktivitdt von 10~4 uCi nachweisbar.

Das Ziel der Entwicklung der Materialisolierungsmethoden ist, einerseits die
Trennung verschiedener Verbindungen-auch im Falle von chemisch geringfiigig
erscheindenden Unterschieden immer wirksamer zu gestalten, anderseits durch
mikroanalytische Methoden auch den Nachweis und die Trennung geringster
Materialmengen zu ermoglichen. Die benutzten Methoden sind oft einfach and
genau. Das als Fadenchromatographie bezéichnete Verfahren hat-erstmalig EDSTROM
[1] fir fadenelektrophoretische . Zwecke verwandt. MEszArRos und MESZAROS [2]
arbeiteten ein Verfahren aus, das die chromatographische Trennung geringster
Mengen verschiedener Stoffe gestattet. Die Verfasser stellten verschiedene Triger-
faden her, teils indem sie auf Glasplatten parallele Rinnen ausétzten und diese mit
dem entsprechenden Reagens bzw. mit der festen Phase beschickten. Als eine weitere
Moglichkeit zur Ausgestaltung der Trigerfiden beschreiben sie die Anwendung
von zwischen Glasrahmen gespannten Fiden aus verschiedenem Material (Glas,
Polyester usw.), mit dem Triger versehen, oder u.U. auch ohne Tréger [3].

Mit Hilfe der Fadenchromatographie liBt sich die Trennung kleiner Material-
mengen, u. zw. nach Literaturangaben [4—6] bis zu 1—5 pg herab, erreichen. Die
Anwendbarkeit der Methoden haben wir im Falle von radioaktiv markierten Ver-
bindungen untersucht. Es wurden Glasplatten mit Rinnen verschiedener GroBe
benutzt, in denen das geeignete Adsorbent mit den bei der Diinnschichtchroma-
- tographie iiblichen Methoden angewandt wurde. Die kleinsten trennbaren Isotopen-
Konzentrationen wurden mittels der autoradiographischen Roéntgen-Filmtechnik
kontrolliert. Im Falle der 3H-markierten Verbindungen beniitzten wir die Methode
von LUTHI und WASsER [7], wonach Silikagel und Anthracen zuvor in einem Gemisch

von 1:1 homogenisiert und als Adsorbent verwendet wird. Um die Verteilung des
" Materials am Faden zu verfolgen, verwandten wir zuerst einen Packard’schen Tricarb-
" Chromatogramm-Scanner, doch erwies sich zur Messung der kleinen Aktiyititen die
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Autoradiographie als empfindlicher. Bessere Resultate waren durch Eluierung
und Fliissigkeits-Scintillationsmessung der aktiven Flecken zu erreichen.

Bei Benutzung der autoradiograpischen MeBtechnik ergab sich die Nach-
weisbarkeitsgrenze zu 4 - 10~4 pCi. Zur Bestimmung wurden Serien von C-markier-
ter Verbindungen mit bekannter Aktivitit bei einwochiger Expositionsdauer beniitzt.
Bei der Anwendung markierter Verbindungen mit hoher spezifischer Aktivitit
war aufgrund der Nachweisgrenzen-Aktivitit das Separieren und der Nachweis
von Mengen bis zu etwa 10~° g méglich.

Die Anwendbarkeit des Verfahrens in biologischen Systemen wurde mittels
der Trennung der Metabolite der 2-14C-Indol-3-essigsdure aus pflanzlichem Ma-
terial gepriift. In fritheren Untersuchungen mit Papier- und Diinnschichtchroma-
tographie [8] gelang uns mit gréBeren Materialmengen nur der Nachweis von
insgesamt drei radioaktiven Metaboliten, wihrend mit der Fadenchromatographie
fiinf Stoffe mit R -Werten von 0,07, 0,35, 0,36, 0,75 bzw. 0,80 zu unterscheiden
waren. Die Methode ist somit nicht nur von groBerer Empfindlichkeit, sondern
sichert auch eine bessere Trennung als die Papier- bzw. die Dunnschltchchroma--
tographie.

In weiteren Versuchen wurden Pflanzenbestandteile mit 3H-Asparagmsaure
inkubiert. Bei der Fadenchromatographie der Metabolite gelang es, das in vivo
entstandene Konjugat der Indol-3-essigsdure und der Asparaginsiure, die radio-
aktive Indol-3-acetyl-asparaginsiure, nachzuweisen, was mit der Diinnschicht-
chromatographie nicht zu erreichen war.
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NMPUMEHEHWE OUEBPUIUISIPHON XPOMATOI PAOGUU
A PA3BJENEHUA BEWECTB MEYEHBIX “C U *H

D, Iﬂypomtan, E.. Kesew, M. Cabo, JI. Mecapow

C npEMeReEMeM CHJIMKArelbHOM GuOpHISpHO# XpoMaTorpaduu ynanoch NPOBECTH pasl-
eJIEHAEe CMECH HHIOJ-3-YKCYCHOKHCIIBIX MeTaGOoMTOB M aclaparmHOBOM KHCIOTHI, MEMEHBIX
4Cum 2H coorBercTBenHo. [IpaMeHsss cMecn BelllecTB B KoimyecTse 1 ug, aBropagmorpadwieckn
MOXHO 6bU10 00HApYX)HTH 10~% LCi.
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