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'MULTIPLE SCATTERING X« TREATMENT OF SCATTERING
STATES OF CLUSTERS
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Institute of Theoretical Physics, Attila J6zsef University, Szeged

and

. B.VASVARI
Central Research Institute for Physics, Budapest

{ Received February 1, 1976)

The multiple scattering Xa method seems to be an appropriate tool to handle scattering states
of clusters. We formulate the solution of the scattering problem in the language-used by Johnson
to determine bound states of clusters.

, The Xo potential approximation combined with the multiple scattering method
has turned out to be a very effective and successful computational scheme in determin-
_ ing bound states of polyatomic molecules [1]. JouN and ZiscHE [2, 3] have shown
how to treat scattering states of clusters by this multiple scattering (MS) method,
but the equations they derived can be applied only for potentials constant outside
the — not necessarily spherically symmetric — muffin tin regions (no Watson sphere).
This restriction, however, can be removed as DiLL and DEHMER and ZIESCHE have:
recently pointed out [4, 5. We want to show in this paper, that with a slight modi-
fication of the existing computer programs [6] phase shifts of clusters with Watson
sphere can be determined. Note that the method of JoHNSON and ‘that of Joun and
ZIESCHE are equivalent.

First we summarize the MS method in the muffin tin approximation [1]. The
space is partitioned into regions of three types:

(D Atomic region, consisting of atomic spheres containing an atomic nucleus
-at their center R (p 1,2, ..., N). In the p-th atomic sphere of radius
b, the potential ¥, is taken to be spherlcally symmetric..

"(II) Outer region, defined by |F—R,|=b,, where b, is the radius of the _so
called Watson sphere contalnmg the atomic region and centered at R,.
The potent1a] V, in this region is spherically symmetric.

(ID) Interatomic region, bounded by regions (I) and (III). In this reglon the

volume averaged potentla] is

1%
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The one-electron wave functions of the cluster are the solutlons of the
Schrédinger equation ]
[A+k2—V(@HW =0 ¢))

where k2=F and V(F) is the spherically or volume averaged cluster potential.
Within the p-th atomic sphere the solution can be expanded into partial waves

Yr(F,) = %’ CERP(k; rp)YL(7,) _ ©O=r,=b) )]
where FP=F—R°,,, L=(l, m) énd the functions R,” are solutions of the radial equation
1 d ,2 d +I(l+1)

7 dr

These solutions can be obtained by outward numerical integration as they
must be regular at the center r=0. In the outer region the cluster wave-functions
can be written in the form

YO (Fo) = g Dy R} (k:" ro) YL (Fo) (bo=r0) 4

+VP(r)— kz]R"(k r)-O 3

where 7#,=F—R,, and the functions R{ satisfy the radial-equation (3), but with

Vy(r) instead of V,(r). For bound states the functions Rf must decay exponentially

at large distances, so that R} can be generated by inward numerical integration.
In the interatomic region we can write the solution of Eq(1) in the form

Yul) = 2 Z' ALF ey Yo () + 2 Bo-’:(%'o) Y@ )]
where % =V|E—V| and _
' {k,l,E<I7. ' i,E<V
1= n,,E>I7’ '={jI,E>V (6)

(Here we have used Bessel functions jj, n;, i, ki, as they were used in [1].)
Requiring the continuity of the wave functions and their first derivatives,
we are led to a system of linear homogeneous equations [1]:

2 Z [T-Y(E)IfE- A+ Z SPy (E)BY. =0
2 ZS%'AE"F 25LL'[8 (E)-1BY, =0 -
in which [T~ I(E)]ZL' = 0pp O [P (E) 1+ (1 ~ pp)fo (E)

M

_ [F, Rl s R, .
#® =g rn  TO=1m L

GY¥(E) = 47r2's( " L, L3 E)I;o(L, L')F1n(%R,) Yio (R )

Sty (E) = 4n Z' s(L", L, L'; E)lio(L, L)y (eRp)) Y- (R,)
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: ' , , (=), E<V
Here : | s(L”,L,L"; E) = - ,,_,.’ E=TV

Ui, R, —[Jz( N ﬂ';fr)],

R, =R,—R,; R,=R,—R,

=b,

and ;. (L L’) are the. Gaunt integrals. The cont1nu1ty requires also
= (xb26,(E)[J;, R),,) " AF - {( Y+ E<V g
L—( w0y (E) (i, Riley) B o) = E>v ®
These equations have been programmed and used very efficiently in SCF
calculations treating localized electronic charge distribution of clusters [1].
In the case of scattering states (E=0), the only difference is in the boundary
conditions satisfied by the functions R} at large distances. If the potential Vy(r,)

tends to zero sufficiently rapidly as r, tends to infinity, or, to be more definite, ¥,
vanishes outside a sphere of radius R

Vo(ro) = 0 ro>R>bo

DemMkov and Rupakov [7] have shown that the asymptotlc behaviour of the solution
of Eq. (1) can be characterised by the formula -

Y@ ~ <) ~ 3 Dililkro) —tg bmkold (o) O
where 6 is the phase shift of the cluster. It can be seen, that the appropnate solutlon

of the radial equation (3) in region r,=R is -

’ Ri(ro) = ji(kro)—tg & m(kro), _ 10
and in-region by=r=R ’ , 4

RY(ry) = uy(ry)—tgé v,(ro) by=ry=R, o an

where u(r) and v/r) are determined by inward numerlcal 1ntegrat10n with the
following starting values at ro=R:
. w(R) = ji(kR), u(R) = n(kR),
duy .~ dji(kR) “dv . dny(kr)
dr (R) = dr |er, dr (R) = dr |-z ~

Because the phase shift & enters Eq.(7) via

[, (xr), Rils, - (), wls,— tg d[m, vils,
UiGer), Ry Lits tilog— t8 0Ljts vilsy ~
the secular determinant with constant energy E will not be zero except at certain

values &, of the phase shift. So we obtain a set of solutions {4f,, Bf;}, corresponding
to &,. In this way the solutions ¥, of Eq. (1) can be obtained. Knowing the eigen

&(E, 0 = (12)
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phase shifts 61 and amplitudes DY, we can express for example the scattering
amplitude of the cluster [7]:

Sl R) = 5 3 @ D AR E),

where : : o
40 = o5 2 (~)DLY®) |

We hope that the little modification of existing computer programs needed
to get phase shifts J;, allows to treat with this method physical problems in which
scattering states are of importance. ‘
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WCCIEAOBAHUE CBOBOJHBIX COCTOSHUI KIIACTEPOB
METOJIOM MHOI'OKPATHOI'O PACCESIHUA

H. K. Jvemanm, M. I'. Beneouxm, I'. Ilann u B. Bawsapu
MeroR MHOFOKPAaTHOTO p_aecemx'BMecre ¢ MerooM X, IpeICTaBIIA€TCH NPHIOLHBIM IJIst

HCCNEAOBAHAA CBOGOMHEIX COCTOSHEM KIIACTepoB, Mul chopMymapoBasta npobneMsl paccesHAs HA
AI3bIKEe MPAMEHCHABIM JDROHCOHOM JJisi ONPE/IENIeHrs: CBA3AHHBIX COCTOANMM KITaCTePOB.



INTEGRAL EXPRESSIONS FOR (nl|n’l') WITH n, n’ =3, 4

~ By
'V. MARAZ
Instntute of Theoretical Physics, Attila J Ozsef Umvers1ty,

Szeged
( Received February 1, 1976)

In this paper we give integral expressxons for overlap integrals (nl|n’l’) with n, n’=3, 4 using
SLATER type orbitals for 3d, 4s and 4p atomic orbitals and an approxnmate function for the radial
part of 45 and 4p .

In LCAO—MO calculations on polynuclear complexes of transition metal
ions have to be calculated overlap integrals between 2s, 2p, 3d, 4s and 4p atomic
orbitals, From these integrals the expressions of (nljn’t) with n=2,3,4; n"'=2,3
are available in literature [1-4] but expressions of the other integrals — to our
knowledge — have not been published until now. As these integrals are important
in theoretical investigations of polynuclear complexes and similar molecular problems,
we give in the following expressions for these integrals using SLATER type orbitals.

The calculation of overlap integrals

The radial part of SLATER type orbitals is of the form

a*=1, ,—
r e,

where
Z—o

T hray’

n* is the effective principal quantum number and Z—o¢ is the effectlve nuclear

charge. If the pr1n01pal quantum number is n=1,2, 3,4, ..., n* has the following
values: n*=1,2,3;3.7,.... The constant « can be determined with the help of
SLATER’s rules

The overlap integrals of the real SLATER type orbltals can be divided into three
classes:

. 1. The overlap integrals (nljn’l’) with n= 2 3; n’'=2,3 can be calculated in
elliptical coordinates (u, v, @) defined by

Lr+r v_"*"' e,
pE—m V=g =0
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where 1=p=oc, —1=v=1, 0=¢p=2r and the meaning of r,r’, ¢ and R can be
seen in Fig. 1 (the coordinate system (2) is left-handed).

In these elliptical coordinates the overlap integrals (34, 2s), (34, 2p) and (34, 3d)
"can be expressed by the integrals

A@) = [ predy
1

1
B,(b) = f Ve tdy

where a=% (a+p), b—— (x~p) and a, f are orbital exponents. The values of A (a)

and B,(b) for various a and b can be found for example in [5] but it is inconvenient

x v X
A v 4

(1) AR (2)

Fig. I

to use this table in practice. It seems more practical to calculate these integrals
with the help of the following recurrence relations:

1 -a
An = ;[nAn-l'I“e ],

= $IB, s+ (~ 1yt —e7).

2. The overlap integrals (nl|n’l") with n=4; .n’=2, 3 can be expressed with
the help of integrals

! r
Tl =EUER e =g,
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where x = aR, y = R and

. yix o :
mlyxx)t= [ retd, I@= [ e
0 0

For the calculation of these integrals it is necessary to know the values of the
mcomplete I'-function, which are available in [6].

3. The overlap integrals (nl/n’l") with n, n’=4 cannot be expressed by any
closed forrulas. For this reason we approx1mated the radial part of 4s and 4p
by the function :

ckrk‘e—z’r

lp:

e

where ¢-s and o« are constants. These constants can be determlned in various
ways, for example under the condition

J@=Iyav=min
From this eondltlon for ¢-s (if a"=0a,,), we get for the Co atom the followmg results:
¢; =—0.047 530 507,
c; = 0.360 145 640,
s = 0.728 294 860,
s =—0.041 616 865.

Naturally the coefficients ¢,-s depend on «. We intend to determine these ¢,-s and
a’ for all transition elements.
Using the approximate function, the overlap integrals (4s, 4s), (4s, 4p), (4p, 4p) »
as well as (nljn’l") with n=4; n’=2, 3 can already be expressed with integrals A,,(a)
and B (b) .

Expressions. for integrals

L (dey, 3dey) = Gdya_2s 3dya_0) =
1 (ab 3.5 . .
= 5155 {AsBo=2A,By+Ac By —2A, Bo+3A.By—A B+

+Ag Bo— 3A, By+2A, By— A By +2A, B, — A, By}
2 (Bdens 3de) = (d,, 3d,) = '
2 (ab)®* -
3 128
3. (3ds, 3d) =

1 (ab)?®
=318 —~—— {ABo~6A B, +9A; B, —6A, Ba +3A,B;~9A;Bs+

{—A¢B;+AsBy+ABo—A B —A; Bo+A; By + AyB,— Ay By}

+9A,By—3A; B, +6A;B; —9A,B; +6A,B; —A, B}
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1.7 4.2
30407 x5 <
X e*[(360— 360x+ 192x2 — T2x% + 24x* —8x5) {G(4.7|y + x) —
~I(3.Tly+x)} +(360x — 36032 + 192x% — T2x4 + 2435) {G (5. 7|y + %) —
—1(4. 7]y +x)}+(144x3 — 14433+ T2x4 — 24x%) {G(6.Tly +x) =
—X(5.Tly+x)} +(24x* —24x4 +8x%) {G(1.7ly +x)—1(6.7ly+ )} +
A+~ *[(360+360x +192x3 + T2x% + 24x4 + 8x%) {I(3.7]y —x) ~
—G(8.7)y+x)} — (360x + 36053+ 1923 + T2xA + 24x5) {1(4.7]y — %)+
+G(5.Tly+ X))+ (144x* + 144x3 +-T2x4 +2455) {1(5. T}y —x) —
~G(6.Tly+x)) ~ (2433 +24x4 +8x9) {1(6.7ly — ) + G (1. Tly + D)}]

. 2]-7 yai.ﬂ
(49 3. = (py, 30 = s Lo

X {E* (720 ~T20x 4+ 31252 — 723+ 8x%) {27y + D~ G B.Tly+ D)} +
£ (720% —720x8 -+ 31258 = T2x4 4+ 88) {I(3.Tiy+ %)~ G (@ Tly+ 0} +
+(3122 — 31225+ 128x4 — 248) {I(4.Tly+x)— G 5. T\y+ 0} +
+(T238 = T2+ 2455 {I(5. 71y +x) ~ G(6. Ty + )} +
+(8x4—8x%) {I(6.7ly+ )~ G(1.Tly+ )]+ |

e F[(T20+T20x 4 3125+ T2 +8x8) {G BTy +x)—[(2.Tly —x)}+
+(720x+720x%+ 31220 + T2 +85%) {G (4. 7|y + )+ 13|y — )} +
+ (312504 312004+ 12854+ 2429) {G(5. Ty + )~ 1471y -0} +
(126720 424x5) {G(6.Ty+ 9 +1G.Tly— %)} +

(4s,3d,5) =

+(8x24+8x%) {G(1.7ly+x)-1(6.7y—-0} e
}/3_ 907 4.2
4p,,3d ) = T‘(7_4T)0—5!XT5'

x{e*[(15120 — 15120+ 7440x2 — 24003+ 57634 — 11235+ 16x) {1(2.7)y +x) —
—G(3.Tly+x)}+(15120x — 15120x + 74403 — 2400x* + 5765 — 11258 +
+16x7) {I(3.7ly+%) — G (4.7|y +x)} +(6480x2 — 648033 + 3168x4 —

— 10085 +240x° — 48x7) {I(4.7|y+%)— G (5.7l y+x)} +(1440x% —
— 144024 1 688x5 — 208x3+46x7) {I(5.7)y+x) ~ G(6.T[y+ )} +
+(144x4 — 14455 + 6428 —1627) {1(6.T]y+0) —G (7. 7ly+ 0} +

e~ *[(15120+ 15120x+ 74402 + 2400x" + 57634 + 1128 + 16x%) {G 3.7}y + )~

—1(2.7)y — x)}+ (15120x + 15120x% + 7440x® +2400x% + 576 x5 + 112x° +
+16x7) {G(4.7ly +x) +1(3.7)y — x)} +(6480x2 +6480x3 + 3168x* +
+1008x* +240x% +48x7) {G(5.7)y +x) —1(4.7|y — x)} + (1440x3 +
+ 1440x* + 6885 + 2088 +46x7) {G(6.7ly+x)+1(5.Tly— x)} +

(14437 + 14435 + 6438+ 16x7) {G (7. 7]y +x) —1(6.7ly —x)}]
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R)®
(4s, 4;) =2z (—2—) Ny (@) Ny, (B)X
X{a1b1[AsBy —2A,B; + AgBy] +

R ' ' :
a6y [AvBo—AuBy 285 By +2A1By+ A By~ Aoyl

<

R)? '
+a1b3 (?J [AQBO—2A5Bl—A4B2+AaBa_A2B4—2A1B5+AoBQ]+
. R 3 ) : . A . .
+ayby (7) '[AvBo—3A6B1+A5Bz+5AaBa—5A3BA—AsBu+3A1Be"AoB1]+_

. R - . o
+a2b1—2—[A5B0+A4Bl—2A3B2—2A2B3+A1B4+A0B,]+

Ry - ’
+azby (7) [AsBo —3A, By -+ 3A, B, — Ao Bl +

" [ R} N .
+a, by [—2—-) [A;By—~A¢B:—3A;By+3A,B;+3A;B,—3A;B; —A; By + A, B;] +
R4 ’ o -
+a,by (7) [AsBy —2A; B, —2A4B; +6A;B; —6A; By +2A, By +2A, B, — Ao Bgl +
. Ry . .
+agh, (7) [A;Be+2A;B; —A;B; —4A;B; — Ay B, +2A;, By + Ag Bl +
R s ) . . ‘V N
+azb, (7) [A;Bo+AgB, ~3A; By — 3A, By +3A, By +3A,B; — A By — Ay Byl +
) R\ . |
+azbs (—2—) [Aq By —4AB;+6A,B;—4A, By + Ay Bg]+
R 5 ’ . .
+azby (—;) [AyBo —AgB; —4A; B3 +4A; By +6A; By —6A,B; —4A; B +4A,B; +

Bs — A, Bg] + )
3 . .
[A;Bo+3A¢B;+As; By —5ABs—5A; B+ A B + 3Aqu+AoB7] +

. -
[AsBo+2A,B, —2A4B, —6A; Bs+6A;Bs+2A;B; —2A,B; —A Bl +

St m—

NERIERIEES

e

. _ , N
[AyBy+As B, —4A, B, —4A,B; +6A; By +6A,B;—4A; B, —4A, B, +
A.Bg+AoB]+ '

+ :
2
NS

fo— ——

R\¢ ' .
+a,by (—2—) [A10Bo—5A¢B; +10A, By~ 10A, Bs +5A, By — Ao Byl}

R\?%
(45, 4p,) = 2n [7) Nuw@N,,_(B)X

X {a;bl[—AgBl‘*‘AaBe—A3B3+A3B1+A2B3—A1B3+A13J+
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R
+a,b, ? [—AsBi+A;By+2A;B;—2A; B, —A; B+ Ao B,] +

. R i
-*—alba[ )[ A5B1+A5B0+A5Bg—A.Bl+2A4B3 2A;B3—2A3B,+

+2AsBa—AsB5+A1B4+A1Bs”Aons]'*'
R

+a,b.( )[ A;By+AgBy+2A¢B; —2A;B; +A B, — A, B; —4A B, +4A,; By +
+A3B5—A2B4+2A2B5—2A1B5—A1B,+A.,B.]+

+a2bl [ A5 B1+A‘ Bo 2A4 B2+2A3B1+2A2 B4 2A1 B3+A1B5 _AO B4]+

+axb, (?) [—A6B1+AEBO —AsBy+A¢B1+2A,B; —2A;B;+2A; B, —2A, Bs — A, B, +
+A1B.—A1B3.+A0B5]+

R ) .
+a2b8( )[ A7B1+A6Bu+3A5B3 3A;By—-3A;B;+3A:B,+A, B, —A Byl +

+a,b.(R)[ ABy+A,Bo+AyBy— A By+3A, By — 34, B,— 3A, B, +
+3A,By—3A,Bs+3Ag By-+ 385 Bg — 34, By + A, B, — A, By— A, By + Ao By +
+a3b,[R][ AgBy+AsBo—3A; By+3A,B, —2A, By +2A, B, + 24, B,— 24, By -
A +3A,Bs—3A,B.+AlB.,—A01§;,]+ :
+a3b2(R][ A;By+A;Bo—2A,By+2As B, + Ay By— A, B, +4A, B, —4A, By +
+ A By~ Ay By —2A, Bo+ 24, By— A; By-+ A, By + AoBil +
+aabs[R][ AsBi+A,By— A,B2+A3B1+3A5B3—3A5B2+3A5B;—3A‘B3—3A.B,+
+3A3B,—3A3B,+3A2B5+A,B,—A,Bs—-AoB-,]+ '
+a3b4(R)[ A,B,+A,Bo+4A.,B3 4AB,—6A;By+6A,B,+4A,B,—4A, B, —
~ABy+ AoBil
+a.b1(RJ[ A;B,+A By—4A,B,+4A, B, — 5As B+ SA By -+ 5A, B; — 5A, B, +4A, B, —
—4A,B;+A;B,—A,By] +
R
+ayby [7] [—AsBy+A; By—3A, B, +3A0 By — AgBa Ac Ba-+ 5A.By— SA, B+

+5A‘B5_SAaB‘—A3B3+A3B5"3A3B1+3A1B5_AIBQ+A0B7]+
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+a.b,(R)[ — AyBi+ AgBo—2A, By + 2, By + 2A, By —2A,By +6A, B, ~ -6A4By~6A.Bo-+
+6A3By—2A4By +2A1By-+ 24, By ~2A1Br +ArBy— AgByl +

+a4b.(R)[ AroBa-+AuBo—AvBy-+AsBy +4A By —4A; By +4A, By —4A, By—6A, By +
+6A5By—6A,By+6A, By +4A,B, ~4A; By+4A,B, —4A, B, ~ A, By+ '

+A1 By — A1AB10 ‘_"AéBol}

2
X {@151[A4Bo— AyBy — A3 Bo-+ AsBe+ Ao By — AgBd +

RY® ' .
(4px, 4px = (4py, 4py) = Tt[—) N4ﬂx(a)N4px(ﬁ)X

+alba§[A5B°—AgBa—A4BI+A4B3—‘-AsBo+A3B4+A2B1—A2B5+A1Bg—
o ABi—AsBy+AoBil+ o

+a1b,(R) [Ae¢By— AQB,—ZAsBx+2A5B3—A4Bo+A‘Bg+2A3Bl—ZASBS—AgB“f-
+AgBy—2A, By 24, By + AgBy— Ao Bl +

‘+a1b.(R] [ArBo—ArBy—~3A¢By-+ 3 B — Ay Bo-+ 3A; By~ 24, By + 3A,By ~ ABy -

—2A;Bs —2A;By—AyB,+3A;B;—2A; B3 +3A, B; — A B, +3A, B, -
—3A,B;+AyB,]+ )

+a2b1 A5Bo A;By+A;B; —AB;—AsBy+AsB— A3B1+A3B5
+A;B;—A,B,+A;B; —A¢B;] +
R : .
+azba[ )[AeBo A¢Ba—A;Bo—~A;Ba+2AB+2A:B;—A; By —A;B, -
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Ry . .
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'—AIB.+A,B,+A0B5_—A'0B,]+

R : : 4
+asb¢ [ ] [AgBo AsBz—'2A7B1+2A7B3—A3B0+A6B4+2A5B1+2A5B3_

—4A5B5+A4B,-—2A4B4+A4B6—4A3B3+2A3B5+2A3B-,'—I-A2B4—
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RY? :
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INTEGRAL EXPRESSIONS FOR (ol| 01"y WITH n,n’=3,4 15

+2A3By Ay B, —3A, By + Ao Bs] +

R . . .
© 4ab, -E- [—As;B:—A;Bs+AgBy+A3B —A; B, —AgB; + Ay By + A3 By +
Ry .
+azbs |— [ A6B2+A4B0+2A4B4 2A;B: —A; B +A B+
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+2A4By+ Ay B, + A, By—Ag Byl +
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R
+a3ba( )[ A3B2+AGB0+3A6B,, 3A B, —3A,Bs+3A: B+ Ay Bg — Ay Bgl +
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The electronic absorption spectra of mixtures of lysozyme and triton X—100 are additive, those
.of albumin and triton are non-additive in the concentration range of 2.10-¢—8.10-* M protein and
'2.10—%—8.10~% M detergent. In both cases there is an overlap of absorption and fluorescence spectra
which leads to transfer of electronic excitation from the detergent to the protein. The dependence
of transfer frequency on the distance (R) follows an R~¢-law for the transfer from triton: to lysozyme
and an R—%-law for the other case. The activity of lysozyme increases by about 60% in the presence
‘of triton. ) . .

Introduction

Photochemical processes of photosynthesis are often investigated on chloroplast
fractions obtained by treating.chloroplast suspensions with detergents [1—3]. The
sizes and properties of the particles forming the fractions depend highly on the
characteristics of the detergent and on its concentration. The absorption of light
at 280 nm ‘in these systems is often measured in order to deteriine their protein
contents [3). However, this method can only be applied if the detergents used for
- the treatment have no absorption at 280 nm. In general, this is not the case, e.g.

triton X——100 has two bands, at 275 nm and 285 nm [4].

The detergents may interact with the partlcle fractions and may even be in-
corporated [3], leading to changes in their properties. To permit conclusions concern-
ing the true properties of the particles, the interactions between detergents and
proteins and those between detergents and pigments have to be known..

Interactions between pigments and detergents have been investigated by several
authors [5—7], and the results provide a broad outline of these interactions. Inter-

actions between proteins and detergents have also been investigated for a long
_time, but a comprehensive picture of these interactions has still not been obtained.
.The effects caused by detergents have been studied by measuring the absorption
[8, 9] and fluorescence [9, 10}, if the detergent has no absorption and fluorescence
in the wavelength range of the proteins. However, if protein and detergent absorb in
the same wavelength range, but the maximum of the detergent fluorescence lies at a
shorter wave than that of the protein excitation, energy transfer from the detergent
. to the protein becomes possible in mixed solutions. The transfer efficiency depends
on the distance (concentration of the components). This dependence may render it
. possible to characterize the interaction between the proteins and detergents. The
aim of this paper is to study the action of triton X—100 on lysozyme and albumin.

2
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Materials and methods

The hen ovalbumine lysozyme was a lyophilized, three times crystallized comm-
ercial product (Nutritional Biochemical Corporation, Cleveland). Its activity was
6000—10 000 unit/mg. The human serum albumin (Reanal) and Micrococcus lyso-
deikticus (Worthington Biochemical Corporation, Freehold, New Jersey) used as
substrate for-activity measurements were also commercial products. Triton X—100
(Rohm and Haas, Co.) is a non-ionic detergent; its micelles are formed by about
100 molecules [11], and its critical micelle concentration (c.m.c.) is 3-107%M [4].
The protein and detergent were dissolved in phosphate buffer of pH =7. The concentra-
tions of albumin, lysozyme and triton X—100 solutions were varied from 2-10-%M
to 8-107*M, from 2-107%M to 6-107*M and from 2-10"°M to 8-1073M,
respectively. In all mixed solutions the concentration of triton X—100 was 10 times
greater than that of the proteins.

The absorption and fluorescence spectra- were measured w1th an Optica Milano
CF4DR recording spectrophotometer and a Perkm—Elmer MPF—3, spectro-
fluorimeter, respectively. The fluorescence spectra were corrected for the reabsorption
of fluorescence and for the spectral sensitivity of the detector [12]. The layer thickness
was selected after BUD(’) and KETSKEMETY [13] so that the secondary ﬂuorescence
was negligible.

The activity of lysozyme was measured spectrophotometrically with a method
by SHUGAR [14].

The absolute quantum yields were determlned after Domsr [15], allowance
being made, however, for the different geometry.

Results and discussion

- Absorption spectra. Fig. 1 shows that in a mixture of lysozyme and triton the

absorption of the mixed solution is the sum of the absorptions of the components,
while in a mixture of albumin and triton the additivity does not hold in the short-
wave region of absorption. This suggests the existence of some interaction between
albumin and triton. This behavior was independent of the concentration in the
‘range studied.

Fluorescence spectra. The relative absorption and fluorescence spectra of
lysozyme and triton are presented in Fig. 2. There is a comparatively strong overlap
(shaded area) between the fluorescence spectrum of triton and the absorption
spectrum of lysozyme. A similar overlap occurs in the case of albumin and triton.
This overlap permits the transfer of exmtatlon energy from triton to lysozyme or
albumin.

Fig. 3 shows the spectral distribution of the fluorescence of a mlxture of lysozyme
and triten and that of the components in arbltrary units. It can be seen that the

. lintensity of the fluorescence of triton at 305 nm is decreased in the mixture; in

other words, the fluorescence spectra are not additive. The same applies in the Case
of albumin and triton. This indicates that the excitation energy is partly transferred
to the proteins (acceptors) from the detergent (domor). In order to determine the
. transfer efficiency, the expected contribution of the ﬁuorescence of the components
to the total fluorescence must be considered. : :
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Determination of the-transfer efficiency. A relation between the quantum distri-
bution function f(1) of the fluorescence of a mixed solution consisting of two
components and the quantum distribution spectra of the fluorescence of the compo-
nents, f(2") and f,(1"), i is known for the case when there is no energy transfer between

the components:
PANA Dy (l) +/f2(Dk, (/1)'12 A
: /gl D (D) + ke (Dn2(2) ’

where k;(4) and #,(4), and k,(1) and 5,(%) are the absorption coefficients and the
absolute quantum yields of the first and the second component, respectively, at the
excntmg wavelength A[15]. .

M

S =

;| —-—510 M Lysozyme
10 '_1 AN | - 510 M Triton X-100

S 510 M. Lysozyme+
f(?\)m 510° M Triton X-100

T

0.5

300 Anm)— 400

F1g3_'

i In Fig. 4 the calculated and measured funct1ons f(l’) are plotted for mixed
solutions containing albumin-triton (Fig. 4b) and lysozyme-tnton (Fig. 4a). The

difference between the calculated and measured spectra is related to the energy . -

transfei.
The efficiency of transfer is given by the general relation [16]

(Ro/RY
(R/RY +1°

-~ where j is the exponent of the distance-dependence (if j=6, the interaction is of -
inductive resonance type), R is the distance between the molecules, and R, is the -
critical distance, at which the probability: of transfer is equal to that of radiative
deactivation of the primarily excited molecule.

7= NS
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" From data obtained experimentélly'
T D~ L) ~ I (A .
S L ()~ In(l)

kA (;I'exc

where L...(%), In(%) and I,(%) are the fluorescence intensities (corrected for reabsorp-
tion) of the mixture and solutions containing only the donor molecule and acceptor

510°M Albuminy

510°M Lysozyme +
510° M Triton X100

‘510°M Triton X100
—measured f{A) | . —measured f;(A)
._ ‘

--calculated f(A);

20

£ (A0’

10F- |

300 A(hm)— 400 300 Alnm)— 400
A b. =
Fig. 4

molecule, respectively; A denotes the wavelength at the maximum of the fluorescence
kp(Aexe) and :ka(l...) -are the absorption coefficients of -

spectrum of the donor;
solutions containing only the donor and the acceptor molecules respectively; and
Aexc 1S the wavelength of excitation [17).

With values of f calculated with (3) for mixtures of different concentrations,
the function lg(f~*—1) was determined and plotted as a function of Ig R for

lysozyme-triton (Fig. 5a) and albumin-triton (Fig. 5b) systems.
The calculation of the average distance R between donor aiid acceptor molecules

can be omitted, because the ratio of these distances in solutions with different

\ = calculated fy(A). - |
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concentrations is equal to the ratio of the distances between donor molecules in
these solutions. Therefore, in Fig. 5 R is the distance between the donor molecules
in mixed solutions. R was calculated from the relationship R®*=3000/47 Nc, where
c-is the molar concentration of the pigment, and N is Avogadro’s number [12].

AlbumimTriton X100

Lysozyme+Iriton X100
2r T 2t I
lg(f*1) lg(f1)
o]
1 o o o 1r
0
o 0 o
(o I o]
O A | A - - 1 . 0 [ 1 |
15 - 20 IgR— 25 15 - 20IgR— 25 .
a. ' , " b.
Fig. 5

- At low concentrations the function 1g (f~*—1) is linear, the slope being j~5-
in the albumin-triton system (Fig. 5b). This points to the existence of a stronger
interaction than that of inductive resonance. Since albumin molecules have ‘about
5 places to bind triton molecules at a molar ratio triton:albumin=10 [8], the
_ bondings here may give the possibility for this phenomenon. In lysozyme-triton

systems . (Fig. 5a) j~6, i.e. the energy transfer takes place by inductive resonance.

At higher concentrations, above the critical micelle concentration, the number

of free detergent molecules is constant. The efficiency .of energy transfer should
increase with increasing protein concentration, if thé transfer were to take place

from free detergent molecules. This increase was, however, not observed, the efficiency

showing practically no concentration-dependence. Therefore, it has to be assumed

that the protein molecules interact with micelles, similarly as was found in the system

" of tween 20—lysozyme [10]. In Fig. 6 the ratio of the activities measured in the
presence and absence of triton is plotted as a function of the logarithmic detergent

_concentration. When a great number of micelles are present, the activity of lysozyme
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increases by about 60%. Formally we can think that the lysozyme molecule inter-
. acting with the micelles is oriented in such a way that its active part becomes more
accessible for the substrate. An alternative explanation is offered by assuming the
weakening of the f—1,4 glycoside linkages of the substrate due to..the detergent,
which would cause the lysis to become quicker.

' o
° (o]
15' : o v- : | . = | oL n
)
2
[o]
[0} - °
10r /
° 0
-5 =4, 3 2
B lgc (¢ M) —
Fig.:6
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TNEPEHOC JHETPUH DJIEKTPOHHOI'O BO3BYXAEHUS
B PACTBOPAX INPOTEMHA—JETEPTEHTA

3, Bozapu u JI. Casau

Jliia cucreMbt AM30HMM-TPETOH X—100 XapakTepHo, YTO CHEKTPHI NOATOIIEHHS aOJUTHBHBI,
Toraa Kak B ciyyae anbOymMaR-TpATOH X—100 afIMTHBHOCTE HE BRINOJIHAETCS NPH. KOHLEHTPAIMH
6emxoB 2+10~5—8-10-4M u TpuToHa 2-10-5—8-103M. B 06eux cHCTEMaX BCIICACTBHE IEPEKPHITAA
CIEKTPOB NOTJIONICHHA M (IyopecleHIMA TPOHCXOMHT Tepenada dHEPruM JIEKTPOHHOTO BO30Yyx-
IeHWsi OT TPUTOHA Ha OeJoK. 3aBACHMOCThL YTIEPEHOCA JHEPTHH OT PACCTOAHHA MOJIEKYN TPHTOHA
X—100 = Genka B pacTBOpax JM30IMMa H aJbOyMHHA OIACHIBAETCA 3aKOHOMEPHOCTHIO R~6 H

R~% cOOTBETCTBEHHO. YCTAaHOBIIEHO, YT0 (eDMEHTHASs AKTHBHOCTH .rmson;mv[a B pacTBOpax TpH-
ToHa X—100 yBesm4eBaeTCs Ha 60v, .
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A generalization of photoluminescence concentration depolarization worked out by FORsTER -
and ORE for the.case of concentration quenchmg by noniuminescent dimers was made. :

‘The obtained expression for emission anisotropy was compared with experimental results. It
was found, that the generalized FORSTER-ORE theory can be applied to a wider range of con-
centration, first of all to the case of systems with a low value of dimerization constant.

1. Introduction

In the majority of the existing theories on photoluminescence concentration.
depolarization (PLCD) of isotropic solutions, photoluminescence concentration
quenching (PLCQ) is either completely neglected or taken into account only approxi-

_mately [1—15].2

The PLCD theories which do not take self-quenching into consideration describe
the experimental results correctly only for not large concentration ranges of dye
molecules. In the range of high concentrations photoluminescence depolarization
is smaller than that predicted by these theories. The most noticeable lack of agreement
with experiment of these theories is seen in the case of the systems in which repolari-
zation takes place?. In the past attempts were made to generalize FORSTER-ORE’S
as ‘well ‘as JaBLonskI’s theories for the case of self-quenching [4-8, 13, 14, 17].
SzaLAy [6, 7] and KAwskI [5] have succeeded in obtaining a better agreement of’
the FORSTER-ORE theory with experiment by replacing the reduced concentration

y appearing in the theory by an expression of type ‘Yn(y)-7y, where 5(y) denotes.
the photoluminescence (PL) quantum yield. A procedure of this kind is, however,.
not adéquate to- the quenching mechanisms accepted at present®, because it treats.
all the forms of quenching in a summary way.

1 In [1-3] a review of the existing PLCD theories and a discussion as to the accepted sim-
plifying assumptions is presented.
- ? This phenomenon observed for the first time by FeoriLov and SVESHMKOV [16] has been
proved by SzALAY et al. [17] as well as by others [18-20]).
3 These are [22-24): (1) non-active absorpuon by non-luminescent dxmers (2) non-radiative
energy transfer from excited monomers to dimers in one or many steps; (3) excitation energy degra--
dation during its transfer between monomers.
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Let us add that the non;active absorption of exciting light by dimers does not
affect the observed PL polarization. The generalizations of the PLCD theory made
by JaBLONski, presented in [8, 17], are of similar character. The FORSTER—ORE
PLCD theory has recently been generalized by CrRAVER and Kwox [11], who in
their theory took into account the angular factor appearing in the expression for
rate constant of non-radiative excitation energy transfer and also took into account
the participation of the molecules D, and D, — the nearest neighbours of molecules
D,, primarily excited by light absorption in the process of excitation energy migration.
A generalization of the FORSTER-ORE theory for the case of PL-quenching by
dimers seems to be equally useful.. The aim of the present work is to take into
consideration the quenching conditioned by the non-radiative energy transfer from
excited monomers D* to dimers Dy both in a smgle and in several steps in the
mentioned FORSTER-ORE theory.

2. The effect of self-quenching on emission anisotropy

"Let as assume, similarly as in [13], that non-radiative energy transfer from
excited monomers to non-excited ones causes merely depolarization, while energy
transfer to dimers causes PL selfquenching. Moreover, assuming that PL self-
-quenching leading to a drop of quantum yield n/n, causes parallel changes in the
lifetime of molecules D in excited state, that is

n 7 : ' .
— =, . 1
110 To : - M

then, in conformity with PERRIN [25], changes in emission anisotropy can be
described as:

fo_yyfre_y| ~ »
1+ ]n @

‘where r, introduced by Jablonsk1 in [26], connects the em;ssxon anlsotropy (EA)'
* with the polarization degree (P) by the ‘relation

2P
=3-p . . (3),

in which r is the emission anisotropy dependent on dimer and monomer concentra-
tions ¢” and ¢’ respectively, r’ denotes (EA) dependent only on ¢’ and r, the ground
anisotropy. We assume that concentration changes in emission anisotropy r’/r,
are determined by the expression obtained by ORE [27]

v [ E@tpen(-8d @
o 2§22 o4 118} -
® (&+vp) —}vDeXp[—W] :
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and the changes of quantum vyield n/n, are described by FORSTER’s .formule (28] '
taking into account a single-step mechanism of excitation transfer:
= 1= fOn) = 1= VR exp OB U —erf ). ()

Here ¢ is the mean number of luminescent molecules in the volume of a sphere of
radius R, y, and yj, denote reduced concentrations of monomers and dimers,

~ respectively, at which .
' ﬁ ¢ . - -‘/; <" )

‘ ,{ —‘_‘L b __2_3’ . yDnv'.—_z——c_g" . (6)
where o and c0 are - critical concentrations for non—radlatlve excitation transfer
from D* to-D and from D* to Dy, respectively.

- In Fig. 1 the theoretical courses of r/r, determined by formula (2) are presented,
takmg into” account expressions (4) and (5) for ’/r, and #/n, Tespectively. The
computatxons were made for several values of the dimensionless constant o, =yp,./73,
wh1ch is connected with dimerization constant K=c"/c? by the equatlon

ZKC(;2 o .

» V—c L ‘ O
"The values of. the reduced concentrations yD and y,, were calculated for each
partlcular A, from, relatlon '

Ay =

N : vu—av, vmx—(l—a)v, L ®
-where T o .
V1+4.xf L : )
294, ) . )
7=+ Ty - (10)

* As seen from the figure, all curves for &, >0 exhibit maxima, the position of which
depends on the value of J,. Similar results [13] were obtained from an analogous ~
generalization of . JABLONsKI's' PLCD theory. In [13] we compared JABLONSKI’s

Atheory with the experimental results concerning the corcentration changes of
emission anisotropy of rhodamin 6 G in glycerln-water 'solutions and we ‘found
a good agreement of theory with experiment in the range of low and moderate
concentrations and an approximate agreement in the range of high concentratlons

A companson was made for the values of critical concentrations ¢; and c;

’

4
found on the basis of spectroscoplc 1nvest1gatlons (tiheor= ?——-1.29) and for values :
7 .

Co

¢y and ¢; (xe,p .7_—4 .75) obtained by comparmg the appropriate expenmental

results with JABLONSKI’s theoretical ~expressions® descrlblng the concentration
changes of r/ry and n/n,. The mentioned agreement of theory with experlrnent was
obtained for ., but for %, the deviations of the experimental points from the
theoretical curve in the range of high concentrations were very big. In {13] we proved
that the difference between the values ., and x., resulted from'the fact that in
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the theoretical expression for n/n, given by JABLONSKI the multi-step mechanism
of non-radiative excitation energy transfer from monomers to dimers had been

neglected.

Also Eq. (5) takes into account only .the smgle-step mechanism of energy
takes into consideration the multi-step mechanism of energy transfer. For the

transfer from D* to Dy. Recently we have worked out the PLCQ theory which

quantum yield we obtained. expressron [23]
1-f (1)

. M
Mo l—af 6) :
which in the case of y, < yp, becomes Eq (5). Substituting 1ni_§’(2) formulas C)

and (11) for r’/ry and n/y, and taking into account (8) we obtain:
2l + @)l exp(=OdE 171 1fe)
1 .' _r—af(y)' (12) 

"= 1+{[ 12
" ¢ e P (av)‘exr)[ ]
When dimers do not appear in solution (x—1), Eq. (12) becomes (4), but in the
«—~0 and rjrg—~ L )

case when yD">y,,,
In Fig. 1 the curves determined by Eq (12) for several values -of x‘ are plotted
with dashed lines. They also exhibit minima and, moreover, in the range of highest

concentrations, the higher their courses are in relation to the corresponding solid
curves, the lower is the value of . In-this figure the Forster~Ore curve corres-
ponding to X,=0 is-also plotted and in dlstmctlon from the other curves, it tends

asymptotically "to zero for y—eo.
10~
08( : e ,/'
| 06 1_"](?:10—1 ! - E_\\\’\IA ,'I‘ ,,'
T 2‘:](7:10-2 /,’ ‘:' “l
- 3-X,=107 o
) Or[‘_ [,— J{T:O 2 I,” :,’
b . .\\ —_>l\ :" ~
02] N F 3
. Nt d l,
0% 0" 1. 10 107
O _

Fig. 1. Theoretical curves of concentration

. ehanges in emission anisotropy
computed on the basis of (2), (4) and (5)

computed on the basis of (12)
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3. Compadrison with experiment and final remarks

In Fig,2 the experimental results referring to PL concentration depolarization
of the systems listed in Table I are compared with formula (2), taking into account
Eqgs. (4) and (5), and with formula (12). The best agreement of experimental results
with theory in-the range of low and moderate concentrations was-obtained for

- much higher values of #, than in the Refs. quoted in column 8 of Table 1, (comp.
columns 3 and 9) and thus for other values of constants £, c; and cg*. Table II
contains the parameter values indispensable for the comparison of theory with
experiment. Column 6 gives also the values s, ... =(¢;/¢))meor found on the basis
of spectroscopic mvestlgatlons and columns 15, 16, 17 the values x5, and x5,
obtained by comparison of the experimental results with theoretical curves. Values

of ¢; were found by comparing the experimental results r/r, with Eq. (4) and ¢j values - -

by comparing the experimental n/n, with Eq. (5) and with Eq. (11), respectlvely,
(the corresponding values are marked by ¢;* and cg**).

The' concentrations ¢y** listed in columns 12 and 13, respectively, were found E
for the values oy=1 and oc0<1 assumed in formula (11), i e. neglecting and taking
into account the PL monomer quenchings. The companson of values ., Wwith

values x%, and x%}, proves the best agreement of value Xers from columns 17 with
Hineor- THis means that correct values of ¢j.,, are obtained by comparing the experi-
mental results of n/n, not with Eq. (5) but with Eq. (11) for ay<1. Even for a,=1
expr. (11) gives more correct values of cy** than expr. (5) (comp. values Hipeor aNA
#4s from column 16). ’

Hence it can be concluded that in PL concentration quenchlng the basic
role can be ascribed to the multi-step mechanism of non-radiative excitation energy
transfer to dimers; also the mechanism of monomer quenching cannot be neglected.
From Fig. 2 we see that in the range of highest concentrations the experimental
points deviate from both the solid curves and the dashed ones in the .case of all

. the systems investigated. differing by the value of dimerization constant. -In the
mentioned range of concentrations y the solid curves determined by expressions
2), (9) and (5) lie distinctly below the experlmental results (except the case of system
IIN. A similar regularity could be found [13] in the case of the generalization of
JaBLoNskr’'s PLCD theory, the point of which was-the role of self-quenching con-
ditioned by the presence of dimers in solution. Still a further generalization of the
mentioned theory, in which both dimer and monomer quenching was taken into

account, gave better agreement with experiment chiefly in the case of systems of -

low dimerization constant value. In the case of systems with high value of ., this
agreement was slightly 1mproved It is to be expected that taking monomer self-
quenching into account in the actually discussed FORSTER~ORE' theory could bring
an analogous improvement of the agreement between theory and experiment in
the case of the results presented in Fig. 2.

The dashed curves determined by expr. (12) in which n/y, was replaced by
formula (11) lie distinctly above the experimental points.in the range of highest

4 Because J,~n51'? and co~n‘” 2. comp. also footnote 1 in [20].
5 Concrete values of ay to whxch the co** listed in-column 13 correspond have been taken
from the Refs. quoted in Table 1. - .



Table I
1 2 3 4 5 6 7 8 9 10 11 ‘ 12 13 14 15 16 17
W | m | ¢ | ¢ |xtheor| X | om | oo | edr p et cqtt | Ky | xien | xaae | %3
System - , - Ref .
P — |.1073M/L — M - 1073 M/L — — - _
1. Na-FL/GW —
Na-fluorescein in
glycerin-water C ) .
solutions 3.3 {0.88| 4.67| 3.28| 1.426| 0.065( [19] | 1.4 | 3.704| 0.13 1.25 | 3.31 [0.0004| 28.49 | 2,963 1.410
II. Na-FL/GW —
Na-fluorescein in
glycerin-water , F . ‘
. solutions 0.43(0.6 | 6.06| 4.25] 1.427]| 0.54 | [19] | 0.83] 5.15 | 0.071| 2.33 | 4.80 0.005 | 72.577( 2.211| 1.262

L Ac/GM — Acri- _
flavine in glycerin- . . .
methanol solutions [ 3.9 [0.417]10.1 [10.1 | 1 12 [20] | 0.66( 8.02 | 4.8 {10.32 | 13.28(0.14 1.67 | 0.777| 0.760

IV. R6G/GW —
Rhodamin 6 G in
glycerin-water ] : C
solutions 5.3 [0.6 347 2,68 1,29 | 11,1 | [18) | 0.82] 2.965]| 0.886| 1.99 2.9410.06 2,63 | 1.49 | 1.180

V. R6G/GE—
Rhodamin 6 G in

glycerin-ethanol . . : .
solutions | - 5.85]0,7 3.941 2.67( 1.475) 1’ [29] | 2.21] 2.22 | 0.34 1.513] 2.66|0.004 | 6.54 | 1.467| 1.479

VI. RB/GW —
Rhodamin B in
. glycerin-water
solutions 7.4 107 | 2.83] 2.221 1.276| "0.23 | [30] | 1.52{ 1.93 | 0.06 | 0.47 [ 2.10|0.0007(32.17 | 4.106 1.349

o¢
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concentrations. . In this case, taking into account the monomer quenching would
even more increase the divergence between theory and experiment.

~ An approximate descr1pt1on of the experimental results can thus be obtained
by applying expr. (5) in PERRIN’s formula (2) and takmg into account the- energy
transfer from D* to’ Dy in one step

10
081

08|

4 TV-REGIGW & |
/02| %,=006

04 1 Na-FL/GW \
2| H5=00004 \
X =3,3P
10 PR PR B
osl:
asl.

| 1ENa-FUoW
02| H+=0005
: -wz 043P

aasl 1 Py IR Y

-

(04 II-AcloW 4L VI-RBIGW
02| Kaz0l 0 %0007

FEPUY B R TU Y ST W1 S S sl

02 0t o 1 102 107 0 1

T e
Fig..2. Comparison of the generalized FORSTER—ORE
theory with experimental results; ____ and

theoretical curves determined by equations
(12) and (2), (4), (5) respectively; o are experimental
points Fig. a and b: Na-fluorescein. in glycerin-water
solutions of 3,3 P and 0,45 P viscosities, respectively;
Fig. c: acriflavine in glycerin-methanol solutions;
Fig. d: rhodamin 6 G in glycerin—water solutions;
Fig. e thodamin 6 G in glycerin—ethanol solutions;

Fig. f: rhodamin Bin glycerin—water solutions.

This is so because the migration of exc1tat10n energy in a-system of molecules
D has already been taken into .account in the expression for r’/ry appearing in (2).
‘We'should state that the generalization of the FORSTER-ORE PLCD theory for
-the case of quencing by dimers allows to apply this theory to a wider range of
concentrations, first of all to systems of low dimerization constant value. In strongly
dimerizing systems and in ranges of high concentrations this theory does not fully
describe the experimental results (there is only a qualitative agreement as to the
repolarization effect). The reasons of the mentioned disagreement can be numerous;
among others, the assumption (1) as to parallel lifetime and quantum yield changes

. ® Molecules D* can be excited both by light absorption and as a result of excitation energy transfer.
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is not generally valid, neither is the assumption of the independence of depolarization
and self-quenching process. Let us add that the PLCD theory worked out by one
of the authors [31] allows to describe correctly all the experimental results quoted
in the present work in the whole range of concentrations [18-20, 29-31].

* ¥ ¥

This work was supported by the Polish Academy of Sciences within the Project
PAN—3.2.07.
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KOHILIEHTPAUIMOHHA S HEMOISAPUSALIUA IMTOCPEACTBOM
" TIEPEHOCA 3HEPTHMU. YYET CAMOTYIIEHUA

Y. Bospcku u P. Byiixo

Hponeneﬂo o6obiuteHne TeopKH KOHIEHTPAHOHHOA HAETONAPA3ALAA Q)oromomecuemmn
paspaboranoii ®epcrepoMm u Ope, Ha CAy4ail KOHIIEHTPAUHOHHOTO  TYINEHHS HETIOMHHECIUPYEO-
muMe guMepamu. IToiyveHHOE BBIpAKEHHE A AaHA3OTPONHMH SMHECCHM CPaBHEHO C 3KCIEpHMEH-
TaJXbHEIME PE3YNbTaTaMH. "YCTaHOBNEHO, YTO Teopus Pepcrepa-Ope MOXeT OHITH IPEMEHEHA
s Gonee IMpPOKoll 00MACTH KOHIEHTpAIMH, OCOOCHHO B cnyqae CHCTEM C HH3KAM 3HaYeHHEM
KOHCTaHTHI JHMEDH3ALHM,

o LN



O IIPUPOAE (I)OTOHPOAYKTOB rEHEPI/IPYIQ-mI/IX KPACUTEJEN
J1. KO3MA, . ®APKAIL, 1. KEYKEMETH 1 M. MOJIHAP:

UHCTHTYT 3KCIIEpHMEHTAMBHOM (H3EKH YHABEPCHTETa HM. A. I‘/‘Iome(ba,_‘r. Ceren

(Mocmynuao 6 pedaxyuro 1 gebpasa 1976 2.)

B HacTosmieit paboTe npencraBiieHbl PE3yAbTaThl UCCIIEAOBAHMIA IPOBEACHHBIX IJIA U3YYEHHSN
CIIEKTPOCKOINHYECKHX CBOMCTB NPOAYKTOB hoTopeakumii ponaMAHOBBIX Kpacureneil. Ppakumn pas-
IENeHBl XpoMaTorpadhyecKiM MeTOAOM H H3MEPEHBI HX CNIEKTPbl MOTJIOIICHAS M JIFOMAHECIICHITHA.
Ha ocHOBe 3KCIIepMMEHTAJIbHBIX NAHHBIX HaAEHb! YCIOBUA BO3HUKHOBeHHS (GDOTOMPOAYKTOB M HX
BIMAHHE HA TCHEPALHIO.

B pszge paboT moKa3aHo, 94T0 POTONPOAYKTHI, BO3HHKAIOIUINE B TEHEPUPYIOLIUX
pacTBopax Ipu HaKayke MOILUHBIMU CBeTOBBIMH MMHYJIBCAaMH, B 3HAUHTeNILHOH Mepe
HM3MEHSIOT NapaMeTphl M3NyueHHs JlazepoB. HecMOTps Ha TO, 9TO 3TOT BOIPOC
ANCTATOYHO HM3YYeH, OO CHX MOp HE HM3BECTHA OCHOBHAS IPUPOJA IPOMCXOMSIIAX
$OTOXHMHAYECKHX MPOLECCOB, CNEKTOpPOTOMETPUYECKHE XapaKTepHUCTUKH BO3HH-
KarolMX NMPOAYKTOB M MX BJIMsSHHe HA paboTy nasepa [1].

Llens nacrosiuei paboTel — OIPENENATh YCIIOBUSI BOSHUKHOBEHHSI B PACTBODE
(bOTONMPOMYKTOB, Pa3e/IATh HX U H3MEPUTH JTFOMUHECIIEHTHBIE-CIIEKTPOCKOMHYECKHE
XapaKTepucTHKH. MccaeqoBannch [Ba pOAaMUHOBBIX KapacuTells, WUHPOKO HCHOJIb-
3YIOLIMXCA B Jasepax: pomamut 60K u pomamun B mpoussoacrsa ¢upmer Merck.

B npenpiaymux pabotax [2] MBI IIOKa3aJid, YTO OPU OGJIy4eHHH PacTBOpa MOLI-
HHIM CBETOM HMITYJIbCHBIX JIAMII BO3HHKaeT (POTOMPOAYKT, MOIJIOLIAIOIIAH B AJTHH-
HOBOJIHGBOM Kpal0 MOJIOCH TMOrJOMIEeHHs kpacuTesst popamuna 6JK. Ananus skc-
TIEpUMEHTAITBHO TONYYEHHBIX CIEKTPOB NMPH Pa3HbIX HHTEHCHBHOCTSIX HAKa4yKH I03-
BOJIHUI ONpPENE/IATh UCTHHHBIA CIEKTP MCXOAHOIO KpacuTess, OJHAKO H3-3a Mayoi
FHTEHCHBHOCTH ITOJIOCHI MOIJIOiLeHUs (OoTONpOAYKTOB 3Ty MOJOCY HE MOILJH HOJ-
HOCTBIO Pa3desiiTh pacyetamu. CHEeKTp JIOMHHECUEHIUHA (HOTONPOIYKTOB U3ydascs
IpH aHTUCTOKCOBOM BO3DYyXIE€HHH B IOJIOCE MOTJIouIeHus pagaMuHa 6JK.

Xpomarorpaduueckoe pasjelieHHe KOMIIOHEHTOB KpacUTeleil HaeT BO3MOX-
HOCTb AETAJIBHO H3YYHTh KOMIIOHEHTHI KpacuTeieil. C 3ToH 1eIbl0 MBI pe3AeIviIn
Ha KOMIIOHEHTHI 3aBOJICKKE Ipenapathl Ha XxpoMatorpadunyeckoit konouke [3]. B 06o-
HX KPACUTEJNIAX IOJIYYEHO HECKOJIBKO KOMIIOHTEHTOB, M3 KOTOPBIX O/(MH COCTABJIAET
0k0J10 97%, 5—6 NPYrux KOMIIOHEHTOB COCTaBJISIIOT CPABHUTENILHO DOJIbIIee KOJH-
9eCTBO, a OCTAJIbHEIE (PpaXUUH BCTPEYAlOTCS B HUYTOXKHO MalbbIX KOJHYECTBAX.
KoMIoHeHTBI, NPUCYCTBYIOIIME B CAMOM OGOJIBIIOM KOJMYECTBE, PA3AETIUMIA MyTeM
xpoMaTtorpacdun, MepeKpUCTAIIN30BAJIA UX M IPUTOTOBWUIM PACTBOPBL IJISl CIIEKT-
podoToMeTpudeckux u3MepeHuit. CreXTpbl MOTJIOLIEHHS M JIFIOMHHECHEHIHHU KOM-
noHeAToB pomamuHa 6)K u pogamunaa B mpuBeneHs! Ha pucynkax 1—4; naHuble,
OTHOCALIMECA K KOMIMOHEHTaM, mpeAcTaBiaceHbl B Tabaaue. M306paxeHHble CIEKTPBI
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HOpMHpOBaHH B MacngyMax ILJIHHHOBOIIHOBOH MOJIOCHI MOTJIOIICHUS | JIFOMHHEC-
ICHIIUH. PaCTBOpHTCJIeM CJIYXKHJIA ITHJIOBHI ¥ METOJIOBBI CI[PIpTLI 6e3 YKC)’CHOﬁ
'KMCJIOTEL, T. XK. B IPEeABIAYUIHX HUCCICAOBAHUAX KPICJIOTa yCPIIIHBaJ'Ia (bOTOpeaKI.IHH

9TO }’CJ'IO)KHXJIO npoucxo;mu.me TIPOLECCH.

1ot ,"‘\/"“
,/ A Po.a.amuu 6.x B sraqone
VAN
3" ‘; \‘ \
o 5_f A) ! } \
=1 .'I 5’\ h27N \’x 4
i AN
II j : \\‘\\
s N
// / . N ) \~::.:'~"-‘,"-_~_-_~_- .......
550 600 650
AlHm) — -
Puc. 4 . .
. Tabauya 1
Pooamun b ¢ memanoae ) Pooamun 6)K 6 amanosne
NQ KOHH‘KCCTBO }'B AZC:;:;- li}:}?;. KO.TL“'ICCTBO X ‘ Z'B lg(;l;(};- Aﬁl:l?é.
%) (um) (am) (). (%) - (am) (1m) (am)
B — 350 545 568 — 470 535 553;
2 98 350 545 568 97 470 . 535 553
3 1 350 520 540 1 470 ° "~ 520 540
4 0,2 480" - 535 555 ) 1 470 535 553
50 02 | 350 | 508 530 1 — 510 —
6 0,3 350 545 475 :
: - 565

. Yncsa, IOCTaBIeHHbIE BO3JIE KPUBLIX M B Tabiule, 0003HaYaIOT OYE€PETHOCTD
XOMIIOHEKTOB, KOTOpas COCTaBAiaCh IIO CPaBHUTEJIBHOMY KOJIHYECTBY BELIECTB.
Yucmo 1 0003HavaeT CMeKTpbl HEOYHMIIEHHOTO BELIECTBA, a YHCIO 2 — CHEKTPHI
rJIaBHOTO KOMIIOHEHTa, KOTOPHIH TMpeAcTaBisieT coOO0H YiCTOe BellieCTBO POAaMHHA
6K n ponamuna b. Tak xak rjapHble KOMOOHEHTBI NOCTHrapT 97—98% B cMmecH,
HMX CHEKTPBHI Ha PUCYHKaX HPAaKTHYeCKM He OTJINYAIOTCS OT CNEKTPOB HEOYMUIEHHBIX
BeWecTB. BuaHO, 4T0 B GOJIBIIAHCTBE CAY4acB CIIEKTPHI KOMITOHEHTOB B 3HAYHTENb-
HOM Mepe CHBHHYTHI K CIEKTPaM TIJaBHOro koMmnoHenTa. Hamo monyepkHyTh, 4TO
HEKOTOpBIE KOMIIOHEHTH O4Y€Hh CHABHO MOLJIOWAKT B yIAbTpaduoJeTOBOI - 06-
nactd. U3 3Toro crnenyeT, 4To 3TH (paKIMU, XOTS H COAEPKAIIUECS B MAJIbIX KOJIH-
4YeCTBaX, YBEJIMYUBAIOT MOIIHOCTH HOIJIOLIEHHS B yNbTpadhHosieTOBOH 06MacTH He-

kid
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pa3lesleHHOTO BEllecTBa, T. €. MOTYT OLITh IOJe3HbIMH B paboTe Jla3epoB Ha Kpa-
catessix. Ha xpomarorpadmyeckoit konosse (ancopbest Al, O, pacTBOpHTENHL —
cMech Gersona (40%) | 3TanoNa (60%)) molydeHHast QPAKIHA 4aCTO HE OKa3bIBAeT-
-ca ogropogHod. Tak Rampumep, y ponamuna 6)K 3 m3 4 ¢paknouii BMectTe paspe-
AFOTCH Ha KOJIOHHE, 2 IPH TOHKOCJIOAHOHN xpoMaTorpadun (kracearas; 6ensosn (40%),
aranou (60%)) orn xopowo pasaensmorcs. llectoit koMnoHenT posamrna b nasee
pa3feaHTh He CMOIJIH, a CIIEKTP €ro JIIOMMHECHEHIMH TI0Ka3bIBaeT HEOAHOPOIHOCTb.

JeTtanbHoe H3yveHHE IPOAOJIKAJIOCh Ha pacTBopax pogamuHa 62K. B paborte [2]
MPOBOAMTACH PAcueTHI IO METOAY AJeHIeBa [UIsl BEIYACACHHS CNEKTPA YUCTOTO Po-
mamuHa 67K M3 CIeKTPOB pacTBOPOB, CONEPXKALUMX Pa3Hbie KOJUYeCTBA (POTOHPO-
OYKTOB. BBHIZIO MOKa3aHO, 9TO 3KCHEPUMEHTAIBHO H3MEPEHHBIE CHOEKTPHI, H306pa-
JKEHHbIE MOJyJIorapapMudeckd, IPA MAajbIX 9aCTOTax OTKJIOHSIOTCA OT JIHHEHHOro
XOZa, H OTKJIOHEHHS YBEJIWYABAIOTCA C POCTOM HHTEHCHBHOCTH OOJydeHHS, T. €. C
e(v)

yBeJIMIeHUEM KOAHYecTBa (POTONPOAYKTOB. B TO ke BpeMs byHKmus lg —= nng
v

BBIYMCJIEHHOrO CHEKTpa TJIIaBHOIO KOMIOHEHTa OKa3aJiaCh JIMHEHHOM,
['naBHBI KOMIOHEHT NEPEKPHCTAIIM3OBAIM, 3aT€M IPHUIOTOBISJICA PacTBOP.
ONHOPOOHOCTb KpacHTess TpOBEPSIACH
Jd 5 TOHKOCJIOWHOM XpomaTtorpadueif, 3aTem
& H3MEPSJICS €ro CIeKTp norJiouleHus. Jlora-
/ pY¢pMBL ITONYYeHHBIX KO03((DHLEHTOB mOr-
- . /F *  JIOUIeHHs IPHBEIEHBI HA PHUC. 5. TPEYTOJb-:
o I HOAKaMH, TAe IJi1 CPaBHEHHs TMOKa3aHa
3F -/ KpuBasg, OTHOCALUAACA K HEOYHLICHHOMY
/ kpacureto (kpectsl). Buano, yTo sxcrepu-
g MEHTANLHBIH CMIEKTD [JIABHOIO KOMTIOHEH-
lge(v)e+const. / T4 UMEET TAKOH Xe JIHHCHHBIM XOH, Kak
- @ . M BBIYHCIEHHBO B [2]). M3 5Toro MoxHO
2r ' A ~ chenaTh BBIBOA O TOM, 4TO IJIaBHBIH KOM-
/5 . TIOHEHT MOXHO CYMTATh YHCTBIM, & PUro-
. TOBJICHHBLH M3 HErO pacTBOP —.OJHOKOM-
‘ . ‘ MOHEHTHBIM. PacTBOp I71aBHOr0 KOMIOHEH-
. ' ’ _ Ta MOMELIAJICAd B KIOBETY Jlazepa M Ha-
@ KaYMBaJICA BCOBILUKAMH ABYX. HMITYJIBCHBEIX
o /A samn tuna WUPIT 5000. Dnektpuyeckas
O SX JHEPrus OAHOM BCHBILIKHA COCTaBjsia 640
K, pacTBOp obmyuancs 20 BCOBLUUIKAMH.
46 % 52 54 ITocne 3TOro U3MepsICs CIIEKTP MOJIrOLIe-
p-10"(cex)— HUsA, Ha OCHOBE KOTOPOIoO MmojydeHa (yHK-
e(v)
v .
KaMHu. BuAHO, YTO NIpH MajblX 4acToTax

Puc. 5 ous lg , H300pakeHHas HA PUC. 5 KpYX-

’ e(v
"CIIEKTP MOIJIOWEHHASA (lg g) 00JIy9eHHOT 0 PacTBOpa rjIaBHOr 0 KOMIIOHEHTa OTKJIOH-

AeTCA OT JIAHEeHHOro X0Aa. DTO TOBOPHT O MOABJICHHH B PacTBOpPe POTONPOILYKTOB.

XpoMaTorpadpugeckuM MeTOJOM He CMOTJIM OTAENUTh OMH KOMIIOHEHT, CHEKTD
OOTJIOLIEHAS] KOTOPOrO HAXOAWTCA B JJIMHHOBOJIHOBOM Kpalo CIEKTPa MOTJIOLIEHAS
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Puc. 6

poaaMuHa 6)K. KosinyecTBO 3TOro BellecTBa OYeHb MaJIO, HO €ro MOTJIOLIEHAE COH3~
~ MepUMO ¢ noryiomedneM poaamuna 6)K B atoii obancTi. OTo o4YeBeIHO H3 PHUCYHKA
6, rme cruiomIHas KpHuBasi H3obpaxaeT crekTp ¢uyopecueHUUH pogaMuHa 62K npy
CTOKCOBOM ' BO3OyxneHuu (A=470 M), a .
TPEYrOJIbHUKH — CIEKTP HEOYHILEHHOTO A : .
KOMIMOHEHTA, YepHbIe KPY)KKH — CHEKTPHI | A\) . 3
IJIaBHOTO KOMIIOHEHTa NpH Bo36yxmemnu O '
razoebiM JasepoM He-Ne (1=632,8 um) N
[4]. BumHo, 4rO0 oOYHCTKA YMeEHbLlaeT
KOJIHYECTBO KOMTIOHEHTA, NOTJIOIMAOLLEro .
M M37Ty4alOILero B KPacHO# OOJacTH cmek- gl : .
Tpa. Y3 3THX JaHHBIX CledyeT, YTO 3TOT :
M TJaBHBIA KOMIIOHEHTEHI He Pa3fiefsioTCs
IOpPH 3THX YCJIOBHSX Xpomarorpaduposa- :
HHBA. ' : N
Jna aHanu3a CEKTPOB MpHMEHAN0Ch O

YHHBepCaJIbHOe COOTHolleHHe CremaHo- . :
Ba [5], xoTopoe B Norapa)Mu4eCKOM BH- \9 ‘ o
IO€ NaeT JMHEAHYI0 (YHKUMIO B Ciydae, Fiv) . AN
€CJIH HCCJIETIOBAHHOE - BEWIECTBO COCTOMT 5| x

TOJBKO M3 OOHOro KoMmoHeHTa. Kpusrie :
YHRBEPCAILHOTO COOTHOINeHHst F(v) npen- \ ;
CTaBJEHB! HAa PHC. 7 AJis [JIABHOTO KOM- -\ ‘
noHeHTa poaaMuHa 6XK, roe mokaszaHbl K .
KpHBbIE [J1 HEOYMILEHHOro pogamMuHa 6K 6 2
(XpecTBl) H rJaBHOT O KOMIIOHEHTa A0 06ury- : 0\
verAs (TPeYToJNbHUKH) H 1Iocjie 00JTydeHHs ‘ :
(xpyxku). KpuBrle NMoKa3bIBalOT TPHCYT-
CTBHE PA3NMYHBIX (ppakumii B HeOYHILEH- .
HOM BEILECTBE Noche 00JyueHNs U B IJ1aB- 16 - -7 3, -1 18 19
HOM KOMIIOHEHTe, B KOTOPOM IO obiy- . PO em)—>

YeHHst HMEJICE TOJbKO OJMH COPT JIFOMH- Puc. 7

1 L
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HeCIUPYIOIUUX MOJjeKyn. B pabote [6] meTanbHO H3ydeHa CBS3b MEXKAY CHEKTPaMH
JIIOMWHECLIEHTIMA ¥ TEMJOBBIM M3JYYEHHEM, a TaKKe NOKa3aHa BaXHas PoJib pa3jinu-
HBIX (pakTopos. I1o BhHIIE TOKa3aHHBLIM AAHHBIM, PACTBODP IJABHOTO KOMIIOHEHTA
MOXHO CYHTaTh OJHOKOMIIOHEHTHIM, NO3TOMY HpPEACTaBAfAeT HHTEPEC H3YyYeHHe
OTHOUIEHHS CMEKTPOB (ayopecueH-
UUH M TeIJIOBOro M3nydeHus. Puc.
. 8 nokaspiBaet cnexTpul f,(4) (kpyx-
- kn) u WI(2) (cnnowmnas kpusas)
AN pacTBOpa IJIABHOTO KOMIIOHEH-
Ta pomamuHa 6XK. Ilpum pacuere
dynxuun -WI (1) wucnons3obanock
3HaYeHHe Temmepatypbl T, HaiineH-
- HOTO U3 HaKJIOHa KpUBOii F(v), KoTO-
poe okasayiock paBHbIM 327°K (Tem-
nepatypa onbiTa 6b11a 298°K). Cpas-
Aiir) o HHTENBHO 6oubLIOE 3HaueHHe BbI-
S ) . .. .9HCJIECHHOH TeMNepaTypbl' U XOpPO-
Puc. 8 . lIee COBMAJICHUE X0Ja KPUBBIX.f,(4)
: : u WI(A), . BBIYMCNEHHBIX € 3THMH
3HaYeHHAME T HOJITBCp)K}J,aCT NPEANONOKEHUE O JIOKATIbBHOM HAaTrpeBaHHH - JIIOMM-
HECHUPYIOLLAX LEHTPOB BO BpeMs BO30YXIEHHOTO COCTOSHHUSA. B aTOM cnyqae KaK
| OKA3bIBAET -aHAJIH3 CHEKTPOB, Ha X0 F(v) MpHUMecH He BIHAIOT. .
Hposommncs CJIEAYIOILME IKCTIEPUMETHEI: TJIaBHEIM KOMIIOHEHT, HE. pamenma-
wuiics npd xpomaTorpaduu,- obsyyajics B KpUCTalIMueckoil ¢aze W B pacTsope,
3aTeM BHOBb ObLIA CHATZ XpomMartorpamMma. Oka3zanoch, 4T0 B OOOHX ciydyasx
TIOABJIAIOTCA T€ € KOMIIOHEHTHI, KOTOpble COIAEepXaliuCh H B 3aBOJACKHX Ipemapa-
Tax. Taxxe 0GHapYXHIOCh, YTO Oe3. HHTEHCMBHONW HAaKa4KH 4epe3 HECKOJIBKO IHe
noABIIAIOTCH QOTOMPOAYKTEI B PACTBOPE B YCIOBMSX MAJEHUs HA HETo cBeTa jao-

10

g5

patopud. OTO siBjleHHe He HAaOIIONAETCS, €CNIH PACTBOP COAEPXKUTCS B.TEMHOTE.,

Ha ocHoBe moka3aHHBIX NAaHHBIX M HAILMX NPEABIAYIIHX Pe3YJNBTATOB MOXHO
cOeNlaTh CJIEyIOIMe BLIBOJABI: 3aBOACKUE TIpemapaThl POJAMMUHOBBIX KpacuTeJei
COJEepkaT pa3NM4HbIE IPUMECH, KOTOPBIE ABJSIOTCA MPOAYKTaMHu GoTopeakiuit. Xpo-
MaTorpapHyeckiM MeTOJOM MOXHO pa3[ie/IMTh TJIaBHbIM KOMIIOHEHT B YUCTOM BH-
[le, B KOTOPOM 1epe3 HEKOTOPOe BPEMsi BHOHb BO3HHMKAIOT MPHMECH IO BIAMSAHHUEM

06.1yyenus. POTONPOAYKTHI, CHEKTPBI KOTOPBIX HAXOAACTA HEIaJeKO, OT CIIEKTPOB.

OCHOBHOI'O §CHICCTB3, HE YXYALIAKT TCHEPALMIO, T. K. ¢ HX ONPHUCYTCTBHEM .paCTBOP

SBJISETCS CMELIAHHBIM U, CIEeNOBAaTEJIbHO, TapaMeTphl Teupaluu yiayHelnaorcs [7].
CyuiecTByeT QOTONPOAYKT, KOTOPHLA NOIJIOIIAET B 0BJACTH TeHEPAUK OCHOBHOIO,

BELUECTBA, MOITOMY 3TOT KOMIIOHEHT MpHMeCEH yBEelTMYMBAET MOTEPH TEHEPAUHH.
Tak Kax CrekTphl 3TOr0 KOMIOHEHTa B 3HAYMTELHON MEPE CIMBHYTHI B OTHOILCHAH
cneK'rpa ponamuHa 6K # ero KOJIMYeCTBO OYEHb MAaJjIO, TIPH H3Y4EHHUH CIHEKTPOB.
rNaBHOTO KOMIIOHEHTAa BJIMSHHE 3THX NpHMecell He 3aMEeTHO, HOITOMY PacTBOp
[JIaBHOTO KOMITOHEHTA MOXHO CUHTATH OJHOKOMITOHEHTHBIM.

)l
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PHOTODECOMPOSITION OF LASER DYES
L. Kozma, E. Farkas, I. Ketskeméty and M. Moindr

The paper presents the results of spectroscopic investigation of photochemical products of
rhodamine dyes. The different components were separated by chromatography. Absorption and
emission spectra were meaursed. The conditions of photochemical production of rhodamine
derivatives and their influence on lasing properties of these dyes were studied on the base of
experimental data. -



pol




MUCCJIEAOBAHUE '’EHEPAIIN NMOTYHIEHHBIX PACTBOPOB
SJYOPECIHEMHA

JI. KO3MA, K. YEPHAW*, U. KEUKEMETH, B. PAII = XX. BOP

MAHCTHTYT 3KCNEpHMEHTAIBHON (U3MKH YHHBEDCMTETA MM.
A. Hoxeda, r. Ceren

( ITocmynuao 8 peaat{uulo 1 ¢pespasn 1976 2.)

B pa6oTe ONUCHIBAETCH M3yYeHHUe reHepalMu MOTYIEeHHBIX pacTBopoB. IToKa3aHo, YTO CHILHO

TIOTYIIEHHbIE PACTBOPHI CO CPABHHMTENLHO HH3KMM IOPOTOM TEHEPHPYIOT, M C 'POCTOM KOHIIEHT-

' pallEA TYIOMTENS BBIXOZ JEOMHHECLUEHLMHA ¥ K. . [. TeHePalM{ NPONOPIHOHANBHO YMEHBIIAIOTC
OTHOCHTE/ILHO APYT APYTa.

H3yvenue IFOMHHECUEHITNY TOTYIIEHHBIX PacTBOPOB KpacuTenei [1] no3ponmno
BBIACHATL NPUPOAY OCHOBHLIX NPOLECCOB, IPOHCXOAAIUAX B LHEHTPAX JIOMHHECIEH-
puu. Tak xak TylleHue NIOMHHECHEHUHH TMOCTOPOHHUMH BeLIECTBAMH YMEHBIIAeT
KBAHTOBbIM BBHIXOJ M IJIHTEJILHOCTH BO3OYXIEHHOTO COCTOSHHS, MOXHO OXHIATh,
YT0 0COOEHHOCTH TeHepanuy NOTYILEHHBIX PACTBBOPOB JAIOT LIEHHEIE 1OMOJIHHTENb-
Hble CBeICHHSA O MeXaHH3Me TeHepaluH CIOXKHBIX MoJiekyn. IlepBble HccnemoBaHus
B 3TO# 0oONacT Moxa3ajd, 9TO NMPH CHJIBHOM JNa3epHOH HakayKe BBLICTYNIAIOT HaBe-
IIeHHBIe ToTepH, obycnosieHHble Sy —~S; nepexonamu [2]. B pa6ote [3]) mokaszano,
YTO TYIIEHHE BEPXHEro Ja3ePHOTO YPOBHS Sy B 3HAYATCILHOH Mepe yMeHbIIAeT
HaBeJeHHble NoTepd. K coxaleHWo, MpH 3THUX MCCIECAOBAHMAX He H3y4yancd Ipo-
LEeCC TeHEepallMOHHOHM cOCOGHOCTH NMOTYIUEHHBIX pacTBOPOB. OYEBUAHO, YTO TyIIe-
HME BBI3LIBAET B2 NPOTHBOIIOJIOKHO BIHSIOLIMX [IPOLECCA : YMEHBILEHHE 7], KOTOPOEe
yXyALIaeT IeHepallyio, ¥ YMEHbIIEHHe HABCACHHBIX NMOTEPb, KOTOPOE YJIy4dIIAeT €€.
B psine pabor moxasaHo (CM., HampuMep, [4]), 4TO HeXOTOpHIE TYLUUTEIH YMEHb-
IIAkOT H BpexHble oTepu T—T mepexonos. B HawieM xcniepHMeHTe reHepanys npo-
H3011J1a B HAHOCEKYHIHOM peXHMe, NTOITOMY HACEJIEHHOCTh TPHIUIETHOTO YPOBHA
HE ArpaeT poJiM. ’

Llens HacToswieit paboThl — ONKCATh M3YYEHHE TeHEPAalUH TOTYLIEHHBIX pacT-
BOpOB ¢yopeclieHa. B kadecTse TywuTeNs MCNoab3oBaics KJ, KOHLEHTpalus Ko-
TOpOro MeHsUlach B mpefenax 0—1 Monb/n. PacTBopuTeneM ciyxmuia cMechb 3TH-
nosoro cnupta (85%) u Boasl (15%) Wnn Boja, kKOHIEHTpanus diyopecuenta (opo-
u3sBonacTea upmsel Merck) Oputa pasia 2,102 Mounb/n. ChoekTphl NONTOLIEHAS U
dayopeciieHIMH, 4 TaKXe KBAHTOBbIA BEIXOJ ONPEAENAIM Ha cieKTpodoToMeTpe [5].
I'eHepauus pacTBOpOB H3y4ajlach C HaKayKOH a30THHIM JiazepoM (6] B nonepedHoOM
BapnanTe. MackaMaJibHasi MOIIHOCTL Hakaykd — 100 KBT ¢ IJIATENBHOCTBIO 5 Heek,

* Kadenpa ¢uzuky n xavmn Ileparormdeckoro MHCTHTYTa, r. Cy6oTtHIA
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337,1 ’M. AKTHBHBIA PacTBOP HaXOAMJICA B KIOBeTe ¢ aKTHBHOH JUIMHOM ] cM,
TOpUAax KOTOpPOH NpOMCXOAWia TeHepallusi. DHEPrus HAKavykd W FeHepalusl H3-

Mepdanacb TEPMOCT 0J10aMH B OTHOCTHEJIbHBIX eaununax. Mamenenue SHEPruH Ha-
KaYKH OCYLUECTBIIAIOCH IPUMCHECHHUEM CTEKJIAHHBIX INTACTHHOK B KA4Y€CTBE (bPUIprOB
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3aBPICEIViOCTb OTHOCHTC.HBHOI'O KBAHTOBOI'O BbIXOAA JI}OMHHCCIICHIIPIH n H OoT-
: S Co - ' "HOCHUTENBbHOTO - K. M. H. re}{epaum{ oT

108 @ ) @ © O ." KOHUEHTPAlMH TYIIHTEJIS NOKAa3aHbl HA
+ 4

~ pue. 1. BUAHO, YTO BEIXOA IFOMHMHECLEH-

“. : - - - " 'UMH (IYyOpecHEHHa B 3ITAHONE YMEHb-
L ¢ _ liaetcsa B 5 pas, a B Boge — B 20 pa3
. oq ‘ P - IPY KOHIEHTPALMH TYLIHTENs 1 Mo/,
+ Kn.a. . o 3 JANUTeNbHOCTh BO30YXKIEHHOTO COCTO-
sIHMSl YyMeHbUIAeTC B TakKoil Xe Mepe
[1]. MoxHo OblIO OBL OXMIATh, 4TO
. . o IpH TaKOM CHIILHOM TYLUEHUH IeHepa-
T i3 2. <1 -0 . I MOXeT BOBCE M He ObITh. OxcnepH-
g e — ... . MeHT IIOKa3BIBaeT, YTO BBIXOM -TeHEpa-
0N TNapajlieibHO MEHSETCS C BBIXO-

IOM JIIOMUHECUEHUHH. ODTO XOPOIUO

g @ BUAHO U3 puc. 1 (BBIXOABI H306paxe-

el S L o ~ HBl B AOJISIX BBIXOJA HEHOTYLIEHHOIO
o L .o pacTBopa), rje U MmpH OOJbLIUX KOH-
‘ Do . - HEeHTPaNUAX TYLUUTENs MOJyYeH .TaKoH

a8 ITanone +

ko . - S ..+ e OTHOCHUTEJNIbHBIH K. IT: /. FeHepaluy,

" 60

-40

20;

+“"‘ o . .. . Kax M JIIOMHHECLEHLHH.
. _ CpaBHHTeJIbHO 6OJIbLIAS, reHepa-
. . ° - LIMOHHAS  COCOBHOCTD - HOTYLIEHHBIX
o . L, B pacTBOPOB, BEPOATHO, .CBA3AHA.C TeM,
"""" ] 0 " YTO TyLIEHHE YMEHbIIAET HaBeuemme
chn . -ToTepu [3] B xanane -SY -~ S*, BCJIEACT-
Puc. 1. . : _ BHE Yero yMEHBIUAETCs IOPOr H YBEJIM-
. o . YMBAETCA IHeprus resepamuu. Pumc. 2
_ / .. .TIOKa3blBAeT 3aBHCUMOCTb JHEPIMHU fe-
7/ __ HepallMM QT JHEPIHMH HAKAYKY BOLHOTO
' pacTtBOopa IpH 4eThIPeX KOHLEHTPAUH-
X TYLWINTeNbs. DHEPIUs HaKAuKH M3-
MepEHA B OTHOCHTENLHBIX EAWHHLAX.
‘BunHo, . 4TO 3HEPIHS reHepaluu MOYTH
o . IMHEHHO 3aBMCUT OT DHEPTUM HaKa4kKH,
. « . m KPYTH3HA KPHBBIX YMEHBUIAETCA C
HaficHHEM BBIXOJA - JIFOMHHECIICHIHH.
~ 3HayeHHs MOpOra HeMQTYLIEHHOTO pac:
. TBOpa M IIPH KOHUEHTPAIHH TYIIHUTEJIs
. . 3.1072MonB/n  OBMHAKOBEIE, a . TIPH

. Cxy = 0 Mom/n

_——

PR J—

arc eo
o .

i3

BT
W
S

L - ¢c=1-10" 1Mom>/n .KOF/1a BBIXO[ JIIO-

4 MP[HCCIICHIIHH nanaer Ha 50%, mopor
Bo3pacTtaeT npubnuzurensho Ha 20%.
. VBennuenrue KOHIEHTpPAOUH TYyLUATESA

Ll
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Ha 3.10~! MoJIB/ yMeHbLIAEeT BHIXOJ JIIOMUHCIEHUMA Ha 18%, a mopor vBejnn4HBa-
€TCs IPHOAN3UTENLHO B 3 pa3a, NpUYeM K. 1. [. TeHepaludy NafaeT Ha 5%.

Hauiu pe3ynabTaThl MOKa3blBAIOT, YTO Y MOTYIIEHHBIX PACTBOPOB COXPaHSETCS
reHepaIlMoOHHAA CHOCOGHOCTB, IMPHYEM MOPOr TeHepallHd yBeJIMYHBACTCA B HE3HA-
YUTENILHOM Mepe, W 3HEPIHs Jlazepa MajaeT, Kak W BBHIXOXN JIIOMHHECHEHUMH. DTH
0COBEHHOCTH MOTYT OBITh CBSI3AaHBL C TEM, YTO 3JIEMEHTAPHBIE aKTHL TYIIEHHS BTO-
poro poaa MPOMCXOAAT MOCHE 3JeMEHTAPHBIX AKTOB BO30YXJEHHs, MOITOMY Ha-
KayuKa CO3/JaeT HHBEPCHOHHYIO HACEJIEHHOCTh aKTHBHBIX MOJIEKYJ MPAaKTHYECKH He-
3aBUCHMO OT KOHUEHTPAaUuuH TyiuuTens. Bo BpeMs pasropanus JIFOMHHECHEHLHH WA
reHepalMyd pa3BUBAETCS W TYIIEHWE, YMEHBIIAIOIEe YHACIO CHOHTAHHBIX M BBIHYX-
[AEHHBIX M3JIyYaroLUMX NMEepexooB, BCeCTBHE YeTo MajaeT BHIXOA 0OOUX H3JTyYeHHH.

Ina geranabHOro oOBSICHEHUs BIUSHUS TYIIEHHS BEPXHETO JIA3€pHOTO YPOBHA
Ha paboTy Jla3epa MPOBOAATCS AANbHEHIINE HCCIEMOBAHMS BONPOCA.
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INVESTIGATION OF LASING OF QUENCHED FLUORESCEIN SOLUTIONS
L. Kozma, K. Csernai, I. Ketskeméty, B. Rdcz and Zs. Bor
The experimental investigation of quenched laser dye solutions is described. As shown, the

strongly quenched solutions have a relatively low threshold, and increasing the concentration
of quencher the quantum yield and laser efficiency decrease similarly.






PHOTOCONDUCTIVITY OF V,0;-Si 'SANDWICH SYSTEM
By (

A. SULL S. D. KURMASHEV*, L. MICHAILOVITS and I. HEVESI
Institute of Experimental Physics, Attila Jozsef University, Szeged
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The photoconductivity of the V,0;-Si system was studied in the wavelength range 380 nm
to 1000 nm. The results of measurements led to the conclusion that the major part of the photocurrent
observed near to the fundamental absorption edge of V,0O; can be attributed to the vanadium pent-
oxide layer. The relation between photocurrent and light intensity was found to be linear with
good approximation. On the basis of the experimental results, a simplified band diagram of
the system is suggested. Illuminating the system by white light of high intensity, 0.3 V photovoltage
was observed. ]

Introduction

Though vanadium pentoxide is a widely studied semiconductor, to our knowl-
edge only one paper concerning its photoconductivity has been published to this
date. I. HEVESI et. al. [1] found very weak photoconductivity of V,0; single crystals
illuminated by white light and by the light of a He-Ne laser. Observation of this
weak photoconductivity is difficult due to the high thermal sensitivity of V,0;.
The weakness of photoconductivity is supposed to be connected with the very high
concentration of recombination centres in V,0; crystals, which causes practically
immediate recombination after generation of the carrier pairs produced by photons.
‘We tried to reduce the effect of recombination by high electric fields on the V,04
layer. )

The present paper studies the photoconductivity of the V,0;-Si system and
wishes to prove the photoconduction of the V,O; layer in the region of the funda-
mental absorption edge of V,0; on the basis of experimental results.

Preparation of the samples

n-type silicon single crystal plates of 10 mmX 10 mm X0.2 mm with 1.3 Qcm
resistivity were used to prepare the samples, the polished single crystals being of
(111) orientation perpendicularly to the 10 mmX10 mm plate. Ohmic contact was
made on one. of the silicon surfaces by phosphorus diffusion [2] and vacuum ‘evapo-
tation of gold; on the other surface a vanadium layer of 520 A thickness was evapo-
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rated in 5- 1078 torr vacuum. The thickness of the layer was determined by a Thin
Film Thickness and Deposition Rate Monitor type MSV- 1841 made by the
Hungarian Research Institute for Precision Engineering.

The silicon plates covered with vanadium layer were held in an oxygen stream
of atmospheric pressure in an oven of 400 °C temperature for a week. For obtaining
electric contact, a gold streak of u shape, aboiit 1 mm wide and of 3 p thickness
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Fig. la. Front side of the samples: a free silicon surface; b free vanadium
pentoxnde surface; ¢ gold electrode of 3y thickness; d semipermeable -
gold film of about 500 A thickness .

Fig. 1b. Side-view of the structure: @ semipermeable gold film; & gold
electrode; ¢ V,0; layer; d Si plate; e Si layer with diffused in phospho-'
rus; f gold back contact

was evaporated onto the yellow vanadium pentoxide layer formed during the oxi-
dation process. Then a gold film of 500 A thickness was evaporated to the interior
‘of the w-shaped streak (Fig. la, 15).

In order to perform optical measurements, vanadium pentoxide layers weré
prepared also on thin quartz plates with the method described.

Experimental

The I—V characteristics of the samples were found to be assymmetrical [3];
on illumination under reverse bias remarkable photocurrents could be observed.
, The experimental set-up used to measure the photocurrent can be seen in Fig. 2.
Before performing the measurements, the dependence on wavelength of the energy
of light coming from the monochromator was determined by a Zeiss thermocouple
type VTh 8 MM, the knowledge of the energy permitting to relate the photocurrent
measured to the same photon nurmber.

In the measurements, the dark current of the samples was compensated and
only the photocurrent was determined.

Fig. 3 shows the results obtained with the samples No. 1 and 2, by illuminating
a 0.5mm wide portion of the free V,0; surface in the immediate vicinity of.the
gold streak at 4 V reverse bias. The abcissa gives the wavelengths in nm, the ordmate
the photocurrents for the same photon number in arbitrary units.

Fig. 4 gives the results obtained by illuminating the samples through the thin
gold film, under the same conditions as in Fig. 3. For comparison, the above measure-
ments were made also with a silicon solar cell using the same electrode arrangement
and the same conditions of measurements with the -difference, that the reverse bias

i.;J
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of the solar cell was 0.9 V. Fig. 5 shows the results obtained by illuminating a 0.5mm
wide portion of the free surface of the solar cell beside the electrode. While the relative
photocurrent of the silicon p-n junction shows only one maximum at 900 nm, in
Fig. 3 two maxima are seen in the curve of samples No. 1 and 2, at about 760 nm
and 550 nm, and at about 800 nm and 560 nm, respectively. These maxima can be

DC pv || ¢ o o
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Fig: 2. Experimental set-up: DC current source; DV digital voltmeter; C compensator;
A amperemeter; S sample; L lens; B diaphragm; A 150 W.-halogen lamp :
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Fig. 3. Relative phétocurrent vs. wavelength curves obtained at 4 V reverse bias by illuminating the:
free V,0; surface in the immediate vicinity of the gold electrode °
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Fig. 4. Relative photocurrent vs. wavelength curves obtained at 4 V reverse bias by illuminating the
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Fig. 5. Relative photocurrent vs. wa\;elength curve of a silicon solar cell
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observed in Fig. 4 at about 700 nm and 540 nm, and at about 740 nm and 550 nm,
respectively.

The dependence of the photocurrent on the reverse bias was measured on sample
No. 1 with illumination by light of 1000 nm and 700 nm wavelengths. In Fig. 6

L+1,, . . .
In S—-I;”—" is plotted as a function of the reverse bias; I,, means the photocurrent
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Fig. 6. Photocurrent vs. reverse bias curves. Open and full triangles: results

obtained by illuminating the free V,0; surface, open and full circles:

those resulting from illumination through the gold film. {,,: photocurrent,
I, saturation value of photocurrent

and I, its saturation value. The results obtained by illuminating the free V,O; surface
are marked by open and full triangles, those obtained by illuminating through the
gold film by open and full circles, respectively. Each curve of Fig. 6 shows a linear
section, the extrapolation of which gives intersections with the abscissa corresponding
to 0.56 V and 0.62 V, respectively. . : '
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The relation between light intensity and photocurrent was measured by de-

creasing the light intensity by a calibrated grey wedge. The results of illuminating -

sample No. 1 at 4V reverse bias with light of 550 nm wavelength are shown in
Fig. 7. The results obtained by illuminating the free V,0O, surface are marked by
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Fig. 7. Photocurrent vs. light intensity curves at 500 nm

wavelength plotted in arbitrary units. Circles denote results

of illumination of the V,0j surface, triangles those of illu-
mination through the gold film

circles, those of illumination through the gold film by triangles, respectively
The abcissas give the light intensities, the ordinates the photocurrents, both in
arbitrary units.

The dependence on wavelength of the transmission of the gold film was deter-
mined by comparing the transmission of the mica mask used for the evaporation
of the gold film with a mica plate of the same quality and thickness, using a spectro-
photometer Optica Milano CF4DR. The transmission curve of the gold film shown
in Fig. 8 was calculated from the transmxssxon data of the mask covered with gold
film and of the mica plate.

The transmission spectrum of the V,0; layer of the samples was determined
as described above using a V,0; layer on a quartz plate, the layer being of the same
thickness as that the V,O, on the sample, and a quartz plate of the same thickness
‘and quality than the quartz plate covered with V,0;. The results are shown in Fig. 9.

INuminating the samples with white light of high intensity, a photovoltage
of 0.3V was obtained; the silicon side of the sample became negatively charged.

.Jnj
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Fig. 8. Transmission curve of the gold film covering the V,0; layer
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Fig. 9. Transmission curve of the V,0; layer of the samples. Calculated
thickness of the layer: ~0.16—0.18 p
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Conclusions

Taking into account the transmission curve of the gold film shown in Fig. 8,
the deviation in the shape of the curves seen in Figs. 3 and 4, namely the shift of the
maxima at longer wavelengths towards shorter ones and the increase in relative
amplitude of the maxima at shorter wavelengths in Fig. 4, can be explained.

The thickness of the V,0; layer on silicon plates was calculated to be
0.16 p—0.18 p, using the results of KENNEDY et al. [4] for the density of amor-
phous V,0;.

Comparing the transmission curve of the V,0; layer shown in Fig. 9 with that
obtained by SINCLAIR [5] for a sputtered V,O; layer of 0.8 p thickness, the agreement
seems to be satisfactory, taking into account the difference in thickness. However,
our curve appears shifted towards shorter wavelengths by about 70—80 nm comp-
ared with SINCLAIR’s results.

From the photocurrent vs. reverse bias curves, presented in Fig. 6, the existence
of a potential barrier between silicon and vanadium pentoxide can be deduced.

Its height was found to be 0.56 eV from the
[~ - E. intersections of the linear portions with the

AE - horizontal axis of the curves marked by open
—_ WEXY g and full circles, respectively. The intersection of
LI e . the two other curves is found at 0.62 V; how-
<+ — N R EF ever, the former value seems to be more proba-
0.88 oV ble, because the latter was determined by illumi-
e 144 eV nating the free surface of the V,O; layer, and in
_ : _this case the voltage drop on the parts of free
V,0; surface not covered by the electrode may

0.56 eV be noticeable, as shown also by the intersection -

. £ of the curves at higher voltage.

' v Taking into account the data concerning
— S _.|_ V2 05- the position of the Fermi level and the band

gap width of silicon of 1.3 Qcm resistivity [6],
Fig. 10. Energy band diagram of the the energy band diagram of the V,0;-Si system
V20;-Si system in first approximation is given in first approximation® in Fig. 10. From

the measured value of photovoltage it can be
concluded that the value of AE, is only shghtly higher than 0.3 eV, so the band gap
attributed to amorphous vanadlum pentoxide is about 2 eV, lower than the 24 eV
obtained for crystalline V,O;.

The photocurrent-observed may be caused by carriers generated in the silicon
and in the vanadium pentoxide layer alike. In order to separate both photoeffects,
the relative photocurrents I pertaining to given wavelengths were divided by the
transmission 7 of the V,04 layer for the same wavelengths. The values obtained are
shown in Fig. 11. Let us suppose that, at a given wavelength, N, photons arrive
on the surface of the sample, and N photons on the V,0;-Si interface: then JlV =N,T,
1 ;’el Iph
—_— c —

Iy . .
I’e‘——c—, where ¢ is constant and 7, is the photocurrent measured; N

No

1 A more detailed band diagram to be described in [3). !
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If the reflexion on the interface is taken to be negligible, and the photocurrent.
supposed for the moment to be caused only by photons absorbed in the silicon,

rel

s . . . .
then ';',' is proportional to the quantum yield. It seems reasonable to interpret the

apparently marked increase of the quantum yield at wavelengths shorter than 500 nm
as caused by the circumstance that in this wavelength range carriers are generated
by photons also in the V,0; layer. .
With respect to the above, the relative photocurrent vs. wavelength curve
shown in Fig. 3 can be interpreted as follows: at wavelengths longer than 500 nm
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Fig. 11. The relative photocurrent divided by the
transmission of the V,0; layer
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the photocurrent is mainly due to the silicon, the photoconductivity of vanadium
pentoxide being important only at wavelengths shorter than 500 nm. The striking
difference in the curves of Fig. 3 and Fig. 5 can be probably caused by the circum-
stance that the V,0; layer acts as an antireflexive layer on the silicon, and thus the
photocurrent of the silicon begins to decrease only at wavelengths shorter than
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Fig. 12. Simplified mechanism of photo- Fig. 13. The mechanism of photovoltage
conductivity of the V;0;5-Si system generation in first approximation

500 nm. The supposition of an- antireflexive layer seems to be supported by the fact
that in the wavelength region longer than 500 nm the value 1.8 was obtained for
the refractive index of the V,0O, layer on the basis of literature data concerning the
refractive index of crystalline V,0; [8] and density values of amorphous V,0; [4];
the refractive index of Si is surely higher than 3.42 in this wavelength range [6].
The decrease of the relative photocurrents towards shorter wavelength in the
range 540 nm — 420 nm can be supposed to be due to the marked increase of the
reflexion and absorption of the V,O; layer (see Fig. 3 and 9); here the comparatively
lower photocurrent from the V,0; appears instead of the hjgher photocurrent of
the silicon. At wavelengths shorter than 400 nm the increase in photocurrent may
be attrlbuted only to the V,0; layer.

A 51mphﬁed mechanism of the photoconductmty is shown in Fig. 12. From the
-electron-hole pairs generated by the light in the silicon, only the holes can pass the
potential barrier lowered by the applied voltage, while from the V,O; only the
electrons are able to reach the silicon.

The mechanism of photovoltage generation is shown in first approximation
in Fig. 13. Part of the holes and electrons generated in the V,O; by the light diffuse
‘into the silicon. The ratio of the electrons and holes reaching the silicon is approxi-

D U . o
mately I/ D" :" , where D, and D, are the diffusion coefficients, 7, and 7, the lifetimes

p p . . . .
in V,0; of the electrons and holes, respectively. Vanadium pentoxide being a n-type
semiconductor, the relations D,>D,; 7,>1, are valid. Thus the silicon must be
charged negatively, as observed. ) .

5
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®OTOIIPOBOAMUMOCTD V,0;-Si COHABUYEBLIX CTPYKTVP
A. lIioau, C. []. Kypmawes, JI. Muxaiiroeuy u H. I'esewu

HWccnenosana dorompoBoduMocth Y,0;-Si cacreMel B obiactd mymH BOAXH oT 380 xmo |
1000 M. Ha OCHOBAHMHM TIONMYYEHHBIX PE3YJILTATOB MBI NIPHIUIM K BHIBOAY, YTO, B OOIAcTH Kpas
. cobcreenHoro norailennst V,0;, HalineHHas (OTOMPOBOAUMOCTE B OCHOBHOM OOYCIIOBIIEHA CIIOEM
V:0;5. 3aBACHMOCTb MeXAY HHTEHCHBHOCTBIO CBeTa H (POTOTOKOM C XOPOIIMM IPUONEKEHHEM
sBiseTcs JmHelHOH. Ha OCHOBaHMM TIOMYYSHHBIX 3KCIEPAMEHTAJIBHBIX - JAHHBIX COCTaBlIeHA YII-
pOLIEHHAS AMATPAMMA NMONOC CHCTeMBL. [IpH ocBemeHHH GeTbIM CBETOM GOJIBIION HHTEHCHBHOCTH
Ob1T0 HalineHO dOTOHANPSIKEHAE B cucTeMe paBHOE 0,3 BONBTY.
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Experimental techniques suitable-for the study of the role played by excited states in the pho-
tolysis of n—butyraldehyde are described. Preliminary experimental results obtained with piperylene
quencher in the vapor phase and isooctane are given, and the contributions of the excited singlet
and triplet states in the four major primary photochemical processes of n-butyraldehyde photolysis.
at 313 nm were estimated. :

Introduction

A detailed study of the vapor phase photolysis of n-butyraldehyde was made
by BLACET and CALVERT [1, 2] which elucidated most of the major photochemical
primary and secondary processes. Although recent work carried out in our laboratory
[3] showed the nature of primary reactions and the mechanism of secondary processes.
to be more complex than originally assumed by BLACET and CALVERT nevertheless.
the basic mechanistic features of the photolysis seem to be fairly well established.
However, much less is known of the role played by the excited singlet and triplet
states in the photolysis of n-butyraldehyde. Most of the investigations in this field
dealt with excited state precursors of only one or two primary photochemical
processes—often only with those involved in the NorrisH type II elimination—
and the conclusions were of qualitative nature.

Vapor phase experiments have definitely proved that both NORRISH type 1
decomposition into n-propyl and formyl radicals and type II ethylene elimination
may occur from the triplet state.

On the basis of the very low yield of ethylene obtained in the mercury -sensitized
decomposition of n-butyraldehyde as compared to the direct photolysis, BORRELL.
and NorrisH suggested [4] that only excited singlet molecules can undergo type 1I
elimination. However, in a later paper NORRISH and WAYNE showed [5] the failure
of BorrRELL and NoRRISH to detect the type II products in the sensitized reaction to
be caused by the consumption of the ethylene in secondary reactions during extended
photolysis.

Borkowskt and AUSLOOS [6] investigated the vapor phase fluorescence and its
relationship to the photolysis of n-butyraldehyde. They could show that the fluor-
escence emitted by butyraldehyde was not affected by the addition of biacetyl,
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however, a strong emission — ascribed to triplet excited biacetyl formed in a triplet
energy transfer process — was observed. At 334 nm, biacetyl reduced the relative
rate of C,H, formation by nearly a factor of ten, but did not appreciably affect
the yield of propane. On the basis of these ¢bservations it was concluded that an
excited triplet aldehyde molecule is involved. in the type II elimination and the
type 1 decomposition occurs from a singlet electronic state and/or from a trlplet
electronic state excited to a high vibrational level.

The investigations of REBBERT and AusLoos [7] at 313 nm wavelength showed
that both type I and type II decomposition of n-butyraldehyde can be photo-
sensitized by acetone. On the basis of luminescence measurements it was suggested
that an aceton molecule can transfer its triplet-state energy to form a triplet excited
aldehyde molecule. Consequently, the results on the sensitized decomposition of
n-butyraldehyde may be taken as evidence for the occurrence of type I and type II
reactions from the triplet state of the aldehyde.

The effect of c¢is-butene-2 and biacetyl on the vapor phase photolysis of n-butyral-
dehyde at 313 nm has been investigated by CUNDALL and Davies [8]. Since both
dissociation and ethylene elimination was quenched at 321 K by biacetyl and by
cis-butene-2 (and simultaneous isomerization of the latter compound occurred)
it was concluded that type I and type II processes occur through a triplet state.
(However, the possibility of contribution to the type I reaction from the singlet
state was not excluded.) On the basis of observed relative quenching efficiency of
biacetyl and cis-butene-2, it was suggested that type I and type II reactions occur
from upper and lower vibrational levels of the triplet state, which are however
similar (not far) in energy.

Information available on the role of the excited states in solution is less detailed
than in the vapor phase. The photolysis of n-butyraldehyde in solution was studied
by CoYLE [9]. Relative quantum yields for type II product and for cyclobutanol
formation in benzene were reported. Piperylene was used to quench reactions
occurring from the triplet state. It was found that part of the photochemical reaction
was quenched efficiently and part was relatively unaffected. Hence, it was concluded
that reaction occurs to an appreciable extent from both the nn* triplet and the
nn* singlet states, respectively. From the slopes of STERN—VOLMER plots, a triplet-
state lifetime of 3.5-10~%s was obtained.

Recently LEBOURGEOIS et al. [10] published a paper on the photochemical
behaviour of n-butyraldehyde in solution. Conclusions were drawn from measure-
. ments of absorption, fluorescence and aldehyde consumption; product analysis was
not attempted. Naphtalene quenching experiments were made to show that the
triplet state is responsible for the major part of the photochemical reactions. The
-quantum yield for reactions occurring from the singlet excited state was estimated .
to be less than 0.14. It was suggested that at »-butyraldehyde concentrations-less
than 10~ mol-dm™~3 the singlet-state molecules react in unimolecular reactions,
while at higher concentrations the reaction of an excited singlet and a ground state
aldehyde molecule dominates. The triplet state was assumed to be consumed in
a bimolecular reaction — in an interaction between a triplet excited and a ground
state butyraldehyde molecule — yielding a pair of butyryl and hydroxybutyl
radicals which recombine to form an acetoin homologue. LEBOURGEOIS et al. estimate
the lifetime of the excited singlet state to be 6+ 10~1%s at low aldehyde concentrations.
‘The triplet-state lifetime was shown to decrease with increasing aldehyde concentra-
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tion in the range of 10~2 to 10~! mol-dm~3; the lifetime values reported were
‘around 1078s

Survey of the information available in literature on the nature of the excited-
state precursors of the various primary photochemical products of n-butyraldehyde
shows that further quantitative data are required in particular for the relative singlet
and triplet contributions to the individual primary processes, and for the energies
and lifetimes of the excited states from which these reactions occur. A systematic
study of these questions, both in the vapor phase and in solution, has been initiated
in our laboratory. In this paper we present the preliminary results obtained with
cis-piperylene (cis-pentadiene-1,3), generally known as an efficient quencher of
the triplet states of carbonyl compounds.

Experimental
Materials

The n-butyraldehyde obtained from FLUKA AG was purified by precipitation
with sodium hydrogen sulfite. The recovered aldehyde (generated in nitrogen
atmosphere) was dried over anhydrous magnesium sulfate and further purified by
_ repeated distillation i vacuum, only the middle fractions being retained. The purified
sample contained about 0.5 percent isobutyraldehyde as determined by gas liquid
chromatography; the amount of other impurities was around the detection limit of
the flame ionization detector. The aldehyde was stored in dark in vacuum, in a flask
closed with a greaseless polyethylene valve.

The cis-piperylene (FLUKA AG) was 99.6 percent pure, contalmng 0.4 percent
trans isomer. Purification consisted of repeated bulb-to-bulb distillation in vacuum. -
The sample was stored in dark in a vessel equipped with a YOUNG valve (teflon
sealing).

The isooctane used as solvent was obtained from FLUKA AG. Purification
was carried out by distillation on a high performance column (theoretical plate
number over 10). Only a middle fraction, shown to contain saturated Cg and some C,
hydrocarbons, was used.

Isopentane used as an internal standard was obtained from KOCH and LIGHT
The purification procedure was identical with that described for isooctane.

Apparatus and methods

The method used in the experiments may-be divided in four working processes:

(1) Preparation of the sample to be irradiated;
(ii) Irradiation and light intensity measurement;
(iiiy Preparation of the sample for analysis;

(iv) Analysis.

The first three working processes were somewhat different in case of the vapor
phase investigations and in the experiments made in solution and require detailed
description, while the method of analysis applied in the vapor phase and solution
experiments was the same.
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Preparation of the aldehyde vapor samples to be irradiated

The sample was prepared by direct evaporation of the components into the
evacuated reaction vessel (irradiation cuvette). Pressures were measured with
a quartz spiral-manometer (BODENSTEIN type) which was used as a null-instru-
ment. The sample was left to stand 30 minutes to attain complete mixing of the
components before irradiation.

Vapor phase irradiation and intensity measurement

The vapor phase experiments were carried out in a cylindrical quartz cell of
4.5 cm internal diameter and 8.0 cm length, equipped on both ends with sealed
ultrasil planparallel windows. The cell was attached to a vacuum apparatus through
a greaseless polyethylene valve. Temperature was kept constant by means of a thermo-
stating jacket through which silicon oil from a thermostat was circulated.

]
PNNPL) C
l = 1 P

1
HO L4y Dyt F1F2F3Fz.i i D3 @ R
B 1

Fig. 1. Diagram of the irradiation line
(For the designations see the text.)

The irradiation line, installed on an optical bench, is shown in Fig. 1. The light
source H was an OSRAM HBO--500 high pressure mercury arc mounted in a metal
house. The ultrasil quartz lenses L,, L, and Ly as well as the diaphragms D, and
D, served to obtain a nearly parallel but slightly convergent beam. A third dia-
phragm D; cut the cross-section of the beam to the size which ensured that the
light filled the irradiation cell C almost completely., Irradiation could be started
or interrupted by moving the shutter S.

A band in the 313 nm region was isolated using a combination of four filters,
F,—F,, which are described in Table I. The light emerging from the filter combina-
tion showed a width of 3 nm at the half height of the band.

The light intensities were measured by means of a PRESSLER DGL 490a
vacuum photocell P, which was placed behind the reaction cell C. The photocell
was connected to a 100V high-stability DC power supply unit and the signal, after
amplification, could be either red or recorded. In order to reduce the light intensity

N
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Table 1
Filter combination used to isolate a band in the 313 nm region
]gfstil%:%tlitz;l Optiic:IIg:qpth Description of the filter
F, 25 64 g NiSQ,-6 H.O+ 10 g CoSO;-6 H,O+
+100 cm® H,O :
F. - 25 5.10-* mol-dm~-3? K,CrO,
F, 10 0.0245 mol-dm—-3 KHC;H,0,
F, 4 UG 11 (ScHoTtT, Jena)

to the level required by the photocell, a fluorescent screen Q was placed between
C and P,. This was similar to PARKER’s quantum counter [11], and consisted of
a cell of 10 mm optical depth containing a solution of 1.1.1073 mol .dm~2 fluor-
escein, 0.5 N sodium carbonate and 0.05 N sodium bicarbonate. The whole quantum
counter system was calibrated by means of a ferrioxalate actinometer. The calibration
was shown to be linear in the light intensity range used by us for irradiation (2-10~1
to 3-107? einstein -cm~2-s~1). In the calculation of the quantum yields, measured
intensities were corrected for the reflexion on the optical surfaces.

Much attention was paid to use stable light intensity during irradiation. There-

fore a power supply unit was developed for the mercury arc which could be used
in (i) voltage stabilized-, (ii) current stabilized-, (iii) light intensity stabilized-, and
(¢v) externally controlled working mode. In quantitative photochemical investiga-
tions, the light intensity stabilized mode was used, and a controlling system kept the
light intensity of the mercury arc constant at a pre-set value.
. The controlling system consisted of the mercury arc A, the power supply unit
and a photocell P, (type DGL 4904, Deutsche Glimmlampengesellschaft PRESSLER,
Leipzig). A fraction of the exciting radiation was reflected by a planparallel quartz
plate PL onto the cathode of the photocell P,. An error signal, the difference between
the photocell current and the pre-set current proportional to the required light
intensity, was used to control the power supply unit of the mercury arc.

With this controlling system the long range drift of the intensity of the exciting
light was kept within 2 percent. The short range stability was better than the
accuracy of the readings, corresponding to about 40.2 percent of the intensity.

Preparation of the irradiated vapor phase samples for analysis

- After irradiation, the reaction cell was attached to a vacuum line, the gas
mixture was led through a trap cooled to liquid air temperature, and the non-
condensable products were collected by a TOEPLER pump and their volume was
measured in a gas burette. The products condensable at liquid air temperature were
dissolved in isooctane containing isopentane and cyclohexanone as internal standards
which was introduced previous to. the whole procedure into a small tube attached
to the bottom of the trap. Finally, the small tube containing the solution of the
products was sealed off. Both the gas and the solution sample was analysed by gas
chromatography.
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Preparation of the solution samples to be irradiated

The isooctane solvent containing isopentane as internal standard was carefully
degassed. Then solutions of n-butyraldehyde and of piperylene, respectively, were pre-
pared in two separate vacuum lines by freezing known amounts of these compounds
on the top of given volumes of the solvent. These solutions as well the solvent were
used to prepare a set of samples in which the concentration of the aldehyde and
that of the internal standard was constant but the concentration of piperylene
varied. The cylindrical Uviol cuvettes (1.2 cm internal diameter) containing the
solution samples were sealed off, detached from the vacuum line and subjected to
irradiation.

Irradiation of the solution samples

A series of solution samples with varying piperylene concentration were irradiated
simultaneously. Two methods, termed method 4 and method B were used.

In method A, the optical line was similar to that used in the vapor phase irradia-
tions (see Fig. 1.) except for the design of the reaction cell and the thermostating
jacket. A cuvette holder drum accomodating 12 cuvettes was rotating at the end
of the optical line. Thus, all the samples absorbed the same number of ligh quanta.
The cuvette holder drum was enclosed in a cylindrical vessel which could serve as
an air or liquid thermostat. There was a quartz window on the vessel where the light
beam entered. .

In method B, a rotating mercury arc (a 125W PHILIPS medium pressure arc
- connected to a current stabilized DC power supply unit) was surrounded by 8 sample
cuvettes. The Uviol cuvettes were mounted vertically on a fixed base parallel to
and in equal distances from the central mercury arc. The arc was surrounded by
a spherical filter- jacket (optical depth=2.5 cm), made of Uviol glass, through which
a filter solution circulated. The filter solution which isolated a band in the 313 nm
region was prepared by dissolving 32 g NiSO,-6H,0+ 10g CoSO,-6H,0+0.5¢
- KHCH,O, in 100 cm® water. Because of the decomposition of the potassium
hydrogen phtalate on irradiation, the filter solution had to be replaced in each
experiment. The spectral distribution of the exciting light in this set-up may be
characterized by 1.5 nm width at the half height of the band.

Preparation for analysis of the irradiated solution samples

In experiments where analysis of the CO product was not made, no special
preparation of the sample was required. The cuvette was opened, the second internal
standard (cyclohexanone) was added and the sample was ready for analysis.

In the rest of the experiments the cuvette equipped with a break seal was attached
to a vacuum line, the break seal was opened and the whole content was distilled
into a trap kept at liquid air temperature. The non-condensable products were
collected by a TOEPLER pump and their volume was measured in a gas burette.
"The condensable products were sealed into a small tube attached to the bottom of
the trap. Both gas and liquid samples were analysed by gas chromatography. '

i HJ
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Analysis

Product analysis was carried out on a HEWLETT—PACKARD type 5751G
and a CARLO—ERBA Linea DACI gas chromatograph. Nitrogen carrier gas
was used and flame ionization detection was generally applied, except for the
hydrogen measurements (thermal conductivity detector). Peak areas were measured
(using a HEWLETT—PACKARD type 3370B digital integrator) against that of
an internal standard (either isopentane or cyclohexanone) or against the peak area
of a product the amount of which in the sample was already known from another
analysis. Altogether four columns were required for the detailed quantitative
analysis of the composition of the irradiated samples:

(i) 2.5m Molecular Sieve 5A, stainless steel tube of 6 mm i.d.;
(if) 1.8 m Alumina, stainless steel tube of 6 mm i.d.;
(#ii) 3.0 m Porapak QS deactivated with 0.5 percent Apiezon L, stainless steel
tube of 2.5 mm i.d.; ,
(iv) 30 m SCOT column with Carbowax 20M stationary phase, 0.25 mm i.d.

The non-condensable gas fraction was analysed for hydrogen on the Molecular
Sieve column at 343 K, and for methane on the Alumina column at 373 K. The
amount of CO was obtained from the volume of the gas fraction measured in the
gas burette by taking into account the H, and CH, content.

The liquid fraction (condensable at liquid air temperature) was analysed for
ethane, ethylene, propane and propylene on the Alumina column at 373 K; ethylene,
propane, piperylene, n-butyraldehyde and n-hexane were measured against iso-
pentane internal standard on the Porapak QS column at 443 K. Finally, n-butanol,
cyclobutanol, 4-heptanol and 4-heptanone were analysed on the SCOT column
at 383 K using cyclohexanone as internal standard.

Results and discussion

In the investigations described in this paper, the role of the excited singlet and
triplet states of the aldehyde molecule in the major primary photochemical processes
of n-butyraldehyde photolysis was studied by observing the effect of piperylene
on the quantum yields of certain products characteristic for the primary processes
dealt with. :

A detailed study of the photolysis of n-butyraldehyde is in progress in our
laboratory [3], and the results obtained so far show that seven more or less important
primary processes occur at 313 nm both in the vapor phase and in isooctane solution.
The major ones are

C,H,CHO—~C,H,+CHO @
C,H,CHO —~C,H, + CH,CHO ‘ (In)
C;H,CHO —cyclobutanol , ' an)

C,H,CHO + C;H,CHO ~C;H,CHOH + C,H,CO aw)
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Two of these (i.e. the NORRisH type II decomposition and the rearrangement step I1°)
yield stable products. On the other hand the NorRrisH type I decomposition into
n-propyl and formyl radicals, and the reaction of an excited state and a ground
state aldehyde molecule forming hydroxybutyl and »n-butyryl radicals are followed
by secondary processes.

If a primary process occurs from two excited states and oné of them (i.e. a triplet
state) is quenched and the other (i.e. an excited singlet state) is unaffected by a
quencher, then the contributions of the quenchable and unquenchable states can be
given by

qT = (60— &=)/° (1)
and
n° = o=/9° 0]

where @° and &= designate the quantum yields of a primary product obtained in
-the absence of the quencher and at a quencher concentration high enough to de-
activate completely the quenchable state, respectively For reactions 1II and I the
primary products can be measured directly in the irradiated sample, thus #T and %%
are obtained in a straightforward manner. However, this is not the case for reactions
I .and IV where only the products formed in secondary free radical reactions can be
measured. Nevertheless, if certain conditions are fulfilled, some secondary products
might be found, the quenching characteristics of which supply information on the
role played by various excited state precursors.

The choice of the characteristic product quantum yields to be used in equ.
(1) and (2) in order to calculate T and %5, respectively, for reactions.I and 1V, requires
careful consideration of the kinetics and the stoichiometry of the secondary free
radical processes. Important points on which special emphasis should be laid are
the following:

(i) If reaction chains are involved in the formation of the secondary products,
then quenchers are expected to alter considerably the chain length and
the stoichiometry of the reaction, therefore simple correlation does usually
not exist between product quenching and the contribution of the various
excited states to the particular primary process.

(i) Assuming that chains do not occur or chain length is very short, never-
theless the st01ch10metry of the reaction changes on addition of a quencher
if the radical formed in the primary process is consumed in competitive
elementary steps among which some are first and others are second order
with respect to the free radical. In such cases information on the role played
by the various excited state precursors can be obtained from quenching
plots where the weighted sum of the quantum yields of all (or all signi-
ficant) products formed in the reactions of the primary free radical are
plotted against the quencher concentration.

(iii) In the simplest case where the quencher does not alter the reaction stoichio-
metry, any product may be chosen as the characteristic one. Thus, the
quantum yields of any product may be used to obtain #T and 115 by means
of equ. (1) and (2), respectively.

‘
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(iv) In the case considered above it has been tacitly assumed that only physical
quenching (triplet energy transfer) occurs. However, if the quencher reacts
with the free radicals, then chemical quenching of the reactive inter-
mediates is superimposed upon the physical quenching.of the excited state
precursor, causing an overestimation of the role played by the quenchable
excited state.

A study of secondary photochemical processes in the gas and liquid phase
photolysis of n-butyraldehyde at 313 nm, carried out in our laboratory (see [3] and
subsequent papers), revealed that the mechanism is complex. Chains occur in the
vapor phase photolysis, however the chain'length is short (less than 1.3) at room
temperature. The information (see [3] and subsequent papers) available on the
mechanism of the free radical processes following reactions I and IV demand that
nT and 5 be obtained from quenching plots where the weighted sum of the quantum
yields of all significant products formed in the reactions of the appropriate primary
radical are taken into account (compare with paragraph ii above). ,

Table II and III give the product quantum yields measured by us in the vapor

Table 11

Product quantum yields obtained in the gas phase without added piperylene at 313 nm wavelength
and room temperature. [C;H,CHO],=2.7-10~% mol-dm=2; I,=6.5- 107" einstein-cm=2.5~1

- Cyclo- 4-Hepta- | 4-Hepta- n-Bu-
GH, | CH,CHO butanol CCL CaHly CoHyy CsHy none nol tanol

0.17 0.18 0.032 0.43 0.29 0.093 0.019 0.004 |- 0.008 0.010

phase and in isooctane, respectively. The two.sets of quantum yields shown in
Table III were obtained by method 4 and B at considerably different intensities.
Products of very little importance (see [3]) are not included in the tables. The results
- clearly show that the same products are formed in the vapor phase and in isooctane. _

Table III
Product quantum yields obtained in isooctane without added piperylene at 313 nm wavelength and

room temperature, [CsH,CHO],=1:10-2 mol-dm=3; *[,;=2.8.10"'° einsteinscm—2.s71
(Method A ); P 1,=15.0-10° einstein-cm—2+s~' (Method B)

cat, ool Gt | co | can | cam | e || eng |
@0 = 0.13 0.14 | 0.034 029 | 0.010 | 0.006 | 0.012°| 0.027 | 0.059

@° » 0.12 0.12 | 0.043} 0.17 0.19 | 0.011 | 0.010 | 0.011 | 0.029 | 0.085

Ethylene and acetaldehyde are the products of the NorrisH type II decompo-
sition of n-butyraldehyde, and the presence of cyclobutanol among the products
both in the vapor phase and in isooctane indicates the occurrence of reaction II'.
The C,H, or CH,CHO and the cyclobutanol are primary products characteristic
for primary reactions II and I, respectively.

5
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Butyraldehyde decomposition according to reaction I gives formyl and »#-propyl
radicals. The subsequent reactions of the formyl radicals yield carbon monoxide
as the sole significant product both in the vapor phase and in isooctane, thus-the
type I decomposition may be characterized by the measurement of CO formation.
Reactions of the n-propyl radicals give various reaction products. It may be shown
(see [3] and subsequent papers) that the predominant part of the propyl radicals is
recovered in the form of C;Hg, C;H,, and CsHy. A minor part of the propyl radicals
is consumed in the vapor phase in reactions leading to the formation of hepta-4-one
and hepta-4-ol. (It is to be noted, however, that in solution the latter compounds
are formed by other routes.) Since 4-heptanone and 4-heptanol are minor products
of negligible importance from our point of view, the characteristic type I product
quantum yield can be expressed as the weighted sum D¢y, +2Pcg,,+ Peyy,-
(A factor of 2 appears before the n-hexane quantum yield because two C;H, radicals
are consumed in the formation of a C¢H,, molecule.)

Secondary processes of the hydroxybutyl radical formed in reaction IV give
4-heptanol and n-butanol. Other products formed in hydroxybutyl radical reactions
were detected [3] but are of little importance under the conditions of our investiga-
tions. Thus one may suggest the sum @, punoi+ Probutana @5 the quantum yield
characteristic for reaction 1V.

The quenching plots for the type I products obtained in the vapor phase and
in solution are shown in Fig. 2 and 3, respectively. The yields of C;H, and CH,CHO

O’CZHL
02 ®,CHyCHO
)
01} o—P0—0 co o
-—00—0 [ 4 o_
(4] 1 L 1 —1 1 1 [ I 1 L
0 2 4 6 8 10.

[c-Piperylene],10% - mol-dri 3

Fig. 2. Quenching plots of ethylene and acetaldehyde in the
vapor phase. T=298 K, [CH,CHOJ]=2.7-10-% mol-dm-3,
A=313 nm, I[,=6.5-10~ 1 einstein-cm~—2.5-1

agree in solution both in the absence and in the presence of the quencher. However,
there is a minor disagreement (exceeding the error limits) apparent in the vapor
phase, for which satisfactory explanation has not been found so far. The quantum
yields decrease with increasing quencher concentration and seem to attain a limiting
value at around 10~* and 103 mol-dm~3 piperylene concentrations in the vapor
phase and in isooctane, respectively. If the residual reaction is assumed to occur
from the singlet excited state and-the quenchable part from the triplet state, then
one obtains with equ. (1) and (2) for the triplet and singlet state contributions,
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. respectively, to the type II decomposition: #T=0.45 and n3=0.55 (vapor phase),
- nT=0.75 and #5=0.25 (solution).

- The results on the quenching of the cyclobutanol formation by piperylene in the
vapor phase and in solution are shown in: Fig. 4. and 5., respectively. Again the quen-

) . 0, CZHA
oofg ®.CH;CHO
)
(N
—
. _ A
0 n 1 L L A
0 o 2 3 4 5

[c—Piperylene], 163-mot-dm™3

Fig. 3. Quenching plots of ethylene and acetaldehyde in iso-
octane. T=298 K, [C;H,CHO],=1-10"2 mol.dm~—3,2=313 nm,
Io—-S 0-10~? einstein-cm 2.1

003
002

001 . %9 ) - o

4 6 8 10
[c-Piperylene],10 %. mot - drm 3

Fig. 4. Quenching of cyclobutanol formatiori in the vapor phase.
T=298 K, [CsH,CHO),=2.7-10~* mol-dm=2; A1=313nm,
I,=6.5-10"1° einstein.cm—2.5 1

ching curves seem to level off above 107 and 1072 mol -dm~3 in the vapor phase and
in isooctane, respectively. Assuming that, at high quencher concentrations, cyclo-
butanol formation originates from the excited singlet state, one obtains for the
contribution of the two excited state precursors #nT=0.80 and #5=0.20 in the vapor
phase, and #T=0.80 and #5=0.20 in isooctane.

Quenching of carbon monoxide, propane, n-hexane and propylene formation
by piperylene in'the vapor phase and in solution is shown in Fig. 6 and 7, respectively.

5‘ -
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Qo4
Q02
! —o
00 1 2 4 3 5
[c-Piperylene], 10 “.mol-dm

Fig. 5. Quenching of cyclobutanol formation in isooctane.
=298 K, [CsH;CHOly=1-10"2 mol-dm~2, A=313 nm,
Io=5.0-10"? einstein-cm—2%.5~!
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-0,CO
03 0, C3Hg
. CgHig,
@ .1C3H6
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0 2 4 6 ) 10

[c-Piperylene],10%-mol-dm 3

Fig. 6. Quenching of CO, propane,. n-hexane and propylene
, formation in the vapor phase. T=298 K, [C;H,CHO),=2.7-10-3
mol-dm=?, 1=313 nm, 1,=6.5-102 einstein-cm 2.1

az o, C3H8

*,CO
¢

o,CgHyy,
o 1

O\
S

o . 1 2 3 4 5
 [c-Piperyiene] 103 mol-am®
Fig. 7. Quenching of CO, propane and n-hexane formation in

' 1sooctane T=298 K, [CsH,CHOJ,=1- +10~2 mol-dm-2, A=313 nm,
I,=5.0-10-? einstein.cm~2.5~!
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It may be seen from the figures that the formation of the products related to the
type I decomposition is influenced to a great extent by piperylene, indicating the
significant role played by the triplet state in the NorrisH type I decomposition.
This is true especially for the reaction occurring in isooctane. The change in stoichio-
metry with increasing piperylene concentration is also apparent from the figures.
(Note that the quantum yield of n-hexane formation decreases more rapidly than
that of propane.)

In Fig. 8 and 9 the relative quenching plots of characterlstlc type I product
quantum yields are shown for the vapor phase and for isooctane solution, respectively.
It is important to note that the relative quenching curves based on the sum C;Hg+
+2CgH,,+C,H, agree within the limits of experimental error with those obtained
from CO measurements. This supports our choice made for expressing the charac-
teristic product quantum yield. The quenching curves suggest that nT=>0.80 and

0, C3H8+2C6H11.+ C3H6 -
d’ . @,CO

2
| e

(4
Oo o °
: oo o—
/
o L f - 1 1 —_

0 2 4 6 8. 10
[c-Piperylene], 10 4. mol -dm3 C

Fig. 8. Relative quenchnig plot of the characteristic type I prod-

uct quantum yields $co and (¢C H, +2d§c Hyq +¢C Hy ), in

the vapor phase

1.0
L ] .

[ 0, C3Hg +2Cgh, Cafg
do ,Co

05t

) o
\ ’
0 1 M = e A
0 1 2 3 4 5

[c-Piperylene], 1073 mot- dri3

Fig. 9. Relative quenching plot of the characristic type I product
quantum yields, o and ((pcsHa +2¢CGH“+ ¢c3H6)’ in isooctane
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75<0.20 in the vapor phase, while n7>0.95 and #°<0.05 in isooctane. However,
for reasons which we are going to describe below, these results should be accepted
with some reserve.

The results on the quenching of 4-heptanol and n-butanol formation in the vapor
phase and in isooctane are given in Fig. 10 and 11, respectively. The corresponding

001
(I) O, n-butanot
®,4-heptanol
0005
L A .
00 2 4 6 8 10

[c-Piperylene], 1074- mol- drm 3

Fig. 10. Quenching of 4-heptanol and n-butanol formation by
piperylene in the vapor phase. T=298 K, [C;H,CHO),=2.7-10-
’ mol-dm~—3, 1=313 nm, [,=6.5-10""° einstein.cm~2.s~!

010
.o 0, n-butanol
9 c e, 4-heptanol
| o\ |
o\o\o\
; o
ot > — .
0 1 2 -3 4 5

[c-Piperylene], 10 mol-dmi’3

Fig. 11 Quenching of 4-heptanol and n-butanol formation by
piperylene in isooctane. T=298K, [C,H,CHO]=1-10-2
mol-dm~3, =313 nm, I,=5-10° einstein-cm 2.5~

relative quenching plots of the characteristic product quantum yields (the sum of
the quantum yields of 4-heptanol and n-butanol formation) are shown in Fig. 10
and 11. From these one may conclude that, under the conditions of our investigation,
reaction IV occurs from the triplet state; i.e. #7~1.0 and #5~ 0 both in the vapor
phase and in isooctane.
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The excited singlet and triplet state contributions to primary reactions I, II, II”
and IV in n-butyraldehyde photolysis, obtained from piperylene quenching experi-
ments, are summarized in Table IV. The results show the excited state precursor
involved in reaction I and IV to be the triplet aldehyde molecule, while reactions
II and II’ occur from both the excited singlet and the triplet states. The role of the
triplet state is more important in isooctane than in the vapor phase.

_%_ 0,n-butanol +4-heptanol
o .
05
0
oL_O~o o .
0 2 4 6 8 10

{c-Piperylene], 107-mol - dm3

Fig. 12. Relative quenching plot of the characteristic
product quantum yield for reaction IV in the vapor phase

0, n-butanol + 4 -heptanot

ro

5F o
ﬂ\
O~
. O
O I - 1 . L s 1
0 1 2 3 4 5
[c-Piperylene], 10°4-mol -dm 3

Fig. 13. Relative quenching plot of the charactéristic
product quantum yield for reaction IV in isooctane

The singlet state energy of n-butyraldehyde has been estimated by LEBOURGEOIS
et al. [10], on the basis of the fluorescence and absorption spectra, to be about
86 kcal - mol~1. The n-butyraldehyde quenches the triplet state of acetone [7] (for
which a triplet energy of 80 kcal-mol~* has been estimated [12]), on the other
hand cis-butene-2 (with a triplet energy of about 78.8 kcal-mol~! [13]) is an in-
efficient quencher of the triplet n-butyraldehyde [14]. From these data we estimated
the lowest level of the triplet state of n-butyraldehyde to be about 78 kecal + mol~*
above the ground state.

~
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Table IV

The role of the excited singlet and triplet states in primary reactions
I II, I’ and 1V of n-butyraldehyde photolysis

Reaction I Reaction II Reaction IT Reaction IV
Vapor phase .
s <0.20 0.55 0.20 ~0
nT >0.80 0.45 0.80 ~1.0
Solutioﬁ
<0.05 0.25 0.20 ~0
nT =>0.95 0.75 0.80 - ~1.0

The cis-piperylene has a low triplet state energy (which is about 56.9 kcal - mol—!
above the ground state [15]), thus very efficient triplet energy transfer is expected
to occur from n-butyraldehyde to the conjugated olefin:

SA+P—~A+3P 3)

where A and 3A stand for the ground state and triplet state of the aldehyde, while
P and 3P designate the ground state and triplet state of piperylene, respectively.
In accordance with this supposition we found that low concentrations of piperylene
(10~*mol-dm™~? in the vapor phase and 10~2mol-dm~2 in solution) quenched
the decomposition of n-butyraldehyde. The quenching effect of piperylene is caused
by energy transfer, which is indicated by the simultaneous occurrence of the cis-trans
isomerization of the olefin. Thus, there is no doubt that efficient triplet energy
transfer took place under the conditions used in our experiments, however, it has
not been examined in this paper whether some singlet energy transfer also occurred
at the highest piperylene concentrations. Experiments planned at even higher
quencher concentrations — which are in progress in our laboratory — shall throw
light on this question.

Only physical quenching caused by piperylene has been considered so far.
However, free radicals formed in the primary processes might react with the conju-
gated olefin causing' chemical quenching which could remain unrecognized. The
observation [14] that the quantum yield of piperylene cis-frans isomerization was
found to be similar but somewhat less than the value expected from the extent of
decrease of product quantum yields seems to indicate that some trapping of the
free radicals occurred. If this is so, the role of the triplet state in reaction I (and
perhaps in reaction IV) could be somewhat less and that of the excited singlet state
a little more important than indicated by the figures given in Table IV. Further
experiments with triplet quenchers not reacting with free radicals are in progress
and the results will be reported in another paper.

* k¥
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POJIb BO3BYKIEHHBIX COCTOAHUM B ®OTOJN3E #-MACJISSHOT'O
AJIBAETUIA, 1.
Tymerme TPAILIETHOTO COCTOSHHS IHIEPHICHOM
M. Teavoewu, T. Bepyews u A. Haua

Onucan 3KCIEePUMEHTATBLHBL METOH TIPHTOMHBLA A H3YYECHHS POJA BO30YKIEHHBIX COCTOMHMAMK

B dboToNmM3e H-MACIAHOTO anbiernja. JlaHpl OpegBapUTeSbHbIE SKCIEPHMEHTANBHBIE PEe3yNbTaThl
TIONyYEHHBIE C MpHMEHEHHWEM B KaueCTBE TYNIMTENs TWIEpHIeHa B ra3oBoif da3e m B pacreope
(pacTBOPMTEbF M3OOKTAaH) H OLEHEHBI JOJHA CHHIJCTHOTO H TPHIJIETHOTO COCTOSIHHI B YeTHIPEX
TIAaBHBIX MEPBAYHEIX (POTOXMMHMYECKHX mponeccax (oToNM3a H-MacIAHOTO anbAerdia TPH AIAHE
BOJTHEL 313 HM.
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OF METAL CHLORITES, CHLORATES, AND PERCHLORATES
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. "Studies related to the thermal decomposition of different metal chlorites, chlorates and perchlo-
rates are reviewed and a critical survey on various interpretations of the thermal behaviour of
these salts is given.

Introduction

Halogen oxyacids and their salts occupy an important place in the system of
inorganic chemistry. During the past twenty years there has been particularly great
interest in this family of compounds, as demonstrated by the several hundred publi-
cations on their physical and chemical properties; and primarily on their thermal
stabilities. The main cause of this great interest is that many of these compounds
are ‘widely used in practice as source of oxygen. They comprise one of the most
important constituents of solid propellants, and are also employed in various pyro-
technic and exploswe mixtures.

The primary aims of the present work are to review the considerable experi-
mental and theoretical material, to emphasize on the more important results, and’
to discuss these at a high level.

Thermal stability of alkali chlorites

According to early observations, sodium chlorite is easily explosible on shock;
when heated, chlorate and chloride is formed, accompanied by a slight amount
of oxygen evolution (see [1, 2]). TAYLOR et al. [3] stated that sodium chlorite is
highly resistant to long period of storing at room temperature: after 10 years of
storage its weight loss was negligible and, as can be seen from Table 1, its compo-
sition has not much altered either.

At higher temperatures (150° C) decomposition was not observed after 30 mmutes
above 200° C, however, a considerable amount of chlorate formation was noted.
It has also been observed that sodium chlorite explode only if the surface of the
metal performing the striking contained grease.

The thermal stability of chlorites has been studied in detail only recently applying

derivatographic methods as well as kinetic measurements [1].
. -
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Table 1

The composition of solid NaClO, éfter different storing
periods at 25° C (3]

Composition in weight %
Compound Starting - after after after
material 4 months 22 months 130 months
NaClO, 84.90 87.00 87.59 86.63
NaCl 2.40 2.28 2.05 2.77
NaClO 0.00 0.00 0.11 0.00
NaClO, 2.96 1.76 1.35 1.97
Na,CO; 13.52 10.12 7.47 9.17
103.78 10116 | 98.57 100.54

The derivatograms of sodium chlorite are plotted in Fig. 1.a. There are three
exothermic peaks on the DTA curve, at 191, 273° and 557°C. An endothermic
change appeared at 260° C. .From the first two “exothermic peaks only the second
was connected with a very slight but reproducible weight loss (about 1%). The
decomposition of the substance started at 440—450° C. On increasing the heating
rate (from 3° C/min. to 18° C/min.) the exothermic peaks and also the onset of the
loss of weight were shifted towards higher temperature.

Interrupting the measurements after the second exothermic process at 280° and
320° C and cooling down the sample, the substance did.not exhibit in a repeated
experiment the exothermic peaks previously observed (Fig. 1.b).

600
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0
16 - 450°C
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- 50 ~ 501
w0
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= 1004 a
= a
g\ a S 100
2 x
150+

0O 5 10 150 20mn O 2 40 60 80 100 min

Fig. 1. Derivatogram of NaClO, (a). Derivatogram after the interruption
at 280° C (b). Weight of substance: 210 mg; heating rate: 6° C/min. [1]

i
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The solid residue obtained at the interruption did not contain any sodium
chlorite: its composition was: 73.7% NaClO; and 24.3% NaCl. These results show
that under the experimental conditions applied sodium chlorite is transformed into
sodium chlorate and sodium chloride according to the equation

3 NaClO, = 2 NaClOy+NaCl. . )

The exothermic character of the reaction is in accordance with the reaction heat
calculated from the heats of formation of the substances (Table II). The endo-

~

Table I
Heat of reaction of different transformations of chlorites
Heat of
Compound formation | AH,/mole | AH,/mole | 4Hi/mole | AH /mole
kcal/mole
LiClo, ~ | —84.88| +1398 | +501 | —12.82| +27.36
NaClO, —7265| —13.08  —17.24 | —25.58 | +45.90
KCIlO, —7890 | —14.60 | —18.15 | —25.27 | +71.40
RbC10, —-74.50 ) —17.50 | —21.13 ] —28.41 | +70.1
CsClO, —7446 | —19.54 | —2204 || —29.04 | +73.02 .
Ba(ClO,), —158.2 | —23.5 —3145 | —47.36 | +25.2
AgCl0, 0.0] —5.73 —-13.9 —30.36 | +3.26
Pb(ClO,). — — — — —

L
AH,: for MeClO, +E 0, = MeClO,;

2 1
AH,: for MeClO, = 3 MeClOa—f-E MeCl
AH;: for MeClO, = MeCl+ O,
1
AHy: for 2 MeCIO,; = Me20+Clz+-2— 0,

thermic change experienced at 260° C as well as the decomposition which started
above 448° C were due to melting and decomposition of the sodium chlorate. The
_latter process is characterized on the DTA curves by an exothermic peak. If the
interruption was carried out at 160° C, i.e. before the appearance of.the first exo-
thermic peak, only 5% NaClO, was found in the sample.

The derivatogram of sodium chlorite was taken in the presence of sodium
chlorate and sodium chloride, respectively (mole ratio 1:1). It appeared that the
products of the disproportionation reaction did not essentially influence the charac-
teristics of sodium chlorite transformation.

The derivatographic study- of the other alkali metal chlorites is hampered to
a considerable extent by the fact that these compounds are appreciably more hygros-
copic than sodium chlorite. Their thermal behaviour is similar to that of sodium
chlorite [2]. The sharp exotherm peak indicating the disproportionation reaction
is accompanied by only an extremely small weight loss (1—2%) on the TG curve
(Fig. 2).

The data concerning the thermal transformatlon of the compounds are listed
in Table III.
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Table 111

Exothermic peaks on DTA curves belonging to the disproportionation of chlorites [1, 2, 4]

Compound|  LiCIO, NaClO, KClo, | RbCl0, CsClO, " | Ba(ClOy), | Pb(CIOy), | AgCIO,

°C 210 191 185 155 120 220 123.5 95

Comparison of the thermal behaviour of the alkali metal chlorites shows that
the beginning of the exothermlc peak belonging to the disproportionation of the
chlorites

2 MCIO, +% MCI . 2

decreases from lithium to cesium. On the other hand, the temperature of the weight
decrease corresponding to the decomposition of the chlorate at higher temperature
increases from lithium to cesium.

The kinetics of the disproportionation of alkali chlorites, under isothermal
condition, has been studied in the
temperature range between 52 to
180° C. [1, 2]. The reaction starts th-
umog hout induction period and its Tate
increases with increasing temperature.
The reaction is adequately described
by the first order equation up to
50—70% and 30—40% conversion at
NOCLJ - higher and lower temperatures, re-

spectively.

The temperature of the dispro-
portionation reaction decreased from
KCIOz ) lithium (152—180° C) to cesium (52—
98° C). The activation energies were
found to vary between 15—28 kcal/
mole. Many attempts have been made
RBCIO, to decompose sodium chlorite under
isothermal conditions. However, the
substance only disproportionated into
chlorate and chloride even at higher

temperatures, (300—400° C) without

€5C10, . .
NJX/_V\/f__/\ any gas evolution. The slow gas
. evolution experienced above 400°C
is the result of the decomposition
of sodium chlorate formed in the
Fig. 2. DTA curves of alkali chlorites in air. fllsp roportionation. The same behav?
Heatmg rate 3°/min. [2). Weight of substance: ~ 1our was found for the other alkali

50mg chlorites.

o 1

0 100 200 300 400 500 °C




. THERMAL DECOMPOSITION OF METAL CHLORITES, CHLORATES, AND PERCHLORATES 79

Thermal stability of barium, silver and lead. chlorites

Among the other metal chlorites, detailed studies were carried out only on
barium, lead and silver chlorites [1, 4].

The thermal behaviour, the TG and DTA curves of these compounds essentially
differred from that of the alkali chlorites. Parallel to the large heat evolution, extreme-
ly fast decomposition appeared on the TG curve at the followmg temperatures

(Figs. 3 and 4):

barium chlorite 190° C,
silver chlorite - 120° C, ' -
lead chlorite  103° C.

On applying 1°/min heating rate, the behaviour of chlorites altered, namely they
were converted almost at the above temperatures into chlorates and chloride
accompanied by an exothermic heat change without any decomposition.

The direction of conversion of barium chlorite was influenced by-addition of
foreign substances (barlum chloride, barium chlorate, aluminium oxide, nickel
oxide.) In such cases, decomposition of the compound did not occur even when
6°/min. heating rate was used. All these findings indicate that the direction of con-
version of barium, silver, and lead chlorite — contrary to that of the sodium
chlorite — is extremely sensitive to the temperature and to experimental conditions.

soof 300f 0
DTS 076 _
oC —_ v v o0 | — oC
2200
00} 200 400
. .
DTA ’
200} 100 200
|71
S
of wo°C of ‘@ 0 .
2 16 2 76 £ 16 369°C
3 o @
2 50 S sop 8 o)
= z £
2100 a = 0} b 2 5 c
Q @
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0 20 40 60min 0 100 200min 20 60 80 1t00mn

Fig. 3. Derivatogram of Ba(ClO,), [1]. Weight of substance: 160 mg; heating rate: ()
6°/min.; (b) 1°/min.; (¢) continuation of the former measurement with 6°/min.

The disproportionation of barium, lead and silver chlorites has been studied
kinetically at lower temperatures, and the activation energies were found to be 23, 26
and 39 kcal/mole. The slow decomposition of barium and lead chlorites could not
be studied either, as.at the moment of beginning of gas evolution the decomposition
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immediately turned into explosion. The activation energies calculated from the .
temperature dependence of the induction period before the explosion were found
to be 38.8; and 28 kcal/mole (Fig. 5). The explosion proved to be of thermal origin;
at the moment of explosion the temperature rise was between 40 and 80° C.
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Fig. 4. Derivatogram of Pb(ClO,), [1]. Weight of substance: 100 mg; heating
tate: (@) 6°/min.; (b) 1°/min.; (¢) continuation at a heating rate of 6°/min.
of the measurement interrupted at 150° C
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Fig. 5. Explosion of Ba(ClOy), at different temperatures and the
Arrhenius diagram of the induction periods [1]; 7==induction
period before the explosion, ml=the amount of gases formed
during the explosion. (1), at 196° C; (2), at 192° C; (3),at 190° C
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Among the chlorites investigated, silver chlorite was the only compound the
slow decomposition of which was observed. In vacuum the reaction occurred
according to equation '

’ AgClO, = Ag+CIO,. . A3

The decomposition was of autocatalytic character; the accerelation period followed
the equation :
: logp = k-t+c.

The activation energy was found to be 48.2 kcal/mole. In the period following the
rate maximum the monomolecular decay equation described the decomposition.
The activation energy was 24.8 kcal/mole.

Table IV
Kinetic data for the reactions of chlorites
. Temperature Activation Frequenc; ineti
Compound € rgnge Methods g:-:ergy f?ctor v eﬁ:l;:itcl)i
°C kecal/mole min~1! -
Disproportionation .
LiClO, 152—180 | chemical
analysis in :
co air 24.2 6.28-10° first order
NacClO, 140—160 chemical
analysis :
: ‘ ’ in air 54.2 1.85.10% first order
K.ClO, 100—140 chemical '
analysis ~ '
i in air 28.3 — first order
- RbClIO, 90—120 | chemical o
analysis
in air 20.0 2.86-10° first order
CsClO, 52—98~ | chemical '
‘analysis
in air 15.2 1.11-10% first order
Ba(ClO,), 130—170 | 'chemical .
analysis : : .
. : in air 23.5 3.88-10° first order -
Pb(ClOy), 75.5—95 chemical
. analysis
in air 39.4 - 1.62-10% first order
Decomposition
AgClO, 85—105 | chemical
analysis
] in air 26.0 1.74-10"® | first order
Explosion
AgClO, 108—125 | in air ml of 53.0 — induction
gases period
Ba(ClOg). 190—210 | in air ml of 38.8 — induction
gases period
Pb(CIO,), 112—115 |.in air ml of 28.0 — induction
: gases peroid
6
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Data concerning the thermal behaviour of other metal chlorites are very scarce
in literature. Calcium and strontium chlorites decompose upon contact with a hot
" wire, and they explode upon percussion [5]. Zinc and cadmium chlorites containing
two moles of crystal water did not explode upon percussion ; in vacuum however, they,
changed into basic salt accompanied by loss of water and chlorine evolution [5].
Mercurous chlorite decomposes upon heating and percussion to mercurous chloride.
Mercuric chlorite explodes upon percussion while chloride is being formed. In
greater quantity, it easily explodes at room temperature immediately after its pre-
paration [6]). The light yellow thallium chlorite becomes brownish in 15-—20 min
after preparation. It decomposes completely at 30° C after 13—15 hours accompanied
by a very slight gas evolution. It explodes violently accompanied by sound at 45°C
into chlorine, oxygen and a little chlorine dioxide [7]. Nickel chlorite containing two
moles of crystal water explodes at a temperature as low as that of the water bath.
Upon percussion it explodes similarly as copper chlorite [8, 9]. Kinetic data for
the reactions of chlorites are collected in Table IV. Data concerning the physical
properties and bonding of the metal chlorites are given in Table V.

Table V

Some physical constants of chlorites

Tonization Refrac- DielEtric Absorp- acoigg‘;gz Tlgcn:;al Ionic
Compounds| Density g)fo ;;?igils F* ?ivc ;r;dex constant etgg; etnertgy a:;::gyon KolK zl:'abrzg:r
. eV np at A E, Ey
350 Ke/s (eV) (eV)
LiClO, 5.390 | 2.915 9.213 2875 4.31 67.4
NaClO, 5.138 | 2.407 | 1.547 | 6.535 2660 4.66 1.70 | 0.366 68.5
KCIO, 4.339 | 1.661 1.529 | 4.073 2760 4.49 0.5739| 73.0
RbCIO, 4.176 | 1.423 4.687 2925 4.23 73.8
CsClO, 3.833 | 1.303 7.267 3366 3.68 . 75.1
Ba(ClOy).| 3.60 |10.00 — 1.645 | 4.215 2900 4.28 2,75 |70.642 44.95
AgClO, 4.30 7.56 3.394 | 2.1 15.282 4050 3.06 2.55 | 0.835 35.8
Pb(ClO,).| 5.10 [15.03 3.876 | 2.1 5.417 4000 3.10 2.52 | 0.814 16.99
Z*-e . . .
F* = — = effective electric field strength of cation
r

= radius of cation

Z* = effective nuclear charge number, Z*-e = (Z— S)e
Z = nuclear charge, S = screening number

K, =n?

* The effective electric field strength of barium cannot be calculated due to the lack of data for
the determination of its screening number.

Mechanism of disproportionation and decomposition of chlorites

Although the disproportionation of chlorine oxy salts has been known for
a long time, however, detailed measurements were carried out only with the alkali
chlorates, but even these not from the kinetic point of view. The possible reason
for this is. that, besides disproportionation, the decomposition of chlorates also
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occurs. To evaluate the mechanism of the disproportionation of chlorites, it is
advisable to take into account the different views concerning the disproportionation
of chlorates. According to GLASNER and WEIDENFELD [10] the atomic oxygen formed
during the decomposition of potassium chlorate reacts with the chloride i.e. with
the solid product of the chlorate decomposition, yielding potassium perchlorate.
‘ BoscH and ATEN’s [11] isotopic investigations, however, did not prove this

onceptlon ‘According to the calculations of MARKOVITZ, BORYTA and STEWART
[12, 13] it is thermodynamically possible that the perchlorate is produced by oxida-
tion of the chlorate with molecular oxygen. However, DODE and BASSET’s [14] former
experiments, in case of sodium chlorate did not give perchlorate even under 1200 atm.
oxygen pressure at 475° C. The result was the same when MARKOWITZ kept the
mixture of lithium chlorate and lithium chloride under 100 atm. pressure of oxygen
at 150°C for several days. Therefore, they described the formation of perchlorate
by assuming a reaction between atomic oxygen and chlorate: :

MCIO;+0 = MCIO,. -

As can be seen in Table II, the oxidation of chlorites by molecular oxygen is
thermodynamically also possible. Kinetically; however, it was not observed in any
case of chlorites. It may be assumed here, too, that the oxidation proceeds with
the assistance of the atomic oxygen formed during the decomposmon of chlorite.
In this case we should take as the first step the reaction

oy 2co-+0 @
whieh-is followed By the processes | }
Clo- ¥ - +0 ' (5)
- ClOy +0 2 Cloy | | 6)
$S+0+020,+M | ©)

(S=solid surface for the recombination of oxygen atoms.) However the fact that,
at a lower temperature, the disproportionation of chlorites occurs without gas -

formation and, moreover sodium chlorite does not decompose at all, raises some
doubt about the internal oxidation mechanism, - _

The failure of the oxygen atoms to recombine can be accepted only if W, < Wj.
Since the rates of both reactions depend on the rate of formation of oxygen atoms,
> a further condition of the absence of oxygen formation is that

W, <W,.

Although these reaction rate relations cannot be excluded, it would be expected

that at high temperature, when W; and W, have very high values (and thus the
oxygen atoms form rapidly), the recombination reaction proceeds with measu-
rable rate, too. In the case of sodium chlorite the oxygen evolution was less than
1% even at 400° C, when the disproportionation reaction occurred instantaneously.
If we accept the formation of, and oxidation by, atomic oxygen when sodium
chlorite is heated up to an elevated temperature, but still. below the disproportio-

6‘

i
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nation temperature of sodium chlorate, the oxygen atom should oxidize not only
the remaining chlorite, but — to a smaller extent — the formed chlorate, too.
From pure sodium chlorite, however, sodium perchlorate did not form even at
200, 300, 350 and 400° C [1]. It is true that
below 400° C the transformation of pure so-
dium chlorate into perchlorate proceeds extreme-
ly slowly. However, this cannot be motivated
by assuming that at this temperature atomic
oxygen (if perchlorate is formed from atomic
oxygen) is incapable of oxidizing the chlorate.
It is much more reasonable to suppose that

®

| |
V/zv\w at this temperature the chlorine-oxygen bond
0

does not split in sodium chlorate.

On the basis of the above considerations, it
seems more acceptable that chlorate formation
is the result of a rearrangement taking place
inside the lattice without: formation of atomic
oxygen. This is connected with a release of
" A ' 13—30 kcal/mole heat of reaction. The trans-

— -z formation of chlorites can be thought to hap-

. Fig. 6. The structure of AgCIO, viewed ~ PED by thc? effect of heat, sixpultaneously with

.along the a axis. The dashed lines in- the vibration and the weakening of the CI—O

dicate the planes of new CI—O bonds bond, an interaction is taking place between the

formed during the disproportionation  oxygen of chlorites and the chlorine ions of the

neighbouring chlorite. This state, owing to the

greater thermodynamlc stability of chlorate, rearranged to form chlorate and chlo-
ride. This process is illustrated in Fig. 6.

Whichever mechanism is accepted the step to be activated in the disproportio-
nation of chlorites obviously is the rupture of the original CI—O bond. According
to the internal oxidation mechanism the activation energy of the reaction should
be consistent with the value of the dissociation energy of the chlorme—oxygen_
bond. The calculated value of the latter is 64.295 kcal/mole [15]. In.the decomposi-
tion of chlorates and perchlorates, where this step proved to be the rate determining
reaction, nearly the same activation energies were obtained (see later). In the present
case the activation energies of the reaction were significantly lower. In our opinion
the values of activation energy are in better agreement with a rearrangement process
taking place between the chlorite ions. In this case, owing to the formation of the
new Cl—O bond, evidently a smaller value of energy is needed for the breaking of the
original Cl—O linkage. In the most favourable case (if the fractional decomposition
a=1) the value of activation energy will be equivalent to the differences between
the dissociation energies of the chlorine—oxygen bonds in the two compounds, i.e.

E = Ddissociatin.g_‘ﬂDforming' (ﬁ = COHStant)

As a primary step in the explosion of chlorites, two reactions, the electron
transfer process and the rupture of CI—O bond can be taken into account. In the
case.of barium chlorite, however the reaction products as well as the activation
energy calculated from the temperature dependence of induction perlods contradict
to this mechanism. .
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As the explosion of chlorites is preceded by an extremely slight decomposition,
it was assumed that the disproportionation of chlorites during the induction period
and the heat developed due to this reaction play a significant part in the occurrence
of the explosion of chlorites [1]. The chemical analysis of the solid products obtained
at the interruption of the heating immediately before the explosion proved the
validity of this idea, as in barium chlorite 3—5%, and in lead chlorite about 2.5—5.5%
chlorate was found. Accordingly, on heating the chlorites rapidly to a high
temperature, the formation of chlorate sets in immediately, however, on the effect
of the reaction heat, the rate of the disruption of further CI—O bonds will increase
to such an extent that there will be no possibility for the formation of new CI—O-
bonds, i.e. for the stabilization of chliorite in form of chiorate. As the reaction

MCIO, = MCI+0; S ®

.is much more exothermic (Table II) than the disproportionation reaction, this .
may result in further acceleration of the reaction. This conception is proved by the
thermal behaviour of barium chlorite and lead chlorite at a slow heating rate
(1° C/min.). In these case explosion did not occur because the dissipation of the
heat of the disproportionation reaction was secured, so chlorite completely trans-
formed into chlorate. The chlorites failed to explode in the presence of inert sub-
-stances even using a heating rate of 6° C/min. which can be explained in the same
way, namely by assuming the absorptlon of the heat produced by the disproportio-
nation.

‘Alkali chlorltes contrary to other chlorites, d1d not explode, what is more they
did not decompose even upon the effect of the great amount of reaction heat released
instantaneously when the substance had been heated at an extremely high rate.

. This behaviour, is, in all probability, due to the greater thermal stability of alkali
chlorates compared to that of other chlorates.

In the case of silver chlorite, which is more covalent in character, it was assumed

‘that the electron transfer reaction plays a dominant role both in the decomposition -
and explosion [4]

Cloy; = Clo,+ o6 %)
Agt+6 =Ag : (10)
Ag*+nAg+O(n+1)Ag. | ' oD

The decomposition products (ClO, and Ag) as well as the calculated and
measured activation energies seem to support this mechanism. In the explosion of
silver chlorite the reaction occurring between the silver and chlorine dioxide formed:

2‘Ag+ClQ2=Ag20+%C12+%O§ o (12

must also be taken into consideration.
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Thermal stability of alkali chlorates

_ Considerably more data are available on the thermal behaviour of chlorates
than on that of chlorites. It has been observed as early as at the turn of the century
that upon the effect of heat, chlorates partly disproportionated and partlydecomposed.
Foreign substances, especially oxides, were found to influence the direction and
rate of conversion to a considerable extent.

A characteristic feature of alkali chlorates is the great temperature difference
between their melting point and the initial temperature of their decomposition.
-A few degrees above their melting points the compounds — with the exception of
cesium. chlorate — underwent a decomposition of less than 1% within 2 days.
Consequently, the melting points given for alkali chlorates can be considered as
.congruent”. :

A number of workers have studied the thermal behaviour of alkali chlorates
by means of differential thermal analysis, as well as by thermogravimetric, differential
thermogravimetric and by combined derivatographic methods [16-—20]. The most -
detailed investigations, extended to all of the alkaline chlorates, were carried out
under the same experimental conditions by MARKOVITZ, BORYTA and STEWART [12].

° ' . 4°C/ min
Ar Armos
700
LiClO4
600
5001
4001
3004 LiCI0,
—————— NaCl0;
2001 amm ~ KClIO03
............. RbCI0;
1001 eeveens CsCi;
70 60 50 40 30 22 10- 0 %
200 400 600 80O , sample weight loss

"Fig. 7. DTA curvés of pure alkali metal ~ Fig. 8. Thermogram for pure alkali metal chlorates-[12].
chlorates [12]. Heating rate: 4° C/min; Heating rate: 4° C/min. Argon atmosphere
weight of substances: 1 g .
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DTA and thermogravimetric curves obtained by these authors are given, in Fig. 7
and 8, where the first endotherm peaks correspond to the crystallographic transition
as well as to melting of the substance. In the case of potassium, rubidium and cesium
chlorates, two exothermic peaks can be well distinguished, while in that of lithium
and sodium chlorates the exothermic peaks are obviously the results of several
consecutive processes. The compositions of the samples before the appearance of
the first exothermic peak are shown in Table VI. From the results of the chemical -

Table VI

Composition of alkali chlorates heated to peak temperatures of first
exotherms on DTA curves. Heqting_ rate: 4°[min. [12]

. Residue composition, % Pemedtaée decomposition Peak

Compound temperature
MCIO; MCi McClo, to MCl | to MCIO, °C

LiClO, 0.9 68.2 30.3 57.8 40.2 425
NaClO, 2.6 47.3 50.1 -30.5 66.9 542
KClO; - 0.9 33.9 65.2 12.1 '87.0 566
PbClO, 1,6 329 65.5 11.0 87.4 563
CsClO, 1.3 34.0 64.7 12.4 86.3 560

analysis it is apparent that the first exothermic peak is also the result of two simultan-
eously occurring reactions

MCIO; = MC1+1.50, . (13)
MCIO; =.3/4 MCIO, +1/4 MCI. (19)

The second exothermic peak represents the decomposition of perchiorate formed
during the disproportionation of chlorates. On heating lithium and sodium chlorates,
the decomposition of perchlorate formed in the disproportionation commenced
as soon as the first exothermic peak began to take shape.

The values of - percentage weight-loss indicate that chlorme is formed practically
only in the decomposition of lithium chlorate.

The extent of the reaction :

2 LiClO; = Li;0 +Cl,+2.5 0, - )

is onl about 4% of the decomposition. An extremely low chlorine formation was -
obserVed in the decomposition of sodium chlorate, too. ‘

More detailed thermogravimetric measurements revealed that an appreciable
decomposition of lithium chlorate has commenced at 370° C [13]. A notable decrease
in the rate of decomposition occurred at 430° C. The percentage weight-loss up to
this point was 27.7% which corresponds to the reaction

8 LiCIO, = 5 LiCl+3 LiCIO, +6 O,. @6
Above 430° C the decomposition of lithium perchlorate formed in the above reaction
takes place at a considerably higher rate than that of pure lithium perchlorate;
this may be attributed to the catalytic effect of the lithium chloride present. The
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results of the measurement made at 339° C under isothermal conditions indicated
that the disproportionation and decomposition of lithium chlorate practically
occurs at identical rate.

Addition of lithium chloride (50 mole %) to lithium chlorate catalyzed both
the decomposition and the disproportionation reaction. A significant weight-loss
was observable at a temperature as low as 343° C, ‘

The decomposition of sodium chlorate has been studied from the kinetical
point of view in the temperature range between 450—480° C [18]. There is a time
lag of only few minutes before the reaction. As the pressure of the oxygen evolved
during the decomposition increases linearly up to «=0.5 with time, the rate constants
of the decomposition were determined from the slope of the a-t curves. From the
temperature dependence of the rate constants obtained in this way a value of
68 kcal/mole was calculated for the activation energy.

After the gas evolution had ceased, undecomposed-chlorate could not be detected _
in the solid residue. Besides sodium chloride, however, the solid residue contained
a considerable amount, (about 40 w%) of perchlorate due to the disproportionation
reaction. It was attempted to separate the decomposition and disproportionation
by changing the reaction temperature, but without any success.

The formation of sodium perchlorate was studied at the same temperatures.
At 390° C, where the decomposition of sodium chlorate is negligible, disproportio-
nation is also extremely slow. After 5 hours only 2.5% of sodium perchlorate was
formed. On increasing the temperature the perchlorate content increased, and above
450° C it ran parallel with the decomposition.

The decomposition of potassium chlorate has also been studied under isothermal
condition, mainly to find out more about the influence exerted by potassium chloride
on the conversion of the compound. The opinions concerning this effect vary
considerably. According to FARMER and FmTH [21] potassium chloride did not
alter the rate of formation of perchlorate, however, it accelerated oxygen evolution.
The investigations of OtTO and FRry [22, 23], on the other hand, showed an opposite
effect. GLASNER and WEIDENFELD [10] stated that the effect of potassium chloride
depends on its pre-history. Potassium chloride, originating from the decomposition
of potassium perchlorate, as well as commercial potassium chloride, treated at
600° C for 1 hour, accelerated the formation of potassium perchlorate, however,
they hardly had any effect on the rate of oxygen evolution, whereas C.p. KCl dried
at 110° C decreased the extent of formation of potassium perchlorate. '

The activation energy of the decomposition of pure salt was calculated from
 the temperature dependence of the time elapsed until 20% oxygen evolution; it
. was found to be 54 kcal/mole [10]. Nearly identical activation energies wereafound
from the temperature dependence of the quarter and half-times of the decomposi-
tion [24]). From. the chemical analysis of the substances, pretreated at various
temperatures, GLASNER and WEIDENFELD [10] came to the conclusion that perchlorate
formation occurs not in a simultaneous but in a consecutive reaction. .

Kinetic analysis of the decomposition of potassium chlorate has been attemptcd
by Torisava [25] without success. The failure was attributed to the complication
of the rate—time curves due to irregularities of bubbling and splashing in the molten
salt. According to the measurements of RUDLOFF and FREEMAN [26] the decomposition
takes place in two well defined steps; one third of the theoretically calculated weight
loss occurred in the first step. This part of the decomposition was described by sec-
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ond order equation. The values of the activation energies of the decomposition
of various chlorate-chloride mixtures were in the range between 62—66 kcal/mole.
They observed that at lower temperatures, potassium chloride exerted an inhibiting
effect on the decomposition of chlorate while at higher temperatures its catalytic
effect became dominant. A small amount of potassium perchlorate had no effect
on the decomposition however, when present in greater amounts, is shifted the
commencement of the decomposition towards higher temperatures:

Thermal decomposition of other ‘metal chlorates

Barium chlorate

A derivatogram of barium chlorate is shown in Fig. 9 [18]. The initial loss of
weight starting at 146° C, and the endothermic peak at 170° C belonging to this
process, are due to the loss of the one mole of crystal water. The endothermic peak
indicating the melting of barium chlorate is to be found at 404° C. Simultaneously
the decomposition of the substance occurs, which on increasing the temperature
becomes extremely rapid, but later — in spite of the higher temperature — slows
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Fig. 9. Derivatogram of Ba(ClO,),.
Heating rate: 6° C/min [18].
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down again. The decomposition of barium chlorate is an exothermic process. On °
the basis of the analysis of samples corresponding to various parts of the derivato-
gram, the decomposition and the disproportionation of the substance proceeds in
molten state according to the following reactions;

Ba(CIO,), = BaCl,+30, - , a7
Ba(CIO,), = 3/4 Ba(ClO,),+1/4 BaCl,. (18)

‘The slow weight-loss observed on the TG curve at 457° C is the result of the de-
composition of the perchlorate formed :

Ba(ClO,), = BaCl,+4 O,. I (19)

The measurements made under isothermal conditions gave similar results
127, 18]. At temperatures below the melting point the rate of the decomposition is
extremely slow. However, as the temperature was getting near to the melting point
(around 396° C) the behaviour of the substance suddenly changed and the rate of
its decomposition became very rapid.

In spite of the rapid decomposition of the substance disproportionation also
takes place. After about 70—80% decomposition the rate of gas evolution consider-
ably decreased. According to visual -observations the cessation- and the consider-
able decrease in the rate of gas evolution, respectively coincided with the solidifica-
tion of the reacting system. ‘

However, the solidification of the system alone does not seem to be a sufficient
reason for the great rate decrease, since the solid substance decompose even at
380° C. It is more probable that the glass-like state of the substance also plays a part
_in the greater stability of the solidified melt; its surface and porosity markedly
differ from those of the initial solid substance. _ )

For the kinetic analysis of the pressure-time curves, the PROUT—TOMPKINS
‘relation proved to be most suitable. Owing to the considerable scattering of the
rate constants, the activation energy of the decomposition could not succesfully
be determined, thus as an approximate value of 75 kcal/mole was given.

Silver chlorate

On the DTA curve of silver chlorate endothermic peaks can be found at 164
and 252° C (Fig. 10). The exothermic¢ heat change accompanying the decomposition
of the compound occurs at 340° C. The first and the second endothermic peaks
correspond to the loss of the adsorbed water and to the melting of the compounds,
respectively [28]. The decomposition of silveér chlorate commences well above its
melting point and takes place according to the reaction

AgCIO, = AgCl+1.50,. | C(20)

The amount of chlorine and chlorine dioxide was not more than 2—3 per cent of
the gas evolved.
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Kinetic investigations were made in the temperature range 316—339° C [4, 28].
.The reaction took place according to the first order equation (up to «=0.9); the value
of activation energy was 57.1 kcal/mole. Simultaneously with the decomposition
-of chlorate, disproportionation of the compound also-occurred to a small extent
(8—10%). In contrast to earlier findings [29], the explosion of silver chlorate was
not observed even at temperatures as high as 400—450° C. .
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Fig. 10. Derivatogram of Pb(ClO;), (a) and AgCIlO; (b).
’ Heating rate: 6° C/min. [18]

Lead chlorate

- Thermogravimetric measurements indicate that lead chlorate begms to de-
compose at 220° C, and that the highly-exothermic decomposition is complete
- within a few seconds [18] (Fig. 10). . The weight loss is 37.2%. Under isothermal
conditions the reaction. takes place completely at 194—216° C, with a weight loss
of 35.2%. The solid residue was found to contain 84.39% PbO, and 14.9% PbCl,.
Their molar ratio is 6.58. On the basis of the reaction products the decomposmon
of lead chlorate can be characterized by the following overall equation;

8 Pb(CIO,); = 7 PbO,+ PbCly+5.5 Cly+3 CIO,+14 O,. Q1)

Accordmg to the equation, the weight loss is 34.8%, and the PbO,:PbCl, molar .
ratio is 7. The experimentally found Cl2 ClO; molar ratio hkew1se corresponds~

to the above reaction equation.
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The pressure-time curve of the decomposition of lead chlorate is markedly
different from that of other compounds (Fig. 11). The decomposition begins (after
a heating period of a few mmutes) W1thout a tlme lag, and the following stages can be
distinguished:

(a) an initial fast decomposition of a deceleratory nature;

(b) the subsequent slow reaction;

(c) an extremely fast decomposmon in which about two thirds of the material
decomposes; -

(d) a short, slow decay period.

mm
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W00

200 250 min
Fig. 11. Pressure vs. time curves of the decomposition of
Pb(ClOs,), [18]. (/) at 216° C; (2) at 212° C; (3) at 207° C;

(4) at 203° C; (3) at 119.5° C; (6) Pb(ClOj3), + solid resi-
" due of decomposition, weight ratio 5:1,at207°C

Decomposition curves of a similar nature resulted from the measurement of the
pressure of oxygen, and of the change of weight of the sample. This showed that the
‘sudden increase in pressure during the progress of the reaction is not a result of the
decomposition of the chlorine dioxide already formed, but a characteristic property -
of the solid-phase decomposition of lead chlorate. A
It is likely that the initial rapid decomposition is a surface reaction, which
penetrates to some depth into interior of the crystal. The decomposition in the
- bulk actually occurs in the third very fast reaction, which is preceded by a long
constant rate process. This can be regarded as an induction period of the former
reaction. It was assumed that the decomposition in the third stage takes place at the
interface between the salt and the products.” This idea was supported by the effect
of the feaction product (Fig. 11). In this case the slow constant rate process between
the initial and the subsequent rapid reactions practically disappeared.
The first deceleration stage followed the monomolecular decay equation.
The value of the activation energy was 51.2 kcal/mole. Analysis of the slowly accelerat-
ing decomposition following the first stage showed that the kinetics satisfied both
the PROUT—TOMPKINS and the AVRAMI—EROFEYEV equations. The activation energy
for this stage was 43.1 kcal/mole. The rate of decomposition of lead chlorate in the
third stage was practically independent of temperature.
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In contrast with the chlorates discussed above, experiments carried out at the
decomposition temperature-or below indicated that the lead chlorate did not dis-
proportionate at all. At a higher temperature, 246° C, the substance (50 mg) exploded.
The explosion was preceded by a well-measurable decomposition. The composition
of the gas product was 84.5% O, and 15.2% Cl,. The temperature-dependence of
the induction periods of the explosion between 246 and 260° C gave an activation
energy of 64.9 kcal/mole. _ )

Thallium chlorate

The derivatograms of thallium chlorate show that the decomposition commences
at 195° C and is accompanied by the evolution: of much heat [18]. (Fig. 12). The
second stage of the thermogram corresponds to the evaporation of TICI, while
in the third stage the decomposition of T1,04 occurs; both compounds are formed
in the decomposition of TICIO,. '
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Fig. 12. Derivatogram of TICIQ;. Hegting rate: 6° C/rilin [18]

Kinetic measurements were carried out at 150—170° C by measuring the de-
crease of weight of the sample. The gaseous products of the decomposition were
completely frozen out by liquid air, showing that oxygen was not formed during
the decomposition. The frozen-out gas was chlorine dioxide. In the course of the

_ decomposition 21—26% of the material was converted to gaseous prodicts. The
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residual solid consisted of 85.63% T1,0, and 14.23% TICIL. The Tl,0,: TICl molar
ratio was 2.93. The solid matenal did not contain undecomposed thallium chlorate
or thallium perchlorate.
Based on the above data, the overall equatlon for the decomposition of thallium
chlorate is:
7 T]ClO3 =3 T1203+T1Cl+6 ClO,. 22)

Accordingly the weight loss is 20.09%, and the T1,0,:TICl molar ratio is 3.

The PROUT—TOMPKINS equation proved suitable for the description of the
decomposition in the range o=0.09—0.9. The decomposition was also described
excellently by the AVRAMI—EROFEYEV relation in the range a=0.07—0.95. The
temperature dependence of the rate constants gave an activation energy of

Table VII

Kinetic data for the decomposition of metal chlorates

Temperature Activation Frequency ) Validity
Compound range Methods energy factor Kinetic equation a=
°C keal/mole (min~1),
NaClO, 457—478 | vacuum, O, 68.6 8.61.10"7 | slope of p—t 0.0—0.55
pressure curves
457—478 | vacuum, O, | = 70.9 2.29-10*® | first-order 0.01—0.65
pressure
457—478 | vacuum, O, 67.6 5.77-10Y7 | first-order 0.65—0.95
pressure
KClO, -460—500 | in air O, ml 53.9 — time for 10 ml —
: (o)
460—500 | in air O; ml|  52.5 — ’ —
455—575 | in air O, ml 54.0 — Time elapsed
’ until 20% of
decomposition
KCIO;+KCl| 538—605 | in air 64.9 — half-time
) 1:1 weight-loss . , . Ti/e
Ba(ClOy), | 380—405 | vacuum O, :
pressure 75.0 — Prout-Tompkins| R
AgClO,; 316—339 | vacuum,O, )
. pressure 57.1 1.0-10*® | first-order 0.2—0.7
Pb(ClOy). - 195—216 | vacuum O,
. pressure 51,2 | 1.81-102* | first-order
43.1 4.14-10*7 | Prout-
. Tompkins ’
246—260 | in air Oy ml 64.9 — induction : —
explosion - : period
TICIO, 150—171 | vacuum | 345 | 4.15-10% | Prout- 1 0.09—0.9
weight-loss : Tompkins :

36.6 1.56-10* | Avrami- . :
Erofeyev n=3| 0.07—0.95 -
34.1 — rate max. ' R
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35.5 kcal/mole. When the thallium chlorate was mixed in advance with the solid
residue, the decomposition began sooner and took place at a higher rate. If the
gaseous products were removed continuously, or the experiments were carried out
at atmospheric pressure, the course of the decomposition remained essentially
unchanged. The solid reaction products showed a catalytic effect in this case, too.

Similarly to lead chlorate, on heating to a higher temperature thallium chlorate
exploded. The explosion here was much milder than in the previous case. An ex-
plosion-like reaction first appeared at 196° C. The induction period was about
S minutes. With the increase of the temperature the induction period decreased,.
but the violence of the exploswn did-not vary.

Table VII summarizes the kinetic data of the decomposition of chlorates.

Mechanisms of decomposition and disproportionation of the chlorates

Because of the small number of kinetic studies and the possibility of parallel
reactions, the evaluation of: the mechanisms of the conversion of chlorates is fairly:
difficult. Although it has not proved possible so far to detect chlorite during the
decompositions of the chlorates, it appears probable that the oxygen is not split.
off in a single step, but progressively, and that chlorite is formed as an intermediate:

CIlOy = ClO; +0. (23
In the following step the chlorite can react in one of two ways, elther decomposing.
to chlorlde
. Clog =ClI7+0, : (24).
or disproportionating to chlorate and chloride:

ClO; = %CIO,; +% Cl-. ' T (25)

Experiments with alkali metal chlorites, already described in detail above, showed
that in the absence of catalysts only the latter reaction need to be taken into con--
sideration, even at high temperature. At the temperature of decomposition of the:
chlorates, however, barium and silver chlorites no longer disproportionate, but.
decompose. Since both processes occur instantaneously at the temperature of de-
composition of the chlorates, the rate-determining step in the decomposition of the
chlorates is at any event the first reaction, which mears the rupture of the CI—O bond.
The values of activation energy determined experimentally. so far practically agree
with the energy value necessary for breaking off the CI—O bond. This explanation
is supported by the values of the reaction heat calculated for reaction 23 (Table VIII)
which, assuming the formation of atomic oxygen, agree well with the activation
energy values determined for the decompositions of sodium, potassium and silver:
chlorates. It is very likely that this reaction mechanism also holds for the decomposi-
tions of the other metal chlorates giving chloride and oxygen.

In addition to the above decomposition mechanism, we may consider the
possibility that the decompositions of chlorates .proceed - via an electron-transfer
mechamsm In this case the rate-determining step should be the reaction

M*+CIO; = M+CIO, . (26)
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Table VIII
" Equivalent heat of reaction for different transférmations, of chlorates
Compound 4aH, 4H, AH, AH, AH, 4Hg .
LiCiO, —27.70 —1.2 —23.2 — —21.7 —_
NaClO, —12.5 +36.0 —8.1 +9.08 -85 +1.31
(+68.28)*
KCIO, —10.675 +50.3 —-10.24 — -10.1. —
RbCIO, -9.11 +54.35 —9.85 — -10.1 —
CsClO, -15 +58.05 —-17.80 — =79 —
Ba(ClO;), —-11.93 +24.35 —-17.14 +11.75 —5.55 +3.1
. (+70.95)*
AgClO; —-24.57 +2.47 -7.67 +5.73 —2.02 +1.86
. (+64.93)*
1. MeClO3=MeCl+1.5 O,
2. MeClO;=1/,Me, 0+ gases
3, MeClO,=?/, MeClO, +1/, MeCl
4. MeClO;=MeClO,+/, O, (or O)
5. MeCliO; +1/, 0,=MeClO,
6.

MeClO; =1/, MeClO,+ '/, MeClO,

* Assuming the formation of atomic oxygen in reaction 4.-

i.e. the formation of the chlorate radical. In the case when the necessary data (ab-
sorption edge, dielectric constant and refractive index values) were known, the
activation energy (Ep) required for the electron-transfer process has been calculated
(Table IX). These activation energy values lie fairly close to those experimentally

Table IX
Some data for the structure and physical properties of chlorates
Crystal Dielectri ;
tr?:sti Melting Refrac- a;:;:t;:c Al:isoo,f- E, Ef cl‘,‘;‘,‘;i_
Compound - tion point |Density | tive at | KoK | cdge | eV oV ter
: point °C _ index | 350 ke/s . 1 . %
°C : . K
LiClO, 111 129 | 2.631 67.64
NaClO,; 263 | 2.490| 1.515 5.9 | 0.389 68.7
KCIO; 357 73.0
RbCIO; 323 342 | 3.184
‘CsClO, 305 388 | 3.626
Ba(ClOy), 404 | 3.179| 1.577] 4.34 | 0.573 45.2.
AgClO, 232 | 4.430( 1.83 5.81 | 0.575]-2550 | 4.86 | 2.79 | 36.0
Pb(ClO,), decomp. | 5.047 -] 11.78 2380 | 5.21 17.1
TICIO, decomp. | 4.047 7.78 2420 | 5.12 25.2
Ky=n?

K,=high frequency dielectric constant
K =low frequency dielectric constant
n =refractive index
E,=optical activation energy
Er=thermal activation energy
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determined. However, in our view the electron-transfer mechanism does not play
an essential role in the decomposition of chlorates, since chlorine and chlorine
dioxide would be formed at any rate from the decomposition -of the chlorate radicals,
or from the interaction of the chlorate radical and the alkali metal. Chlorine however
was formed only in negligibly small quahtity in the course of the experiments.
Nevertheless, it is not-possible to exclude completely the electron-transfer mechanism
in the cases of lead and thallium chlorates; though data for the calculations are
lacking here.

In the treatment of the dlsproportlonatlon of chlorltes a detalled account has.
already been given of the different views relating to the disproportionation of the
- oxyanions of chlorine. Although the experiments of BoscH and ATEN [11] using
: potassmm chloride containing labelled chlorine, excluded the formation of perchlorate
in a reaction between the alkali metal chloride and atomic oxygen, a reaction of
a similar type has recently been assumed between barium chloride and atomic
~ oxygen [30]. However, taking into account the stabilities of the assumed inter-
mediates- Ba(OCl), and Ba(ClO), at the temperature of decomposition of barium
‘chlorate, in our opinion this reaction path is very improbable. According to the
thermodynamic data given in Table VIII, the oxidation of the chlorates, similarly
to that of the chlorates, is thermodynamically possible with molecular oxygen,
- but kinetically the reaction .does not occur, even at high oxygen pressures and high
temperatures. As a result, the formation of perchlorate is due either to the reaction’
between chlorate and the atomic oxygen formed during the decomposition of chlorate:

- MCIO;+0 = MC104 : @27

or, 51m11arly to the disproportionation of chlorltes to 1ntermolecular rearrangement
To find decisive evidence for or against the mechanisms is very difficult. In any
case it is probable that the disproportionation of chlorites and chlorates proceeds
for similar reasons and in essentially the same way. Detailed kinetic measurements
made in the case of the chlorites, and also certain other observations mentioned
there, seem to contradict to. the oxidation with atomic oxygen.

Similarly to the transformations of the chlorites, the disproportionations of
both sodium and barium chlorate began prior to perceptible decomposition. With the
oxidation mechanism this result can be explained only by the circumstance that the
rate of oxidation of chlorate is much higher than the rate of recomblnatlon of
oxygen atoms: 4

O+O +surface = O,+surface

which cannot be ruled out because of the low concentration of oxygen atoms. In our
view the intermolecular rearrangement is supported by the values of the reaction
heats given in Table VIII. According to the oxidation mechanism, the rate-determin-
ing step in the perchlorate formation is in all probablhty the rupture of a CI—O -
bond of the chlorate ion (formation of atomic oxygen), i.e. the same reaction step
as the rate-determining process of the decomposition. The reaction heat of the
process has a fairly high value of 65—70 kcal/mole (see Table VIII), in good agreement

with the values of the activation energy determined experimentally for the decompo-
srtlons

7
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The simplest means of intermolecular rearrangement is an interaction between
two chlorate ions,.in the course of which one molecule of perchlorate and one
molecule of chlorite are formed:

~2ClO; = GlO; +Clo; . (28)

This chlorite rapidly disproportionates, with the formation of chlorate and chloride.
Taking into account the considerations given in the discussion of the disproportio-
nation of the chlorites, in the optimum case the activation energy of the dispro-
portionation reaction will be equal to the difference of the two dissociation energies,
that is the reaction heat, which can be seen from Table VIII to be endothermic by
only a few kcal/mole. It is probable that in reality this optimum case does not hold,
but on the above basis it seems very plausible that, in contrast with the oxidation
of the chlorate, this reaction path is energetically substantially more favourable.
A reaction mechanism agreeing many respects with that described earlier by us [18]
was recently put forward by RuDLOFF and FREEMAN [26] for the disproportionation
of potassium chlorate. It was assumed that the potassium perchlorate was formed
by direct oxygen transfer between two chlorate anions. In accordance with the second-
order kinetics, the potassium.chlorate is first transformed in a slow reacnon to
potessium perchlorate and chlorite:

2 KCIO, = KCIO, +KCIO,, ' Q9
the potassium chlorite formed as an intermediate decomposing rapidly:
KClO, = KCI+0,. : 30)

Their assumption that-the potassium chlorite immediately decomposes to chloride
and oxygen, however, is in contradiction with the.thermal behaviour of alkali metal
chlorites. As was pointed out earlier, the alkali metal chlorites do not decompose
at even higher temperature, but disproportionate to chlordte. Accordingly the
transformation of potassium chlorate into perchlorate and chlorite does not result’
in the formation of oxygen below the decomposition temperature- of potassium
perchlorate. The rate-decreasing effect of potassium- chloride observed at lower
temperature was explained by RUDLOFF and FREEMAN by the decrease of the proba-
bility of approach of the chlorate anions. The catalytic effect of the potassium
chloride at higher temperatures was interpreted by the formation of polarizing
centres in the melt. These polarizing centres may influence the electron shells -of
the oxygens of the chlorate and perchlorate anions.

The mechanisms of decomposition of chlorates which give rise predommantly
* to oxide formation is much more complex than that of alkali chlorates. An interest-
ing fact in the decompositions of both salts investigated in more detail (lead and
thallium chlorates) is that the metal ions were oxidized. This may occur in two ways:
either by the molecular or atomic oxygen produced in the decomposition of the
chlorate, or by means of internal oxidation within the crystal. The activation energy
values are lower than the dissociation erergy of the CI—O bond, or in other words,
than the energy necessary for the formation of atomic oxygen. This is in agreement
with the fact that in both decompositions the chloride formation is about 6—7 times
slower than that of the oxide formation. In our opinion, it is probable ‘that T1,0,
and PbO, are formed in mtramolecular rearrangements, together with the production
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of chlorine dioxide, . which at the temperature of decomposition of lead chiorate .
partially decomposes on the solid residue to oxygen and chlorine.

Jn these cases perchlorate was not formed. This cannot be accounted for by
decomposition of the compounds in the solid phase, since in the solid disproportio--

nation of the chlorites does take place. It is much more probable that during an

internal rearrangement the formation of the oxide of the metal of higher valency
is associated with a substantially greater free energy decrease than that for the
formation of the perchlorate. Due to the lack of the free enthalpies of formation
of these chlorates and perchlorates, this assumption can not be confirmed for the
time being. In addition it must be taken into consideration that in the decomposition
of both chlorates metal oxide was formed. In the presence of the metal oxides, how-
ever, instead of the disproportionation of the chlorates the decomposmon reactlon
predominates.
4 Although the investigations to date have been extended to relatlvely few sub-
stances, by considering the physical properties and bonding relations of the com-
pou'nds and the characteristics of the cations (Table IX) it can be stated that the
more ionic the compound, or the smaller the effective electric field strength (polarizing
power) of the cations, the higher the temperature at which the compounds begin
to decomposé. There does not exist such a clear-cut relation forthe disproportionation
of the compounds. In the case of compounds of similar character, namely the alkali
‘metal compounds, a reverse relation holds: the decrease of the ionic character, or.
the increase of the polarizing power of the cation, favours the formation of -the
oxyanions of chlorine with higher oxygen content. In the series, alkali metal —
barium — silver — lead compounds, however, the ﬁndmg for the decomposmons
also refers to the dlsproportlonatlons :

Thermal_ stability of alkali metal perchlorates. "T) hermal dnalysis

Although the thermal decomposition of the alkali metal - perchlorates has
already been studied before the turn of the century, and many observations were
made which are still valid, nevertheless a significant advance in evaluating the thermal
stabilities of these compounds was achieved only after the preparation of compounds
of suitable purity and after the introduction of modern thermal analytical and
kinetic methods. Thermogravimetric measurements and differential thermal analysis
of solid perchlorates were carried out first by MARVIN and WOOLAVER [31], and
then by GorpoN and CAMPBELL [32]. These methods were later used by numerous
authors, particularly in the study of the alkali metal compounds [17, 33—35].
A detailed thermal analytical investigation extended to each member of the group,
under identical experimental conditions, was performed by MARKOVITZ et al. [36—40],
and by SoLymosI [35, 41]. The characteristics of their DTA curves [19] are shown in
Fig. 13. With the exception of lithium perchlorate, the first endothermic peak in each
of the DTA curves signifies the reversible transition from the rhombic to the cubic:

. modification. The second endothermic peak is a result of the melting of the relevant.
substance and the exothermic peak belongs to the decomposition. In the case of
lithium perch]orate and, to a lesser extent, in the cas€ of sodium perchlorate, too,
the melting is well separated from the decomposition, whereas in the other cases
the decomposition occurs immediately after the melting begins. The endothermic.

'7‘ . -
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peak at higher temperature results from the meltmg of the chloride formed i in the
decomposition of the perchlorate.

Thermograv1metr1c examinations (Fig. 14) indicate that the alkali metal per-
chlorates decompose in accordance with the basic equation

'MCIO, = MCI+20,. EET)
Oxide and chlorme formation: '
MCIO, = 0.5 M20+ 1/2 Cl2+3 50, (32)

was observed only in the decomposition of lithium perchlorate. Even here, however,
the amount of chlorine evolved did not exceed 2% of the chlorine in the perchlorate.

LiCI04

- NaClDs

e— JT—

AbEI0,

N 200 400 600 . 800
Fig. 13. DTA curves for alkali'metal

perchlorates. Heating rate: 4°/min. 1 g
sample; Ar atmosphere [40]

The derivatographic method was used for a detailed study of the effects of the
corresponding chlorides on the thermal behaviours of the alkali metal perchlorates
[35). ‘With the exception of the lithium system, the chlorides markedly decreased
the temperatures at which the alkali metal perchlorates melted and also the tempera-
tures of the commencement of decomposition. Fig. 15 illustrates this effect in the
case of RbClO,—RbCI system. The characteristic data concerning the effect of
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Fig. 15. Denvatograms of RbClO,. Heating rate: 6°/min. (@) Pure RbCIO,;
(6) RbCIO,: RbCl, 50:50; (¢) RbClO,:RbCl, 70:30 mole % [35]
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Table X

Thermal behaviour of alkali perchlorates in the presence of alkali chlorides.
Derivatographic investigation [35]

H -Li Melti NaClO,: Mehi . Melti
L‘C,,’,(,?,‘e‘ !ilc' p;i;::‘g t°c* NacCl® peo‘ilx:‘tg t°C* K‘f,{oo,g'{f al peo‘ilnntg t°ct
°C mole % °C °C
100:0 247 450 [100:0 | 471 507 | 100:0 570 550
90:10 | 243 420 | 90:10 | 428 500 | 90:10
70:30 | 246 390 | 70:30 | 415 485 | 70:30 | 508 508
50:50 [ 251 39 | 50:50 | 423 485 | 50:50 | 523 510
RbCIQ,: Melting CsClO,: Melting
RbC1 point t °C* CsCl point t°C*
mole % °C mole % . °C
100:0 610 600 100:0 571 " 570
90:10 ’ 90:10 500 480
70:30 489 500 70:30 447 460
50:50 490 490 50:50 550 500

* Temperature of the onset of decomposmon
Heating rate 6°/min.

alkali chlorides are collected in Table X. The addition of lithium chloride to lithium
perchlorate hardly affected its melting point, but it exerted a large catalytic influence
on the decomposition of the perchlorate.

More details concerning the- nature of the decomposition of alkali perchlorates
have been disclosed by kinetic investigations.

Kinetic studies
Lithium perchlorates

The kinetic study of the thermal decomposition of lithium perchlorate was
first dealt with by MARkoviTz and BORYTA [42]. The decomposition began only
above 380° C and proceeded to the end in molten phase. The reaction is of auto-
catalytic nature; the decomposition is preceded by a fairly long time lag. The above
authors found the ProOuT—TomPKINS equation and the monomolecular decay -
equation to be suitable for the mathematical analysis of the decomposition curves.
For the activation energies of the dcceleration and breakdown stages as 52.2 and
62 kcal/mole, respectively, were obtained. The transition between the two rate laws
was explained by the saturation of the perchlorate melt with lithium chloride. '

Detailed - measurements were carried out to detect possible intermediates in
the decomposition. Lithium chlorate was found already at «=0.1; its amount
increased up to a=0.5 (2 %), but at higher values of « it decreased. L1th1um chlorite
could not be detected in any single case.

The phase-diagram of the LiClO,—LiCl system was studied in detall by means
of differential thermal analysis and visual observations. It was concluded from the

-results obtained that the system is of simple eutectic type, and that the composition
of theé eutectic contains 91 mole % LiClO,.
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Lithium chloride exerted a significant - catalytic effect on the decomposition.
In the presence of 5 mole % LiCl the decomposition began without a time lag,
while 50 mole % LiCl changed the aitocatalytic reaction to a deceleratory one. The
addition - of lithium chloride did not affect either the values of the rate constants
or the activation energy of the decomposition. It was assumed, however, that the
activation energy value mentioned above could be considered as that. of the reaction
affected by the lithium chloride formed in ‘the decomposition. In agreement with
this, from the temperatiure-dependence of the times elapsed up to a decomposition
of only 0.5% the above authors obtained a higher activation energy value of
58.3 kcal/mole.

The catalytic effect of lithium chloride was supported by the results obtained
using silver nitrate or silver perchlorate additives [43]. The decomposition of pure
- lithium perchlorate at 417.8° C was complete within a few hours. The presence of
. silver mitrate increased the stability of the compound to a considerable extent, and
the time lag exceeded 30—35 hours. The phenomenon is clearly related to-the
insolubility of solid silver chloride in lithium perchlorate, and to the loss of the
chloride catalyst. According to DTA investigations, however, at-455° C, the melting.
point of silver chloride, the decomposrtlon of* lithium perchlorate .containing the
silver jon becomes very rapid; this is presumably caused by the entry of the chloride
ion into the solution during the melting of the silver chloride.

The decomposition of the compound was later studied by measuring the pressure
of the O, evolved [35, 44]. Using, the previous kinetic equations, a value of 52.6 kcal/
mole was obtained for the activation energy of the acceleration stage, while the
value for the decay stage, 41 kcal/mole was 51gn1ﬁcantly less than the value deter-
mined earlier. :

Sodium perchlorate

, The decomposition of sodium perchlorate was studied kinetically first by
BENARD and CABANE [45] in the range 330—428°C, that is below the melting point
of the compound. Because of the extremely slow decomposition the reaction time
exceeded several hundred hours, and even then the decomposition amounted to
only a few percent. The authors determined the self-diffusion constant of the per- .
chlorate ion, and also its temperature coefficient. Identical activation energies of
27—28 kcal/mole were obtained for the thermal decomposrtlon and for the diffusion

- of the perchlorate ion.

The complete decomposition of sodium perchlorate proceeds wrth a measur-’
able rate in the range 490—515° C'[35, 44]. The reaction is of autocatalytic nature.
The rate maximum is shifted towards a later stage of the decomposition by the
increase of the reaction temperature. The decomposition is preceded by a time lag

. of a few minutes, which is practically independent of the temperature. The reaction

proceeds completely in the direction of chloride formation. The « vs. ¢ curves were

well described by the ProuT—ToMPKINS relation. The activation energies of the

acceleration and decay stages were found to be 57.3 and 57.0 kcal/mole, respectively. .

The first-order formula, too, was suitable for the mathematical analysis of the -

breakdown stage. -

The decomposition began with maximum rate and the half- time of the reaction
was decreased considerably by the prehmmary addition, of sodium chloride to the
sodium perchlorate:
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Very mterestmg results were obtained by the study of the decomposition of
sodium perchlorate in a sodium hydroxide melt [46]. At 360—420° C the decomposi-’
tion proceeded about 10* times faster than in the case of the pure perchlorate. In
the first part of the reaction chlorate was formed, and this slowly decomposed to
chloride and oxygen. The first reaction was about 12—18 times faster than the second
- process. The interesting observation was made that starting from sodium chlorate
“the disproportionation of the chlorate in a sodium hydroxide melt remained below
0.5%. 1t is questionable whether this is due to the lower temperature (which is not
very probable), or to change in the decomposition mechanism.

Both reactions can be described by first-order kinetics. The activation energy
values for the two reactions were 47.3 and 53.2 kcal/mole, significantly lower than
those determined for the decompositions of pure perchlorate and chlorate. The -
accelerating effect of hydroxide ion was interpreted by assuming of the reaction steps.

ClOj +OH- = CIO; +HO; (33) -

ClO; +OH- = ClO; +HO; . (34)
The HO2 formed reacts with OH~: _ ‘ 4

 HO; +OH- = H,0+0%" ‘ (35)
and the peroxide formed is transformed as follows: »

202~ +2H,0 = 0,+40H". ~ 36)

Accumulation of chlorite and hypochlorite was not observed, and this was
explained by the rapid decomposition of the chlorite to chloride. This would mean
that the direction of the transformation of sodium chlorite changes in a melt contain-
ing hydroxide ions, since measurements showed that NaClO, in the solid phase
disproportionates without decomposition even ata hlgher temperature. This can be
thought to proceed similarly as.above:

ClO; +HO- = CIO- +HO; 37y
ClO- +HO- = CI- + HO;7 ' (38)

The probable cause of the absence of dlsproportlonatlon is the high affinity of
oxyanions of chlorine for the hydroxide ion.

It emerged from a study of the effects of various additives that water, sodium
peroxide, magnesium oxide and barium oxide exert only slight effects on the reactions.

Potassium perchlorate

The decomposition of potassium perchlorate’ was first investigated from a
kinetic aspect by OTTOo and FRry [47]. The reaction followed the first-order rate
Jaw. Chlorate was not observeq as intermediate. According to HOFFMANN and MARIN
[48], however, a partially decomposed perchlorate sample contained 14.55 weight %

chlorate.

The first thorough'studies were carried out by GLASNER et al. [49, 50] in vacuum
and at atmospheric pressure. Although the compound melted during the decompo-
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sition, the authors came to the conclusion that the reaction was independent of the
physical state of the system and proceeded in accordance with the characteristics
-of a process of the type ,

. solid, ~solidg+gases. = o (39)

It was further assumed that the molten phase can be regarded as quasicrystalline.
The kinetic analysis of the reaction was performed with the modified ProUT—
ToMPKINS equation. It was assumed that the decomposition of potassium per- .
chlorate takes place according to two different basic processes [51]. The first,
a fairly slow reaction, corresponds to the initiation of the decomposition, while
the second, 500 times faster than the former, is the propagation of the decomposr-
tion by a chain-branching mechanism.

The applicability of the’ PROUT—TOMPKINS equation was later questioned by-
BIRCUMSHAW [52] who was the first to point out the extremely complex nature of
_the reactron His mam findings were as follows:

1. The solid- phase decomposrtron is accompanied at ﬁrst by the formation
of potassium chlorate and potassium chloride. The latter accelerates the.
reaction, and as a’consequence of the accumulation of the potassium chlorate
the system melts. - : :

2. The melt-phase decomposition begins only on completron of the transitioh into
. theé melt phase.

3. Accumulation of the potassium chloride leads to solidification of the melt,
“and to slowing-down of the gas evolution.

HARVEY ¢f al. [53] studied the decomposition of potassium perchlorate under
the pressure of oxygen formed in static vacuum: It was observed that the decompo-
sition rate depends on the concentration of the perchlorate and on the physical
state of the reacting substance. This is shown in Fig. 16 where the data of four
experiments at different temperatures are presented by plotting of log/P;— P;/vs.
time. P¢ is the pressure of ‘oxygen calculated for complete decomposition of the
sample, P, is the experimentally measured pressure at time z.

On the curves the points referring to the first phase change, to the end of meltrng
and to the appearance of second solid phase calculated from phase diagram are
also indicated. The decomposition can be described by two first-order- equations
before the appearance of the second solid phase; one of these equations refers to
the initial slow decomposition in the solid phase, and the other to the subsequent
rapid decomposition in the mielt. (At the transition of the solid phase into the melt
phase the reaction occurs in both phases.) The rate constant for the liquid-phase
decomposition is about 50 times larger than that for the solid phase. The temperature-

. dependence of the rate constants was however, the same, and the value of the activa- .
tion energy was 70 kcal/mole; it was concluded, therefore that the mechanism of the
decomposition was the same in both. phases. Potassium chlorate was found as inter-
mediate only to the extent of 2—3%.

In the experiments of RODGERs and WassINK [54] the activation energles of
the reactions proceeding in the two phases differed by 18 kcal/mole." The most recent
measurements of the author [35, 44], however, support the results of HARVEY et al.
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‘They found that the rate and activation energy of the decomposition are practically
independent of the pressure of the oxygen, and it was concluded that the oxygen
-does not participate in an equilibrium reaction [55]. However, as will be clear later,

this refers only to molecular oxygen.
The investigations reported in the case of sodium perchlorate were extended

by CABANE and BENARD [45] also to potassium perchlorate. The activation energies
.of the thermal decomposition and the self-diffusion of the perchlorate ion (30—32

kcal/mole) agreed well here, too.

2704
2544

2384

log Dr—ér

556.5°C
2921

1.90

0 " 60 120 180 240 min
Fig. 16. Isothermal decomposition of KCIO, at various tem-
peratures: @ experimental points. Points calculated from phase

diagram: o first phase change; A end of melting; O appearance
of second solid phase [53} .

The decomposition of potassium perchlorate in the solid phase was also studied
by CorpEs and SMITH [56]. The aim of their experiments was to investigate the
solid-phase reaction under conditions where not even partial melting of the sub-
stance occurred. The extent of the decomposition in their experiments did not
exceed 3.5%. The quantity of gases formed during the decomposition was measured
with a Bendix “time of flight”” mass-spectrometer, with the interesting result that
on the initial heating of the substance to 400° C, not only oxygen but also CO,,
ClO, and Cl, were formed. If the potassium perchlorate was pre-treated overnight
at 400—430° C, then chlorine dioxide and chlorine were no longer found and the

~ amount of carbon dioxide was minimal, too. (It must be mentioned that the forma-
tion of foreign gases was earlier also observed in the decomposition of sodium azide
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- during mass-spectrometric analysis [57].) The compound could not be freed from the
carbon dioxide impurity, even if the sample was previously treated with perchloric
acid. The solid residue consisted of chlorate and chloride, in a. ratio corresponding
to the amount of oxygen evolved. The amount of the chlorate was about ten times
_that of the chloride. By converting the peak-height for the oxygen to the number of
moles of oxygen evolved per second, the specific- rate k; was obtained. This rate
value remained constant even after a long time, if the substance had been pretreated
at 400° C in vacuum. In the log k,vs. 1/T graph no hysteresis was obtained on the
increase or decrease of the temperature. Arrhenius functions for different samples
from the same substance were.parallel straight lines in the temperature range studied.
About 30—40° C below the melting point of the pure substance, however, the reaction
rate suddenly increased and points taken at these temperatures did not lie on the
Arrhenius functions. It was concluded from the constancy of the reaction rate that
the growth of nuclei does not play an essential part in the reaction, Wthh can thus
" be regarded as a homogeneous solid-phase decomposition.

In our view, one of the reasons for the absence of changes in reactron rate,
characteristic of the formation and growth of nuclei; may be the 12-hour pre-treatment
of the substance at a temperature (400—450° C) commensurable with the reaction
temperature (350—450° C); during ‘this period the above processes may have al-
ready taken place to a greater or smaller extent. .

As regards the effect of the solid: reaction product, it was found by GLASNER
and WEIDENFELD [49]-that even a small amount (mole ratio 0.1) of potassium chloride
decreases the induction period of the decompesition, while a larger- amount (mole
ratio 1) eliminates it completely. The reaction rate constants and the actrvatron
energy-are practrcally unaﬁ'ected by the chlorrde ' .

Rubidium perchlorate

A Kinetic study of the total decomposrtlon of rubidium perchlorate was carried
- out at' 547—569° C [35, 44]. The reaction began at once, without a time lag, and.
led to the formation of rubidium chloride. The « vs. ¢t curves were sigmoid type.

The reaction initially proceeded in the. solid phase, but, similarly as for potassium
perchlorate, with progressing decomposition the substance melted.

"~ The decomposition in this case could be described by two first-order equations,
the first of which referred to the slow solid-phase decomposition, and the second
to the faster molten-phase decomposition. The activation energies were 70.5 and
66.8 kcal/mole, respectively. The decomposition was described surprisingly well
by the PROUT—TOMPKINS relation which gave one straight line for practically the
entire decomposition. The value of the activation energy was 71.3 kcal/mole. Here
too, the addition of rubidium chloride to the rubidium perchlorate changed the -
decomposition to one of deceleratory nature and also significantly increased the

rate of the decomposition.

Using the method reported above, CORDES and SMITH [56] also studied the
decomposition of rubidium perchlorate in the. solid phase. The characteristics of -
the reaction agreed with those for the potassium perchlorate reaction. The measured
reaction rate was practically the same, but the value of ‘the activation energy was
somewhat lower. -
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Table X1

Kinetic data of the decomposition of monovalent metal perchlorates
Temperature Activation Frequency Validity
Compound range Method energy factor Kinetic equation of
°C kcal/mole (min~1) . equation -
LiCl10, 392—415 | vacuum .
w-meas. 52.2 — P—T 0.0 —04
vacuum
w-meas. 62.0 first order 0.4 —09
| vacuum
w-meas. 58.3 time for
) : decomp. of .
0.5% —
411—431 | vacuum >
p-meas. 52.6 6,58-101 | P—T 0.01—04
vacuum o
p-meas. 41.0 8.83-10 | P—T 0.45—0.95
vacuum -
p-meas. 439 © 5.12.101 | first order 0.4 —0.93
NacClO, 330—420 | chem. anal. 28.0 , initial rate . —
: 490—515 | vacuum - 57.3 2.7 «10% | P—T : 0—0 3
: p-meas. - 57.1 1.57-10¢ | P—T .3—0.8
p-meas. 59.2° '| 4.89-101¢ | first order 0. 55—0 95
-p-meas. 62.6 1.8 -10¢% | CC - - 0.35—0.9
+NaOH 360—420 | in air, 47.3 3.57-10% | initial rate ClOo7
: decomp.
chem. anal. 53.2 3.35-10% | initial rate ClO5 -
' : . decomp.
KCiO, . 536—617 | in air, o : : ) :
. Oz, ml 60.6 — first order —
537—600 | in air, .
. 0,, ml 65.8 1.15.10%¢ | P—T —
556—582 | vacuum - 70.5 1.42-10'% | first order solid phase -
p-meas. 70.5 7.86+10'¢ | first order molten
. ’ . phase
500—580 | vacuum 98.4 | 1.8 -10?* | first order solid"phase
. : p-meas. 80.7 6.8+10'7 | first order molten
E phase
375—480 | chem. anal. 30.0 — initial rate —
549—575 | vacuum . 69.0 1.16-10% | first-order 0.0 —0.15
- | -p-meas. ~. : (solid
. . phase)
p-meas. 71.5 1.05-10'" | first order 0.3—0.9
(molten
. ’ -phase)
p-meas. 75.4 5.45.107 | CC 0.28—0.85
350—500 | vacuum - ) )
| mas. spectr. 50.2 3.78-10° initial rate 0.0 —0.03
450—550 | infra spectr. 44.3 — second order —
RbCIO; 547569 | vacuum 71.3 1.03.10*" | P—T 0.3 —0.85
- p-meas. - 704 8.19-10% | first order - 0.01—0.28
: (solid -
phase).
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Table XI

(Continued)
’ Temperature | Actjvation Frequency © ). Validity
Compound range : Method energy factor- - Kinetic equation of
' °C . : _kcal/mole (min~1) N * |- -equation
-RbClO, p-meas. - 66.8 42810 | first order 0.4—0.92
i . " . | (molten
| .phase)
p-meas. 72.3 4.02-10® | CC 0.2—0.95
350—500 | vacuum . . S
| mass spectr. 46.0 | 6.0 -10® | initial rate 0.0—0.03
CsCl0, 528—558 | vacuum
: © | p-meas. 520 | 2.68-10 | P—T -1 0.1—0.7
p-meas 68.7 8 44 10%5 | first order . 0.01—0.25
. (solid
. : ‘ phase)
p-meas. 57.0 2.12-10' | 'CC 0. —0.95
_ 385—475 | chem. anal. 35.0. — .| initial rate —
350—500 | vacuum S . :
o L mass. spectr. 44.6 - 1.90-10% | initial rate 0.0—0.03
AgClO, - | 414—445 | vacuum 62.7 | P—T 0.01—0.33
. C p. meas. . 524 ) P—T 1 0.33—0.95
TICIO, © 409—452 | vacuum .
a - p. meas. 56.0 . P—T

W-meas. = weight measurement

\ P-imeas. = pressure measurement
P—T =Prout—Tompkins equation
CC=,,Contracting cube’” formula

Cesium perchlorate

The temperature of decomposmon of cesium perchlorate is lower than that of
rubidium perchlorate, and in fact, even lower than that of potassium perchlorate.
Kinetic measurements were made at 528-—558 °C by following the pressure of.
oxygen in vacuum [35]. The course of the reaction is similar to that observed for
“potassium and rubidium perchlorates. The rate maximum occurred at about «=0.45.
Here too, the decomposition began in the solid phase, but as a. result of the reaction
product the substance melted below the melting point of the pure compound. The
first-order equation gave a straight line for the initial ‘solid-phase decomposition
up to «=0.23. The value of the activation energy was 68.7 kcal/mole. The description
of the liquid-phase decomposition with the first-order: -equation was much less
successful. The PrROUT—TOMPKINS relation gave one straight line for the total
" decomposition. The value of the activation energy was 52 kcal/mole. The values
of the activation energies calculated from the temperature-dependence of the times
for the various stages of the decomposition were in the range 67—70 kcal/mole. .
Here too, preliminary addition of the reaction product, cesium chloride, accelerated
the decomposition to a considerable extent.

A significantly lower value of activation energy was obtamed by CABANE and
BeNARD [45], and also by Corpes and SMITH [56]. The former authors carried out
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their investigation at 385—475° C, the latter at 350—450° C, where the extent
of the decomposition was less than 3—4%. The activation energy value obtained
by CaBANE and BENARD agreed well w1th that determined for the self-diffusion of
ClO; in cesium perchlorate.

The kinetic data referrmg to the thermal decomposition of the alkali metal
perchlorates are given in Table XL

Mechanism of decomposition of the alkali metal perchlorates

It is clear from the results of the kinetic studies that the decomposition of.the
alkali metal perchlorates is fairly complex, and several consecutive and simultane-
ous processes must be taken into considération. In establishing the characteristics and
the mechanisms of the decomposition, a difference must be made between the ex-
periments extending to the total decompositions of the compounds at higher tem-

~peratures, and the studies concerned primarily with the surface reactions of the crys-
tals. The evaluation of the results of the first experimental series is. particularly
difficult due to the phase-change during the reaction, and to the melting of the .
“substances well below the melting points of the pure materials. Lithium perchlorate
is an exception, the decomposition taking place completely in the 11qu1d phase.

A general feature of the decompositions of alkali perchlorates is their auto-
catalytic character. This is first of all the result of the melting of the compounds
which is due to the effect of solid reaction products (chlorides). When the chlorides
corresponding to the reaction products, were previously mixed to the perchlorate
salts, the run of decompositions changed. The perchlorates melted at the very
beginning of the decomposmon the autocatalytic character of the reaction dissap-
peared and the decomposition- started with a maximum rate. Accordingly, the
catalytic effect of chlorides seems only apparent. The fact, however, that the de-
‘composition of lithium perchlorate in the molten phase is also autocatalytic and the
lithium chlorides exerted an accelerating effect on the decomposition, shows that
the chloride might have some effect on the molten phase reaction in the former

- cases, t00.

The values of activation energy of the decomposmon of all alkali perchlorates :
were found to be in the range of 60—70 kcal/mole and practically the same for the
solid and molten phase. This indicates that the chemical mechanism of the decom-
position of perchlorates is essentially similar and the rate determining step, inde-
pendently of the phases, is the same in every compound. The larger frequency
factor obtained for decomposition in molten phase is probably the result of the -
larger mobility of the perchlorate ion. The decomposition of perchlorates can be
thought as proceeding by the following steps. In the first step

McIO, £ Mc103+lo2 : (40)
-metal chlorate and oxygen are formed. The metal chlorate then decomposes partly -
mto chloride and oxygen . _
MClo3 fé'McH%oz (41).
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and partly disproportionates into perchlorate and chloride

kg

MC103:: MClO4+ MCL- . L4

3
4
The occurrence of this latter reaction is indicated by experiments with chlorates.
Although over 500° C the thermal decomposition of alkali chlorates.is rapid, its.
disproportionation was observed even at this temperature. It is very likely that the:
decomposmon of chlorate into chloride does not take place in one step but first.
chlorite is formed, Wthh then decomposes into chloride

MCIO, = MC102+ 0, L @)
- MCIO, £ MCI+0,. e

While the chlorate intermediate was found in decomposition of every alkali per-
chlorate, chlorite was not detected at all. The most plausible explanation for this
seemed to be that at high temperature chlorites decompose extremely rapidly into-
chioride and oxygen. It was shown, however, that alkali chlorites did not decompose-
even .in this temperature range into oxygen and chloride but instantaneously .
disproportionate .into chlorate and chloride:

= -

MCIO, = %MCIO3+l MCl. A (45)

Regarding that alkali chlorates are less stable compounds than perchlorates
(ky>k,) and their amount never exceeds 2—3 per cent during the reaction, it can be
rlghtly assumed that in the decomposition of all alkali perchlorates the reaction (40):
is the rate-determining step. This step involves the rupture of the Cl—O bond.
The dissociation energy of the Cl—O bond (64.295 kcal/mole [15] is in good agreement.
with activation energies found experimentally. :

" A further proof for this mechanism can be obtained by calculating the endo--
thermic heat.of reaction of this step. ‘

On the basis of the standard enthalpy of formation of perchlorates and chlorates,
and supposing only a slight difference in their heat capacities, we obtain for AH“'
the value enlisted in the sixth column of Table XII. These values are much lower
than the activation energies determined experimentally. Supposing, however, the:
formation of atomic oxygen (4B$=59.2 kcal) the data shown in the last column
are obtained. These values, with the exception of that for lithium perchlorate, agree:
very well with the activation energies measured.

Besides the rupture of the Cl—O bond, one can suppose the electron-transfer
reaction between the anion and the cation as the rate determmmg step of the de-
composition: : :

M*+ClO; = M+ c1o4 L | (46)
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Table XI1I

Standard heat of formation for monovalent metal perchlorates and for their decomposition products

Compound MACII,O, M‘gI’O;, e MO H%cac- AH’reac-
LiClO, -91.77 =70 —-904.8 -71.3 21.77 80.9
NaClO, —-92.18 —85.7 —-98.23 —51.46 6.5 ©65.7
KClO, - —103.6 —-93.5 -104.17 . —43.1 10.1 69.3
RbClO, —103.87 —93.8 —-105.1 —41.5 10.0 69.2
CsCl0, "] - —105.86 —-96.0 —-106.4 —41.05 7.8 67.0
AgClO, =715 -5.73 : 2.02 61.2

The sixth and seventh columns contain the heat of reaction of the processes MClO,=MCIO, +
+ 1 0; and MCIO,=MClO;+ 0O, respectlvely

The electron-transfer reaction plays an important part in the decomposition’ of
a number of ioni¢ compounds as e.g. alkali azides. Of perchlorates, the decomposition
of ammonium perchlorate between 200—300° C was supposed to take place accord-
ing to this mechanism.

The thermal energy rcqmred for the transfer of an electron from the anion to
. the cation has been calculated from spectroscopic data in the case of potassium’
perchlorate [35). The adsorption edge of alkali perchlorates is at about 6 eV [52], the
low frequency dielectric constant (K) is 5.9 and the refractive index (n) is 1.4746.
From these data the thermal activation energy was obtained to be 2.21 eV (51 kcal).
Regarding that this value is much lower than the activation energy of the decom-
position, we are of the opinion that the probability of an electron-transfer reaction
can be excluded. The decomposition products (chloride and oxygen) are also
against an electron- transfer reaction because in this case chlorine dioxide and
chlorine must have been formed in the decomposition of the perchlorate radical -
or in the reaction between alkali metal and the perchlorate radical.

A separate discussion is required for the results of low temperature kinetic
measurements when the decomposition occurred entirely on the surface layer of
solid perchlorates and the conversion never exceeded 1—3%. The values of activa-
tion energies in one case [56] were between 40—50 kcal/mole and in another case [45]
between 28—35 kcal/mole.

The values obtained by CABANE and BeENARD [45] agreed with those measured
in these compounds for the self-diffusion of the perchlorate ion; from this they
concluded that the rate determining process of the thermal decomposition is the
diffusion of the perchlorate ion. )

Another explanation is offered by CorDES and SMITH [56] who considered two
different modes of perchlorate decomposition; one of monomolecular type,

ClO; = ClO; +0,  (4H = +20kcal) 47
ClO; +ClO; = 2ClO5 (4H = — 7 kcal) (48)
and one of bimolecular type,

2CI0;y =2CI0O5 +0, (4dH = +12kcal) = (49)
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The reaction heats of the above reaction steps, however, still differred from their
experimentally determined activation energy values. If it is assumed that both
starting steps lead to 3X,0, and the multiplicity rules are valid for reactions occurring
within a solid, the reported value of the reaction heat must be increased by at least’
22 kcal/mole (1A .0,) assuming singlet ClO;" and ClOj. The reaction heat values
thus calculated are then consistent with the measured activation energy value,

It was attempted to decide between the two primary steps on the basis of the
value of the frequency factor. The expected pre-exponential factor of the mono-
molecular reaction step would be between 10™* and 10% sec™, which is considerably
higher than the experimentally determined value. : ‘

A bimolecular reaction could have such a low pre-exponential factor if the
activated complex has restricted rotation while the reactants have free rotation.
As activated complex, CorDES and SMiTH suggested two adjacent ClO; ions joined
through a’ peroxide-like linkage, (O;C)—0O—0—(ClO,). In the calculation of the .
rate constatits by the activated complex theory the following assumptions were made;

— the external rotation are restricted to harmonrc oscillations in the complex,
— the ClOy ion is freely rotating, .
— the torsion mode for the dihedral angle (C103)——0——O—(CIO3) is restrlcted by
" the lattice,
- — the shortening of: the CI—Cl drstance with respect to the value for the free CIO;
groups restricts the ““pinwheel” rotations of the ClO; groups, _
— the coulombic repulsion’ of the two- charges affects only the actrvatron energy
and not the pre-exponential factor,
— the remaining internal vibrations are independent of the lattice forces, -
— the transitional modes are represented by Einstein oscﬂlators

" -The force constant for the ClO; ion was chosen to be the same as for KCl The

*~ value obtained for the pre-exponential factor in the calculations, 1.2-10°® sec™?,
was fairly close to.the experimental value of 107 sec™! and this was considered as
a proof for the proposed mechanism. The change in Arrhenius factors with tempe-

_rature was tentatrvely explained by the assumption that upon raising the temperature-
the lattice is able to open up to such an extent that the “pinwheel”-like motion . .
of the ClO; groups is made possible, and, in addition, the other lattice constants
also become weaker. The rate constant therefore increases, resulting in the increase
of the value of the activation energy. This effect becomes even more pronounced
when the substances melt.

Factors mﬂuencmg the stabzlzty of alkali metal perchlorates

In sprte of the fact that the temperature range of the decomposition of alkah
metal perchlorates -is relatively narrow, there are well defined differences between
the temperatures of decomposition of these compounds. To characterize the stability
of the substances, the temperature values have been calculated from the Arrhenius
diagrams, where the rate constant of the decompositions (contracting cube formula)
reaches the value of 5-1073, As it can be seen from Table XIII this characteristic
temperature, increases from lithium to rubidium but it is lower for cesium.

As factors influencing the stability of perchlorates, the structural properties
of the compounds, their physical constants and the character of the prevailing

3
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Table X111
Correlation between stability and bonding of metal perchlorates
Temp. of fonic | Polarizing | Polarisability
Compound | 2% decomp. T, (°C) F* character power Polarisability | of oxygen ion
°C [40) 4 of ll:gn—dcalso‘ of cﬁ/t:ons of cations in ClO;
CsClO, 601 526 1.303 75.5 0.592 3.34 26.1
RbCIO, 611 560 1.423 74.1 0.676 1.98 30.1
KCIO, 583 547 1.661 73.2 0.752 . 1.33 25.4
NaClO, 522 508 2.407 '68.9 1.053 0.41 25.3
LiClO, - 470 410 2915 67.8 1.667 0.03 20.3 .

To is the temperature value where the rate constant of the decompositions calculated by the
contracting cube formula, 1— (1 —a)/3=Xkt, reaches the value of 5-10-3, '
*

F*=—2; where F*=effective electric field strength of cations
r .

Z* =effective nuclear charge

bonds have to be considered. Some of these properties are summarized in Table XIII,
Evaluating the stability of perchlorates in the light of these data, it can be stated
that the more ionic a compound, the greater its stability. The effective electric field
strength of the cations affects the stability of perchlorates in a similar way. The
increase of the effective electric field strength of the cations results in a decrease of °
the temperature of the decomposition. The only exception is cesium perchlorate,
as its characteristic temperature is lower than that of the potassium salt. From
among the physical properties of alkali metal perchlorates, the melting point of
cesium prchlorate-shows a similar behaviour. Considering the fact, that the melting
of inorganic compounds results in an enhanced rate of decomposition it could be
rightly assumed that the lower stablhty of cesium perchlorate is the consequence of
its lower me]tmg pomt

In our opmlon however, the orlgln of the strange behaviour both in meltmg
. and stability of cesium perchlorate is to be found in the large size of the cesium ion
and, consequently, in its more marked polarizabi]ity This is reflected in the polarity
of the CI—O bond which is less in the case of cesium perchlorate than in rubldlurn
perchlorate.
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KI/IHETI/IKA U MEXAHWU3M TEPMUUYECKOTO PACITAJIA XJIOPUTOB,
XJIOPATOB U TIEPXJIOPATOB METAJIJIOB -
(OB30P)

" @. Uloasmowu

PaccMoTpens! paGoThl, 3aHUMAFOIIKECS BOIIPOCOM TEPMHYECKOT0 pacnafia XJIOPUTOB, XJIopa-
TOB H TIEPXJIOPATOB PasHbiX METAVIOB M NaH KPUTHIECKHH 0030D Da3fmMYHBIX TMpPeNCTBABICHHH
O TEPMMYECKHX CBOMCTBAX ITHX COJEHA,
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NCCIEAOBAHME CTPYKTYPHL 1 CBOWCTB MBbLI, IL
NHOPPAKPACHBIE CIIEKTPHI KAJIBIIMEBBIX COJIEN
AIIMPATRIYECKNX OAHOOCHOBHBIX KHUCJIOT

. W. A. AHOOP, 3. KU,
NuctatyT 0obmieit u d)nanqécxoﬁ XUMUH YHHBEPCHTETA HM. Armums Mloxeda, Ceren
B :
A BAJIAX . ,
Kadepna KOJIJI_OPII[I-;OI‘/?I. XMMHMHA YHHBEDCUTETa HM. Amml_l?loxced)a, Ceren,

 (ocmynuao 8 pedaryuro 20 mapma 1976 2.)

. Tloka3aHa BO3MOXHOCTE MOJIYYEHUs] KAJBLHUEBBIX COMNel anudaTHYecKuX OMHOOCHOBHBIX KHC-
JIOT C YETHEIM MHCIOM YTJIEPOAHBIX. aTOMOB OT KAlIPOHOBOM [0 CTEAPUHOBOM KHCIOTBHI, METOIOM
peaxuuM Ha Ipariue paszena das muHammueckodl smymscnn (PT'®). Ha ocHoBaHmH TepMOrpaBH-
METPHYECKHX, PEHTIeHOCTPYKTYPHBIX B M K-CieKTPOCKONMYECKUX HAHHBIX YCTAHOBJICHBI COCTaBbI
¥ Ha/M'Fe KPACTAJIMYECKOM CTPYKTYpPH! codeit. leranmsno paccMoTpensl MK-cekTphl KalbIHeBbIX
CoJIell KACIIOT, OT YKCYCHOM IO CTeapMHOBOIA, B TBepAoil ¢daze B wHTepBase yactor oT 3800 mo
650 cMmL,

HecMorps Ha Hanudue B JuTepatype pana pabot no MK-cnekTpaMm pasiam4HbIX
coneii [1, 2], ele 0YeHb MaJIO MOMBITOK K OMUCAHUIO TEOPETHYECKH 06OCHOBAHHBIX
Koppensiuii. DTO ¥ HEy[UBUTENILHO, TaK KAK MMEFOLLIMICS IKCIIepUMEHTAIbHbLA Ma-
TepHaJl elle JajleKo He NOCTATOYEH [JIsl COCTaBJICHUS] TEOPUH KoJieGaTeIbHBIX CIIEKT-
POB CTOJIb CJIOKHBIX MOJIEKYJI, KaK COJIH OPTaHMYECKUX KHCIOT. B 0co6eHHOCTH Masio
Hauuplx 0 MIK-ciekTpaM colieif MHOTOBaJeHTHBIX MeTaJUIOB HO I‘OMOJIOI‘H'{CCKOMy
pany anadatriecknx kuciaot [3].

Panee B pa6ote {4] mamu Obln paCCMOTpeH WK-cnexTp -laypara Kanbius, mo-
JIy4eHHOTO METOJIOM peaklUWH Ha IPaHule paszena ¢a3 XMHaMAYeCKOH 3MYJIBCHH,
B KBr-oii TabieTke m ObLIa chesaHa MONBITKA OTHECEHHS OCHOBHBIX TIOJIOC TOT-
JIOLIEHUS] K COOTBETCTBYIOIIHM XapaKTepUCTHYECKAM KOJIeOaHAIM, ‘Ha OCHOBAMAH
HMEIOLLUXCS JINTEPATYPHEIX JIAHHBIX. -

3anaya NaHHOH PabOTHI 3aKIOYAJaCh B CHHTE3€ KANBIHEBHIX COJeH ama(bam-
YeCKHX OQHOOCHOBHBIX KHUCJIOT C YETHBIM YHCJIOM YIJIEPOAHBIX aTOMOB, METOAOM
peaxkiuy Ha rpanuue pasnena (a3 guHaMu4eckoi smyiscnn (PT'®), B onpenesnenun
OCHOBHBIX XapaKTEePHCTHK NMOJIyYEHHBIX cOJle M B cHATHH HX WK-criekTpoB B TBep-
noit dase. Kpome 3Toro Mel cTaBmId nepel coboil Leb HOMBITATECA OOHAPYXHTH
OCHOBHBIE 3aKOHOMEPCHOTH IIPOSIBISIOLINECS B CMEIEHHH HOJIOC TOTJIOIUEHHUS! B
NK-cnekTpax KajdbLUEUBBIX COJICH HCCIeAYyeEMOTO paaa KUCIOT.



118 H. A. AHJAOP, 5. BAJIAX = 3. KMII

Obbexmbl u Memoobl uccAe006anus

AnudaTadeckne OJHOOCHOBHBLIE KHCIIOTHL: KampoHoBast (Cg), kampunosas (Cy),
kanprrOoBas (C,o), naypuHoas (C,,), mapuctuHoBas (Cy,), mansmutunosas (C,q),
u creapunoBas (C,g) HCIIONb30BaNMCh GUPMEL Fluka Mapku puriss. ¢ comepxaHueM
OCHOBHOTO IpPOAYKTa Bhille 99,5%-0B. Macnsunas (C,) u yckycHas (C,) KHCTOTBI
661y Gupmer Loba-Chemie Taxxe Mapku puriss. Kcanon, Ca(OH), v npyrre peax-
THBH MCHOJIbBO3AJHCH GUPMBI Reanal aHaNMTHYECKOM CTENEHH YUCTOTHL.

CuHTe3 KaJbIAEeBLIX COjeff FOMOJIOTHYeCKOro psaa anadaTAYeCKHX  OAHOOC-
HOBHBIX KHCJIOT C 9€THBIM YHCJIOM YIJIepOIHBIX aToMOB (CaAn,) TIPOH3BOAUIH Clle-
aytoumM o6pasoM. OmpepenerHoe koymmdaecTBo Ca(OH), CyCUeHIUPOBAIA B IHC-
TR/UIMPOBaEHOK Bozie. COOTBETCBYIOIIYIO KHCJIOTY, B KOJIHYECTBE IPEBHIILAOILEM
SKBHBaJIEHTHOEe Ha 10%-0B, pacTBOpSUIH B KCHJIONE. B peakmmoHHOM cocyhe, IpHd
CJIHBaHAHA KCHJIONA W Bogbl (B cooTHOmeHAH (a3 pasHom 0,8) ¢ moMoOIUbIG roMore-
Hu3aTopa Tuna Mixer Unipan-309, moiy4ain NHHAMAYECKYIO HECTAGHIIBHYIO IMyJIb-
cmro. Ha rpanune paspmena ¢a3 SMyJIbCHH, IPH IePEMEIIMBAHHA CO CKOPOCTBIO -
4250 0§/muH 7 Temuepatype 25°C 3a 20 MHEYT NPaKTHYECKH MOJHOCTBIO IIPOHC-
xoauio obpasosanre cojieif. I10JIHOTY IPOTeKaHHA PeaKUH IPOBEPAIM MOTEHIHO-
METPUYECKAM THTPOBaHHWEM KCHJIONBbHOH (a3pl Ha coaepkaHue KHCIOTHI [5]. ITocie
TINATEJbHOM MHOTOKpaTHOH IPOMBIBKH NPOAYKTOB ofemMH (aszammu, coJin BEICY-
LIMBAJIA TPA KOMHATHOH TeMIepaType 0 MOCTOSHHOro Beca. O6 OTCYTCTBHH OCTa-
TOYHOM KHCHOTHL B coJiax cyamu no UK- cneKTpaM O OTCYTCTBHIO MOJIOC IIPH 2680,
1710 u 940 cM L,

TepMorpaBmeTqueCKHe H PEHTTEHOCTPYKTYPHBIE M3MEPEHHS MPOBOIMIH KaK
6sL10 omrcaHo panee [4]. MK-criekTphl 6bUT0 CHATEL Ha JBYXJIY9€BOM puOOpe THIa
Unicam SP—I1000 ¢ nadpaknuonHoi pemetkoil. CoekTphl 06pasmos cojieil cHaMa-
nuch B KBr-Hbix TabieTkax Becom 0,2 T, IPH 3TOM HABECKH COJiel 6pay ¢ pacuéToM
1.10~? moneii comn Ha 0,8 T KBr. BonHoBBIe 4HC/Ia B MAaKCHMYMAaX MOTJIOLLECHHS
YKa3bIBaIOTCS HAMH C TOYHOCTBIO +5cM ™1

B pabGoTe HCIONB30BAHBI CHMBOJIBI BHIAOB XapaKTEPHCTHIECKHX Kone6amm
Hpennoxcemme B [6], koTOpHIe OBLAM IPHBEXEHHI HAMH B TEPBOM COOOLUEHHH [aH-
HO# cepuu [4].

- OKcnepumenmanbhble OanHble U UX 06cyHcoeHite

Panee Hamu [7] OBUIO MpPOBENEHO H3YYECHHE PEOJIOTHYECKHX H KOJUTOMIHBIX
CBOMCTB 3MYJILCHOHHBIX CHCTEM, COCTOSILIUX M3 KQJIbIMEBBIX COJIEH FOMOJIOTAYECKOTO
pana amudaradeckux kuciaoT {(Co—C,g), KCHIONa ¥ BOZBL: I'Ipu 3TOM, €CTeCTBEHHO,
paccMaTpHBAJIACh TOIbKO CBOHCTBA Ie€TEPOreHHOM AHCIEPCHON CHCTEMEI B LEJIOM,
mocyic o0pa3oBaHHSA COOTBETCTBYIOUIMX coJied MertomoM PI'®. Ha mamr B3rjs,
MPEACTABJIIET HHTEPEC PACCMOTPEHHE MOJHOTHI NPOTEKaHUS O6pa3oBaHHA Kallb-
IHEBBIX COJIEH JXAPHBIX KHCJIOT B TAKUX CUCTEMAX U ONpelelicHHE HEKOTOPBIX CBOMCTB
BBIIEJICHHBIX COJieH. DKCHepAMeHTaNIbHbIE JaHHBIE IO BHIXOLY IpoaykTos PI'®, mo
THAPATHOMY COCTaBy COJIeM, a Takke NPHHATHIE HAMH COKDALIEHHS U1 HX 0603-
HAYCHHsI HpeACTaBlieHbl B Tabmme L

W3 passbx Tabaune 1 BHAHO, YTO MeTO,[IOM PI'® w3 3sMyJIbCHE KCUIOJ — BOJA
YIAJI0Ch BEUIEIHTE KaJbLMEBEIE CONM KHCIOT cojepXkaumx 6 u Gojiee yriepoaHBIX
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Tabauya I
Brixod npodykmos PI'® u ux zudpammusiii cocmae-

- - Kacnoma cg%l;g::;e Klgscg:‘::l“n nplaob;gla, COn;[zzg,‘m‘e . ' Cocras
Tpramamssoe massame | TS | WA | rcanone, % % ) . Cadny-XH,0 -
Vkcycuas i .2 Cadc, Hé ‘BBIOEIIACTCA 9,2 CaAce.-0,88 H,0*
MacasHas ' 4 CabBt, " He Boimensercs 7,8 CaBt,- 1,00 H,O*
Kanponosas 6 | CaKon, 8,0 ~-70_ 5,8 CaKon,-0,94 H,O
Kanpunosas - 8 CaKil, . 10,5 92 5,2 CaKil,-0,91 H,0
- Kanpurosas 10 | CaKin, 11,5 96 4,6 | CaKiny-1,04 H,O
Jaypmsosas 12 | CaLr, 12,0 97 38 | CaLr0,95 H,0
' MuprcTmosas | 14 | camirg | 11,5 9 -| 34 |CaMir,-0,94 H,0
TabMuTinoBas 16 | CaPm, | 115 | 95 | 30 | CaPmy0,93 H,0
Creapunosas | 18 | CaSt, 11,0 97 | 26 | CaS-0,93 H,0

*CoJIH DONYIeHbI CIOCO60M 3aMEINEHHS.

aToMOB B MoJiekyJie. [TockosbKy B peaknuy 6bu1 BBeéH 10 %-Hblit H3GLITOK KHCIOT,
CBeJEHHS O IOJHOTE MPOTEKaHHWs PEAKNUM MOXHO HOIYYHTh NpPH ONPEHeeHHH
KOJIMECTBA KHUCIOTHI OCTaBILUENCS B OpraHWdYeckod (pase mocne pasienends ¢as.
B cryyae BLICIIMX XHDHBEIX KHCIOT, HAYHHAS OT KalPUHOBOMH, OCTATOYHOE H30bl-
TOYHOE KOJIMYECTBO, KHCIIOTHL COCTBANSAET 1,5—2%. YuHuTbIBas, YTO B ‘COJIIX He Co-
JEPXKHUTCA KHCIOTBI, MOXHO nppmm X BHBony, YTO. PF@ npoucxomn B IOCTa-
TOYHOM Mepe IOJHO.:

HaiineHHOE BecbMa Majioe I/I36I>ITO‘IHOC KOJHYECTBO KHCIOTHL (0,5%) B ciryuae
06pa3oBaHust KanmpuiaTa KajJblds H HeJOCTATOK KMCJIOTHI B Cliydae oOpa3oBaHHSL
KaNpOHATA, C NPHEATHEM BO BHUMAHHE BEIXO/IA 3THX OPOOYKTOB, YKa3kIBaeT Ha yXy/-
HICHHAE YCIIOBMI IPOXOXKAeHUs oOpa3opaHus coyield MeTonoM PI'® mig Husmx wie-
HOB roMoJjiormieckoro psna. CaBt, n CaAc2 COBCEM HE BBUICIIAIHACH, BCICACTBHE
. PACTBOPHMOCTH KHCJIOT H cojielf B BoguHOH da3e.

Heob6x0omuMo OTMETHTB, YTO IPHBeHeHHbIe B Tabaune I nannele BBIXOJIOB upo-
nyktoB PT'® mpencraBiisiioT co60d TOJIBKO OTHOCHTENbHBIC BEJIMMHHBI, BCICACTBHE -
' HaOMIONAIOMIMXCSA CHCTEMATHYECKUX IIOTEpD, oﬁycnonnem{mx TNpUMEHSIEMBIM TpH-
60pOM TS AACIEPTHPOBAHHS.

JaHHble TepMOrpaBHMETPHYSCKOTO aHAMH3a COJIeH H PACCUMTAHHBIA Ha OCHO-
‘BaHHUM 3THAX AAHHBIX T'MAPATHBUI cOCTaB CoJlelf mpencTaBleHBI Takxke B Tabmmme I.
VI3 naHHbIX TabIMIB! BUIHO, YTO COCTABHI BCEX MOJIYyYEHHEIX COJIEH C XOPOIIMM NpH6-
JIMKeHHeM COOTBETCTBYIOT MoHormapataM. s momyuenms Cadc, u CaBt, HaMu
6bUT H30paH METOJ 3aMeILEHNs] aHHOHA B KapGoHaTe KaJIbIUsi COOTBETCTBYIOLIMM
aHHOHOM KHCIIOTEHI [8], nocxonmcy TaKkEM CIHOCO60M 06pa3oBANACH TaKXKe MOHOTH-
partsL.
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Honyvuennbie MeTonoMm PI'd xanbuensrle coiu NpencTaBisim coboi GecueBT-
‘Hbl€ MOPOIUKHA, KOTOPBIE MO MUKPOCKOTIOM HMEJIH BHI BECbMa MEJIKAX CIIHILIAXCS
" xpuctamiukoB. Ilpu cuntese Calr, [7], Ha ocHOBaHMH NU(PaKIAH PEHTTEHOBCKHX
Jydeil Mbl MPHULLUTA K BBIBOAY, YTO JaHHas cOJb oOpa3oBajiack C AOCTATOYHO XO-
_ POIUO BBIPAXEHHOW KPHCTAJIN4eCKOM CTPYKTypoH. MBI cunTasu 1ejecoodpa3sHbM
TIPOBECTH PEHTIrEHOCTPYKTYPHBIH aHaNM3 AMs BCeX MOJYYEHHBIX HaMH 0GpasloB
KaJbIHUeBBIX cofiell,”B ToM uucsae U ana CaAdc, u CaBt,, TONYYeHHBIX peakuueit 3a-
MelueHus. Bo Bcex cnyvasx 6binu mosydenn! nudpakLUOHHBIE CNEKTPHL COIAEpPKa-
uie -10—12 nocTaTOYHO MHTEHCHUBHBIX TOJIOC, YTO TO3BOJIET PACCMATPHUBAaTh BCE
4jleHbl HCCJIEAYEMOTO TOMOJIOTHYECKOTO PAla KaK KPHCTAJUIHYeCKHe BeLIeCTBa.

MK-cnekTphl uechelyeMblx coJiel B 06J1acTy ANMH BOJIH OT 2,7 10 5 MK ITOKa3kI-
BalOT OXHJaeMble fABJIEHHA C HEKOTOPbiMH ocobeHHocTsMH. lllupokas nuddysuas
nojoca norjollennss B obnactu 3600—3200 cm~1, cooTserctByromiass vOH Ko-
febaHnsIM MOJEKyJ1 BOAbL, HMeeT MakcuMyM 1pu 3400 cMm ~, Beuay TOro, 4T0 KOH-
LEHTpalMK CoJieit B TabGJjieTKaX AOJIKHBI ObLAM OBITh OJIMHAKOBBIMH TMPH MPUHATON
HAMH METOJUKE, CJIEJOBAJI0 OXHIATH OIMHAKOBYI) HHTEHCHBHOCTb IOJIOC, TPH-
HAZJEKAMX KoJAeGaHuAM TUAPATHOX BOABL B CONAX, KaK 3T0 HaGAonanoch
B HEHCTBMTENBHOCTH A KapOokcHAaTHeIX mojioc. OmHako, HECMOTPSA Ha TO, YTO

" TOYHYIO KOJIAYECTBEHHYIO 3aBHCHMOCTb W3MEHEHHH WHTEHCHBHOCTH HEJb3s OBLIO
YCTAHOBHTH, BCe € SIPKO BBIPAXKEHO yMeHbUICHHE HHTEHCHBHOCTH HOJIOCH! IIpH

3400 cM 1 ¢ yBenuYeHHEM IJIUHBI yrileponHoi Iiend. Bo3MoxHO, 3TO sBIEeHME MO-
XeT OBITh OOBSICHEHO pa3NUYHOH THIPOCKONHYHOCTBIO YJIEHOB TI'OMOJIOIHYECKO-
ro psnaa. :

Tlo oTcyTCTBHIO B cneKTpax OOBIYHO OCTPOH nonocm.nornomeﬂm HaxoasLencss
nipn 3644 cM ~1, xapaxkTepHo# st vOH CBS3aHHBIX ¢ KATHOHOM KaJbIUsA THAPOKCHU-
108 [2], MoxHO eynuTh 06 oTcyTcTBIM Ca(OH), MK OCHOBHEIX COJIEH, B KOJIHYECT-
BaxX 3aC/lyXKHBAIOLIMX BHAMAHUS, B UCCIEAYeMBIX HamMu o6pasnax.

, Cepus moJsioc, COOTBETCTBYIOIAS ACHMMETPHYHBIM ¥ CHMMETPHYHBIM BaJIEHT-
HpIM konebannsmM CH cBs3eH METUAbHBIX M METUJIEHOBBIX I'DYNH, HAXOAALIAACH
npu 2960, 2920, 2870 n 2850 cM %, Xopolo pa3pelleHa H HabIIOHaeTCs OOBIYHOE
H3MEHEeHHe UHTEeHCHBHOCTEH II0 TOMOJIOTHYeCKOMY psny coneit [6]. :

Mst cogteit kapGOHOBBIX KHCIIOT HAHGOIee HHTEpeCHa OGIACTD CIIEKTPa B HHTep-
BaJjie JUIMH BOJIH OT 6 g0 7,5 MK, riae Habmopalorcs BaJ'IeTHTHbIe KoJieOaHus 1<ap601<-
CUJNaTHOW TPYNIIHL. )J;eTan},HLm amanM3 COeKTpa B 3TOM objacTH IpeacTaBiiseT
0coObIif WHTEpec B BHAY TOrO, YTO KapOokcHiaTHele KojeOaHHsS NOJDKHBL OBITH

' 4yBCTBHMTEJIBHBL KaK K MPHPOJE KaTHOHA, TAK H aHAOHA M BECbMa LIEHHBIE CBEICHHS
MOFYT OBITh TIONYYeHBl ‘OTHOCHTENLHO CTPYKTYDHI M XapakTepa cBsiseil B Komm-
Jiekcax KapOOHOBEIX KHCJIOT M MXx npousBoiubix [9, 10]. ITomyyennsre Hamu HMK-
CNEKTPBl B 3TOH OOJACTH AJIMH BOJIH NMPEACTABIEHBI HA PHCYHke. MBI OTMeHan B
npedbiayilieM coobuieHHH [4] paciuenjieHHe HOJIOCHI -ACHMMETPHYHBIX BaJIeHTHBIX
Kojebanuii xapbokcunara v, CO; B cnekrpe Calr+ H,O. B nutepatype He HaXOOUM
pacMoTpeHus AeTaseii 3Toil moJockl. BosHe BO3MOXHO, 4TO HaburofaeMble HAMH
MOJIOCHL M AOCTATOYHO SIBHO BBIPa)XXKEHHBIE IVIEYH MOSBITIOTCSA TONBKO B CHEKTPax
KPHCTAJUTMYeCKNX 00pa3noB IAAPaTHPOBAHHBIX COJIEi KaJIbIlusl.

W3 pucynka BHAHO, YTO B obOsactd mposiBieHust v,, CO; nnsa CaAc, nHabnro-
narotes 1reyn npu 1690, 1640 m 1540 cM —! Ha momoce- uMerolell MaKCHMYM NIpH
1600 cm 1. Tlpu mepexofe k OyTHpaTy W KampoHATy BHICOKOYACTOTHAS CTOPOHA
HOJIOCHl CTAHOBHTCA Kpyde, McYe3aroT mieud npu 1690 m 1640 cM~! u nzeyo mpu
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1620 cm ! BrimesisieTcs 6onee ApkKo. MakCHMyM IONOCHL MOIJIOMICHUS CMEIHACTCS
X 1595 m 1585 cM ™! coOTBeTCTBEHHO. 3aMeyaTesIbHO, 4TO oO0lltasg KoH(Hrypanus
CEepHH. IIOJIOC B 9TOH 06JIaCTH CTAHOBHUTCS IOCTOSIHHBIM M HE IPETEPNbIBAET HHUKA-
KH3 H3MEHEHHMH 15 BCeX JANbHEHLINX H3yYeHHBIX YJICHOB IOMOJIOTHYECKOro psiia.
Taxum 06pa30M HEeCOMHEHHO, 4TO IOJIy-

_4eHHBIH B 3TO# 06J1acTH BHA CIIEKTpa 06yc- » 6 ; i
soByeH Konebauusamu v, CO; Ha KOTOpBIE ‘ 1 . I
BIMSIIOT TpHUBOJA KATHOHA, TMAPATHBIA Cakon,

COCTaB, PE30HAHTHBIC B3aMMOAECHCTBUSA C
COCEeHUMH KapOOKCHIATHBIMH IpYINaMH
H, BEPOSATHO, JdaXe KpHCTajjnyecKas
CTPYKTypa HccleAyeMoro o6pasua, B pe-
3yJIbTaTe KOTOPHIX HOSIBJSAETCS CNOXHBIA
BMJI, OCHOBHO# TOJIOCHI HOTJIOUIEHHS.

CMenienrie HanGosee MHTEHCHBHOTO
nmaKa TOJoChl v, COy B pagy CaAc,>
CaBt,> CaKon, OOBACHSIEM HW3BECTHBIM
BIMSHUEM TIOJIOKUTEIBHOTO WHAYKTHB-
Horo 3¢dexTa anKuIbHBIX pannkaios [11,
12]. Takoe 0OBsACHEHUE BHOJIHE INpHEMJIE-
MO I10 aHAJIOTHU € JOKA3aHHBIM TTOBBILlIE-
HHEM 4YacTOTHl v, CO; TIOH BIIUSIHUEM 3a-
MecTHTeNelH ¢ OTpHLIATENLHBIM HHAYKTUB-
HbIM 3tdbekToM B anetaTte HaTpus [13].

B oTHOIUIEHHH H3MEHEHHH " YeTKOCTH
TIPOSIBJIEHNS] OTHIENbHBIX TOJIOC HOTJIOLLE-
HHf, KaK BHIHO M3 PUCYHKa, aHAJIOTHY-
HYIO KapTUHY € IPebINYLIHM Habo1aem
-1 B obiactu 1475—1500 cM ~1. B romoso-
THYECKOM psily KaJIbLIHEBBIX COJIEH, HAYH-
Has OT KampoHATa, AJ BBICIUUX YJICHOB
pAna He OGHAPYXUBAIOTCS CYlLIECTBEHHbIE
usMeHeHus. JIns 6ytuparta u anerata Hab-
JIt0aeTcs NepeKkpeiBanue mosioc mpu 1475 , :
(B, CH,) u 1460 cm~1 (5,,CH,), a Taxxe isoo | isbo o0 M
nosioc nipu 1440 (B 0-CH,), n 1425 em~1 :
(v;CO;3 ), TOITOMY HENb3sl CYAUTH O TOM, Pyc. 1. VIK-CIIEKTPbI MOHOTH/DATOB
TIPOUCXOMUT JIM CMELUeHHe TONOoChl caM-  C94¢n CaBty m CaKon, B mHTepBane mmiH

. BOJH OT 5,6 no 7,5 Mk.
METPUYHBIX BaJIEHTHBIX Konebauuii kap-
GokcuJiaTa [Jist MEPBBIX YJIEHOB psna.

Obnacte cnekrpa B uHTepBasie ot 1400 mo 1150 cM~! npuBIekajga BHUMaHHE
MHOTHX HCCJIeQOBaTelicil, B 000CEHHOCTH TOCIIe pa60T Bpayna u HIennapna [14],
MOKA3aBLUKMX HAJMYHe KBHAMCTAHTHOM XapaKTepHOH CepuH MOJIOC B 3TOH obniactu
IUIsl pasHBIX coeluHenuit comepxaumx amadarudeckne uemu. Jxouc [15] mokasan,
4TO B 3TOH, TaK Ha3bIBAEMOH «00IAcTH IPOTPeccH TOJOC», B CMEKTPax TBEPIBIX
BELLECTB, COIEPXAUIMX AJKWIBHYIO IIeNb C IPHMBIKAIOIed KOHLEBOH IIOJApHOR
TPYIIIOM, YHCJIO MOJIOC PABHO IIOJIOBMHE YHCIA YTTEPOAHBIX aTOMOB IelH. -ABTOD
paboThl [16] yTOYHHI, UTO YMCIIO MOJIOC B IPOTPECCHH ONMPEAENAETCS TONBKO [JIHH-

NPOMNYCKAHUE
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HOH ey OpAMBIKAIOmEeH K TOJIApHOH Ipynne, Tak, HalpEMeP, YWieHb! NelHA Haxom-
SrAaecd 3a JBOMHOHN CBS3BIO HE NPOSBIIOTCA B IPOTPECCH MOJIOC KaK MPONOJDKEHHE
TCOH,

MaxkcuMyMB! IOJIOC nornomemm B IOJTY4eHHbIX HAMH CIEKTpax IpeacTaBlle-
‘HBI B Ta6mme 1I.

Tabauya Il
[ 4

Cmelyenue maxcustymos noaoc nozaowenus e HK-cnexmpax kpucmasaudeckux
o6pasyos Cadn,-H,0 8 obaacmu wacmom 1400—1150 cm™*

Oraecenue| | ”

J,CH, as CHy+ 7, CHy t —C—C—nerpue v—C—CH,

Cons |

Cadey 1360 : 1270 1240

-CaBt, 1380 1345 1305 1260 1225

CaKon, | 1380 1345 1300 1260 1230 1205

CaKil, - | 1380 1370 | 1345 1280 1260 1240 1215 1190

CaKin, 1380 1360 | 1340 1310 1280 1245 1220 1205 1180

CalLr, 1380 1360 | 1340 1320 1290 1265 1230 1200 ’

-CaMir, 1380 1355 | 1340 1320 1300 1275 1250 1220 1195

CaPm, 1380 1355 | 1340 1320 1300 1280 1260 1240 1215 1195

CaSt; 1380 1355 | 1340 1325 1310 1290 1270 1250 1230 1210 1190

Ha ocrHoBanum aHanu3a H3MEHEHHH WMHTEHCHBHOCTH HOJIOC M XapakTepa HX
CMELEHA B FOMOJIOTHYECKOM DSy, HaM INpeACTaBifAeTcs HambGojee BEPOSATHHIM
PAcCMATPHBATDL MX OTHECEHHE K XapaKTePHCTHYECKMM YacTOTaM, KaK 5TO TMOKA3aHO
B Tabme 1I.

HWcxonsa u3 Toro, yro B CaAc, HeT CH,-rpynm odeHb ca1abo MpPOSBIAIOLHUECS
Tieqn opu 1270 u 1240 cM ~* MBI He OTHecJIH K 0bj1acTd mporpeccHd moJioc. B 3ToM
-Ciyyae 0oJjiee BEpHO OTpaxKaeTcs JIOTHKA CMeELIeHHs moJoc U mpasuio dxouca [15]
O 4YMciie SKBHAMCTAHTHBIX HOJIOC YHOBJIETBOPSETCS HE TOJBLKO IS BBICIIHMX YJICHOB
'TOMOJIOTHYECKOTO PAAa, HO AJIs BeeX cojiell colepkallldx ajKHIbHYIO mnemb. MiMero-
Fecs y Ha¢ JaHHBIE elie He IO3BOIAIOT CAeNaTh JOCTATOYHO OOOCHOBaHHOE Ipei-
JIOXeHHe K OTHECEHHIO IBYX CJIabbIX mojoc, Oepyluux cBoé Hadaio npu 1270 u 1240
-CM ~! ¥ OCTENeHHO CMEUIAIOIAXCA B CTOPOHY MEHbIIMX YacTOT, MoKa 60Jiee HHTEH-
-CHBHBIE TOJIOCH 00JIaCTH IPOTPECCHH HE TIEPEKPHIBAIOT UX, OOHAKO, MPEICTABISETCS
‘BeECbMa BEPOATHBIM, YTO 3TH HOJIOCBI MOTYT COOTBETCTBOBATH BajleHTHOMY KoOJle-
-6aHHIO yIyIepoZia METHILHOM I'PYIIILI ¢ COCEOHUM YI'PEJIOIHBIM aTOMOM.

B o6JacTu mporpeccud MoJI0C JOCTATOYHO YeTKO HaOIroAaeTcs MmosiBJicHHE HO-
‘BBIX ToJioc moriommernss oT 1305 mo 1190 cM ! mpm yBelHYeHHMM NIMHBI LEOA
'KACJOTHBIX OCTATKOB Ha JIBE METHJICHOBLIE I'PYIILL. Bee WieHBI mporpeccdd ToJoc
3aKOHOMEPHO CMEIIAKOTCI B CTOPOHY MEHBIOHX YacTOT H JAIOT IPHOIM3UTENHHO |
"9KBHAHCTAHTHYIO CEPHIO MOJIOC CPeJHell H Malloif HHTEHCHBHOCTH, B COOTBETCTBHE
-C JIATEpaTYpPHbIMH JaHABKIMHA [3].

BecbMa CII0XHO B MaJIO HAJEXKHO OTHECEHHE MOJIOC MOTJIOIIEHHs CIIEKTPOB B 06-
Jiacta 1150—800 cm ~* [6]. Tlosrygernble BaMu naHHEIe NpeacTaBieHs! B Tabmmme 111
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Ipr paccMOTpeHMH CHEKTPOB 3TOH o6nacm JUIMH BOJIH, Mbl CTaBIJIM IEpen,
coboii Tesb, B OCHOBHOM, TOJNBKO OLpelesIeHA] 3aKOHOMePHOCTeH cMellleHHs Hab-

JIFOAIOIIMXCS IIOJIOC TIPH YBeJIMYEHHH AJIMHBI YIJIEBOAOPOTHOIO PajHKajia COJEH,
a He OTHECEHHS HMX K OIIpeleNIeHHBIM BHIAM KOJieGaHmii:- Bom;mm{cmo nojoc B
- 3To# 00sacTy cinabblil WiIH ;(axce OYeHb cIa0BIi. .

Tabauya. III

) Cumewjenue makcumymos nosoc nozaowyenun 6 HK-cnexmpax
kpucmaaauveckux obpasyos CaAny- H,O e obaacmu wacmom 1150—800 cm™*

\OrHecenne| : :
- . —C—C— —C—C— . .
. N K€E. . CKeJICTHBIS
N | eed | e . A | BuCOi | B ¢ D
NE Cxen_e.m' + nedopmarmorbie koI CH,
Cadc, ‘ _ 1050 - 1025 | 960 945 | 930 880
. CaBt, - 1100 |- 1060 - 1050 : 965 955 930 900 880
CaKon, 1115 1065 1050 .1 1015 965 950 920 895 850
CakKily, 1115 - 1065 |- 1050 | -1005 960 940 (920 985 835
CaKin, 1115 1070 - | 1060 1050 1035 995 960 940 890 825
CaLry - 1115 1085 1050 . 950 960 940 875 820
. CaMir, - 1115 1090 . 1040 990 960 940 910 860 820
.CaPmy - |. 1115 ‘ 1110 1070 «— 1035 1010| 975 960 940 895 850 815
CaSt, 1115 1080 — 1030 990| 975 | 960 940 880_ 845. 815

HaunGonee MHTEHCHBHAs TOJIOCA PaccMaTPUBAEMOil 06JACTH HAXOAUTCA NPU
1115 cM~1. Dr1a momoca OTCYTCTBYET B cekrpe CaAc,, HO MOABISAETCS B BHIAE OCT-
POrO-M JOCTATOYHO CHILHOTO NOTJIOUICHHS B CIEKTPE CaBt2 B paborte [17] mosoca, -
Hali/lcHAAas B CHEKTPe METHWJIOBOTO 3pupa naypHHOBOH KHCIOTHL (cHaToM B CCly)
npH 1112 eM ~? oTHecena k C—C CKeNeTHBIM KoslebaHusIM aJIKMIIbHOM IIeNH, CBA3aH-
HOl ¢ KOHIIeBO# rpymilo. Takoe OTHeceHHE HAM IIPEACTABIISETCS BECHMA BEPOATHBIM
B BUOY TOTO, YTO Hampumep, B cmekrpe HLr OTCYTCBYET, BepHee, UMEeTCa Apyras
. cnabag ocTpas monoca mpu 1085 cM 1. JIns cpaBHEHMS HaMH OBLI CHAT CIIEKTP
JlaypaTa HaTpus, B 3TOM cCllyYae 06Hapy)KI/IBaJIaCB TOJILKO Iofoca mpu 1085 cm 1.

- TakaM 06pa3oM, KaxeTCs IOCTATOYHO OGOCHOBAHHBIM OTHECEHHe OCTPO CHIIbHOM
- miostocsl mpy 1115 cm~1-x C—C ckenleTHBIM KoJleGaHUAM o, fB, ¥ YLJIEPOJTHBIX . 210~
MOB JIKRJIBHBIX Ienel Comell Kalblisi B TBEPAOM COCTOSHHUM. U :
I/IMe}OH.laSICH noGaM30CTH moJioca,” cMelnatomascs oT 1060 cm— CaBt, 1o
‘1110 cm ~* B Bugie Iwieda y CaPm, (B crextpe CaSt, mepeKkphisaeTcs Ionocoi 1115
cM 1) ¢ GobIUIOH BEpOSTHOCTHIO MOXeT OBITh oTHeceHA K C—C CKEJETHBIM KO-
JeGaHAIM aJIKHILHBIX Ienei BMecTe ¢ neopManuouHbIMH Koiebannsave CH,-rpynm.
Orta nojoca 06HAPYXHUBACTCA KaK B CNEKTpax Jaypata HaTpus U HLr, Tak U B CIIEKT-
pax [18] xucIoT ¥ BX MeTHAOBHIX 3(}HAPOB ANKHIBHOIO FOMOJIOTHYECKOTO Psaa. ‘
Huddysnas cnabas mosoca, Haxomsamasics mpu 1050'cM ~1 Takke oTHOCHTCA
. K C—C cKeNneTHHIM KOJCGAHWSIM M, B COOTBETCTBHH C JIMTEPATYPHBIMH IaHHBIMH
{14, 18], Han6Gonee MHTEHCHBHA W pacijeHeHa Ha OTACIbHbBIC COCTaBAromue mpu 10
YIJIEPOAHBIX aTOMaxX B aJIKHIbHOM memu. B cnexrpax CaAn,, nadmHas OT Jaypara,
AJISl BHICIIHX SICHOB PsiNia NPOUCXONUT CHAYAIA yMeHbILIEHHE UHTEHCHBHOCTH, 3aTeM
_ yBenmeHHe nuddysaocTa THOJIOCHL.

~
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KpomMe nepeunciieHHbIX BbILIe, HaliieAbl elile YeThIpe OYeHb Ciabble MOJIOCHI,
npegcrasiennbiec B Tabnune III (A, B, C, D), MaxcCEMyMBI KOTOPHIX C YBEITHYCHMEM
ANVHLL afAKWJIbHOW TeNH CMEIAIoTCs B CTOPOHY MEHBIIHX YacTOT B CPEAHEM Ha
50—60 cM ~1. DTH HOJIOCH! MOTYT OBITh HPUATOMHEI TOJBKO ISl YCTAHOBJICHAS HACH-
TATHOCTH OTAEIBLHEIX COJieil.

B paccmatpuBaeMoii 061aCTH 4aCTOT, KpoMe Nosockt mpA 1115 cM ~1 B romMoso-
THYECKOM .pANY He CMeELLaloTCsi MakCHMYyMbI TOJIBKO ABYX BecbMa CJIaGBIX TOJIOC,
Haxopawuxca npu 960 u 940 cM~1. DTH MONIOCH], BEpOATHO, SBJIAIOTCS PE3OHAHTA-
mu f,, CO; koliebaHmii, AMEIOLUMX OCHOBHOE MOTJOUIEH e B 06macTu yactoT 480—
460 cMm~1 [6, 9].

B o6nacun gactoT 800—650 cM ~! HaneXkKHO YCTaHOBICHHOH ABJIAETCH IoJIoca
COOTBETCTBYIOIIAST ACHMMETPHYHBIM }le(bOpMalII/IOHHHM KoJjie0aHnsaM B ILIOCKOCTH
MeTHJIEHOBEIX rpymn B, CH, ankuanbHbX neneif. Ilpenctasienasle B Tabimne IV
JaHHble, HOJYYEHHbIE HaMH, NMOKa3bIBalOT, YTO B COOTBETCTBHH CO B3TNANaMH H3-
JIOXEHHBEIMH B [2], TONBKO ¢ G0JbLION OCTOPOXKHOCTHIO MOKHO IPHHHMATH B Ka-
9eCTBE XApaKTEPUCTHKH KPUCTAJUIMYHOCTH, PACIUCTICHHE HOJOCH! NPH 720cMm Y,
MHTEeHCHBHOCTD 3TOH IIOJIOCH], KAK M CJIEQOBAJIO OXKHIATD, _BO3pacTana ¢ yBemde-
HHEM JIMHBL aJIKAJIBHON memu.

Tabauya 1V

’

Caetyerue Mal\CllMyMOB noaoc nozaowjenus ¢ HK-cnekmpax
rkpucmaaauveckux oopasyos CaAdn, H,O ¢ oo 1acmu wacmon
. - 800—650 em™?

. \OTz-ieceHue

E BasCHy - Vaswlumu y,CO5
Cons \ '
CaAc, ’ L L 680 ~ 660
CabBt, 780* 760 740 660
. CaKon, - 780 760 730 670
CaKil, 780 - 725 670
CaKin, . - 780 740 725 680
CaLr, 780 . 730 720 ' 680
CaMir, 785 1760 720 630 . 670
CaPm, 785 765 720 680 670
CaSt, 785 765 - 720 700 680 665-

* B BUJIE [JIEYa HA YKA3BIBAEMOM CTPENKOM MONOCce

‘Cnabas moyoca morjomlenus, oOHapyxuBaromasics npu 780 cMm~! u pacuuen-
NSHOMAACS JUIS BHICIIMX TOMOJIOXOB PAJiA, TAKXKe OTHOCHTCS K YHCIIY TPYHHO ycra—
HaBjiABaeMbIX noJoc (mosnoca E B Tabm. 1V).

HecoMeHHO Tpe/CTaBlseT HATEPEC T0JI0CA, HOABJISIOWIAACT B CMEKTPe CaAc2
B BHIE pe3koro nyonera npu 680 u 660 cM ~1. Ilpu yeenwdeHun AAUHLI IS IOI0CA
cranoBuTCs Bee Gosee auddysHoii. Cormacao pabotam [19, 20], aTa nosoca KoKHA
OBITH OTHECEHA K BHEIUIOCKOCTHBIM Jie(pOpMAaMOHHOM KOJIeOaHMsSM KapOOKCHIATA
Yo M/HNHA y,CO5 , HO, IOBHOAMOMY, HA OCHOBHbIE KoJjie0aHusa HAKJIabIBACTCS BIIUS-
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HHE Kojebannil amxmabHol nemn. OTHECEHHE 5TOH MOJOCEH! HEJIb3S CUMTAThH HaleX-
HBIM BBHAY TOTO, 9TO ® B cuekTpe HLr HaGironaercs noyoca npu 690 cMm ~1. Otme-
THM, 9TO B CIEKTpPE naypaTa HATPUS HAMH HauneHa ocTpas Iojoca IOJTOlIeHHAS
mpr 700 cm L

Taxmm o6pa30M, U3 BBHIIIEA3JIOKEHHOTO, HA OCHOBAHMM AHAJIM33 TIOJIyYeHHBIX
SKCIEPHMEHTALHBIX JaHHBIX [0 TOMOJIOTHYECKOMY DALY, MOXHO CHENAaTh HEKO-

. TOpble 3aXI0OYEHHs OTHOCHTEeNIbHO MK-CHekTpoB kaibLHeBHIX coJleil anmbamqec-
KHX OJHOOCHOBHBIX KHCIIOT.

IMonoca mormomennss vOH, Baxongmascsa npu 3400 cM 1, miisd Xonu4ecTBeH-
HOTO OmpeflefieHAs COJepXKaHHsA BOABL B nayqemmx ‘CoIsX, C TpAMeHeHHEM KBr-
‘HBIX Ta0JeTOK, HEMPHUIOJHA.

TuppatHas Boma cojiel, OOBIMHO Jarolas moJIOCY nornomeHmI BH-O- H npu
1630—1615 cM ™%, BCreACTBHE NEPEKPHIBAHAA C KapOOKCHIATHBIMH Kone6aHm1MH
y KOPOTKOIETHBIX COJIeH, Takxke TPYQHO yCTAHABIMBAEMasd.

B oGnactm TPOSBIIEHA ¥ .CO5 , BCIEOCTBHE HAJIOXEHHS 10J0Ck f,a-CH, mm
HM3y4eHHOTO pAna cieit Cadn, TONBKO HAYAHAS OT KaIpOHATa M BHINIC IPEACTABJI-
-€TCS BO3MOXHOCTH OTHECTH ITIOJIOCY, HAXOAAYIoCs ipy 1425 ¢cM ~1, k¥ cHMMeTpHY-
HBEIM BaJIeHTHBIM KoJieOaHHsM KapOokcmnaTHol rpymusl. Omaako, Heo6XoguMo OT-
METHTb, YTO €CHE CHMMETPHYHEIE Ac(GOpMANMOHHBIE KOJeGaHAS B TUIOCKOCTH
"a-CH, rpynm mawT B colisix CaAn, paclleIUIeHHAYI0 Ha OyGJIeTHYIO OOCTATOYHO
CHJILHYIO HOJIOCY, TO BO3MOXHO, 4YTO IIOJIOCA COOTBeTCTBy}OHIaﬂ v, CO; mnepexphl-
BaeTCAd M He 00HapyXHUBAETCS.

Ananu3 objacTd NMPOTrpeccHd HOJIOC MO3BOJMII HaM npennonommb YTO -ABE
cnabule mojiockl, Gepyiue ceoe Hadano mpa 1270 u 1240 cm ~! B cniektpe Cadc,, B
IIOCTEHEHHO CMEHIAIOLINECS B CTOPOHY MEHBIIMX YacTOT, MOTYT OHITh OTHECEHH K
BaJICHTHBIM KOJIEOAHUAM YIJIEPONHBIX- aTOMOB KOHL@A Leneit. OTHesieHHe OBYX BHI-
LIEYIOMSIHYTBIX II0JIOC OT OOBIYHO MPHHATOH OGJIACTH NPOTPecCHd MOJIOC 0bycIoB-
JIGHHBIX Y,5 CHy+ 73 CHy + C—Clxenern. KONCOAHHAMH aNKHUJNBHBIX IeHedd CBA3aH-
HBIX C TIOJApHOM rpynmno¥ Iokas3ajylo, 4TO KOJMYECTBO IIPHOIHM3UTENBLHO SKBHOHC- |
TAHTHBIX MOJIOC IJIsl UCCIIEAOBAHHOTO psifa cojeit CaAn, HaXOOUTCA B COOTBETCTBHH
¢ npaBuwioM JkoHca, HaunHas yxe oT CaBf,, a He TONBKO IS BEICIIKX WIEHOB IoO-
MoJIorrYeckoro psaa [3, 16].

B obnactw «oTmevaTky DaubleB» COEKTPOB HaHOCH pAX IOJIOC, KPOME M3BECT-
HBIX yXe u3 JuTepaypbl «cepud 1050 cm 7 [14] .u §,, CH,, KOTOpbIE TMOKA3HIBAIOT
3aKOHOMEPHOE CMELIeHHE B CTOPOHY MEHBIIHX YacTOT Ha 50—65 CM‘1 B HCCIIe0BaH-
HOM psny: mOJIoCH A, B, C, u D. .

XapakTtep nomioc, Haxogsuuxcs opu 1115 cv ! m okoso 670 cM ~1, mo3BoJsieT
NPENTIOJIOKHATD, YTO OHH MOTYT OBITH IOCJIE HaiibHEHIero GoJjiee TOIHOTO HX OTHe-
CeHHsl, MCIIOJIb30BAHBI I MACHTHQHUKAIAH H YCTaHOBNEHHS CTPYKTYPHL Pa3imi-
HBIX COJIeH KapOOHOBEIX KHCIIOT.
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INVESTIGATION OF THE STRUCTURE AND CHARACTERISTICS OF LONG
CHAIN FATTY ACID SALTS, II.

Infrared Spectroscopy of the Calcium Salts of Aliphatic Monoacnds
J. A. Andor, Z. Kiss and J. Baldzs

It was pointed out that calcium salts of monoacids having even carbon number can be produced
for caproic acid to stearic acid by interface reaction of dynamic emulsions (IFR). The composition
of formed salts by IFR was determinated by TG, X-ray and IR and the crystal structure was proved.
. IR spectra of calcium salts formed from acetic acid to stearic acid in the region from 3800 to 650 cm‘1
were discussed in detail.
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Prepai‘aﬁon of Carboxamides with Potential Pharmacological Activity, ITI*
Synthesis of 6,7-Din_1ethoxy—1,2,3,4—tetrahydro-1—isoquinolineacetamides .
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~

The preparation of fifteen 6,7-dimethoxy-1,2,3,4-tetrahydro-1-isoquinolineacetamides is de-
scribed. The mixed anhydride of 2-carbobenzyloxy-6,7-dimethoxy—1,2,3,4-tetrahydro-1-,isoquinoline-‘
acetic acid with isobutyl chloroformate was reacted with the corresponding aminesat —10to —15°C.
The carbobenzyloxy protecting group was removed from the 2-carbobenzyloxy-6 7-d1methoxy-1 2,3,4-
tetrahydro-1- 1soqu1nolmeacetamxdes by means of HBr in acetic acid:

In the course of our work aiming at the preparation of carboxamides with:
pharmacological activity, we earlier synthesized numerous N-acyl aminomethyl-
cyclopentane and cyclohexane derivatives [1—3]. Similarly to related derivatives
[4], these compounds proved to act on the central nervous system. Among the ali-
cyclic f-amino carboxamides prepared subsequently [5, 6], numerous compounds
proved to exert antypiretic, analgetic or narcosis enhancing effects. This circumstance
prompted us to synthesize for pharmacological purposes some related carboxamide
derivatives of 6,7-dimethoxy-1,2,3,4-tetrahydro-1 -1soqu1nohneacetlc acid, a f-amino
acid used also in our earlier investigations [7]. )

With the aim of preparing tranquilizing and hypotensive azabenzopyridocolines.
and related compounds, LOMBARDINO et al. synthesized some 6,7-dimethoxy-1,2,3,4-
tetrahydro-1-isoquinolineacetamides (6) [8, 9]. They obtained the isoquinoline- -
acetamides from l-carbethoxymethyl-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinolines
(1) by reﬂuxmg under nitrogen protecting blanket with a high excess of the corre-
sponding amine for 24 hrs. However, the yield, e.g. in the case of the 6,7-dimethoxy-
1,2,3,4-tetrahydro-1- isoquinoline N-n-butylacetamide was only 50%. Though the
y1elds reached with amines of higher boiling points were somewhat higher and also
a recent application of the method is known [10], it seemed de51rable to attempt

the application of another way of synthesis.
. . -

* Part II G. Bemath L. Gera, Gy. Gondos, 1. Pénovws Z. Ecsery: Acta Chim. (Budapest)
89,61 (1976).
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Table 1
a-f1-( 2—Carbobenzyloxy-6,7-dimethoxy-l.,2,3,4-tetrah ydroisoquinolyl) ]-acétamides (5a—o0)

M.p. (°C); Analysis (%)
No. R M lForlmula,. . Solvent of Calcd./Found
olecular weigh crystallization c: H N
_CHs -

52 —CH ' C..H;oN,O; 158—160 67.58 7.09  6.57
\CH3 426.50 Benzene—ether | 67.83 7.23 6.28
s ' CyHyuN,04 164—166 69.50 7.35 6.0l
466.56 Benzene - | 69.15 724  6.25
s " CyrHipsN, Oy 104—106 7041  6.13  6.08
¢ _ - 460.51 Benzene—ether | 69.91  6.05  6.17
s —@—CH3 CosH;oN,0; . 168—169 70.86  6.37  5.90
474.54 Ethanol’ 7081 641  6.16
5 @ F Co:Hy FN,O; " 142—144 67.77  5.69 5.86 -
© . . 478.50 Benzene—ether | 67.47  5.75 6.00
s C1H,;BrN, O, 152—154 60.11 504 519
. Br 539.41 . | Ethanol—ether| 59.86 500  5.09
se | - —@-OCH;,' CaeHioN;O, Benze o petro.| 6835 616 571
A 490.54 o ether 63.87 6.55 585
- " CpoHyN;O 185—186 69.30  6.02  5.58
Sh @g CHs 502,55 Benzene | 69.64 663  6.02
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_Ethanol—ether

Table I ( Continued)
. M.p. (°C); Analysis (%)
No.| ~ R M ::rlm“]a;. eht Solventof ~ ~ | ©  Caled./Fourid -~
L Violecutar wel crystallization _ c H N
i @ CHs CasH,,CIN; O 125—126 | 66.07 574 551
T » - 508.99 Benzene—ether| 66.40 601  5.74
~C . . . .
- ~ Br CoHyBr,N;Op | 168—169 5244 . 424 453
.3 - - 618.33 Benzene 52.55  4.46 4.41
Br g
= .‘CHZ‘CHZ'@'OCH3 CuHeN,O, | 132-13¢ | 6786 661 510
C | - : 548.61 Benzeng.—ether 68.02 6.55 5.85
: , OCH, |-
s —@ CsH,y N, Oy 13—115 67.66 590 9.1
=N 461.50- Benzene—ether | 67.32 6.15° 8.92
: -CH,-CH Y | CopHaN0s 119—121 | 6869 638 858
Sm | &2 | 439.56" | Benzene—ether | 6885 646  8.46
N- o ‘
5n C2aHyiN,O,S oil 6166 539 8.99
s 467.47 o 6202 - 556  8.75
N X 3 }
50 CasH,; N, O 166—167 6791 550 10.93"
: N 512.55 - 67.89 595 10.85
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Table 1 -
~a-{1-(6,7-Dimethoxy-1 ,2,3,4-tetrahydroisoqu(rroly1 ) J-acetamides (6a — o)
M. CO); | -
. Formula, Solvent of Analysis (¥)
No. R Molecular weight | crystalliza- Caled./Found : Note
. . C H N~ Br
tion
. CH 192—193 '
o3 p
6a —CH C14H,BrN,O; |Ethanol—| 51.47 6.75 7.50 21.40 )
~CH; 273.29 water | 5094 691 7.60 21.62 [ ?
4:1
6b . CiHyBrN,O, | 184—186| 55.20 7.07 6.78 .19.33 )
, . 413.36 Ethanol | 55.23 7.20 6.71 18.99 | ¥~
, 232—233 .
CuHBrN,O, |Ethanol—| 56.02 5.69 6.88
6¢c 407.31 water | 55.92 5.67 6.49
‘ ‘ 3:2 .
o - 253254 A
C;0HysBrN,O, |Ethanol—| 57.01 5.98 18.97
6d CHs 421.34 water | 57.25 6.10 1867 |
o ' 3:2:
. ‘ : 232234 : : :
Ge . F C1oH,,BFIN, O, |[Ethanol—| 53.65 5.21° 6.59 18.19 :
_ 425.30 water | 54.02 535 6.14 18.18 | ¥
4:1 '
“ . 234—236 |
ef | Br CsH2.BIN,O, |Ethanol—| 46.93 4.56 3287 |
! 486.22 water | 46.80 .4.50 3290 | D)
3:2
, 238—239 e
CH ‘CyoH2BrN;O, [Ethanol—] 5492 5.76 6.40
62 @ OCH; 437.33 water | 5512 5.69 6.63
. 2:3
. , 206—208
6h C—CH3 . CyHysBrN, O, |Ethanol—| 56.13 5.61 6.24
lol 449.35 water 5598 5.85 6.17
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9

b) Ionic+ covalent bromide.
¢) Hydrochloride. CI- Caled.: 7.86%. Found: 7.90%. Base C,3H3oN,O; (414 49). Calced.:
C 66.64; H7:29; N 6.76. Found: C 66.70;.H 7.56; N 6.86%.

d) Base.

€) Analysis for this compound with one mole crystal water is satlsfactory

M.p. (°C); n
N R Formula, ‘Solvent of ’ CAln Z‘yi:s *) Note
o- Molecular weight crystalliza- aled./Found ote
. - . C H N Br
tion
N CH - 224225 __ —
6 _ ~H3 CoHeBrCIN,O, | Ethanol— | 5270 531 6.15 17.53]
! \ R 455,79 water 53.01 548 6.11 17.40
: Cl C 4:1 :
: e v . 207—208 L
P er C1HyBroN;O, | Ethanol— | 4038 3.75 496 14.13 |
L T 565:13 water | 40.79 3.93 491 14.57
ir 9:1 :
6k -CHz—CHz ::: OCHJ C23H31C1N205 é?;;éﬁi 61.26 693 6.21 . )
_ 7 450. e 61.10. 6.78 6.39 ©
OCH, i
g ‘ | 224226 : B
o O CuHuBrN:O,- | Ethanol— | 4261 496 8283151 |
N -H,0 water | 42.36 5.12 8.66 30.98 | ¢
507.24 9:1
-CHy;CH @ - CaoHysN;O 104 |grsg 700 1182
6m 2 0.5 3V |- Benzene ) : d)
: ' N— 355.43 ether | 68:02 717 11.99
N - | 238—240 | -
6n CsHgBrN;O,S | Ethanol— | 46.39 4.87 19.29 a)
414.27 water | 46.53 5.03 19.12
N 192194 | .
6o C21HyBIN;O,+ | Ethanol— | 52.83 5.28 11.74 16.76 »
.H,0 water | 52.83 5.23 11.38 16.48
N7~ 477.36 7:3 -
Note: a) Tonic bromide.
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CH,0 CH,0 :
375 HCl :
NH : NH-HCI
cuy0 cH,0 :

CH CH.
i 2 o2 b
CO0C, Mg COOH
CH,0 - CH0 @
Ij iN 0-CHy-CeHg N_ O-CHCeH
Cu,0 \C/ - !CG S CH,O ﬁ 2 5‘
1
) CH . CH, o
4 20 3 0
l - C00=i-CyHg COOH
CH;0 S HO
' N_ 0-CHCeH, NH
CH,0 ' \%/ A 7% 54 CH,0° . _
5. l 2 0 ‘ 6 |
O=C—NH-R : : 0=C—NH-R

. The mixed anhydride method [11} used in peptide chemistry appeared suitable
~ for this purpose. The secondary amino group of the 1-carboxymethyl-6,7-dimethoxy-
1,2,3,4-tetrahydroisoquinoline (2) obtained by HCI hydrolysis of 1-ethoxycarbonyl-
methyl-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline .(1) was protected by benzyl
chloroformate. The mixed anhydride of 2-carbobenzyloxy-6,7-dimethoxy-1,2,3,4-
tetrahydro-1-isoquinolineacetic acid with isobutyl chloroformate (4), formed in
THF solution in the presence of triethylamine, was reacted with the corresponding
-amines at —10 to —15°C. The carbobenzyloxy-6,7-dimethoxy-1,2,3,4-tetrahydro-
1-isoquinolineacetamides (5a—o) (Table I) were obtained with a very good yield
" (about 80—90%). The carbobenzyloxy protecting group was removed by HBr in
acetic acid.

It has to be mentioned, that the use of the p-toluenesulfonyl protecting group
in preparing the amides of related f-amino acids is also found. In a recent paper
[12] ARMAREGO pointed out that the reaction of cis-hexahydroantranilic acid with
alcoholic methyl amine or ammonia solution being slow, he prepared the desired
amides from acid chlorides using p-toluenesulfonyl protecting group. Removal
of the p-toluenesulfonyl protecting group is, however, possible only by sodium
in liquid ammonia. Protection of the amino acid by benzyloxycarbonyl group proved
not suitable because debenzylation occurred during the preparation of the acid
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chloride. The method described in our paper is similar to that found suitable also :
by ARMAREGO. o

The results of pharmacolog1cal testing of the 6 7-d1methoxy-1 2,3, 4 tetrahydro— A
1-1soqu1n011neacetam1des (6a—o0)" prepared will be dealt with elsewhere.

Experimental =

':2-Carbobenzyloxy-6 7- dzmethoxy-l 2,3 4-tetrahydro-1- lsoqumolmeacetzc acid (3)

28.7¢g (0.1 mole) 6,7- Dlmethoxy 1,2,3,4-tetrahydro-1 -1soqu1nohne acetic acid
hydrochloride (2) was solved under stirring in 50 ml aqueous solution of 4 g sodium
hydroxide; and 17 g (0.1 mole) benzyl chloroformate was added dropwise in 30 -
minutes under cooling. Then the cooled reaction mixture was stirréd for further
3'hrs and acidified with 40 ml 20% HCI solution. The white crystals obtained were -
recrystalhzed from benzene—ether mixture. M.p. 153—154 °C, yield 32.5 g (84.4%).

CmstO“N '(385.40). Caled. C 65.44; H 6.01; N 3.63. Found C 65.26; H 5.90;
. N 3.46%. -

24Carbobeﬁzyloxy-6,7-dimethoxy-] ,2,3,‘4-tetrahydro_-I;isoquinoline' acetamides (Sa—o)

0.02 mole 2-Carbobenzyloxy-6,7-dimethoxy-1,2,3,4-tetrahydro-1-isoquinoline-~
acetic acid (3) solved in 80 ml abs. tetrahydrofurane was cooled in an ice—salt
cooling mixture to —10 to —15 °C, then 5 ml each of the tetrahydrofurane solutions
of 0.02 mole triethylamine and 0.02 mole isobutyl chloroformate were added simul-
taneously in 5 minutes undér intensive stlrrlng After further 5 minutes stirring .
0.02 mole of the corresponding amine solved in 20 ml tetrahydrofurane was added -
dropwise to the reaction mixture, stirred for further 5 hrs and left to stand overnight.
The triethylamine hydrochloride precipitated was filtered, washed twice with 5 ml
tetrahydrofurane, then the combined tetrahydrofurane solution was evaporated

in vacuum. The residue was dissolved in 70 ml ethyl acetate, washed with 2X6ml = -

water and with 1% sodium hydroxide solution, finally washed to neutrality with
45 ml water. After. drying over sodium sulfate, the ethyl acetate was evaporated
in vacuum and the residue was crystalhzed The data of the products obtained (5a—o)
are summarlzed in Table I.

' 6 7-D1methoxy-1 2,3 4-tetrahydro-1-isoquinolineacetamides (6a—o)

_ To 0.015 mole 2-carbobenzyloxy-6 7- dlmethoxy-l 2,3 4—tetrahydro 1-isoquino-

line acetamides (5a—o) 4 to 5 equivalents of a 30% HBr solution in glacial acetic
acide was added. Shaking the mixture, a homogeneous solution was obtained which
solidified .after 30 to 50 minutes. The precipitation of the carboxamide hydrobrom-
ide was completed by adding ether. The-crystalline product obtained was washed
thoroughly with ether, then with acetic acid and recrystalhzed after drying. The
: compounds synthesized (6a—o) are listed in Table II.
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WCCIIEAOBAHUE HP.OI/I3BOI[HI>IX M30XUHOJINHA, III.
-CUHTE3 INIOTEHHUAJIbHBIX ®PAPMAKOHOB AMUNJHOI'O XAPAKTEPA.
CHUHTE3 6,7-IUMETOKCH-1,2,3,4 TETPATUIPO-1-N3OXNHOJIMHALIETAMHK OB

E. Koéob ul. B'epuarh

Coobmaercs © CHHTe3e NpPOH3BOAHOrO 6,7-mAMeTOKCH-1,2,3,4-TeTparnapo-1-UH30XHHOMMH-
anerammpa. M3 2-kap6oOensmmokcn-6,7-mumetokcH-1,2,3, 4-rerparaapo-1-a30XHHOUHYKCYCHOMR
KHCJIOTHL H B300yTHI-XNnopdopMaTa 06pa30BaBIIMIACS CMEIIAHHBIN anTHAPKMI OBUI BBEOEH B peak-
IO ¢ COOTBETCTBYIONIAMHA aMMHAMH npH Temnepatypax —10 @ — 15 °C. 13 momy4eHHbIX 2-Kap-
606en3unokcu-6,7-qaMerokcn-1,2,3,4-Terparaapo-1-A30XAHOMMHALETAMHAAOB 3aIIATHYIO Kap6obeH-
SH/IOKCHAHYO TPYINY YAAJIAMA ¢ TOMOLIBIO 6poz\mc1'oro BOZIOpOZa B Cpesie nenm{on yxcycnon
KHCJIOTBL. .



BOOK REVIEW ‘ )
RADIATION DAMAGE PROCESSES IN MATERIALS

-edited by
C. H. S. DUPUY

The book, containing the proceedings of tl.e Summer School on Radiation Damage Processes
in Materials, held on Corsica, France, August 27—September 9, 1973 was published in 1975.

The problem of radiation damages in ‘materials became of high importance with the sharp
development of nuclear physics in the last decades. After earlier studies essentially connected to the
mechanism of defect creation, a. better understanding of the processes seémed necessary. Approaches
to the theory of damage processes led to a sharp increase in the number of such studies and as a .
. result of strong development in the physics of the defect, the ,,saturation effect” caused by the wealth

of new information prompted J. H.-Crawford and the Editor to consider the necessity of organizing
a Summer School in the field of ,,Radiation Damage Processes in Materials’’, in order to summarize
recent research work on this subject and, by discussions, to 1mpulse new 1deas to find new ways
for research.

The lectures of the Summer School were classed in terms of mechanisms instead of beeing classed.
in terms of models. This resulted in very good review articles on thepry and -application of -
different processes by authors eminent in the study of the problems concerfied. .

The papers of the conference are grouped in three parts. In Part 1 dealmg with general prm—
ciples, we find a. comprehensive paper on energy loss of charged particles in solids by P. Sigmund,
and on the states of ions penetrating solids by S. Dats.

To illustrate the wide ranige of problems encompassed, may it sufﬁce to give a list of the topics
of Part 2. This part, dealing with different radiation damage processes, ‘contains papers of M. N..
Kabler in ionisation damage processes in inorganic materials, D. L. Griscom on color ‘centers in -
oxide glasses, R. N. Nelson on radiation damage in metals and semiconductors, two papers of
-D. Pooley on collission damage processes in transparent materials and in jonic solids, respectively,
papers of J. C. Bourgoin concerning ionisation effects on damage production in semlconductors
of M. Monin on track processes, E. Dartyge on formation of amorphous material, L. Slifkin on
the photographic processes, and on radiolysis.

Part 3; devoted to. applications, contains papers of J. C. -Pfister on ion implantation, R. S.
Nelson on damage to nuclear materials, and two papers of D. Pooly.on application of radiation dama-
ge effects in dosimetry and in information storage, respectively.

The attractive presentation of the most instructive book of 534 pages, informing about the recent
state of knowledge concerning the problems involved is the result of the care of the publisher, the

“Nordhoff International Publishing Company, Leyden.

M. 1. T6rROK
(Institute of Experimental Physics,
Attila Jozsef University, Szeged)
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