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It is shown for many molecules and ions that the „Methode der charakteristischen Schwingungen" 
of Müller is usefull for the calculation of mean amplitudes of vibrations if the vibrations are rather 
characteristic. 

In den letzten Jahren wurden sehr häufig mittlere 
Schwingungsamplituden aus spektroskopischen Da-
ten berechnet. Da diese Rechnungen in vielen Fäl-
len nicht einfach sind, wurden dabei oft fehlerhafte 
Ergebnisse erzielt. 

Meistens wurden mittlere Schwingungsamplituden 
aus der Säkulargleichung: 

I l G - i - A E ^ O (1) 
berechnet1. Es wurde bereits erwähnt, daß es sinn-
voller ist, die 2-Matrix aus den Eigenvektoren nach: 

2 = L A L ' (2) 
zu berechnen2,3. In den Gin. (1) und (2) bedeu-
tet 2 die symmetrisierte mittlere-quadratische Am-
plitudenmatrix mit den Elementen 2 = {SiSj) , 

ij 
Si und Sj sind Symmetriekoordinaten, G - 1 ist die 
Matrix der kinetischen Energie, E die Einheits-
matrix, A eine Diagonalmatrix mit den Elementen: 

. h . h vi 
J i = 8 ^ T C O t h 2 kT 

und L, die Eigenvektormatrix, die die Transforma-
tionsmatrix zwischen inneren Symmetriekoordinaten 
S und Normalkoordinaten Q gmäß S = L Q dar-
stellt. 

Bekanntlich gilt zwischen der inversen Matrix der 
kinetischen Energie G und der L-Matrix die Be-
ziehung 

G = L L' . (3) 

Es wurde festgestellt, daß man in vielen Fällen die 
Näherung Ly = 0 für i < j einführen kann 2' 4' 5, was 
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zu erheblicher Vereinfachung des Rechenproblems 
führt. Die Berechnung der 2-Matrix kann allgemein 
nach Gl. (2) erfolgen; die L-Matrix wird nach Gl. 
(3) mit der oben eingeführten Näherung ermittelt4'5. 

MÜLLER und Mitarb.6 haben vor kurzem eine 
Näherungsmethode entwickelt, mit der es ohne Lö-
sung eines inversen Eigenwertproblems möglich ist, 
mittlere Schwingungsamplituden im Falle des Vor-
liegens charakteristischer Frequenzen näherungsweise 
zu berechnen. Bei dieser Methode wird ein gegebe-
nes kompliziertes Molekül in Bruchstücke von je drei 
Atome des Typs XY 2 bzw. XYZ zerlegt, und die 
Schwingungsfrequenzen dieser „Pseudo-Moleküle" 
abgeschätzt. Mit diesen Werten lassen sich mittlere 
Schwingungsamplituden aus den T -Elementen für 
n = 2 (XYo-Bruchstücke) und n = 3 (XYZ-Bruch-
stücke), aus den einfachen bereits angegebenen For-
meln 6 berechnen. 

In ihrer Arbeit haben MÜLLER und Mitarb. 6 diese 
Methode an einigen Beispielen erläutert und gezeigt, 
daß die so erhaltenen Werte gut mit denjenigen, die 
mit einer vollständigeren Methode erhalten wurden, 
übereinstimmen. Es ist der Zweck dieser Arbeit, 
mittlere Schwingungsamplituden für eine größere 
Reihe von Molekülen nach der beschriebenen Nähe-
rung zu berechnen, um somit die Gültigkeit dersel-
ben an weiteren Beispielen zu prüfen und zu bestä-
tigen. 

Aus Tab. 1 sind die mittleren Schwingungsampli-
tuden für eine Reihe von Molekülen und Ionen des 
Typs ZXY3 (C3V) zu entnehmen und aus Tab. 2 die 
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Z X Y ; 

OPCl3 

OPBr 3 

H P O * -

H O P O * -

O V F 3 

OVCI3 

OVBrg 

C l R e 0 3 

B r R e 0 3 

S R e 0 3 

T ( ° K ) « ( X Y ) tt(XZ) « ( Y . . . Y ) u( Y . . . Z ) Z X Y g T(° K ) tt(XY) u(X Y ) u(Y...Y) u(Y... 

298,2 a 0,0464 0,0354 0,085 0,068 BrGeHg 298,2 a 0,0894 0,0477 0,156 0,134 
b 0,0470 — 0,079 — b 0,0894 — 0,155 — 

c 0,0472 0,0359 — 0,069 c 0,0894 0,0477 — 0,145 
0 a 0,0428 0,0353 0,060 0,058 0 a 0,0894 0,0379 0,155 0,128 

b 0,0435 — 0,056 — b 0,0894 — 0,154 — 

c 0,0437 0,0357 — 0,059 c 0,0894 0,0379 — 0,137 
298,2 a 0,0464 0,0359 0,090 0,077 IGeH 3 298,2 a 0,0895 0,0517 0,157 0,143 

b 0,0507 — 0,084 — b 0,0895 — 0,156 — 

c 0,0490 0,0371 — 0,078 c 0,0895 0,0524 — 0,151 
0 a 0,0407 0,0357 0,051 0,059 0 a 0,0895 0,0380 0,155 0,134 

b 0,0435 — 0,050 — b 0,0895 — 0,155 — 

c 0,0427 0,0366 — 0,061 c 0,0895 0,0384 — 0,141 

298,2 a 0,0395 0,0862 0,063 0,109 HGeCl3 298,2 a 0,0461 0,0886 0,102 0,137 
b 0,0395 — 0,060 — b 0,0465 — 0,098 — 

c 0,0392 0,0863 — 0,108 c 0,0462 0,0887 — 0,131 
0 a 0,0392 0,0862 0,058 0,109 0 a 0,0405 0,0886 0,066 0,130 

b 0,0392 — 0,056 — b 0,0408 — 0,064 — 

c 0,0389 0,0863 — 0,107 c 0,0406 0,0887 — 0,127 

298,2 a 0,0398 0,0415 0,059 0,067 HGeBr 3 298,2 a 0,0476 0,0895 0,109 0,142 
b 0,0397 — 0,059 — b 0,0488 — 0,104 — 

c 0,0394 0,0420 — 0,069 c 0,0478 0,0899 — 0,133 
0 a 0,0394 0,0409 0,056 0,060 0 a 0,0376 0,0895 0,056 0,132 

b 0,0394 — 0,056 — b 0,0384 — 0,055 — 

c 0,0391 0,0415 — 0,061 c 0,0380 0,0897 — 0,129 
298,2 a 0,0404 0,0366 0,098 0,079 ClGeBr3 298,2 a 0,0477 0,0472 0,111 0,099 

b 0,0409 — 0,092 — b 0,0498 — 0,109 — 

c 0,0410 0,0365 — 0,076 c 0,0481 0,0465 — 0,098 
0 a 0,0394 0,0364 0,072 0,065 0 a 0,0376 0,0411 0,057 0,060 

b 0,0399 — 0,070 — b 0,0387 — 0,057 — 

c 0,0399 0,0362 — 0,064 c 0,0381 0,0410 — 0,059 

298,2 a 0,0459 0,0369 0,112 0,090 FGeH 3 298,2 a 0,0893 0,0415 0,156 0,125 
b 0,0470 — 0,108 — b 0,0893 — 0,154 — 

c 0,0469 0,0372 — 0,085 c 0,0893 0,0418 — 0,131 
0 a 0,0411 0,0366 0,068 0,067 0 a 0,0893 0,0401 0,154 0,122 

b 0,0420 — 0,067 — b 0,0893 — 0,153 — 

c 0,0420 0,0363 — 0,065 c 0,0893 0,0403 — 0,127 

298,2 a 0,0465 0,0371 0,119 0,097 ClGeH3 298,2 a 0,0893 0,0464 0,156 0,134 
b 0,0498 — 0,112 — b 0,0893 — 0,155 — 

c 0,0491 0,0381 — 0,092 c 0,0892 0,0467 — 0,141 
0 a 0,0384 0,0368 0,058 0,067 0 a 0,0893 0,0407 0,154 0,128 

b 0,0401 — 0,057 — b 0,0893 — 0,153 — 

c 0,0402 0,0374 — 0,066 c 0,0893 0,0409 — 0,134 

298,2 a 0,0346 0,0550 0,068 0,091 ISiBr3 298.2 a 0,0463 0,0648 0,118 0,087 
b 0,0345 — 0,063 — b 0,0342 — 0,088 — 

c 0,0346 0,0563 — 0,099 c 0,0339 0,0565 — 0,126 
0 a 0,0343 0,0432 0,060 0,067 a 0,0414 0,0487 0,057 0,049 

b 0,0342 — 0,057 — b 0,0308 — 0,050 — 

c 0,0342 0,0439 — 0,071 c 0,0306 0,0399 — 0,057 

298,2 a 0,0346 0,0571 0,070 0,099 ClSiH3 298,2 a 0,0888 0,0461 0,151 0,128 
b 0,0345 — 0,069 — b 0,0888 — 0,150 — 

c 0,0345 0,0593 — 0,108 c 0,0895 0,0474 — 0,134 
0 a 0,0343 0,0382 0,061 0,066 0 a 0,0888 0,0431 0,150 0,125 

b 0,0342 — 0,060 — b 0,0888 — 0,149 — 

c 0,0342 0,0393 — 0,070 c 0,0895 0,0441 — 0,130 

298,2 a 0,0360 0,0384 0,074 0,077 BrSiH3 298,2 a 0,0888 0,0476 0,151 0,132 
b 0,0358 — 0,073 — b 0,0888 — 0,150 — 

c 0,0360 0,0382 — 0,081 c 0,0888 0,0492 — 0,138 
0 a 0,0357 0,0351 0,063 0,062 0 a 0,0888 0,0422 0,150 0,127 

b 0,0354 — 0,062 — b 0,0888 — 0,149 — 

c 0,0355 0,0350 — 0,063 c 0,0888 0,0434 — 0,132 

Tab. 1 



Z X Y 3 T(°K) « ( X Y ) M ( XZ ) u{Y...Y) TT(Y...Z) Z X Y 3 T ( ° K ) TT(XY) M (XZ ) U(Y...Y) U(Y...Z) 

IS iH 3 

HSiF 3 

HSiCl3 

HSiBrg 

FSiClg 

BrSiCls 

ClSiBr3 

ISiClg 

298,2 a 0,0887 
b 0,0888 
c 0,0887 
a 0,0887 
b 0,0888 
c 0,0887 

0 

298,2 a 0,0402 
b 0,0404 
c 0,0399 
a 0,0397 
b 0,0399 
c 0,0395 

0 

0 

298,2 a 0,0464 
b 0,0480 
c 0,0472 
a 0,0432 
b 0,0445 
c 0,0441 

298,2 a 0,0476 
b 0,0502 
c 0,0489 

0 a 0,0420 
b 0,0438 
c 0,0432 

298,2 a 0,0416 
b 0,0453 
c 0,0406 
a 0,0395 
b 0,0422 
c 0,0392 

298,2 a 0,0460 
b 0,0457 
c 0,0453 
a 0,0429 
b 0,0430 
c 0,0427 

298,2 a 0,0477 
b 0,0513 
c 0,0671 

0 a 0,0419 
b 0,0441 
c 0,0525 

298,2 a 0,0467 
b 0,0467 
c 0,0461 

0 a 0,0435 
b 0,0437 
c 0,0433 

0 

0,0516 

0,0536 
0,0435 

0,0449 

0,0865 

0,0866 
0,0865 

0,0866 
0,0876 

0,0897 
0,0876 

0,0879 

0,0880 

0,0887 
0,0880 

0,0885 

0,0413 

0,0410 
0,0407 

0,0405 

0,0502 

0,0551 
0,0433 

0,0465 

0,0471 

0,0477 
0,0437 

0,0440 

0,0510 

0,0567 
0,0429 

0,0464 

0,152 
0.151 

0,151 
0,150 

0,075 
0,071 

0,063 
0,061 

0,090 
0,086 

0,062 
0,061 

0,094 
0,091 

0,053 
0,052 

0,092 
0,094 

0,062 
0,064 

0,106 
0,087 

0,066 0,061 
0,100 
0,080 
0,054 
0,049 

0,115 
0,109 

0,069 
0,068 

0,139 

0,146 
0,132 

0,138 

0,117 

0,115 
0,115 

0,113 

0,129 

0,122 
0,125 

0,120 
0,134 

0,124 
0,127 

0,122 
0,078 

0,076 
0,062 

0,061 
0,077 

0,109 
0,053 

0,063 

0,084 

0,087 
0,056 

0,057 

0,078 

0,115 
0,052 

SSO? 

HSO* 

FSOIR 

F C r O ; 

CICrOo 

N O s O ; 

0 

298,2 

298,2 

H O S O = - 298,2 

H 0 S e 0 2 3 - 298,2 

298,2 a 0,0390 
b 0,0389 
c 0 ,0386 

0 a 0,0387 
b 0,0386 
c 0,0384 

a 0,0375 
b 0,0376 
c 0,0372 
a 0,0373 
b 0,0375 
c 0,0371 

a 0,0364 
b 0,0366 
c 0,0361 
a 0,0363 
b 0,0365 
c 0 ,0360 

a 0,0377 
b 0,0376 
c 0,0372 
a 0,0374 
b 0,0374 
c 0,0371 

a 0,0381 
b 0,0382 
c 0 ,0380 
a 0,0376 
b 0,0377 
c 0 ,0375 

a 0,0389 
b 0,0389 
c 0,0387 

0 a 0,0384 
b 0,0384 
c 0 .0383 

298,2 a 0,0388 
b 0,0389 
c 0,0387 
a 0,0384 
b 0,0385 
c 0,0383 

298,2 

298,2 

- 0,063 

a 0,0366 
b 0,0365 
c 0 ,0366 
a 0,0360 
b 0,0360 
c 0 ,0360 

0,0467 

0,0541 
0,0429 

0,0482 

0,0812 

0,0813 
0,0812 

0,0813 

0,0426 

0,0433 
0,0416 

0,0423 

0,0411 

0,0419 
0,0405 

0,0413 

0,0411 

0,0414 
0,0400 

0,0403 

0,0454 

0,0457 
0,0433 

0,0436 

0,0485 

0,0481 
0,0426 

0,0426 

0,0359 

0,0358 
0,0356 

0,0356 

0,059 
0,056 

0,056 
0,053 

0,059 
0,057 

0,055 
0,054 

0,055 
0,055 

0,053 
0,053 

0,056 
0,055 

0,053 
0,053 

0,068 
0,067 

0,061 
0,060 

0,071 
0,071 

0,063 
0,062 

0,072 
0,072 

0,063 
0,063 

0,069 
0,069 

0,061 
0,061 

0,069 

0,073 
0,059 

0,062 
0,104 

0,102 
0,103 

0,102 
0,064 

0,065 
0,058 

0,059 

0,063 

0,064 
0,058 

0,059 

0,074 

0,075 
0,064 

0,064 

0,086 

0,088 
0,069 

0,069 

0,093 

0,099 
0,069 

0,071 

0,076 

0,076 
0,065 

- 0,065 

Tab. 1. Mittlere Schwingungsamplituden für ZXY S (C3 V ) -Moleküle . Werte in Ä, erhalten von: a) vollständige Rechnung 3 ; 
b) XY2-Bruchstück; c) ZXY-Bruchstiick. 

entsprechenden Werte für Moleküle des Typs ZXY2 

(C2v) • Die Rechnungen wurden für zwei Tempera-
turen (298,2 und 0 °K) durchgeführt und die er-
haltenen Werte jeweils mit den Werten verglichen, 
die mit vollständiger Rechnung erhalten wurden. Die 
Schwingungsfrequenzen sind die gleichen wie bei 3. 
Zur Mittelung bei entarteten Schwingungen vgl.6. 

Wie leicht zu ersehen ist, liefern die Näherungs-
rechnungen brauchbare Werte, vor allem wenn das 
Zentralatom relativ schwerer ist; aber auch in allen 
Fällen und auch bei den Amplituden für nicht ge-
bundene Atome [ u ( Y . . . Y ) und « ( Y . . . Z ) ] ist 
die Übereinstimmung relativ gut. Die Unterschiede 
zu den Literaturwerten sind lediglich in wenigen 



Z X Y 2 

O C H 2 

O C D 2 

H C O ; 

D C O : 

O C F 2 

OCCI2 

OCBr 2 

SCF 2 

T(°K) « ( X Y ) IT(XZ) u{Y...Y) « ( Y . . . Z ) Z X Y 2 T(° K ) « ( X Y ) IT(XZ) u(Y...Y) «( Y . . . Z ) 

298,2 a 0,0805 0,0377 0,121 0,096 SCC12 298,2 a 0,0509 0,0420 0,083 0,065 
b 0,0804 — 0,120 — b 0,0555 — 0,091 — 

c 0,0804 0,0374 — 0,094 c 0,0556 0,0380 — 0,051 
0 a 0,0805 0,0377 0,121 0,096 0 a 0,0491 0,0416 0,059 0,052 

b 0,0804 — 0,120 — b 0,0527 — 0,063 — 

c 0,0804 0,0374 — 0,094 c 0,0533 0,0375 — 0,040 
298,2 a 0,0686 0,0375 0,100 0,083 FC1F2 298,2 a 0,0493 0,0450 0,085 0,064 

b 0,0682 — 0,100 — b 0,0505 — 0,077 — 

c 0,0683 0,0379 — 0,079 c 0,0495 0,0473 — 0,067 
0 a 0,0686 0,0375 0,100 0,082 0 a 0,0466 0,0435 0,070 0,059 

b 0,0682 — 0,100 — b 0,0476 — 0,066 — 

c 0,0683 0,0379 — 0,079 c 0,0471 0,0425 — 0,060 
298,2 a 0,0409 0,0802 0,049 0,096 F B r F 2 298,2 a 0,0468 0,0432 0,088 0,066 

b 0,0404 — 0,046 — b 0,0473 — 0,086 — 

c 0,0409 0,0807 — 0,091 c 0,0471 0,0424 — 0,072 
0 a 0,0408 0,0802 0,048 0,096 0 a 0,0438 0,0412 0,071 0,059 

b 0,0404 — 0,046 — b 0,0442 — 0,070 — 

c 0,0408 0,0806 — 0,091 c 0,0441 0,0407 — 0,063 
298,2 a 0,0408 0,0683 0,049 0,083 HONO2 298,2 a 0,0390 0,0469 0,049 0,054 

b 0,0407 — 0,047 — b 0.0385 — 0,050 — 

c 0,0412 0,0684 — 0,078 c 0,0390 0,0485 — 0,051 
0 a 0,0407 0,0683 0,048 0,083 0 a 0,0389 0,0463 0,048 0,052 

b 0,0407 — 0,046 — b 0,0385 — 0,049 — 

c 0,0411 0,0684 — 0,078 c 0,0390 0,0479 — 0,049 
298,2 a 0,0436 0,0362 0,053 0,050 DONO2 298,2 a 0,0391 0,0463 0,048 0,055 

b 0,0454 — 0,054 — b 0,0387 — 0,047 — 

c 0,0457 0,0364 — 0,052 c 0,0392 0,0477 — 0,053 
0 a 0,0434 0,0362 0,051 0,048 0 a 0,0391 0,0458 0,047 0,053 

b 0,0452 — 0,051 — b 0,0386 — 0,047 — 

c 0,0466 0,0363 — 0,050 c 0,0392 0,0472 — 0,051 
298,2 a 0,0498 0,0369 0,068 0,058 FNO2 298,2 a 0,0380 0,0481 0,055 0,059 

b 0,0531 — 0,069 — b 0,0376 — 0,058 — 

c 0,0532 0,0384 — 0,062 c 0,0381 0,0498 — 0,053 
0 a 0,0480 0,0368 0,054 0,052 0 a 0,0379 0,0472 0,052 0,055 

b 0,0511 — 0,054 — b 0,0376 — 0,053 — 

c 0,0515 0,0383 — 0,056 c 0,0381 0,0489 — 0,051 
298,2 a 0,0506 0,0368 0,071 0,062 CINO2 298,2 a 0,0388 0,0434 0,056 0,063 

b 0,0564 — 0,072 — b 0,0384 — 0,062 — 

c 0,0554 0,0392 — 0,072 c 0,0390 0,0452 — 0,062 
0 a 0,0474 0,0367 0,046 0,052 0 a 0,0387 0,0425 0,053 0,055 

b 0,0521 — 0,046 — b 0,0384 — 0,056 — 

c 0,0523 0,0388 — 0,060 c 0,0389 0,0443 — 0,054 
298,2 a 0,0457 0,0385 0,056 0,053 

b 0,0486 — 0,058 — 

c 0,0486 0,0381 — 0,059 
0 a 0,0453 0,0383 0,053 0,049 

b 0,0480 — 0,055 — 

c 0,0482 0,0380 — 0,052 

Tab. 2. Mittlere Schwingungsamplitude für ZXY2(C2Y)-Moleküle. Werte in Ä , erhalten von: 
b) XY2-Bruchstück; c) ZXY-Bruchstück. 

a) vollständige Rechnung ; 

Fällen größer als 5%, und zwar dann, wenn die 
Masse der Außenatome im Verhältnis zur Masse 
des Zentralatoms groß ist und vor allen Dingen, 
wenn mehrere schwere Außenatome vorhanden sind 
(vgl. z. B. ISiBr3 , OPBr3 , HSiBr3 etc.). 

Man kann also zusammenfassend und an Hand 
unserer Rechnungen sagen, daß diese Methode mit 
geringem Rechenaufwand zu guten Ergebnissen führt 
und vor allen Dingen für Uberschlagsrechnungen 

außerordentlich brauchbar ist. Die Methode kann 
man allgemein für ein beliebiges Molekül anwen-
den, vorausgesetzt, daß die Zuordnung ihrer Schwin-
gungsfrequenzen bekannt ist und charakteristische 
Schwingungen vorliegen. 

Diese Arbeit wurde mit Unterstützung des „Consejo 
Nacional de Investigaciones Cientificas y Tecnicas de la 
Repüblica Argentina" und einem Kontrakt der UNLP 
durchgeführt. 



Fine Structure of the N H Stretching Band of Pyrrole 
JAAKKO K . ELORANTA 

Laboratory of Molecular Spectroscopy, Department of Physics, University of Oulu, Oulu, Finland 

(Z. Naturforsch. 25 a, 1296—1299 [1970] ; received 2 May 1970) 

The rotational fine structure of the fundamental NH stretching band of pyrrole has been ana-
lyzed. The analysis has been based on the symmetric top approximation. The obtained rotational 
constants 5 " = 0.3032 c m - 1 , ß ' = 0.3027 c m - 1 , and C = 0.1505 c m " 1 are in good agreement with 
the microwave data. Also the accurate band center r = 3530.520 c m - 1 has been obtained. 

According to the microwave structural analysis 
of the pyrrole molecule *>2 the ratio of the two mo-
ments of inertia about the two perpendicular axes 
in the molecular plane is 0.986. Accordingly, the 
molecule is very close to an oblate symmetric top 
and the analysis of the rotational fine structure of 
the vibrational bands can be performed by applying 
the theory of the symmetric top molecules. The com-
plete asymmetric top analysis of the infrared spec-
trum of a heavy molecule like pyrrole would be 
rather cumbersome and even impossible. 

In this paper the fundamental NH stretching band 
of pyrrole has been analyzed because it fits the re-
gion of the high resolution spectrometer constructed 
in our laboratory. The obtained rotational constants 
are good approximations to the actual ones and may 
be compared with the microwave rotational con-
stants. Further, the accurate band center has been 
obtained which is useful for the research of vibra-
tional anharmonicities in progress at this labora-
tory. 

Experimental 

T h e h igh reso lut ion s p e c t r u m of the N H stretching 
b a n d of p y r r o l e was r e c o r d e d b y m e a n s o f a l a rge 
near - in f rared P f u n d - t y p e grat ing s p e c t r o m e t e r which 
has b e e n d e s c r i b e d e l sewhere 3 . T h e v a p o r s a m p l e was 
in a 3 -meter m u l t i p l e pass a b s o r p t i o n ce l l in a pressure 
of a b o u t 5 m m H g . T h e relat ive h u m i d i t y ins ide the 
spec t rometer was a b o u t 13 per c e n t c a u s i n g the super-
i m p o s e d water v a p o r a b s o r p t i o n s which c o u l d b e identi -
fied with the h e l p of the p a p e r o f PLYLER and TID-
WELL 4 . T h e spec t ra l s l i twidth d u r i n g the run was 
0 . 1 4 c m - 1 . T h e w a v e n u m b e r s o f the a b s o r p t i o n l ines 
w e r e ca l ibra ted against the k n o w n emiss ion l ines of 

Sonderdruckanforderungen an Dr. J. ELORANTA, Laboratory 
of Molecular Spectroscopy, Department of Physics, Univer-
sity of Oulu, Kontinkangas, Oulu, Finnland. 

1 B . B Ä K . D . CHRISTENSEN , L . H A N S E N , a n d J. R A S T R U P - A N -
DERSEN. J. Chem. Phys. 24. 720 [1956] . 

rare gases . T h e p y r r o l e used in this w o r k w a s purchas-
ed f r o m F 1 u k a A G and was of p u r i s s i m u m g r a d e and 
used without any further pur i f i cat ion . 

Theoretical 

The rotational term value which is applicable for 
the non-degenerate vibrational energy states is given 
by 

F(J,K) =BJ(J + 1) + (C-B) £ 2 - D j / 2 ( / + l ) 2 , 

when the negligible centrifugal distortion terms de-
pendent on K have been omitted. In this case B is 
the mean value of the actual rotational constants A 
and B of a pyrrole molecule. 

The vibration of the NH stretching mode v9 of 
pyrrole is perpendicular to the top axis. According 
to the selection rules of a perpendicular band, 
AJ = ± 1 and AK = ± 1, the waveumbers of the 
sub band components can be expressed in terms of 
m which is — / in the P branch and / + 1 in the R 
branch of the band, 

v = »f1b + (B' + B") m + (B' — B") m 2 - 4 D j m 3 . 

The sub band origins are given by 
v f b = v0 + (C - B') ± 2 {C - Bf) K 

+ [(C'-B') -(C"-B")]K2, 

where v0 is the wavenumber of the band center. The 
+ and — signs refer to the positive {AK=\) and 
negative (AK= — 1) sub bands, respectively. The 
rotational constants of the upper state are denoted 
by the single prime and those of the lower state by 
the double prime. 

2 L . N Y G A A R D . J. T . NIELSEN, J. KIRCHHEINER , G . M A L T E S E N , 
J . RASTRUP-ANDERSEN , a n d G . 0 . SORENSEN , J . M o l . S t r u c -
ture 3, 491 [1969] . 

3 R. ANTTILA. Ann. Acad. Sei. Fennicae, Ser. A 1967, 254. 
4 E . K . PLYLER a n d E . D . T I D W E L L , M e m . S o c . R o y . S e i . L i e g e , 

4e ser., 18, 426 [1956] . 



Results 

For the infrared fundamental bands the differ-
ence between the rotational constants of the upper 
and the lower state is small as a rule and thus the 
last term in the expression of the sub band origin 
should be small. The spacing of the subsequent sub 
bands should be 2(C' — B'), which is about 0.3 c m - 1 

according to the microwave data. On the other hand 
the spacing of the J components should be 

B' + B" ~ 0.6 c m " 1 . 

Accordingly, the sub band centers and the ] com-
ponents of different sub bands will be superimposed 
with the same interval of 0.3 c m - 1 . One can expect 
the absorptions to coincide up to rather high values 
of ] and K due to the planarity and the accidental 
symmetry of the molecule. 

On the basis of the foregoing discussion of the 
structure of the band a theoretical band shape was 
computed using the Hönl-London intensity formu-
lae 5. The rotational constants reported by BAK 
et al .1 and the temperature of 300 °K were used. 
The difference between the primed rotational con-

stants was omitted. Fig. 1 illustrates the sub bands 
of the lowest five K transitions and the resultant of 
sub bands up to K = 80 when every other line has 
been left out. The small circles and triangles denote 
the portion of the negative and the positive sub 
bands, respectively. The cross lines indicate the por-
tion of the Q lines in the pattern. 

The calculated spectrum was employed as a re-
ference in the assignment of the spectral lines of the 
experimental spectrum. Also the experimental spec-
trum is illustrated in Fig. 1 and one can see the 
good agreement with the calculated one. 

The B constants should be calculated from single 
sub bands but because of the superposition of the 
sub bands the individual bands cannot be resolved. 
Each absorption line is a sum of the sub band lines 
of different m values and as can be seen in the com-
puted spectrum the portion of the positive sub bands 
in the P branch is quite small as is the portion of 
the negative sub bands in the R branch. The actual 
asymmetry and on the other hand the non-zero co-
efficients B' — B" and 4 D may break the coinci-
dence of the lines when m is high. Therefore it is 

K = 0 
,,,1111111 II 11111 1 1 1 1 1 

K =1-
11 i i i 111 l I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 . . . . i M i n i l l l l l l l l l 1 1 1 1111 

K = 1+ 
I I I I I I I I I I I I I I I I I I 1 1 1 1 111 1 1 1 1 11 II 1 11 ! 11 11 11 
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11 1111 Mill HU 11 1111 i i i 1 111 1 1 111 Mill 

K = 2+ 
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ii I i i i i M ^ 1 

3520 

Fig. 1. Fine structure of the NH 
stretching band of pyrrole. The upper 
five spectra are the perpendicular 
type sub bands of the lowest K values 
computed with the Hönl-London in-
tensity formulae at 300 °K . The 
sixth spectrum is the sum of the sub 
bands. This spectrum is not to the 
same scale as the upper ones and 
every other line has been omitted for 
clarity. The circles and the triangles 
denote the portion of the negative 
and the positive sub bands in the 
line intensity, respectively. The por-
tion of the Q components is indicat-
ed by the cross lines. The lowest 
spectrum is the recorded one. Ex-
cept for the strong central maximum 
near 3531 c m - 1 , which is the paral-
lel part of the hybrid band, all the 
lines which differ from the calculat-
ed ones are due to water vapor ab-

sorptions. 

5 G. HERZBERG, Molecular Spectra and Molecular Structure, II. Infrared and Raman Spectra of Polyatomic Molecules, 
D. van Nostrand Co., New York 1964, pp. 4 2 4 - 4 2 8 . 



not probable that a measured absorption maximum 
might present the wavenumber of the weak lines. 

An attempt was made to compute the rotational 
constants separately for the positive sub bands from 
the R branch absorptions and for the negative sub 
bands from the P branch absorptions. The obtained 
results differed too greatly, probably due to the un-
even distribution of the measurable lines over the 
entire band (cf. Table 1). Therefore, the least square 
fit over the whole band was used to evaluate the ro-
tational constants. The fits were computed for the 
sub bands K = 0, £ = 1 _ , and K = 1 + simply by 
changing the numbering of the absorptions. In or-
der to avoid unrealistic contribution from the un-
resolved sub band components, C' was taken as 
equal to C". The C constant as well as the band 
origin v0 were computed from the obtained sub 
band origins. 

The observed and calculated wavenumbers and 
their differences are collected in Table 1. The cal-
culated values have been taken from the polynomial 
computed for the sub band K = 0, 

v = 3530.375 + 0.60594 m - 5.10 x 10~4 m2 

- 1 x 1 0 

m fobs. fcale. l'obs. ''calc. 
c m - 1 c m - 1 c m - 1 

- 30 3511.747 3511.766 - 0.019 
- 29.5 12.063 12.082 - 0.019 
- 29 12.374 12.399 - 0.025 
- 28.5 12.713 12.715 - 0.002 
- 28 13.043 13.032 0.011 
- 27.5 13.362 13.348 0.014 
- 27 13.669 13.663 0.006 
- 26.5 13.982 13.979 0.003 
- 26 14.305 14.294 0.011 
- 25.5 14.612 14.609 0.003 
- 2 5 14.917 14.924 - 0.007 
- 24.5 15.229 15.239 - 0.010 
- 24 15.556 15.553 0.003 
- 23.5 15.866 15.867 - 0.001 
- 23 16.186 16.181 0.005 
- 22.5 16.517 16.495 0.022 
- 22 16.834 16.809 0.025 
- 21.5 17.141 17.122 0.019 
- 21 17.451 17.435 0.016 
- 2 0 . 5 17.768 17.748 0.020 
- 20 18.068 18.061 0.007 
- 19.5 18.367 18.373 - 0.006 
- 19 18.675 18.685 - 0.010 
- 18.5 18.966 18.997 - 0.031 
- 18 19.295 19.309 - 0.014 
- 17.5 19.600 19.621 - 0.021 
- 17 19.948 19.932 0.016 
- 16.5 20.259 20.243 0.016 
- 16 20.577 20.554 0.023 

The half integers of m which appear in Table 1 re-
fer to the absorptions which belong to the sub bands 
with odd K values. The average difference between 
the measured and calculated wavenumbers is 0.014 
c m - 1 . 

The calculated rotational constants and the wave-
number of the band center are presented in Table 2 
together with the microwave data. The coefficient of 
the third power term in the polynomial fits of vari-
ous sub bands varied so much that the Dj constant 
could not be evaluated reliably. 

This work NYGAARD et al. 2 

v0 = 3530.520 
B" = 0.3032 ,4 = 0.3046 Table 2. 
B' = 0.3027 S = 0.3003 Molecular constants 
C = 0.1505 C = 0.1512 of pyrrole. All the 

values are in cm 1. 

Discussion 

The rotational constants obtained agree well with 
the microwave data 2. The differences are within 
the limits of the experimental errors. The difference 

m fobs. ''calc. fobs. fcalc. 
c m " 1 c m - 1 c m - 1 

— 15.5 3520.877 3520.865 0.012 
- 15 21.173 21.175 - 0.002 
- 14.5 21.472 21.485 - 0.013 
- 14 21.774 21.795 - 0.021 
- 12.5 22.690 22.723 - 0.033 

12 37.558 37.571 - 0.013 
13 38.168 38.164 0.004 
13.5 38.471 38.460 0.011 
14 38.764 38.756 0.008 
14.5 39.057 39.051 0.006 
15 39.341 39.346 - 0.005 
15.5 39.628 39.641 - 0.013 
16 39.912 39.936 - 0.024 
16.5 40.206 40.230 - 0.024 
17 40.507 40.524 - 0.017 
17.5 40.804 40.818 - 0.014 
18 41.117 41.111 0.006 
18.5 41.422 41.404 0.018 
19 41.713 41.697 0.016 
19.5 42.009 41.990 0.019 
20 42.305 42.282 0.023 
26.5 46.069 46.056 0.013 
27 46.361 46.344 0.017 
29 47.482 47.494 - 0.012 
29.5 47.785 47.781 0.004 
30 48.086 48.067 0.019 
31.5 48.906 48.924 - 0.018 
32 49.198 49.210 - 0.012 
32.5 49.484 49.495 - 0.011 

Table 1. Observed and calculated wavenumbers of the fine structure components of the NH stretching band of pyrrole. 



between B" and B' is small, but it has been proved 
to be positive by a more appropriate graphical ana-
lysis. 

Except for the center of the Q branch, the record-
ed absorption band agrees well with the computed 
one. The slight deviation from the exact symmetric 
top causes the greatest discrepancies when K is 

0 M. C. ALLEN and P. C. CROSS, Molecular Vib-Rotors, John 
Wiley & Sons Inc., New York 1963, p. 178. 

small, because it is there that the strongest compo-
nents of the parallel type band exist, and these 
transitions are allowed for in an asymmetric top 
molecule 5' 6. 

The author wishes to thank Dr. R. A N T T I L A for 
great help in recording the spectra and Prof. P. Tuo-
M i K O S K i for suggesting the topic. This work was finan-
cially supported by Neste Oy and the National Research 
Council for Sciences which are gratefully acknowledged. 

Radiation-Induced Conformation Changes of the Pyrimidine Ring 
in a Single Crystal of Dihydrothymine 
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Radiation-induced radicals in a single crystal of dihydrothymine were studied with E P R . It was 
found that the 5-thymyl radical is the dominant radical species at room temperature. The orienta-
tion dependence of the hyperfine couplings can only by explained if one assumes that C(5), C(6) 
and C(7) lie in the plane defined by the rest of the nonhydrogen atoms of the ring. The highly dis-
ordered structure of the ring in the undamaged crystal is ordered if a proton bound to C(5) is 
removed. 

Radiation damage of several dihydropyrimidines 
in powder and solution has been studied with elec-
tron paramagnetic resonance (EPR) 1 . No similar 
investigation in single crystals of any of these com-
pounds has been done. In the present paper we re-
port an EPR study of the structure of free radicals 
in a gamma-irradiated single crystal of dihydro-
thymine. The crystal and molecular structure of this 
compound has been reported by FURBERG and JEN-
SEN In contrast to thymine3 '4 , the pyrimidine 
ring in the crystal of dihydrothymine is highly dis-
ordered. From the EPR study of the radiation in-
duced radicals in a single crystal of dihydrothymine 
it is possible to determine whether or not the dis-
ordered structure of the ring remains unchanged 
after the molecule has been damaged by irradiation. 

Experimental 

The crystals were grown by slow evaporation of an 
aqueous solution at 20 °C. No good quality crystals of 
moderate size could be found. Fortunately, dihydro-
thymine is very sensitive to irradiation and the crystal 
1 x 1 x 0.2 mm3 in size was sufficient for the EPR ana-

1 W . SNIPES a n d W . B E R N H A R D , R a d i a t . R e s . 3 3 , 1 6 2 [ 1 9 6 8 ] . 
2 S . FURBERG a n d L . H . JENSEN, J . A m e r . C h e m . S o c . 9 0 , 4 7 0 

[1968] . 

lysis. The external configuration and the crystallogra-
phic axes of the crystal used in this study are shown 
in Fig. 1. The axes were identified with X-ray diffrac-
tion analysis. The crystal is orthorhombic and the di-
mensions of the unit cell are a = 7.336, 6 = 23.474 and 
c = 7.034 Ä (I .e.2 ) . There are eight molecules in the 
unit cell. 

The crystal was irradiated in air at room tempera-
ture to a dose of about 5 Mrads by 60Co gamma rays, 
at a dose rate of 0.3 Mrads/hour. The crystal was 
aligned in the EPR cavity so that one of the crystallo-
graphic axes was perpendicular to the magnetic field. 
The spectra were recorded at room temperature with a 

3 R. GERDIL, Acta Cryst. 14, 333 [1961] . 
4 K . OZEKI , N . SAKABE , a n d J . T A N A K A , A c t a C r y s t . B 2 5 , 

1038 [1969] . 


