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4) 3CB 	—1  {2 vr(1)v i(2)aiI(3) -V-2 (4) 1-2 f  vr(1) v i(2)&32 (3)172k (4) 

+2 I Tr(1)171 (2)co:(3) v2(4) -2 I vr(1)17 1 (2)(.0 2 (3) 4(4) I 

I

▪ 

 vi* ( 1 ) 17 (2 )co:( 3) 11-2(4) I +I vt(1)1),(2)co 2 (3)77:(4) I 

- I 4(1)171 (2)&4(3) v2 (4) 1+ I vt(1) -1, 1 (2)(75 2 (3) v1(4) I 

- 117r( 1) v 1 (2)(74(3)1)2 (4) f  + I  ij-t(1)v 1 (2)(.0 2 (3)4(4) I 

- Tr (1) v i(2 )co :(3 )1,2 ( 4) I + 	(1) v i (2 )(I) 2 (3 )17:(4) I } 

4,XX = —
1 

{ 2 I vf(1)v i (2)4(3)T2(4) +21 Tt(1)1)(2)11(3)v 2 (4) 
/1-2-  

- I vr(1)--V-1(2)4(3)-v-2(4) I  - vt(1) -v-1 (2)171(3) v2 (4) I 	(9) 

Pr(1) vi(2)T1(3) v2(4) I - ! (1)v1(2 	v2(4) 

ckaa  = -1- { v*(1) -11*(2) 0(3)17*(4) 1± vt( 1 )Tr(2)1)2 (3)7;2 (4) 

	

±± 	4 	 2 	2 

± I v,(1)17,(2) 44(3)172(4) I +I v 1 (1) -771(2) v2 (3) v2 (4) I 

- I 1,-1(1)4(2) 4(3)14(4) 	17r( 1 ) 11 t(2 )111(3)172 (4) 

1• 111( 1 ) vi(2 ) 14 ( 3 ) -17:(4) I - Ti ( l )v i(2) v2 (3)172 (4) I 

- Ivr(1)17t(2)-1-4(3)11(4) J Fvi( 1 ) 7t(2)172 (3) v2 (4) I 

1

• 

1/ 1(1)171(2) -1-1(3)14(4) I - v 1(1)1)1(2)172 (3) v2 (4) I 

+ I Tr(1)vt(2)IY:(3)11(4) l± Vt(1)4(2)17 2 (3)v2 (4) I 

•
± 1 i-;1(1),„(2),---,-,(3)„(4) 1 + 1  i71(1) v,(2)T2 (3) v2 (4) I } 

















TABLE I. (continued) 

(8, cp) a <2121)2 

2C 3C 

Er EX 

( ~' O) 0 0 

(:' 0) 0 0 

( ~' ~) -24. 68i 15. 67i 

a EX = exchange integrals. 

b HD = hybrid integrals. 

4C 

EX 

0 

0 

0 

./6" (2 111)2 ..f6 (1111)2 

2C 3C lC 2C 

HDb EMC CMd CM 

( 3 -) ( 3 -) 1 -) ( 1 +) X 1; g i B ~u 2 ~ (a .6.g i a .6.g 2 

0 0 0 0 

0 0 0 0 

-0. 75i ;e 2.73i 1. 41i 

c EM = exchange and coulomb integrals. 

d CM = coulomb integrals 

e / means that the contribution is so small that it is neglected. 

EX HD Sum 

cXB 
-+ 

0 0 0 

0 0 0 CX> 
CX> 

0.23i -1. 86i -7. 25i 



TABLE II. Matrix elements for case 1, when the perturbing state is localized in molecule 1. 

(B, cp) ../6 (2121)1 ../6 (2111)1 {6 (1111)1 

2C 3C 4C 2C 3C lC 2C 

Ex3- EX EX HDb EMC cMct CM EX HD Sum 

(B 3~~)1(X 3~~)2 ~(a 1.6.;)(a 1.6.;) cBX 
++ 

(;, O) -6.99 1.10 ;e -0.34 -3. 88 34.56 18.30 -1. 47 -0.53 40.75 

(~' 0) 2.21 0.67 I -4.88 0.21 12.98 6.88 3.48 32.66 54.21 
CX> 

(~,~) -1.48 0.45 I 0.51 I -6. 64 -3.52 -1. 74 -16.55 -28. 98 \0 

(B 
3

~~)1(X 3~~) 2 ~(a 
1

.6.~)(a 1.6.~) cBX 

( ~, O) 1. 29 0 I 0 0.02 -34.56 -18.30 1.17 10.25 -40.13 

( i' O) -0.02 3.49 I -11. 63 -0.21 -12.32 -6. 93 9.10 80.38 61. 87 

( i' i) -8.92 2.86 I 15. 28 I 6.31 3.54 1. 45 -21. 51 -2.88 

( 3 -) ( 3 -) - ( 1 +) ( 1 -) B ~u 1 X ~g 2 ~ a .6.g 1 a .6.g 2 cBX 
+-

( ~' O) 0 0 0 0 0 0 0 0 0 0 

(~, O) 0 0 0 0 0 0 0 0 0 0 

(~, ~) -1. 45i -0. 28i I 1. 03i I -2. 66i -1. 41i -0. 89i -8. 23i -13. 89i 



TABLE II. (continued) 

(9, cp) 

(~, O) 

( ~' O) 
7T 7T) (4,4 

f"6 (2 121)1 

2C 

Er 

0 

0 

-0. 26i 

3C 

EX 

0 

0 

-3. 21i 

a EX exchange integrals. 

b HD = hybrid integrals. 

4C 

EX 

16 (2111)1 v'6 (1111) 1 

3C lC 2C 2C 

HDb EMC CMd CM 

(B 
3

~~)1(X 3~;)2 ~(a 
1
.6.;)1(a 

1
.6.;)2 

0 0 0 0 0 

0 0 0 0 0 

;e 12. 51i I 2. 52i 1.42i 

c EM = exchange and coulomb integrals. 

d CM = coulomb integrals. 

e / means that the contribution is so small that it is neglected. 

EX HD Sum 
--
cBX 

-+ 

0 0 0 

0 0 0 

-4.57i -45. 34i -36. 92i \0 
0 



a+ i(cosecos<p + cos<p - i sincp - i cos9sincp) 

i(cosecoscp - cos<p + isin<p - ic?s9sincp) 

lz, 1 c·e · ·e·) - sm coscp - ism sm<p 
ff 

~(cosecos<p - cos <p - i sin<p + i cos8sin<p) 

~(cosecos<p + cos<p + isin<p + icos9sincp) 

_!_(sin8cos<p + i sin9sin<p) 
-./2 

\() 
~ 

- ~sin~ rot' 
- 1 

12
sine a;, I c12) 

cosB 
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where 15~ = __!_ (x.. ± iy.). We now employ the transformation of Eq. (12) 
J ./2 J J 

i.n Eq. (11) and use the symmetry conditions, 

cBX;aa(B, ~) = cBX;aa(o, O) = 0 

cBX;aa(B, -cp) = cBX;aa(8, cp) = cBX;aa(- 8, cp) (13) 

Because of these conditions, cBX;aa has been assumed to have the 

following form: 

cBX;aa(8, cp) = Acos" 8 cos2cp + Bcos2cp + Ccos2 8 + D cos4 8 
2 2 4 + B + F cos 8cos 2<p + Dcos 8 cos 2cp , 

(14) 

where A+ 2B + C + 2D + F = 0 and A= C + F. This expression i.s 

equivalent to an expansion in spherical harmonics Yn (8, cp), where x., m 

terms satisfying the symmetry conditions up to l.. = 4, m = 4 have been 

retained, and where, because of the limitation on the number of 

theoretical points, terms in cos22cp and cos 49cos
2
2cp·have been ignored. 

Since the 8-dependence of cBX;aa(e, cp) seems to be more prominent 

than the cp-dependence, the assumption i.s reasonable. 

The coefficients are now determined from the matrix elements 

given in Tables I and II. These results are shown in Table III. The last 

column i.n Table III is.the root mean square of the matrix elements 

over all orientations, which is defined by 
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--1 

TABLE Ill. Coefficients in Eq. (14) and ( IC 1
2

)'2 in cm-
1

• 

-1 

A B c D F < jc 12>2 

XB . 
c++ l.24 0.08 -2.01 -1.31 3.25 0.7 

cXB -18.43 7.63 .30·. 70 10.80 12.27 6.2 --
CXB 

+-
0 0 -2. 74 0 2.74 0.7 

cXB 
-+ 

0 0 -14.50 0 14.50 3.9 

cBX 
++ 

47. 30 20.38 -64.88 -67. 67 112.17 32 

cBX 183.95 -20.07 116.32 -163. 88 67. 63 22 --
.cBX 

+- 0 0 -27.78 0 27.78 7.6 

cBX 
-+ 

0 0 -73.84 0 73.84 20.2 
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1 1T 21T BX 2 i 
- ( 41T J def dcp le ;aa(e, cp) I sine)2 

8=0 cp=O 

= ( J._A2 + .!.c2 + ~B2 
+ !.02 + ~F2 +BC+ ~BO (15) 

10 5 2 6 40 5 

2 · 3 1 2 A 
+-BF+ -CD+ -CF+ -DF)2 3 7 5 7 . 

The polarization in case 1 is along the Z -axis, while that in case 

2 is arbitrary. When unpolarized light is used, both cases are equally 

probable. In this case the matrix element to be used in Eq. (7) takes the 

form, 

where I cXB j and lcBX I 2 are respectively the square of ( IC !2 )! for 

case 2 and case 1, which is defined in Eq. (15). (Note that cBX;aa in 

Eq. ( 15), as mentioned ear lier, refers to both case 1 and case 2.) The 

results are given in Table IV. The dipole length in Eq. (7) is then given 

as follows: 

where 
1 ,ff y = ~~~~-+ ~~~~~-

EBX - Eaa 3 (Eau - Exx) 

Alternatively, starting with states 2-t(q,XB ± q,BX) and considering the 

different polarizations, we obtain from Eq. (7) 



TABLE IV. Matrix elements and oscillator strength. 

Matrix Element Oscillator Strength 
Transition (IM I in cni

1
) foo f 

( \~ +)( 1A +) - (X 3E-)(X 3E-) a g a g g g 22.7 1. 3 x 10-0 1. 4 x 10-0 

(a 
1 
A; )(a 

1 
A; ) - (X 

3
}; ~ )(X 

3

};~) 18.0 o. 8 x 10-8 o. 9 x 10-0 

(a 
1
A;)1(a 

1
A;)2 - (X 

3
E;)(x 

3
E;) 5.4 o. 1 x 10 -8 0. 1 x 10 

-8 

(a 
1
A;)1(a 

1
A;)2 - (X 

3
E;)(x 3E~) 14.6 o. 5 x 10 

-8 o. 6 x 10-8 

Sum of Four Components 32.9 2.6xl0-8 -8 
3. 0 x 10 

Experimental value + 3 

for solid y - 0 2 a 1. 7 x 10-8 5.2x10-0 

a See Ref. 15 for experimental value. The factor of 3 in the table is introduced 

in order to compare the calculated pairwise intensity enhancement with the 

intensity in solid 0 2 where each molecule is adjacent to more than one neighbor. 

See text. 

co 
<:J1 
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2 2 1 1T 21T 

l~aa·xxl = Y l~Bxl 2-4 J dB f dcpsine { lcBX(e, cp) 
' 1T B=O cp=O 

+ cXB(e, cp) cos e I 2 + I cXB(e, <p) 1
2 (t6a) 

(
• 2Ll • 2 • 2 2 )} sm usm <p+sm Beas <p 

= ~ l~Bxl 2 4; ff { 1cBX(8,cp) 1
2 

+ 21cBX(8, cp)' 

lcXB(e, cp) !cos e + lcXB(e, cp) l2
}sin8d8d</l 

(16b) 

Since the second term in the parentheses of Eq. (16b) vanishes because 

of symmetry, one obtains the same result for I ~aa;XX I 2 as above. 

C. Franck-C:mdon Factors 
~~ 

The Franck-Condon factor for the (k, O) band of the transition 

a 16. - X 
3~- is defined by, - g - g 

It seems reasonable to assume that the first few vibrations are harmonic. 

Hence FkO can be simplified: 14 

.! 1 2 1T .! r~fa2o2 J w !. r w' .! 1 J !. Fk_o = a ( 1 + f )2 exp L2(1 +f) ( 7Tli )4 - ( 1ill)2 ( k~ 2k) a 

( 1 -f )k/2 H [aff o 1 ] 

1 + f k ( 1 - f2) 2 

(18) 

w .! w' Q' Q [a../T o J where a = (Ii. ) 2
, f = w, o = e - e, Hk 2 ..! is an Hermite 

(1-f )2 

polynomial with argui;nent [aff~ 1 ] , Q' , w' and Q , w are equilibrium 
(1 - f )2 e e 
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. 1 
normal coordinate and angular frequency of the excited a 6. and - g 

3 -the ground ~ l;g state, respectively. The Franck-Condon factors 

for the (O, O); (1, O) and (2, O) bands were found to be 0. 95248, 0. 04718 

and 0. 00033. 

The oscillator strength for the (k.£, 0) band of the double transition 

aa - XX is given by 

v 
-10 aa BXI 12 

fk.£, O ~ 5. 65 x 10 vB f M FkO • F .£O , 

where v and vB are centers of gravity of the vibronic bands of aa 
1 )( 1 ) 3 -(a 6. a 6. and B 2; being considered. k.£ represents the 

(19) 

g g - u 

vibronic state of aa in which one molecule is in the k th and the other 

in the .£th vibrational level. fBX is the oscillator strength of the 

Schumann-Runge transition. For th·~ (0, O) band of aa - XX, Eq. (19) 

yields, 

-10 I I 2 f 00 ~ 0. 24 X 10 M . (20a) 

Summation over the vibronic structure of aa - XX yields for the over

all oscillator strength, 

_10 I I 2 f ~ 0. 27 x 10 M (20b) 

The experimental 15 and the theoretical values of f00 and fare listed in 

Table IV. Since the four components of the degenerate state are not 

resolvab~e experimentally, the observ.ed oscillator strength of the 

double transition should be equal to the sum of the four theoretical 

oscillator strengths. 
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It is well known that int,ermolecular integrals are very sensitive 

to the intermolecular distance. Therefore, a change of intermolecular 

overlap of electronic wavefunctions due to nuclear vibrational motion 

might not be negligible. In other words, an increase of electronic matrix 

elements with increasing vibrational amplitude could occur, and is per

haps responsible for the stronger observed15 intensity in condensed 0 2 

of the (1, O) band, compared to that of the (0, O) band. This is of course 

in opposition to the prediction of simple Franck-Condon theory. The 

presence of such a vibronic effect would therefore contribute to a lack 

of agreement between experimental and theoretical oscillator strengths. 

(See the next section for a discussion of the comparison between calcu

lated and observed intensities.) 

4. CONCLUSION 
~ 

Calculation of the inte~sity enhancement of the double transition 

aa - XX can be divided into two parts in the framework of the Born

Oppenheimer approximation: (1) electronic matrix elements of the 

intermolecular exchange interaction between the perturbed and the 

perturbing states, and (2) the Franck-Condon factor, which is approxi

mately unity for the (0, 0) band. 

As we have mentioned in the previous section, the matrix elements 

draw the largest contributions from the terms (1111) 1 and (1111)2 • 

From Table V it can be seen that all the orientations considered for 

case 1 and the orientation (;, O) in case 2 have intermolecular overlap 



TABLE V. Intermolecular overlap integrals in 102 a. u. 

Case 1 
(8, cp) (1T; 11T~l) (11+ 111- ) 

g2 U1 
(11+ 111- ) 

g2' g1 

( ~' O) -0.344582 0.344582 0.430530 

( ~' O) -0. 765316 -1.179490 -0. 106242 

1T 1T) (-0. 447027 -0. 513171i) (-0. 412639 -0. 801237i) (-0. 032327 -0. 204104i) ( 4' 4 
Case 2 

(fJ' cp) +I + ('1T U2 11 g1 ) (1T~, 11~1) (11;11T~) 
<, 

(;' 0) 0.504493 0.504493 0.430530 co 
co 

( ~' 0) 0.104781 0.037486 -0.018134 

( ~' ~) (O. 125948 -0. 105253i) (0. 132530 -0. 131008i) (-0. 006808 -0. 187506i) 
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-3 
integrals 2; 10 a. u., and therefore give most of the contribution to 

the overall matrix element. 
' 

No really direct comparison can be made between the theoretical 

oscillator strength for the pair interaction and the experimental one for 

solid y - 0 2 because of its extremely complicated crystal structure 

(Fig. 3}. 6 There are eight molecules per unit cell. Each 0 2 at (000} 

and <1~~) has twelve nearest neighbors at a separation of 3. 81 A 
0 

between molecular centers, and eight next-nearest neighbors at 6. 08 A. 

The six other molecules in the unit cell each have two neighbors at 

3. 42 A, four neighbors at 3. 81 A and eight at 4. 17 A. Since the two oxygen 

molecules at the van der Waals' distance 3. 42 A are in a fixed orienta-

tion with such high symmetry that the matrix elements vanish, they do 

not contribute to the intensity enhancement. Neglecting interactions 

between more than two molecules at a time and interactions for mole-
0 

cules with an intermolecular separation larger than 3. 81 A, we can take 

the average pairwise interaction at 3. 81 A for solid y - 0 2 to be identical 

to the calculated one. Since three such interactions per molecule are 

involved, the calculated oscillator strength for the 0, 0 band in solid 

y - 0 2 should be 7. 8 x 10-
8

, which is about 1~ times the experimental 

value. The error is in the right direction considering the nature of the 

approximate B 3~~ orbitals used. The agreement between theory and 

experiment is therefore satisfactory when one takes into account this 
f 

and other approximations employed' in the calculations, and indicates 

the essential validity of the overall approach to this intensity enhance-
, ' 

ment problem. 
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0-
1 

® 
3/4 
-0 

I 
® 

000 
CD 

I 

0-
3/4 

® 
I 

·-0 
FIG. 3. Crystal structure of y - 0 2 • Out-of-plane coordinates are 

indicated for each molecular center, except for those at 

z = 0, which are unlabeled. The two molecules at 000 and 

~+~- are approximately spherically disordered. The other 

. 1 1 t11 0 0 11 1 0 1 31 0 0 31 d1 0 3 h 
SIX mo ecu es, a 42 , 42, 2 4, 42 , 42 an 2 4, s ow 

an oblate spheroidal distribution of electron density such 

that the ratio of major to minor axis is about two. Minor 

axes are aligned along the shortest intermolecular contacts 

(3. 4 A in 0 2 ) along x(y = -! , z = O), along y(x = 0, z = i) 
and along z(x = i, y = O). A bond distance of 1. 21 A for 0 2 

was assumed. 
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PROPOSITION I. 
~ 

To understand the atmospheric processes on Jupiter and the 

origin of life, knowledge about primary and secondary processes in 

the photolyses of methane and ammonia is very important. In these 

respects, the following investigations are proposed. 

(1) Existence of NH (a 
1
a) state in the vacuum ultraviolet 

0 

photodissociation of NH3 excited with 1470 A Xe-resonance line and 
0 

1633 A Br-line: 

First of all, the threshold energies for the photodissociation 

of NH3 are depicted as follows: 

(1) NH3 ----7' NH(X 
3~-) + H2 4. lev. 2990 A. 

(2) NH3~ NH2 ( 
2B1 ) + H 4.5 2750 .A 

(3) NH~~ 
1 

NH(a A.)+ H2 "-'5.1 2420 A. 
(4) NH3 --4 NH2 (

1A1 II) + H "'5.8 2130 .A 
(5) NH3 ---7 NH(b ~+) + H2 "'6. 3 1960 A. 
( 6) NH3 ---7 NH(A 3n) + H2 7.8 1590 A. 
(7) NH3 ~ NH(X 

3~-) + 2H 8.7 1420 .A 
(8) NH3 -4 

1 
NH(c II) + H2 ""9. 1 1360 A. 

Reactions (1) and (6) are ruled out because of spin conservation. 

Reactions (2) and (4) are confirmed from the absorption1' 2 and 

emission spectra 
3 

of NH2 in the photolysis of NH 3 below or above 

1600 A. Reaction (7) is rationalized from the 3360 A absorption 

band of NH (A 
3
IT - X 

3~ - ) when the photodissociating wavelength 

was below (shorter than) 1600A. Reaction (8) is established by 

Becker and Welge. 
4 

They observed the 3240 A emission band of 
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NH (c 
1
Il - a 1.6.) in the vacuum ultraviolet photolysis of gaseous 

ammonia excited with Kr-resonance lines (1165 A and 1236 A) and 
0 

Xe-line 1295 A. The intensity of the emission increases with the 

pressure of NH3 in the range of 6 x 10-3 to 5 Torr. Neither emission 

nor absorption due to NH(a 
1
.6.) and NH(b 1~+) have been confirmed. 

However, from the reactions (3) and (5), the two singlet states can 
0 

be populated as well in the photodissociation for NH3 at the 1470 A 
0 1 

Xe-line or 1633 A Br-line. The state NH(a .6.) is expected further-

more to have a long lifetime, because the mixing of states in simple 

diatomic molecules is small. 

To verify the existence of the two states when NH3 is photolyzed 
0 Q 

at 1470 A and 1633 A, it is proposed to examine the emission spectra 
0 0 

from these states in the wavelength region, 4000 A to 10, 000 A. The 

experiment can be carried out in the low pressure ammonia gas with 

or without Kr (rare gas). If the intensity is not strong enough, di.lute 

solid solution of NH 3 in Kr is suggested. To confirm the existence 

of NH(a 1.6.), it is also proposed to investigate the 3324 A absorption 

band, which might be masked in the 3360 A band of NH(A 
3
Il - X 3~- ). 

A high resolution spectrometer will be useful in this investigation. 

(2) Spectroscopic observation of radicals CH, CH2 , and CH3 

frozen in a Kr-matrix at 4. 2 °K from the photodissociation of CH 4 

0 0 0 0 

excited at wavelengths 1236 A, 1470 A, 1630 A and 2537 A. 

(3) Gas-phase photolysis of a mixture of NH3 and CH4 excited 
0 0 0 

with intense light of wavelength 1236 A, 1470 A and 1633 A: 
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In the vacuum ultraviolet, photolysis of NH3 + CH 4 + H20, 

hydrogen cyanide was thought to be the major intermediate for the 

formation of amino acids and other biological materials. Cyanides 

were formed when ethylene was added to the glowing gases which 

were produced when ammonia was pumped at high speed through a 

discharge and passed into a trap at 93 °K. It seems highly possible 

to form HCN by the photolysis of CH4 + NH3 • High intensity of 

excitation and low pressure of the gas mixture will increase the 

yield of HCN. Based on the spin conservation rule and energy 

requirements, the following mechanism is proposed: 

This mechanism can be justified by study of the photolysis of 

CH4 + NH3 and CH4 at different wavelengths of excitation. 

(4) Photochemistry of hydrogen cyanide in the gas phase and 

in aqueous solution with excitation at Kr-resonance lines (1165 A 

and 1236 A) and at Xe-line 1470 A. 

Hydrogen cyanide was thought5 to be a major intermediate 

in synthesis of amino acids from primitive mixtures. It is considered 

as a major product when the primitive atmosphere is exposed to 

electric discharges or ionizing radiation. Another reason for using 

hydrogen cyanide as a starting material is that comets contain a 

large number of cyanide compounds. It has been suggested that in 

the first 2 billion years of the earth's existence, about one hundred 

comets must have struck the earth. The cometary material trapped 
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by the earth during the strikes may have been an important inter

mediate in biochemical synthesis. Consequently it is proposed to 

investigate whether the ionized state or the excited electronic states 

are responsible in the synthesis of adenine and guanine from hydro

gen cyanide. It is also proposed to study the photochemical products 

of hydrogen cyanide at various experimental conditions as mentioned. 

REFERENCES 
~ 

1. K. H. Becker and K. H. Welge, Z. Naturforsch. 17a, 676 (1962). 
~ 

2. 0. Schnepp and K. Kressler, J. Chem. Phys. 32, 1682 (1960). 
""""" 

3. Lavin and Bates, Proc. Natl. Acad. Sci. Wash. 16, 804 (1930). 
"'"'-""' 

4. K. H. Becker and K. H. Welge, Z. Naturforsch. 18a, 600 (1963). 
~ 

5. S. L. Miller and H. C. Urey, Science 130, 245 (1959); H. C. Urey, 
~ 

Proc. Natl. Acad. Sci. U.S. 28, 351 (1952). 
~ 



108 

PROPOSITION II 
~ 

The photosynthetic mechanism can be envisioned as follows. 

In the photosynthetic unit, light is absorbed by two different pigment 

systems (chlorophyll a and accessory pigment), which are called 

s1 and Sn· Each system contains a large number of pigment mole

cules. The excitation energy is transferred to two different reaction 

centers where it is trapped and the primary photochemical reactions 

are initiated. Neither primary reaction, however, can efficiently 

sustain photosynthesis alone since the one associated with Sn 
quickly depletes reactants which are replenished by products derived 

from the primary photochemical reaction associated with Sr There

fore the mechanism is a two-quantum process in which the two 

primary photochemical reactions are linked together by intermediate 

chemical reactions. 

The purpose of this proposal is to investigate the state of the 

pigments for transfer of the excitation energy. In other words, the 

excitation is transferred directly via the singlet state (S 1 ), or it is 

first relaxed to the triplet state (T 1 ) and then transferred, or both 

of these situations take place. It is generally assumed that the 

singlet energy transfer is the only method. However there is still 

no conclusive experimental evidence against the triplet energy 

transfer. The quantum yield of fluorescence and photosynthesis in 

Chlorella has been reported to be 1. 3% and 40 ""80% respectively, 

making a total yield of 41. 3 ""81. 3%. 1 The rest can be attributed to 



109 

radiationless intersystem crossing and internal conversion. The 
kIC 

intersystem crossing 81 ~ T1 might be important because of 

the heavy-atom effect or a paramagnetic environment2 in the photo

synthetic unit. Furthermore, the intrinsically long triplet lifetime 

and moderate interaction energy cause the triplet energy transfer 

in many kinds of organic aggregates to be as important as singlet 

transfer. 

First of all, the decay processes of singlet and triplet states 

are depicted in Fig. 1. The triplet state might participate directly 

or indirectly (i.e. back to the singlet state by means of triplet

triplet annihilation) in the primary photosynthetic process. The rate 

constants for these two processes are respectively k 1 and k2 • The 

rate constants for fluorescence, phosphorescence, intersystem 

crossing and radiationless decays from T 1 and 8 1 to the ground state 

8 0 are respectively kF, kp' kIC' kn and k~. The quenching of 81 

which proceeds to photosynthesis is designated by kps· The fluores

cence quantum yield ¢F is given 

The quantum yields for the photosynthesis in the absence (¢ 1 
) and ps 

the presence (¢~:) of triplet energy transfer are respectively given 

by 
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( 1) 

where [ T 1 ] is the concentration of the triplet state. Assume 

k 1 + k2 [ T 1 ] » kp +kn, then Eq. (1) can be simplified as follows: 

kps + kyc </>,1,s = __ ..... ______ _ 
ps kF + kps + kyc + k~ 

The ratio of fluorescence quantum yield to quantum yield of photo

synthesis (cf>F / cf>ps) in the absence and the presence of triplet 

energy transfer can be written respectively by 

1 kF 
<PF I <l>ps = 

kps 

~I <1>1,s = 
kF 

ps 
kps + kyc 

From the above two equations, it is obvious that if the singlet 

transfer is the only method, the quantum yield ratio is independent 

of kyc. However, if the triplet transfer is also important, the 

quantum yield ratio will vary when kyc is changed. 

The simplest way to change the rate of intersystem crossing 

but not the primary photosynthetic reaction is the deuteration of the 

pigments. It is therefore proposed to measure the quantum yields 

of fluorescence and photosynthesis in protonated and deuterated 
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Chlorella which are spectroscopically and chemically similar3 to 

each other. The quantum yield of photosynthesis can be obtained 

by measuring manometrically the quantity of oxygen involved. 4, lb 

The method to measure the fluorescence quantum yield is 

conventional. 5 

Because of the small S 1-T 1 energy gap in chlorophyll a 

deuterium effect on kyc may not be present. In order first to deter -

mine this it is proposed that a preliminary experiment be performed 

which measures the quantum yield of phosphorescence and the life

time of the triplet states of protonated and perdeuterated chlorophyll

a in a glassy matrix. 
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PROPOSITION ill 
~ 

With very high symmetry, dibenzenechromium is a very 

interesting compound to theoreticians1' 2 who use LCAO-MO theory 

to treat the metal-ring bonding through hybridization of e 1g, e 2g 

symmetry orbitals of benzene rings and the 3d, 4s atomic orbitals 

of Cr. It is also very important in the industry of plating and 

I 1 • t• 3 po ymeriza 10n. 

After the unsuccessful organic reaction experiment on the 

aromatic characters of ditoluenechromium, 4 very few attempts 

were tried again. 

However, increasing evidences show its aromatic characters: 

electron scattering data result in a model of D6h symmetry in the 

gaseous phase. 5 Spectroscopic observations6' 7 favor Dah symmetry, 

too. Metallation with butyllithium was unsuccessful in the work of 

Ref. 4, but successful with amylsodium in boiling hexane. 8 It can 

be alkylated with alkylhalide without any Lewis acid. 9 

Reinvestigation of the previous experiment 4 on the Friedel

Craft acylation 4 leads to the conclusion that the failure of the 

experiment 4 might be because the cation formed during the reaction 

decomposes gradually in the acid solution. 
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Therefore, it is proposed to change the catalyst for the 

Friedel-Craft acylation. Use a mild catalyst such as SbC1 5 , SnC1 4 , 

because stronger Lewis acid will decompose dibenzenechromium. 

Furthermore, the catalyzing rate of SbC1 5 in benzoylation is about 

1300 faster than the stronger Lewis acid A1Cl3• lO (or try the 

cation-forming agent AgSbF 6 , AgP04 ). lO 

Use cyclohexane as solvent, acetylchloride as reagent, a 

crystalline acetyl derivative of dibenzenechromium is expected to 

be the product that can be identified by chemical analysis. 
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PROPOSITION IV. 
~ 

Pressure effects on the intensities of wavelengths l-3 of fluores

cence S1 - S0 and phosphorescence T - S0 and on the decay rate of 

the lowest triplet state T 1
2 ' 3 of aromatic hydrocarbons have been 

examined recently for solutions in rigid media, especially poly

methylmethacrylate (PMMA). The spectral shifts of fluorescence 

and phosphorescence of naphthalene are identical within experimental 

error. The rate of the red shift of the triplet-triplet absorption 

maxima with increasing pressure is about twice as great as those of 

fluorescence and phosphorescence. 4 This can be attributed to the 

solvent shift under high pressure. However, the apparent large in

crease of phosphorescence intensity and relatively smaller decrease 

of the phosphorescence lifetime3 are still very mysterious. 

According to the kinetic analysis the quantum yield of phospho

rescence~ and of fluorescence QF are given by 

(la) 

= k (1 - QF) T p p (lb) 

(2) 

where kF, ~ are the radiative decay rates of 81 and T 1 respectively; 

ksT is the non-radiative decay rate of intersystem crossing S1~T 1 ; 

TF ~ k 
1 k is the lifetime of 8 1 ; and T = ~ 1 k, is the life-

. F+ sT P + n 

time of T1 and kn is the non-radiative decay rate of T1.....+S0 • From 
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Eq. (la), it is seen that the intrinsic increase of~ with increasing 

pressure can be attributed to an increase of~ 7 or ksT' 2 because 

the lifetimes are generally shortened by high pressure. From a 

dynamic measurement3 of phosphorescence intensity of naphthalene 

in PMMA at room temperature under 20 Kbar, it was found that the 

natural lifetime decreases by < 30%. It was therefore concluded7 
~ 

that pressure enhances spin-orbit coupling. However, direct meas

urement of the pressure effect on kp, which was obtained from the 

integrated absorption intensity of the 80 - T 1 transition, indicates 

that such an effect was not observed for a-chloronaphthalene in a 

solvent without a heavy-atom under a pressure of 7 Kbar. 6 

Pressure effect on the radiationless transition can be ex-

plained in terms of Franck-Condon factors. At high pressures, the 

red shift of the m:::cited states and the change in the relative position 

of the two potential surfaces result in an increase of vibrational 

overlap integrals. The effect is larger for vibrations of high quantum 

number. This is rationalized by the larger pressure effect on the 

phosphorescence lifetime of perdeuterated compounds as shown in 

Table 1. 7 

To determine whether the increase of phosphorescence in

tensity under high pressure is due to the non-radiative intersystem 

crossing or due to the radiative decay kp, the following experiments 

are proposed: 

It is proposed to measure the quantum yield of phosphores

cence and fluorescence of naphthalene. The experiment can be 
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TABLE 1. Phosphorescence Lifetimes of Aromatic 

Hydrocarbons in PMMA (298°K) at Atmos

pheric Pressure (O Kbar) and 32 Kbar. 

Triphenylene 8.55 4.16 

Di phenyl 2.47 2.14 

Dip~enyl-d10 6.35 4.32 

Phenanthrene 2.46 1. 80 

Phenanthrene-d10 11. 2 7.63 

Naphthalene 1. 50 1.19 

Naphthalene-d8 14.2 8.45 
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carried out in well-degassed rigid media under a pressure range 

of 0 to 30 Kbar by means of singlet excitation. From the integrated 

absorption intensity of S0 - S1 under various pressures, one can 

obtain the effect of pressure on kF. Subtracting this from the 

pressure effect on the quantum yield of fluorescence, one can learn 

the effect on ksT" Therefore the pressure effect on kp can be 

derived according to Eq. (lb). 

It is also proposed to measure the pressure effect on kp 

directly. This can be achieved by measuring the change of integrated 

absorption intensity of singlet-triplet absorption S0 - T 1 of naphtha

lene in rigid media with increasing pressure. If the singlet-triplet 

transition for naphthalene is too weak, a-chloronaphthalene is 

suggested. 
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PROPOSITION V 
~ 

The superficial resemblance between two sets of phenomena 

"ordinary dispersion and absorption," and "rotatory dispersion and 

circular dichroism" is not confined to experimental aspects. On 

theoretical grounds, too, both sets of phenomena are expressed in 

terms of similarly defined quantities. From the perturbation theory, 

the "ordinary dispersion and absorption" is referred to as first-order 

optical phenomena while the "rotatory dispersion and circular dichroism" 

is referred to as second-order. Spectroscopists are more interested 

in th'~ first-order optical phenomena and understand them fairly well 

both experimentally and theoretically. On the contrary, biologists and 

biochemists frequently use the optical rotatory dispersion (ORD) and 

the circular dichroism (CD) to study the structure of macromolecules 

and molecular aggregates, because they are very sensitive ways to 

detect the environmental perturbation on chromophori.c centers. 

The theory of optical activity (rotatory power) i.s based on the 

modification of the material equations i.n optically active media, 

D a = EE - g-H 
"" at "" 

( 1) 

B = µH +g_Q_E 
"" at "" 

where D and Bare the electric and the magnetic induction, E and H 
"" "" ,..,. 

the field strengths, E the di.electric constant, µthe magnetic perme

ability, which is approximately one for non-magnetic media, and g 

a constant. Then the solution of Maxwell's equations incorporated 

with Eq. (1) gives, 
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1 

nL = E 2 + 27rvg 

1 (2) 
nR = E 2 - 21Tvg , 

where 11 is the frequency of light (sec-
1
), nL and nR are refractive 

indices for left- and right-circularly polarized light. Therefore the 

optical rotation <p per unit length can be written, 

(3) 

where c and A are the velocity and wavelength of light. 

In the following we briefly outline two distinct1' 2 theories of 

optical rotatory power that are not contradictory but complementary 

to each other. 

1. One-electron theory 1: 

The molecule is considered to be divisible into symmetric groups 

(groups that have elements of symmetry such as plane or center of 

symmetry). Optical rotation of a given group arises because the 

chromophoric electron is moving in a suitable asymmetric force 

field, such as V = ~(k 1x
2 

+ k2y2 + kgZ2
) + Axyz, where k. is the force 

l 

constant, (x, y, z) is the coordinate of the chromophoric electron. 

The asymmetric field is principally due to the atoms of the group 

to which the chromophoric electron belongs, but secondarily due to 

the static asymmetric perturbing field of the rest of the molecule. 

It is the contribution of the neighboring atoms to the force field in 

which the chromophoric electron moves that is responsible for the 

optical activity. The optical rotatory parameter g is given by the 

Rosenfeld treatment, 3 
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g = 4N1 L Rn 
3h n .,,2 - .,,2 

n 

(4) 

In this expression, N 1 is the number of molecules in unit volume and 

h is Planck's constant. The rotational strength Rn is, 

( 5) 

where µ 0 n and mno are the electric and the magnetic dipole transi-
""'" ""'-

tion moments between the ground state 0 and the excited state n. v - - n 

is the frequency associated with this transition. The corresponding 

electric and magnetic dipole operators are 

m = 2~ L (r . x p . + 2s . ) , ""'"' me . ...-. 1 ...-. 1 ...-. 1 
~ 1 

the sum being extended over all the electrons in the molecule, r . 
...-.1 

being position, n . momentum and s . spin angular momentum of the 
~1 ...-.1 

i th electron· Im { } means "the imaginary part of". 

2. The polarizability theory2 

The molecule is also divided into several symmetric groups as 

before. However, in contrast to the model of a single oscillator in 

an asymmetric field, it is thought that a dynamic coupling between 

several electronic oscillators gives rise to the optical rotatory power. 

Electronic motions on different symmetric groups are coupled by 

interactions of their instantaneous charge distributions to give 

asymmetric motions of charge that embrace the entire molecule. 
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For effective coupling one requires either large transition moments 

or virtual contiguity of two groups. The simplest model is dynamic 

coupling of the individual electric transition moments of the groups 

by dipole-dipole interaction. The rotatory parameter g is given by 

4 N N+l 
- 11 1 \'' \' 

g - --L.J LJ 
6hc n i=l=k=l 

(6) 

In Eq. ( 6) ~ is the position vector of the center of gravity of group k. 

The superscripts in the electric dipole moments ( µ~n and µ~0 ) and 
"" "" 

the polarizability tensor ai designate the individual group. 
"" 

This theory is named because the optical rotatory parameter 

can be further expressed in terms of the geometrical configuration 

and the polarizability tensors of its constituent groups as follows, 

411N1 ~ i k 
g = - -c- lJ [(~ 3 ·~ ·!_ik·~ ·~ 2 )(~·~ 1 )]AV. ' 

i=lk=l 
(7) 

where a 1 , a 2 and a 3 specify the direction of the wave normal, electric .,.... .,.... .,.... 

vector and magnetic vector of the incident light. The dipole terms in 

the potential V of the interaction between groups i and k is 

v = 

(8) 

In this theory, the retardation of the electromagnetic wave over all 

parts of each group is approximated by its value at the center of 

gravity of the group. 



125 

Tinoco 4 used this idea to discuss the exciton contribution to 

the optical rotation. Consider the case of a dimer whose spectrum 

is split into 11 + and 11 _. The dipole strength D± and the rotational 

strength R± are given as follows: 

D± = lµ1l
2

±µ1·µ2 (9a) 
,,..... ,,..... ,,.... 

11'Vo 
(9b) R± = ± ( 2 c ) ~ 12 • ~ 1 x !!:. 2 

"± = llo ± V12 (9c) 

V12 
1 [ 3(~12 • ~, )C!~12 • ~· )J (9d) = µ1·µ2- I 

1

2 
1~12 I 3 

,,..... ,,..... R12 

where R 12 = R 2 - Ru v0 is the absorption frequency in free molecule, 
.......... ........ ......... 

µ 1 and #). 2 are electric dipole transition moments in molecule 1 and 2 
,,..... ,...._ 

respectively. Note that I!}_ i I = I !}_ 2 1. V 12 is the dipole interaction potential. 

Equations ( 4) and ( 6) are derived for the transparent region. In 

the absorption band, they are modified 5 by introducing a damping factor 

r which is equal to the width at half maximum for the absorption line 
n 

associated with the nth transition. Therefore the energy denominators 

become (v ~ - v2 + ivrn). 

In the absorption range, there occurs not only the optical rota

tion but also the elliptical polarization of the original linearly polarized 

light. The depolarization is due to the difference of the absorption 

coefficients for left- and right-circularly polarized light, which gives 

rise to circular dichroism. In general, the depolarization is very 

small, the opti.cal rotation can still be measured accurately. However, 

if the elliptical depolarization is very large, it will give better results 
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to measure the circular dichroism accurately and then to obtain the 

rotational strength from the integrated intensity of the circular 

dichroism spectrum. This can be achieved in the same way as one 

obtains the dipole strength from the integrated intensity of ordinary 

absorption. 

To verify the polarizability theory, it is proposed to measure 

the optical rotatory dispersion (ORD) or the optical rotation of a 

naphthalene single crystal in the range of Davydov splittings of the 
1 1 0 

strong transition B2u - A1g (""2800 A). 

Although the optical rotation arises as a second-order effect, 

its magnitude can be very large because of the energy denominator 

by choosing the light frequency reasonably close to the absorption 

band. The resolution of the ORD spectrum can be better than that of 

the ordinary absorption because of the opposite signs for the two 

Davydov components as shown in Eq. (9b). 

Naphthalene is proposed because its crystallographic structure 

and optical properties 6 are well known, and the nature of electronic 

transitions have been understood fairly well from ordinary optical 

spectroscopy. There are two naphthalene molecules in a unit cell. 

The two molecules are oriented in such a way that no plane or center 

of symmetry exists, and the low- and high-frequency components of 

the two Davydov splittings are respectively b- and a-polarized (a ...... ...... ...... 

and bare crystallographic axes). In order to eliminate depolariza-...... 

tion of linearly polarized light due to the anisotropic dielectric 

tensor of the naphthalene single crystal, it is proposed to carry out 
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the experiment with incident light propagating along the ~-axis, 

which is the principal optic axis. 

It is also proposed to study the number of maxima and minima 

in the ORD and CD spectra corresponding to the intensity distribution 

and the splitting of the electronic multiplet structure in the ordinary 

absorption. The systems proposed are dilute solution of naphthalene 

in durene and a naphthalene single crystal in the presence and the 

absence of a magnetic field. The magnitude of the splitting can be 

varied through the Zeeman effect on the triplet state in various 

magnetic field strengths. This knowledge is interesting and useful 

in the structure determination of polymers. 
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