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3 - C h lo r o b ip h e n y l

240 220 200300 280 260320

3 - Bromobiphenyl
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A m b i e n t  T e m p e r a t u r e  A b s o r p t i o n  o f  3 - C h l o r o b i p h e n y l
and 3 - B r o m o b i p h e n y l  f r o m  957, E t h a n o l  S o l u t i o n
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F l u o r e s c e n c e  and  P h o s p h o r e s c e n c e  a t  77°K o f  3 - C h l o r o b i p h e n y l  f ro m

3MP S o l u t i o n
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TABLE V I I I  

EMISSION FREQUENCIES OF 3-CHLOROBIPHENYL

F l u o r e s c e n c e

_s±  kK Av
2 9 5 . 5  3 3 . 8 4  0

3 1 2 . 5  3 2 .0 0  1 . 8 4

3 2 6 . 5  3 0 . 6 3  1 .37

Ph osphorescence  

mu, kK Av

4 4 5 . 0  2 2 .4 7  0

4 5 6 . 0  2 1 . 9 3  1 . 5 4

4 6 8 . 0  21 .37  1 .5 6
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4 - Bromobiphenyl

300 280 260 240 220 200

2 - Bromobiphenyl

320 300 280 260 240 220 200
w a v e l e n g t h  mp 
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A m b i e n t  T e m p e r a t u r e  A b s o r p t i o n  o f  4 - B r o m o b i p h e n y l
and  2 - B r o m o b i p h e n y l  f r o m  95% E t h a n o l  S o l u t i o n
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TABLE IX

EMISSION FREQUENCIES OF 3 - BROMOBIPHENYL

F l u o r e s c e n c e  

mu. kK Av

3 0 2 . 5  3 3 0 .6  0

3 1 2 . 5  3 2 .0 0  1 .0 6

3 2 0 . 5  3 1 . 2 0  0 . 8 0

P h osp h orescen ce  

mu kK Av

437* 2 2 .9  0

465 2 1 . 5  1 . 4

484* 2 0 .7  0 . 8

*
S hou ld ers



93

The p h o sp h o r e s c e n c e  spectrum d i s p l a y e d  a 0 , 0  band at  

4 4 5 . Omg, (22 .48kK) and a v i b r a t i o n a l  s p l i t t i n g  o f  1.31kK. This  

r e d - s h i f t  o f  455 cm  ̂ from the  0 , 0  band o f  b ip h e n y l  can be 

a t t r i b u t e d  to  r e s o n a n c e  s t r u c t u r e s  s t a b i l i z i n g  a p la n a r  t r i p l e t  

s t a t e  more than t h e  Franck-Condon p la n a r  ground s t a t e .  Even 

s t r o n g e r  p roo f  o f  such s t a b i l i z a t i o n  i s  the w e l l  r e s o l v e d  

s t r u c t u r e  in  the  spectrum.

K. S p e c tr a  o f  2-Bromobiphenyl

The a b s o r p t i o n  spectrum o f  2-bromobiphenyl has  

prominent long  wave f e a t u r e s  w i t h  a band a t  about 290m^

(34.5kK) w i t h  an e s t i m a t e d  e x t i n c t i o n  c o e f f i c i e n t  o f  1300 .

The •- band maximum i s  l o c a t e d  a t  240.  5mp, (41.58kK)  

and has  an e x t i n c t i o n  c o e f f i c i e n t  o f  1 0 , 5 0 0 .  T h is  b l u e - s h i f t  

and i n t e n s i t y  d e c r e a s e  can once more be a t t r i b u t e d  to  s t e r i c  

h in d ran ce  p r e v e n t i n g  c o p l a n a r i t y  o f  the  r i n g s  and hence  

d e c r e a s i n g  c o n j u g a t i o n  a c r o s s  the l - l ' - b o n d .  Both o f  t h e s e  

observed  e f f e c t s  are  c o u n t e r a c t e d  by re son an ce  e f f e c t s .

However,  in  the c a s e s  o f  the  compounds so f a r  d i s c u s s e d ,  on ly  

t h o s e  i n v o l v i n g  th e  s u b s t i t u t i o n  o f  a f l u o r i n e  atom i n d i c a t e d  

the  predominance o f  i n d u c t a n c e  e f f e c t s  over  re son an ce  e f f e c t s .
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N i e t h e r  the  weak f l u o r e s c e n c e  nor the s t r o n g  

ph o s p h o r e s c e n c e  o f  2-bromobiphenyl (F igu r e  19) showed much 

s t r u c t u r e .  The f l u o r e s c e n c e  0 , 0  band i s  e s t i m a t e d  to  be a t  

310mp, ( 3 2 .3 k K ) .  The p h o sp h o rescen ce  has an e s t im a t e d  0 , 0  band 

of  440my, ( 2 2 .7 k K ) .  The la c k  o f  s t r u c t u r e  in  t h e s e  e m i s s i o n s  

compared w i t h  t h a t  of  the  e m i s s i o n  o f  4 -bromobiphenyl a g a in  

can be c i t e d  as  e v i d e n c e  o f  h in drance  t o  p l a n a r i t y  by the lar^e  

bromine atom and th e  r e s u l t i n g  ab sen ce  o f  the  s t a b i l i z a t i o n  of  

a r i g i d  p la n a r  s t a t e .  Both the  f l u o r e s c e n c e  and p hosph orescen ce  

0 , 0  bands of  2-b romobiphenyl appear to  be r e d - s h i f t e d  r e l a t i v e  

to  t h o s e  o f  b i p h e n y l .  Because  o f  the la c k  o f  s t r u c t u r e  and the  

r e s u l t i n g  d i f f i c u l t y  in l o c a t i n g  t h e s e  bands o n ly  a q u a l i t a t i v e  

comparison can be made.

L. S p ec tra  o f  3-Bromobiphenyl

The meta s u b s t i t u t i o n  o f  a bromine atom, l i k e  th a t  of  

a c h l o r i n e  atom or methyl group, c a u s e s  l i t t l e  change in the  

a b s o r p t i o n  spectrum r e l a t i v e  t o  t h a t  of  b ip h e n y l  i t s e l f .  The 

a b s o r p t i o n  spectrum o f  3 -bromobiphenyl (F ig u r e  15) in  95% e t h a n o l  

s o l u t i o n  has a maximum a t  2 4 9 . Omp, (40 .16kK) w i t h  a c o r r e s p o n d in g  

e x t i n c t i o n  c o e f f i c i e n t  o f  1 6 ,8 0 0  which  i s  o n l y  s l i g h t l y  

d e c r e a s e d  from t h a t  o f  b i p h e n y l .  T h is  s i m i l a r i t y  c o n s t i t u t e s
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a d d it io n a l  evidence for  the contention  that atoms or groups in  

the meta p o s i t io n  have l i t t l e  e f f e c t  on the con tr ib u tin g  resonance 

s tru ctu res  o f  the m olecule.

Both the f lu o rescen ce  and the phosphorescence spectra  

(Figure 20) show s tru c tu re .  N either the f lu o rescen ce  0 ,0  band 

at 302.5n\i (33.06kK) nor the phosphorescence 0 ,0  band at 4 3 7 .0am 

(22.89kK) i s  much s h if te d  with resp ect  to  those of b iphenyl.

M. Spectra o f  Fluorene

The absorption spectrum of f lu o re n e ,  in<contrast to  

that of b iphenyl, d isp la y s  considerab le  v ib r a t io n a l  s tru ctu re  

in  so lu t io n  a t room temperature* In 3>methylpentane the 0 ,0  

band i s  a t 29 9 .9n^ (33.3kK) and in  93% ethanol (Figure 2 1 ) ,  i t  

i s  at 300. Omp, (33.3kK) w ith  e = 8400 in  the case of the ethanol 

s o lu t io n .  In mixed hydrocarbon at 77°K the absorption spectrum 

(Figure 22) i s  considerab ly  sharper and the 0 ,0  band i s  at  

2 9 9 .8mp (33.36kK). The long wavelength band centered about 

295n̂ j, may correspond to  the hidden t r a n s i t io n ,  or •- 

band, o£ biphenyl and the band centered about 255mp, may l ik ew ise  

correspond to  the conjugation , or *- ^A, band o f b iphenyl.

I f  t h i s  i s  true the hidden t r a n s i t io n  of planar biphenyl should 

have a greater  in te n s i ty  than that o f  non'planar b iphenyl. In
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the case of g r e a t ly  hindered biphenyl more long wavelength  

stru ctu re  Is apparent than in  the case of biphenyl I t s e l f .

The -  *A bands may have d i f f e r e n t  character in  the two 

c a s e s .

The flu orescen ce  spectrum of f luorene (Figure 23) 

at 77°K in  3-methylpentane d isp la y s  a 0 ,0  band a t  3 0 1 .7mp, 

(33.15kK) which i s  s h i f te d  only  0.3kK from that of the absorption  

at 77°K. Furthermore the flu orescen ce  0 ,0  band of biphenyl 

at 302.9m^ (33.03kK) i s  located  only O.lkK lower than the 

f luorene f lu o rescen ce  0 ,0  band. This c o n s t i tu te s  a powerful 

argument in  favor of the contention  that the f i r s t  s in g le t  

e x c ited  s ta te  o f biphenyl i s  planar s in ce  thd corresponding  

s ta te  in f luorene i s  almost c e r ta in ly  planar. The f lu orescen ce  

of b iphenyl, as expected , shows a larger v ib r a t io n a l  spacing  

than that of f lu oren e;  t h i s  i s  undoubtedly due to the l e s s  

r ig id  s tru ctu re  o f  b iphenyl.

The phosphorescence of f luorene (Figure 23) has a 

0 ,0  band a t 4 2 3 .Snip, (23.6kK) which i s  0.7kK higher than that

observed in  the case of b iphenyl. In the phosphorescence

spectrum of f lu o re n e ,  the v ib r a t io n a l  spaclngs are l e s s  than

those observed in  the case o f b iphenyl. This in d ic a te s  

that the t r i p l e t  s ta t e  o f biphenyl
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TABLE X

AMBIENT TEMPERATURE ABSORPTION FREQUENCIES FROM 957. ETHANOL SOLUTION

F lu o r en e  2 - F l u o r o f l u o r e n e

mu kK mu kK

3 0 0 .0 3 3 .3 3 3 0 5 .4 3 2 . 7 4

2 9 2 .9 3 4 . 1 4 2 9 8 . 8 33 .47

2 8 8 . 8 3 4 .6 3 2 9 3 .5 3 4 .0 7

2 7 5 .8 * 3 6 . 2 6 2 8 7 . 6 * 34 .77

2 7 1 .2 * 3 6 .8 7 281 .1 3 5 .5 7

2 6 3 .6 3 7 . 9 4 2 7 3 .5 * 36 .5 6

2 6 0 .6 3 8 .37 267 .6 37 .3 7

2 5 1 .0 3 9 . 8 4 2 6 1 .5 3 8 . 2 4

247-1* 4 0 .4 7 2 5 7 .6 3 8 .8 2

2 2 5 .0 * 4 4 . 4 4 2 5 1 .5 3 9 .7 6

2 1 8 .5 4 5 .7 7

*■
Shoulder
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2 - F l u o r o f l u o r e n e
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77°K A b s o r p t io n s  o f  F lu o r e n e  and 2 - F l u o r o f l u o r e n e  from
Mixed Hydrocarbon S o l u t i o n s
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TABLE XI

77°K ABSORPTION FREQUENCIES FROM HYDROCARBON SOLUTION 

F lu o r e n e  2 - F l u o r o f l u o r e n e

mu kK mp, kK

2 9 9 . 8 3 3 . 3 6 3 0 4 . 4 3 2 . 8 5

2 9 3 .2 3 4 . 1 0 2 9 7 . 5 33 .61

2 9 1 . A 3 4 . 3 2 2 9 1 . 8 34 .27

2 8 8 . 5 3 4 . 6 6 2 8 5 .9 3 4 . 9 8

2 8 1 .2 * 3 5 . 5 6 2 7 8 . 2 * 3 5 . 9 5

2 7 7 .3 3 6 .0 6 2 7 3 .5 3 6 . 5 6

2 7 1 . 8 3 6 .7 9 267 . e 1" 37 .37

2 6 8 .7 * 3 7 . 2 2 2 6 2 . 6+ 3 8 . 0 8

2 6 5 . 4 3 7 .6 8 2 5 7 . 1+ 3 8 .9 0

2 6 0 .1 3 8 . 4 5 2 5 1 . 8 39 .71

2 5 4 . 5 3 9 .2 9 247 .6* 4 0 . 3 9

2 5 2 . 5 39 .6 0 2 4 3 . 7f 4 1 . 0 3

2 4 9 .4 4 0 . 1 0

2 4 5 . 8 4 0 . 6 8

2 2 6 .9 4 4 .0 7

2 2 0 . 6 4 5 . 3 3

★
Shoulder  

^ P o o r ly  r e s o l v e d
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101



102

TABLE XII 

EMISSION FREQUENCIES OF FLUORENE

F l u o r e s c e n c e  

mu. kK Av
30 1 .7  3 3 . 1 5  0

3 0 7 .7  3 2 . 5 0  0 . 6 5

3 1 4 .1  3 1 . 8 4  1 .31

3 2 2 . 0 *  3 1 . 0 6  2 .0 9

Phosphorescence 

mu. kK Av
4 2 3 . 5  23 .61  0

4 3 7 . 4  2 2 . 8 6  .7 5

4 4 5 . 6  2 2 . 4 4  1.17

4 5 3 . 5  2 2 . 0 5  1 .5 6

4 7 0 . 0  2 1 .2 8  2 .3 3

4 7 9 . 5  2 0 .8 6  2 .7 5

4 8 9 . 7 *  2 0 . 4 2  3 .19

*
Shoulder
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F l u o r e s c e n c e  and Ph osp h or escen ce  a t  77°K o f  2 - F l u o r o f l u o r e n e  from 3MP S o l u t i o n
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TABLE XIII  

EMISSION FREQUENCIES OF 2-FLUORPFLUORENE

Fluorescence  

mu. kK Av

307.6 32.51 0

313.5 31.90 .61

320.0 31.25 1.26

330.0* 30.30 2.21

Phosphorescence

420.5  23.78 0

436.5 22.91 .87

452.0 22.13 1.65

468.0 21.37 2.41

485.0 20.62 3.16

★
S h o u l d e r
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A m bient  T e m p e r a tu r e  and 77°K A b s o r p t i o n s  o f  2 - B r o m o f l u o r e n e
from  3MP S o l u t i o n
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TABLE XIV

ABSORPTION FREQUENCIES OF 2 -BROMOFLUORENE FROM 3MP SOLUTION

Room Temperature

mu kK Av

306.6 32.62 0

300.0 33.33 0.71

294.5 33.96 1.34

282.6* 35.39 2.77

277.5 36.04 3.42

268.8 37.20 4 .58

260.5 38.39 5.77

250.8* 39.87 7.25

225.8* 44.29 11.67

220.0* 45.45 12.83

ihul

77°K

kK Av

306.2 32.66 0

299.5 33.39 0.73

293.8 34.04 1.38

283.5 35.27 2.61

*
Shoulder
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Figure 26

Fluorescence and Phosphorescence at 77°K of 2-Bromofluorene from 3MP Solution
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TABLE XV

EMISSION FREQUENCIES OF 2 -BROMOFLUOKENE

Fluorescence  

mu kK Av

310.0 32.36 0

312.8 31.97 0.29

318.7 31.38 0 .88

322.1 31.05 1.21

Phosphorescence 

mjj. kK Av

431.7* 23.16 0

437.5 22.86 0.30

448.0 22.32 0 .84

454.0 22.03 1.13

463.0 21.60 1.56

468.0  21.37 1.79

480.6 20.81 2.35

*
S h o u l d e r
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i s  not as r ig id  as that of f luorene although the s im i l a r i t y  

in  the phosphorescent spectra in d ica te s  the ex i s ten ce  of some 

tendency toward p lanar ity  in the t r i p l e t  s ta te  of  biphenyl .

N. Spectra of 2-Fluorofluorene

The absorption spectrum of  2 - f luorof luorene  which i s  

s im ilar  in s tructure  to 4 -f luorobiphenyl  i s  very s im ilar  to  

that of f luorene .  The room temperature absorption of  

2 - f luorof luorene in 3MP so lu t io n  has the f i r s t  maxima at  

305.4m|jL (32.74kK). The absorption 0 ,0  band of  2 - f lu o r o f  luorene 

at  77°K in 3MP i s  observed at 30 4 .4mp, (32.85kK) which corresponds  

to a r e d - s h i f t  of 0.5kK from that  of f luorene.

The f luorescence  spectrum (Figure 24) of  2 - f luorof luorene  

has a 0 ,0  band at 307mp, (32.51kK) which i s  a l s o  r e d - sh i f te d  

from that of f luorene .  The 0 ,0  band of the phosphorescent  

spectra (Figure 24) i s  very s l i g h t l y  b lu e - s h i f t e d  r e l a t i v e  to 

that  of f luorene to 4 2 0 . 5mp, (23.78kK). The s tructure of 

2 - f luorof luorene i s  s im ilar  to that of planar 4 - f luorobiphenyl .

As noted e a r l i e r  a f luorene atom sub s t i tu ted  in the para 

p o s i t io n  in biphenyl b lu e - s h i f t e d  the absorption and the 

f luorescence  but had v i r t u a l l y  no e f f e c t  on the phosphorescence 

with regard to the p o s i t io n  of the 0 ,0  band. In the case of
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2 - f luorof luorene  the molecule Is  s t a b i l i z e d  in a planar 

conformation by a methylene bridge so that  inductive  and 

resonance e f f e c t s  a f f e c t  the spectra l e s s  than in the case of 

4- f luorobiphenyl ,

0 .  The Absorption Spectra of  2-Bromofluorene

The absorption spectrum (Figure 25) of

2-bromof luorene has a 0 ,0  band at  3 06 .2my, (32.66kK) in a 

mixed hydrocarbon s o lu t io n  at 77°K and at 306.6m^i (32.62kK) 

in a 3MP so lu t io n  at room temperature. The s u b s t i t u t io n  of 

a bromine atom in the f luorene molecule r e s u l t s  in a r e d - s h i f t  

of the 0 ,0  band of  the absorption spectrum.

The f luorescence  spectrum (Figure 26) of

2-bromofluorene from a 3MP s o lu t io n  at 77°K has a 0 ,0  band at 

310. Omp, ( 3 2 . 26kK). The absorption and f luorescence  0 ,0  bands 

of 2-bromofluorene observed in the spectra of so lu t io n s  at 

77°K d i f f e r  by only 0.40kK. The lack of a large s h i f t  in d ica tes  

that the molecule has the same geometric conformation, in t h i s  

case probably planar,  in both the ground s in g l e t  s ta t e  and 

the f i r s t  ex c i ted  s in g l e t  s t a t e .

The phosphorescence spectrum of 2-bromofluorene
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(Figure 26) in 3MF s o lu t io n  ac 77 i. hes 0 ,0  bene at 431.7mp. 

(23.16kK) which i s  r e d - sh i f ted  r e l a t i v e  t > chat of  f luorene .

P- Quantum Yield Studies

Since the phototube response as a function  of

wavelength was unknown, the f luorescence  and phosphorescence

31y i e l d s  of  biphenyl given by Parker and Hatchard were used as 

a reference  in the determination of quantum y i e l a s  of other  

compounds. Since the f lu ore scen ces  of  a l l  compounds occurred 

in about the same wavelength region and . a l l  the 

phosphorescence emissions were found in a l im ited  wavelength  

range, the phototube response should be e s s e n t i a l l y  the same 

for each comparison. Parker and Hatchard obtained a f luorescence  

y i e l d  of 0.17 and a phosphorescence y i e l d  of 0 .25  for  biphenyl  

in EPA at  77°K. This f lu orescen ce  y i e l d  compares favorably  

w ith  the y i e l d  of  0 .17 obtained for biphenyl in cyclohexane at  

77°K by Berlman®^,

The f luorescence  y ie ld  of 0 .53  obtained in t h i s  

work for f luorene agrees w e l l  with the value of  0 .54  given by 

Parker and Hatchard. This in d ica te s  at l e a s t  som* con s is ten cy  

between h i s  method and the one used here.

81 C.A. Parker and C.G. Hatchard, A n a ly s t . 1962, 664.

82 I .B .  Berlman, Handbook of  Fluorescence Spectra of  
Aromatic Molecules . Academic Press ,  I n c . ,  New York, N.Y. , 1965.
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In order to t e s t  the r e p ro d u c ib i l i ty  of  the data,

e ight  determinations of  the y i e l d s  of  2-methylbiphenyl were made.

These e ig h t  determinations gave a f lu orescen t  y ie ld  of 0.42 ± .01

and a phosphorescent y i e ld  ofQ.55 ± .01 .  A l l  y i e l d s  from the

other compounds were determined a t  l e a s t  tw ice .  The quantum

y i e l d s  of  a l l  the compounds studied are l i s t e d  in Table XVI.

In terp reta t ion  of these data in terms of rate  constants

requires  phosphorescent and f lu orescen t  l i f e t i m e s ;  the p o ss ib le

in ter p r e ta t io n  was d iscussed  in Chapter I ,  Sect ion  B. Both

l i f e t i m e  and y ie ld  data are subject  to  large errors .  This lack

of  accuracy i s  indicated  by the c o n f l i c t i n g  va lues  reported

in the l i t e r a t u r e ,  trro rs  are a t tr ib u te d  u su a l ly  to impurit ies

and the  su b seq u en t  quench ing  o f  e m i s s i o n .  F l u o r e s c e n c e

l i f e t i m e s  are not gen era l ly  a v a i la b le  at present ,  but hopeful ly

the appearance of instruments s p e c i f i c a l l y  designed for t h i s

type of measurement w i l l  soon provide such data for  many

compounus. In sp i te  of  the lack of f luorescence  l i f e t im e

data,  much can be gained by a q u a l i t a t i v e  examination of

quantum y ie ld  d a t a .  I t  was shown in Chapter I ,  S e c t i o n  B,
* ►

Eq.10 that when tht t o t a l  quantum y ie ld  of emission ie  high
I -  ,

that  the fo l lo w in g  approximation obtains

*v'*i 4 i f  = Tf kST • - 10
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TABLE XVI 

QUANTUM YIELD DATA

Compound <7 6
P

6  !4> f  
p f

T
P

kt

B i p h e n y l 0 . 1 7 0.25 1 . 77 7 . 2 0 . 5 5

2- Me t h y l b  1ph e n y l o . To 0 . 56 5.0 0.01

J - M e t h y l b i p h e n y l o .68 0.52 . 77 7 . 1 0

7 - M e t h y l b i p h e n y 1 0 . 20 0.27 1 . 08 7 . 2 0 . 7 2

2 - F l u o r o b i p h e n y 1 0 . 22 0 .55 1 . 17 2 . 5 0 . 8 7

7 - F l u o r o b i p h e n y 1 0 . 15 0.51 2.58 5-5 0.75

2 - C h l o r o b i p h e n y l 0 . 0 1 0 .  78 50 . 9 ■j . 1 8 0 . 5 7

5 ~ C h l o r o b i p h e n y 1 0 . 0 5 0 .26 6 . 7 1 . 3 7 2 . 0

7 - C h l o r o b  i phe ny  1 0 . 0  5 0 . ■>,< 10 0.50 1 . 2

2 - Br omobi pheny1 0 . 0 1 0.25 25 7 . 2 x 1 0 " 5 750

5~ Bromob i pheny1 0.05 0 . i l 8 . 2 ’7  6 56

b - Bromcb i phe ny  1 O n l ■O’ O’ 1 7 ■J. /19 250

F l u o r e n e ' ■ 55 0  i .15 0 . 1.0

2 - F l u o r o f l u o r e n e 0 . 1 5 ■ * , •■ + • 1

2 - B r o m o f l u o r e n e j . o o 0 ^ z > • o  j 1 . 7 0 . 5 7 0 . 8 c



114

I f  the  t o t a l  quantum y i e l d  i s  g r e a t e r  than 0 . 1 ,  the e q u a t io n

should  g i v e  v a l u e s  c o r r e c t  at  l e a s t  to  th e  n e a r e s t  magnitude

and fo r  l a r g e r  t o t a l  quantum y i e l d s  the e q u a t io n  should  g iv e

more a c c u r a t e  v a l u e s .  The f l u o r e s c e n t  l i f e t i m e ,  t , i s  o f t e n

e s t i m a t e d  by the e v a l u a t i n g  the area under the a b s o r p t i o n

curve th a t  r e p r e s e n t s  a p r o c e s s  t h a t  i s  th e  r e v e r s e  o f  the

e m i s s i v e  p r o c e s s .  In the a b s o r p t i o n  s p e c t r a  of  b ip h e n y l  and

i t s  d e r i v a t i v e s ,  however,  the •- Â t r a n s i t i o n  i s  hidden

or obscured  by the  "̂L •- ^A band so th a t  r e a s o n a b le  e s t i m a t i o n sa

o f  t  ̂ cannot be o b t a i n e d .  Berlman ob ta in ed  ex p e r im e n ta l

f l u o r e s c e n c e  l i f e t i m e s  f o r  b i p h e n y l ,  4 - m e t h y l - b i p h e n y l ,

and f l u o r e n e  o f  16,  1 5 .2  and 10 n a n o se c o u n d s , r e s p e c t i v e l y .

These l i f e t i m e s  are p robably  not h i g h l y  dependent on

s o l v e n t  or t e m p era tu re .  S u b s t i t u e n t s  have l e s s  e f f e c t  on

th e  f l u o r e s c e n t  l i f e t i m e  than th ey  have on the p h o sp h o res cen t

l i f e t i m e .  C a l c u l a t i o n s  o f  k c a n  be made fo r  a l l  compounds
ST K

by assuming t h a t  the f l u o r e s c e n c e  l i f e t i m e  o f  each compound 

i s  equal  t o  th a t  of  f l u o r e n e .  Such an assum ption  should  

cause  much l e s s  than an order  of  magnitude e r r o r  in  the  

c a l c u l a t e d  v a l u e  o f  k . Thus,  from e q u a t io n  14,  the  above  

assu m p t ion  g i v e s

“ s t  -  y * £ * 10+8 • • • ■ 27
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The y i e l d  ratiQa (Table  XVI) g i v e  an i n d i c a t i o n  o f  the

i n t e r s y s t e m  c r o s s i n g  c o n s t a n t .  Halogen s u b s t i t u e n t s ,  by

s p i n - o r b i t  c o u p l i n g ,  i n c r e a s e  th e  v a l u e  o f  kg^.

The y i e l d  r a t i o s  b fbr i n d i c a t e  t h a t  the  r a t e  c o n s t a n tp f

kg^ i s  about the same f o r  b i p h e n y l ,  2 - m e t h y l b i p h e n y l , 3-hrpmo- 

b i p h e n y l ,  4 - m e t h y l b i p h e n y l ,  2 - f l u o r o b i p h e n y l  and 4 - f l u o r o b i p h e n y l .

The e s t i m a t e d  v a l u e s  o f  f o r  2 - c h l o r o b i p h e n y l ,

3 - c h l o r o b i p h e n y l  and 4 - c h l o r o b i p h e n y l  a re  s i g n i f i c a n t l y  l a r g e r  

than  t h a t  o f  b ip h e n y l  presumably  b eca u s e  o f  s p i n - o r b i t  c o u p l i n g .  

These d a ta  a l s o  i n d i c a t e  t h a t  th e  o rder  o f  e f f e c t i v e n e s s  o f  

s p i n - o r b i t  c o u p l i n g  w i t h  r e s p e c t  t o  p o s i t i o n  o f  s u b s t i t u t i o n  

o f  a c h l o r i n e  atom i s  2 > 4 >  3.  A c h l o r i n e  atom i n  th e  

o r t h o  p o s i t i o n  i n  b ip h e n y l  can e v i d e n t l y  i n t e r a c t  more 

e f f e c t i v e l y  w i t h  th e  n e l e c t r o n  sys te m  than can a c h l o r i n e  

atom i n  the  para p o s i t i o n  and a c h l o r i n e  atom i n  the  meta 

p o s i t i o n  shows th e  l e a s t  i n t e r a c t i o n .

The e s t i m a t e d  v a l u e s  o f  k fo r  2 -b rom ob iph eny l ,
J 1

3-brom obiphenyl  and 4-brom obipheny l  i n d i c a t e  t h a t  t h e  s p i n - o r b i t  

c o u p l i n g  e f f e c t i v e n e s s ,  w i t h  r e s p e c t  t o  th e  p o s i t i o n  o f  the  

bromine atom i s  4 >  2 > 3 .  S p i n - o r b i t  c o u p l i n g  i s  so  im portant  

i n  th e  c a s e  o f  a bromine s u b s t i t u t e n t  t h a t  the  a s su m p t io n  o f
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e q u a l  f l u o r e s c e n c e  l i f e t i m e s  p rob ab ly  breaks  down and th e  o n ly  

v a l i d  c o n c l u s i o n  from th e  above d ata  i s  th a t  bromine i n  the meta 

p o s i t i o n  i s  l e s s  e f f e c t i v e  i n  p rod uc in g  s p i n - o r b i t  c o u p l in g  

e f f e c t s  than i t  i s  i n  the  o r t h o  or para p o s i t i o n s .

The e s t i m a t e d  v a l u e s  o f  k gT f o r  f l u o r e n e ,  2 - f l u o r o -  

f l u o r e n e  and 2 -b rom of lu oren e  i n c r e a s e  in  order  as  e x p e c te d  

and i n d i c a t e  t h a t  bromine i s  more e f f e c t i v e  than f l u o r i n e  

in  produ c in g  s p i n - o r b i t  c o u p l in g  e f f e c t s .

The e f f e c t s  o f  s p i n - o r b i t  c o u p l i n g  on the  p h o sp h o res cen t  

l i f e t i m e  are  r e a d i l y  app aren t  in  the c a s e s  o f  h a l o b i p h e n y l s  

and 2 - h a l o f l u o r e n e s . A h a lo g en  l o c a t e d  i n  the  o r th o  p o s i t i o n  

d e c r e a s e s  the  l i f e t i m e  much more than does  the  same h a lo g e n  in  

th e  meta or para p o s i t i o n .  A h a lo g e n  atom in  the meta p o s i t i o n  

i s  n o t  i n v o l v e d  in  r e s o n a n ce  s t r u c t u r e s  i n v o l v i n g  both  r i n g s  

and t h e r e f o r e  shows g r e a t l y  reduced s p i n - o r b i t  c o u p l i n g  e f f e c t s  

compared w i t h  t h o s e  o f  h a lo g e n  atoms in  the o r th o  or para  

p o s i t i o n .  The magnitude o f  s p i n - o r b i t  c o u p l in g  e f f e c t s  are  

e v i d e n t l y  dependent  on the  p o s i t i o n  of  the heavy atom w i th  

regard t o  resonan ce  i n t e r a c t i o n s  and w i t h  regard t o  the  

p h y s i c a l  p r o x i m i t y  o f  the  heavy atom to  the  tt e l e c t r o n  c l o u d .

I t  was shown i n  Chapter I ,  S e c t i o n  B, t h a t  i f  we 

assume t h a t  a l l  m o l e c u l e s  which do not emit  are d e a c t i v a t e d
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i n  T , . then  k may be approximated  by 
1 t

kt * kP t—f— i "'
p

t h a t  i s ,  th e  r a t e  o f  p h o sp h o r e s c e n c e  t im e s  th e  r a t i o  o f

r a d i a t i o n l e a s  d e a c t i v a t e d  t r i p l e t s  t o  p h o s p h o r e s c in g  t r i p l e t s .

The v a l i d i t y  o f  t h i s  assu m p t ion  has  been d i s c u s s e d  by T eren in  

83and Ermolaev and i t  i s  a p p a r e n t l y  r e a s o n a b l e  fo r  a l l  s im ple  

a r o m a t ic  m o l e c u l e s .  V a lues  o f  k c a l c u l a t e d  f o r  b i p h e n y l ,
I*

f l u o r e n e ,  and t h e i r  d e r i v a t i v e s  are  l i s t e d  in  Table  XVI.

I f  th e  t o t a l  e m i s s i o n  y i e l d  i s  v e r y  c l o s e  t o  u n i t y  or the  

p h o s p h o r e s c e n t  y i e l d  i s  sm al l  th en  sm al l  e r r o r s  in  the  

e x p e r i m e n t a l  d e t e r m i n a t i o n s  o f  y i e l d  v a l u e s  g i v e  l a r g e  e r r o r s  

i n  the  c a l c u l a t e d  v a l u e s  o f  k^.  The v a l u e s  o f  are  prob ab ly  

u n r e l i a b l e  i n  the  c a s e s  o f  2 - m e t h y l b i p h e n y l , 3 - m e t h y l b i p h e n y l ,

3 -bromobiphenyl and f l u o r e n e .  The v a l u e s  o f  i n d i c a t e  th a t  

the  s u b s t i t u t i o n  of  a h a lo g en  atom i n  b ip h e n y l  c a u s e s  an 

i n c r e a s e  o f  k^ compared t o  t h a t  o f  u n s u b s t i t u t e d  b i p h e n y l .  

F l u o r i n e  and c h l o r i n e  s u b s t i t u t i o n  g i v e s  o n ly  a s l i g h t  in c r e a s e  

and bromine s u b s t i t u t i o n  g i v e s  a l a r g e  i n c r e a s e .  The ex p ec te d  

a c c u r a c y  o f  the  d ata  d oes  not  warrant c o n c l u s i o n s  based on

83
A.N. T eren in  and V.L. Ermolaev ,  B u l l .  Acad. S c i .

11.S . S . R . . 26,  21 ( 1 9 6 2 ) .
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th e  p o s i t i o n  o f  s u b s t i t u t i o n .



CHAPTER IV

SlftMARY AND CONCLUSIONS

The e lu c id a t io n  of  the e l e c t r o n i c  energy l e v e l s  o f  

blpticpyl Jp d i f f i c u l t  due to  the lack of  s tructure In I t s  

absorpt ion  spectrum In s o lu t io n  at  room temperature and at 

77°R. To obtain  data use fu l  In the In terp reta t ion  o f  the  

e l e c t r o n i c  spectra o f  biphenyl I t  was necessary to  obtain  

quantum y ie ld ,  data and absorption and emission spectra of  

blphepyl and many biphenyl d e r i v a t iv e s .  A f luorene molecule  

Is  s im i la r  to  a planar biphenyl molecule;  th ere fore ,  s im i la r  

data were obtained for  f luorene and' twp qf i t s  d e r i v a t iv e s .

The absorption spectra of para and meta sub s t i tu ted

biphenyls  In s o lu t io n  at  ambient temperature, compared with

fhose  a f  b iphenyl ,  exh ib i ted  an Increase in- I n t e n s i t y  and a

r e d - s b i f t  hut no increase  In s tru c tu re .  The absorption

spectra  « f  ortho s u b s t i t u te d  biphenyls  in  s o lu t io n  at room

temperature displayed- a b l u e - s h i f t  o f  the *- Â band and-,

except in  the case of  2-ch loroM phenyl , the •- band

was d i s c e r n ib le  as a ,shoulder on the <- *A band. Thea

*- *A band of  the ortho sub s t i tu te d  biphenyls  may have

119
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s l i g h t l y  r e d - s h i f t e d  from t h a t  o f  b ip h e n y l  but l i k e l y  the

b l u e - s h i f t  o f  the  ♦- band c o n t r i b u t e d  most t o  th e
a

appearance  o f  t h i s  band as  a d i s c e r n i b l e  s h o u l d e r .  Whenever 

two bands o v e r l a p  a p p r e c i a b l y ,  s m a l l  changes  i n  p o s i t i o n  o f  

th e  t r u e  maximum o f  e i t h e r  band can cause  l a r g e  changes  in  the  

apparent  maxima o f  b oth  bands.

The f l u o r e s c e n c e  0 , 0  bands o f  both  para and meta 

s u b s t i t u t e d  b i p h e n y l s  were r e d - s h i f t e d  r e l a t i v e  to  t h a t  of  

b i p h e n y l .  The f l u o r e s c e n c e  s p e c t r a  o f  b i p h e n y l ,  and meta and 

para s u b s t i t u t e d  b i p h e n y l s  in  3MP a t  77°K showed more s t r u c t u r e  

than th e  c o r r e s p o n d in g  a b s o r p t i o n  s p e c t r a .  The appearance  o f  

t h i s  v i b r a t i o n a l  s t r u c t u r e  was c i t e d  as  e v i d e n c e  t h a t  the  

e q u i l i b r i u m  c o n fo rm a t io n  o f  th e  l o w e s t  e x c i t e d  s i n g l e t  s t a t e  

o f  b ip h e n y l  t e n d s  t o  be p la n a r  or near  p la n a r  w i t h  i n c r e a s e d  

s t a b i l i z a t i o n  due t o  more e f f e c t i v e  p i  c loud i n t e r a c t i o n .  The 

p o s t u l a t e d  i n c r e a s e d  s t a b i l i z a t i o n  i s  i n d i c a t e d  by th e  l a r g e  

r e d - s h i f t  o f  the  f l u o r e s c e n c e  0 , 0  band r e l a t i v e  to  the lo w e s t  

e n e r g y  a b s o r p t i o n  band. The f l u o r e s c e n c e  0 , 0  band o f  2 -m e th y l -  

b ip h e n y l  i s  b l u e - s h i f t e d  r e l a t i v e  to  t h a t  of  b i p h e n y l .  The 

b l u e - s h i f t  i s  a t t r i b u t e d  t o  th e  s t e r i c  h in d ran ce  o f  th e  methyl  

group w hich  p r e v e n t s  c o p l a n a r i t y  of  the two a ro m a t ic  r i n g s  in
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2-m ethy l  b i p h e n y l .  The la c k  o f  v i b r a t i o n a l  s t r u c t u r e  i n  the  

f l u o r e s c e n c e  spectrum o f  2 -m e th y lb ip h e n y l  compared w i t h  th a t  

o f  b ip h e n y l  i s  e v i d e n c e  t h a t  th e  methyl group p r e v e n t s  th e  

a r o m a t i c  r i n g s  from b e in g  co p la n a r  or a t  l e a s t  p r e v e n t s  the  

f o r m a t i o n  o f  a r i g i d ,  s t a b i l i z e d  con form at ion  o f  th e  e x c i t e d  

s i n g l e t  s t a t e .

The f l u o r e s c e n c e  spectrum o f  2 - f l u o r o b i p h e n y l  shows 

s t r u c t u r e .  T h is  m o le c u l e  l i k e l y  e x i s t s  i n  a s t a b i l i z e d  p lan ar  

c o n fo rm a t io n  i n  the f i r s t  e x c i t e d  s i n g l e t  s t a t e .  Hydrogen 

bonding  may i n c r e a s e  the  s t a b i l i t y  o f  a p la n a r  c o n fo rm a t io n .

The f l u o r e s c e n c e  spectrum o f  2 - c h l o r o b i p h e n y l  shows no s t r u c t u r e .  

The c h l o r i n e  atom i s  l a r g e r  than a f l u o r i n e  atom and presumably  

p r e v e n t s  th e  a r o m a t ic  r i n g s  in  2 - c h l o r o b i p h e n y l  from becoming  

c o p la n a r  i n  th e  ground or e x c i t e d  s t a t e s ,  Holloway ob ta in ed  

e v i d e n c e  o f  hydrogen bonding in  the 2 - c h lo r o - 2 - p h e n y l n a p h t h a l e n e  

m o le c u le  and i n d i c a t i o n s  o f  a r e s u l t i n g  p la n a r  c o n fo rm a t io n .  

N e i t h e r  th e  a b s o r p t i o n  nor e m i s s i o n  s p e c t r a  o f  2 - c h l o r o b i p h e n y l  

shows e v i d e n c e  o f  a p la n a r  co n fo r m a t io n .  This  may i n d i c a t e  

t h a t  re son an ce  i n t e r a c t i o n  between a phenyl and a n aphthy l  

r i n g  i s  l a r g e r  than t h a t  between two phenyl r i n g s .  The en ergy  

o f  a p la n a r  co n fo r m a t io n  would be lower  due t o  reson an ce  

i n t e r a c t i o n  and hydrogen b on din g .  S t e r i c  i n t e r a c t i o n s  would
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tend t o  r a i s e  th e  e n e r g y  o f  a p l a n a r  c o n f o r m a t i o n .  The t o t a l  

p o t e n t i a l  e n e r g y  would r e s u l t  from a b a l a n c e  o f  t h e s e  t h r e e  

f a c t o r s .

The p h o s p h o r e s c e n c e  s p e c t r a  o f  o r t h o  and para  s u b s t i t u t e d  

b i p h e n y l s  e x h i b i t  s t r u c t u r e .  T h i s  i s  c i t e d  a s  e v i d e n c e  t h a t  th e  

e q u i l i b r i u m  e x c i t e d  s t a t e  i s  p l a n a r .  The 1 , 1 '-bond e q u i l i b r i u m  

d i s t a n c e  i s  l i k e l y  l o n g e r  i n  the t r i p l e t  s t a t e  than in  the  

s i n g l e t  s t a t e  and s t e r i c  f a c t o r s  w i l l  be l e s s  im p o r t a n t .

The l i f e t i m e  da ta  and th e  quantum y i e l d  d a ta  i n d i c a t e  

t h e  im p ortan ce  o f  the  p o s i t i o n  o f  the  s u b s t i t u e n t  on the  s p i n -  

o r b i t  c o u p l i n g  e f f e c t s .  The l a r g e s t  amount o f  s p i n - o r b i t  

c o u p l i n g  o c c u r s  when a h a l o g e n  s u b s t i t u e n t  i s  l o c a t e d  i n  th e  

o r t h o  p o s i t i o n  where i t  i s  p h y s i c a l l y  c l o s e  t o  b o th  r i n g s  and 

can c o n t r i b u t e  t o  r e s o n a n c e  s t r u c t u r e s  i n v o l v i n g  b o th  r i n g s .

A h a l o g e n  l o c a t e d  i n  th e  para p o s i t i o n  can c o n t r i b u t e  t o  r e s o n a n c e  

s t r u c t u r e s  i n v o l v i n g  both  r i n g s  and t h e r e f o r e  g i v e s  r i s e  to  mure 

e f f e c t i v e  s p i n - o r b i t  c o u p l i n g  than d o es  a h a lo g e n  l o c a t e d  in  

th e  meta p o s i t i o n  where i t  can o n l y  c o n t r i b u t e  to  r e s o n a n c e  

s t r u c t u r e s  i n v o l v i n g  one r i n g . .

The s u b s t i t u t i o n  o f  a h a l o g e n  atom i n  b ip h e n y l  

i n c r e a s e s  th e  r a t e  o f  i n t e r s y s t e r a  c r o s s i n g  from t o  T^.

T h i s  n o r m a l ly  r e s u l t s  i n  an i n c r e a s e d  p h o s p h o r e s c e n c e  y i e l d
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but th e  i n t e r s y s t e m  c r o s s i n g  r a t e  from t o  i s  a l s o  

i n c r e a s e d  compared to  th a t  o f  u n s u b s t i t u t e d  b ip h e n y l  s o  th a t  

a d e c r e a se d  p h o sp h o res cen ce  y i e l d  sometime r e s u l t s .  Both

3-bromobiphenyl and 3 - c h l o r o b i p h e n y l  have r e l a t i v e l y  low 

p h o sp h o res cen ce  y i e l d s  due presumably t o  i n c r e a s e d  i n t e r s y s t e r a  

c r o s s i n g  t o  th e  ground s t a t e  by r a d i a t i o n l e s s  t r a n s i t i o n s .

S e v e r a l  a d d i t i o n a l  r e s e a r c h  problems are s u g g e s t e d

by t h i s  r e s e a r c h .  F l u o r e s c e n c e  l i f e t i m e  data  a re  needed to

c a l c u l a t e  approximate v a l u e s  o f  f o r  th e  compounds s t u d i e d .

The a b s o r p t i o n  s p e c t r a  o f  o r th o  s u b s t i t u t e d  b ip h e n y l s  in  3MP

s o l u t i o n  a t  77°K showed an i n c r e a s e  in  s t r u c t u r e  when compared w i t h

th e  c o r r e s p o n d in g  s p e c t r a  measured a t  room te m p e r a tu r e .  The

a b s o r p t i o n  s p e c t r a  o f  t h e s e  compounds should  be measured at

4°K t o  de term ine  i f  a b e t t e r  s e p a r a t i o n  o f  th e  *- ^A anda

«- Â bands can be a c h i e v e d .  The s p e c t r a  o f  s e v e r a l

2 - s u b s t i t u t e d  f l u o r e n e  d e r i v a t i v e s  were measured in  t h i s  

r e s e a r c h  and compared to  the s p e c t r a  o f  th e  c o r r e s p o n d in g  

para s u b s t i t u t e d  b ip h en y l  d e r i v a t i v e .

The geometry  o f  a 4 - s u b s t i t u t e d  f l u o r e n e  d e r i v a t i v e  

i s  s i m i l a r  t o  t h a t  o f  an o r th o  s u b s t i t u t e d  b ip h e n y l  i n  a 

p la n a r  c o n fo r m a t io n .  T h e r e f o r e ,  th e  s p e c t r a  o f  4 - s u b s t i t u t e d
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