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THE ct-SUBSTITUTION EFFECT, INTRAMOLECULAR OR MEDIUM INDUCED?

*
J. Prochorow , W . Hopewell and M. A. El—Sayed

Department of Chemistry
University of California

Los Angeles , California 90024

ABSTRACT

The lifetimes of ethyl— and tert—butyl benzene are measured in

the gas phase and compared with one another and with those in solution .

There is a large increase in the nonradiative lifetime ’ upon going to

the gas phase. Furthermore , the observed lifetime is found to he 80 nsec

at low pressures , independent of the substttuent , contrary to the results

in solution (the ct—substitution effect). These results suggest that the

ct—substitution effect is solvent induced .
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1. Introduction

Various substitution effects have been invest igated and determined to

exist from studies of the luminescence of aromatic hydrocarbon molecules [11 .

In particular , a great deal of effort has been devoted to the studies of

.ilkylbenzene molecules to investigate the effects of meth yl-substitution

(of the benzene molecule) on the radiative and nc’nradiative deactivation

probabilities for the excited singlet and triplet states [2—81. Since the

very beginning, these investigations have clearly demonstrated the difficulti es

connected with separating the intramolecular from the intermolecular

(environmental) perturbations of radiative and nonradiative decay pathways

in condensed phases. This has stimulated experimental work under “collisio n-

free” (low—pressure gas) conditions.

The possibility of the elimination of medium—assisted (tntermole~ ii l ,ir )

perturbations is of great importance in all cases where the presumed

“substitution effect ” is believed to he connected with a modific ation ot

the intramolecular nonradiative decay channel of the excited state under

consideration . For instanc e, it is found that in polyinethvlated henzenes

the change from “collision—free” conditions to solution enhances only the

~~~~~ S0 nonradiative transition probability [91.

Among different substitution effects that were found in the series

of alkylbenzenes , the “a—substitution effect ” seems to be connected with

particularly large change in the nonradiative transition probabilit y (6 ,101

of the lowest excited singlet state. This effect , thoroughly investigated

for a series of monoalkylbenzenes (methyl— , ethyl— , isopropyl- and tert-

butyl benzene) in l iquid solution , was ascribed to result from an increase

in the S1~~..) S0 
internal convers ion probability with increasing the si7e of the

alkyl group attached to the henzene ring . The magnitude ’ of the effect is greatest 
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3

in tert-buty l benzene , for  which the rate constant of internal conversion

is reported to be almost one order of magnitude larger than that for toluene

and almost seven t imes larger t han  that for ethy l benzene (101. If this

effect is intramolecular in nature , it would be the first experimental

demonstrat ion of a substituent changing the electronic matrix elements

fo r  the rate o t the intern al conve I’. I on process •

In order to distinguish between the intra— or intermolecular nature

of t he  “c t — s u b s t i t u t i o n  e f f e c t ” we have measu red the  fluorescence dec ay times

fo r  the  two most r ep re sen tat i ve  m olecu les  (from the p oint  of view of the

e ’ftect under c o n s i d e r a t i o n ) ,  i.e . ,  fo r e thy l henzen e and t e r t — h u i v i  henz ene .

Some measurements have also been p erf ormed on isopropv l henz ene .  The measure-

ments  for  a l l  these systems were ca r r i ed  out under d i f f e r e n t  e x p e r i m e n t a l

con d i t i o n s : liquid so lu t i on , satu ra ted  vapor and low pressure gas.  The

resu l t s  show that  the lifetimes are much longer in the gas phase than in

so lu t i on . Fur the rmore , the obse rved l i f e t i m e s of the three  compounds t i e

found to be comparable in the gas phase at low pressure , i . e . , independen t

o f the subs t ituen t . These r e su l t s  suggest tha t  the c t — s u b s t i t u t i o n  e f f e c t

is a medium induced e f f e c t .  This conc lus ion  can a lso  e x p l a i n  the obse rvat i on

that  the “c t—subst i tu t ion  e f f e c t ” is d r a m a t i c a l l y  reduced when i n v e s t i g a t e d

in low—temperature glassy solutions 1101 .

2. ~~~~~~ mental

Commerciall y ava i l ab le  (MC B ) e t h y l -  and t e r t — h u t y l  henzene were distilled

and checked for  p u r i t y  by means o t  a gas chromatograp h ( H e w l e t t — P a c k a rd

5720A G . C . ) .  S p e ct r o q u a l i tv  n—h ex an e  (MCB) was used w i t h o u t  f u r t h e r  pur l-

fica t  ion . Ca s—pha se absorpt ion spectra  were recorded w i t h  the  use of a Carv l4A

spectroph ot omet • ‘ r ( I  0 cm quart; ci ’ I I  s ’t

I - -
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For the fluorescence measurements, solution samples were carefully

deoxvgenatcd by freeze—pump—t haw cycles (8 cycles). (as—phase samples

were prepared from deoxygenated I iq u i ds :  gas bei n g t n t  roduced t o  the

I luorescence cell (four quartz windows at right angles) through a

vacuum line . The pressure of gas was controlled and measured w i t h  t h e

use of a thermocouple’ pressure gauge .

Exe’ i t a t  ion of ic samp le~ was achieved  by the 2~~t~ um f o ur t h  harmonic of

a Nd / IAC l ase r ~Quanta Ray DCR—l) . Fbi ’ powe r of the’ laser beam was kept

be low 2 n~ / pulse. The em iss ion spec t ra we’ re’ c o 11 cc t ed h~ mean s of .i

Spex 0. ‘ in gi- .t t i ng menoch roria t or equi pped w i t h  an opt i c a t inte l t i ch ann e ’ I

.eualv:er (PARC 1 20’.A)

Fl uo res .- en.- ,’ d c.•tv t i mes (280— 2~ 2 nm ‘~ were et c c i-mi tied w it Ii t he

use of ,i Jarrejl-Ash 0.5 m g r a t i n g  monochromator equipped with a RCA 1I’28A

photomu l.tt p ti~’r. The photomulti pller ontput was fed to  a boxcar integr ator

(PAR 1 t~ 2—l b 3—S 5) . ihe dt ’cav curves , re co rded on a X— \ recorde t . we r~ ’ .tna lv :ed

over the first three lifetim es 1w t ak in~ the log o f t h e ’ tnt ens i tv vs .

time and fitt ing the po in t s  w i t h  a leas t  —square s  progr am . Pee ’av t m i ’s

obtai ned f rom d i f f e r e n t  measurements ,  at t h e  same pressure (2 -~ s a mp l t ’s ’t .

we re a l l  w i t h i n  3 ns of each othe r .  N.’ wavelength dependence

ot t h e’ decay t ime was observed . Ca l thra t  ton of the detec t  ion sy s tem wa s

pe r formed w i t h  t I uor anthene in cvc lo h ex ane  s o l u t i o n , f or  whi ch  t h e  decay

t ime  of fiuor escence  was found to he ~‘l ns (as compared to Si  ns reported

in the  l i t e r a t u r e  ( 1 1 1) .

3. Resu l t s

The gas—phase absorption and i luore scen~’e spect ra of the  compounds art ’

s h i f t e d  toward h i g he r en er gies 1w 30 nm from the solution spectro in

n—he xan e [11 1.  The f luorescence  s p e c t r u m  has more pronounced v ib r at  t on a l

— - T -

~~~~~~~~~
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~tru~~ ure on going~~~ om so~~ t ton to t~~~~gas phase ~~~~ver , n o s~~ ni I ican t

changes are observed in either the wavelength or the St ruct ure of t h e  sped rum

at different gas pressures.

The 11 uo resce ’nce ’ dec ay times for di I ferent experiment .el conditions

are summarjze’d in Table’ I . It is seen that In sol eel ion • .Jec•i v t i m e s  or

both compounds have values  close to that obtained in previous work (IS .2 us [l0~

or 31 ns (11 1  for  e t hy l  henz ene  and 10 us [ 10)  for  t e r t — b u t y l  henzene ) and

that the decay t ime ~f t — b u t y l  henzene ’ is approximateI~ one— third that (‘1

et h v  I benzene .

Upon go ing  t o  t h e  gas ph as e  , hot Ii compounds are found to have .4 mu ch  I ‘ n - cr

observed lit e t line than that In  sol ion (by a f a c t o r  of 2 — 1 for e’t liv 1 hen;~ ne

and b— 7 for the tert—bu tyl ). Furthermore , the large difference in h i f ~~t inc

between the two compounds vanishes in the gas phase. At pressures of 0.1 torr

or lower both compounds are found to have a lifetime of 80 nsec . Similar

behavior is observed also I or I sopropv I he’nzene. its lifetime is found to he

58 nsec at its saturated vapor pressure hut is increased to 80 nace’ at

b. ’ x l0 torr . in al t these measurements , the decay seems to be

exponential over three lifetimes .

4 . l~iscussion

The above r e s u l t s  can be summarized as fo l lows . in so lu t ion , the  observed

l i fe t ime ot e t hy l ht ’n?t ’ne is 100% longer than that f o r  t — b u t v l  henzene . In

the gas phase, however , the lifetime of both compounds is increased by ‘200~.

for ethyl benzen ’ and by “hOO% for t—hutvt benzene . Equally important , the

large difference in their lifetime dtsappears. The observed lifetime increases

s l o w ly  as the pressure is decreased and becomes 80 nsec at 0.10 torr or

lower  pressure s , tndepe~ dent e~f the’ s ub st i t u e n t .  Thus upon going from the

solution to the gas phase a large increase in the observed lifetime Is found

as Ut’ I I  as a l . irg i ’ decrease’ in t h~’ Se’115 i t  iv  i t~ of the I t  fe ’ t  tine to thi’ t vpe of

~~- —.-~-~

~~~~~ ,1~~~ “—
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substituent. These observations can be’ due to changes In the radiative ’ or

nonradi at lye p r o b a b i l i t y  upon go lug to the gas phase . Large changes in the

rad t a t  lye l i f e t i m e  can he examined by comparing the absorpt ion  spect ra  in

the gas and in solut ton . This has been ca r r i ed  out and the va lue  of (M~~ cm 1 )max

for solution is found t o h e ’~2S0 fo r  e t h y l  and ~ 200 for t—buty l henzenc

and tha t in the’ gas phase Is found t o  he ~~200 and 2SO for e t hy l  and t — b ut vl

henz ene , respe ct ivel y. The Franck—Condon envelope’ of t h e e  spec ’ rum doe t i c ’

cha nge in thee two phases. These observat Ions s t r o n g ly  suggest that the

300—600~ Inc rease in the observed I i  fet m e ’  upon changing ~o the  gas phas e  i s  due’

to changes in the non rad i at  ly e  p r o b a b i l i t y  which increase’s g r e a t ly  in

so l u t i o n . T h i s  f u r t h e r  suggests tha t the observed sensitivit y of these’

processes to suhstitue’nt In solution gives rise t o  the observed c e — s u h s t i t u e n t

effec t. This sensitivity as well as the nonradiative processes themselves

in solution must then be medium induced , e’.g., resul ti ng from solvent— solute

col l ision induced nonradiative (e.g., s0~~~
S
1
) processes ( i s  was r o u n d  ‘ or

~‘o 1 vmet liv I at ed benze’ne’s [4  1 or t rom t’eve rs lb 1 e ~‘r i r revers ib le  sot vent — so! c i t  C

photoche mis t i -v .

Acknowledgeme n t

The authors would like to thank the Office of Naval Research for their

f i n a nc i a l  suppor t .  J.P. would also l ike  to thank the Uni ted  S t a tes  N a t i o n a l

Academy e’ef Sciences for  t h e i r  f i n an c i a l  support  dur ing  the f irs t stage of

this p r o j e c t .

_ _ _ _ _ _  _ _ _ _  
___I1



7

Table 1. Decay times of f luorescence , 1 (±3 u s ) ,  of  e t l i v l b c n z e n e  and

tc’rt-butylbenzene measured at different experimental

conditions

‘ompound E t h v l b en z en e  t —But  v lb en z en e

C~ nd I t  ions  t ,ns T ,ns

*S o l u t i o n  31 i i

S a t u rat ed
vapor 53 60

Gas (p t). I t or r )  80 75

—
.)

~~~~ (p = 4 ~. 1.0 — t o r t )  81 7~

* -3
n—hexane s o l u t i o n , 2 x 10 M concen t r a t i on

II

I
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