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S u m m a r y  

Ra te  cons tan ts  kq for  f luorescence  quench ing  o f  eleven 9 and 9 ,1 0  
subs t i tu ted  an thracenes  (Ai) by  t r i s (pen t a f l uo rop h en y l )p h o sp h in e  (FP)  are 
r epor t ed .  Corre la t ions  o f  kq wi th  the  e lec t ronic  p roper t i es  o f  Ai and FP 
reveal tha t  A + F P -  charge- t ransfer  in te rac t ions  are i m p o r t a n t  in the  quench-  
ing process  fo r  several o f  the  Ai. No one  quench ing  mechanism is able to  
explain all o f  the  data.  T h e  quench ing  mechan ism o f  an thracene ,  9-methyl -  
an th racene  and 9 , 10 -d ime thy l an th r acene  in benzene  appears  to  lack a path- 
way available to  an th racenes  whose  subs t i tuents  conta in  a lone  pair  o f  
e lectrons.  

1. I n t r o d u c t i o n  

We have previously  [1, 2] descr ibed the  f luorescence  quench ing  o f  
eleven 9 or  9 ,10  subs t i tu ted  an thracenes  (Ai) by  t r i pheny lphosph ine  (P) and 
N,N<i imethylan i l ine  (DMA) which p roceeds  via f o rm a t io n  o f  exciplexes.  
Corre la t ions  be tween  the  observed  quench ing  ra te  cons tan ts  kq and elec- 
t ron ic  p roper t i e s  o f  the  A,. and quenche r  led to  a n u m b e r  o f  conclus ions  con-  
cerning the  mechanisms  which are operat ive .  I t  was shown tha t  t he  degree  o f  
A - X  + (X=P or  DMA) charge- t ransfer  charac te r  in the  quench ing  steps in- 
creases wi th  solvent  dielectr ic  and wi th  the  e lec t ron-wi thdrawing  abi l i ty  o f  
the  subs t i tuents  on  the  an th racene  rings. In some exper iments ,  especially 
those  c o n d u c t e d  in benzene  and wi th  Ai con ta in ing  e lec t ron-dona t ing  sub- 

tA preliminary account of this work was presented at the 169th ACS National 
Meeting, Philadelphia, Pa., April 6 - 11, 1975, ORGN 12. Portions of this paper have been 
abstracted from the Ph.D. thesis of M. E. R. Marcondes, Universidade de S~o Paulo, S~o 
Paulo, Brazil, 1976. 
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stituents, the quenching mechanism appeared to involve exciplexes in which 
charge transfer is less important  than excitation-resonance stabilization. 
However, in no case was it necessary to include A+X - charge-transfer contri- 
butions in order to describe the exciplexes adequately. 

To determine whether further electronic modification of  either Ai or 
quencher, wi thout  grossly altering the structure of  either, can yield ex- 
ciplexes in which the A+X - stabilization is evident, we have extended our 
study to include tris(pentafluorophenyl)phosphine (FP) as quencher. The 
choice of  FP represents a logical extension of  our previous work with P: FP 
and P contain a lone pair of  electrons on their phosphorus heteroatoms 
(potential electron donors) and are similar in structure. However, the sub- 
st i tution of  fluorines for the ring hydrogens of  P should make FP a potent  
electron acceptor t . 

Assuming a standard exciplex kinetic scheme like the following, 

hi) 
A 1A (1) 

1A k 2 A or 3A (2) 

1A k3 A + by' (3) 

1A + FP k4 I(A. FP) (4) 

I(A.FP) k5 1A + FP (5) 

I(A.FP) k6 hv" A + FP + (6) 

I(A.FP) kv SA + FP or products (7) 

I(A.FP) ks A + + FP- (8) 

Io k4(k6 
- 1 +  

I 

+ k7 + ks)[FP] 
= 1 + kqr[FP] (9) 

(ks + ks + k7 + ks)(k2 + k3)  

kq can be determined conveniently via Stern-Volmer t reatment  of  the 
fluorescence intensities in the absence (I 0) and presence (I) of FP (see 
eqn. (9}). 

Since kq is really a composite of  several rate constants, determination 
of  the dependence of  each component  rate constant  on the solvent and the 
nature of  the substituents on At would offer the maximum information. This 
type of analysis, although possible, is difficult, tedious and has been per- 
formed in only a limited number of  cases (e.g. ref. 4 and references cited 
therein). Alternatively, conclusions can be drawn from the dependence of  
kq on the electronic properties of  Ai and FP. In this work we have followed 
the latter course in order to develop a structure-reactivity relation for the 
quenching mechanism. Our results demonstrate clearly that  the trends of kq 

tThe electronegativities of H and F on the electrostatic scale are 2.1 and 4.1 
respectively [ 3 ]. 
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observed in the Ai-P or Ai-DMA systems [1, 2] are reversed when FP is the 
quencher.  

R2 
Ai 

i R1 R2 
1 CN CN 
2 H CN 
3 Br Br 
4 H Br 
5 C1 Cl 
6 H C1 
7 H H 
8 H Me 
9 Me Me 

10 H OMe 
11 OMe OMe 

2. Experimental  

The methods,  chemicals and apparatus are, for the most  part, as de- 
scribed previously [ 1 ].  

FP was synthesized by the method  of  Wall e t  al. [5] .  The product ,  with 
melting point  109 - 114 °C {literature value [5] ,  116 - 117 °C), was obtained 
in 30% yield after  sublimation at 3 Torr. Resublimation resulted in a white 
solid, with melting point  113 - 114 °C, whose UV spectrum (methanol)  dis- 
played ~ a x  = 253 nm (e = 10 600) and ~,~in = 240 nm (e = 8960) 
(literature values [5 ] ,  ~'max = 253 nm (e = 10 400) and ~min = 241 nm {e = 
8900)).  

Half-wave oxidat ion potentials of  the Ai were measured with Sargent 
Model III and Model XV polarographs. Internal resistances in the solutions 
were less than 300 ~ in all cases. Acetonitri le solutions, containing 10 -2 - 
10 -3 M Ai and 0.5 M dry  sodium perchlorate as electrolyte,  were thermo- 
statted at 26 °C and were deoxygenated  by bubbling dry nitrogen through 
the liquid. All measurements were performed in duplicate. The reference 
electrode was an Ag/AgNO3 (0.1 M) couple and the working electrode was 
a platinum wire spun at 1800 rev min -1. The half-wave reduct ion potential  
of  FP at 26 °C in a deoxygenated  acetonitrile solution (0.1 M dry  tetra- 
e thy lammonium iodide as electrolyte)  was found to be -- 1.15 V v e r s u s  a 

mercury  pool. 
No new UV absorptions were observed when the Ai were mixed in 

benzene with the largest concentra t ion o f  FP employed in the S te rn -Volmer  
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TABLE 1 

Data related to the quenching of A i singlets by FP 

Ai kq × 10 -8 (M -1 s -1) 

Observed a Calculated b 

E (A+/A) 
(V vs .  Ag/Ag + 
in acetonitrile) 

kqi(acetonitrile) 

kqi(benzene) 

A 1 < 0.1 1.43 
A 2 0.42 (0.32) 17 1.14 0.8 
A 3 2.5 1.08 
A 4 9.3 0.98 
A 5 1.1 (2.7) 46 1.04 2.5 
A 6 7.0 0.97 
A 7 3.7 (49) 130 0.85 13 
A s 2.8 0.75 
A 9 4.0 (93) 130 0.69 23 
A10 14 0.65 
All 17 (43) 130 0.59 2.5 

aNumbers in parentheses are from experiments performed in acetonitrile; all 
other rate constants were determined in benzene. 
bAccording to the method of Weller [14] (eqn. (10)). 

exper iments .  These same samples were irradiated in the  sample chambe r  o f  
our  s p e c t r o p h o t o f l u o r o m e t e r  ( H g - X e  lamp) for  15 min at the  exc i ta t ion  
wavelengths  cor responding  to  the  0,0 bands  o f  the Ai e m p l o y e d  in the 
S t e r n - V o l m e r  exper iments .  The  decreases in f luorescence intensities ranged 
f rom a b o u t  1% for  A7 to  a b o u t  5% for  A10. 

All A~ exci ta t ions  were at ~, ~ 350 nm,  where FP absorp t ion  is a lmost  
zero. No emissions o the r  than  those  f rom Ai were observed when  degassed 
sealed benzene  or  acetoni t r i le  solut ions  o f  A~ and FP were irradiated.  Direct  
exci ta t ion  o f  FP in degassed cyc lohexane  at ambien t  t empera tu res  and in the  
absence o f  Ai resulted in no discernible emissions. 

Correla t ion coeff ic ients  for  slopes o f  S t e r n - V o l m e r  plots  cons t ruc t ed  
f rom the  f luorescence  quench ing  da ta  were no t  less than  0 ,98 excep t  for  
A2 in acetoni tr i le  (r = 0.94).  Each plot  compr ised  at least six da ta  points.  

3. Results  and discussion 

Rate  cons tan t s  kq for  the  supression of  Ai f luorescence,  half-wave 
ox ida t ion  potent ia ls  for  Ai and o ther  per t inen t  da ta  n o t  repor ted  elsewhere 
[1, 2] are summar ized  in Table 1. The  es t imated  errors in hq near  kdi~sion 
and m u c h  less than  kdiffusio n are + 20% and + 40% respectively.  The  fluores- 
cence quench ing  o f  A1 by  FP was insuff icient  to  allow a kq to  be calculated.  
An  upper  l imit o f  107 M -1 s -1 was es t imated based u p o n  the  sensitivity o f  
our  s p e c t r o p h o t o f l u o r o m e t e r .  

The  t rend  of  kq to  increase as the  subst i tuents  on Ai b e c o m e  more  elec- 
t roposi t ive  as def ined by  Ingold  [6]  is incompat ib le  with exciplex f o r m a t i o n  
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Fig. 1. P|ot of log kq us. 1E00 for A i singlet quenching by FP in benzene. 

in which A- FP* charge-transfer interactions are important:  the kq increase 
as the electron~lonating ability of  the Ai increases. Our previous studies with 
P and DMA as quenchers showed a completely different trend which indi- 
cated the lack of  importance of  A * P- and A* DMA- exciplex interactions. 

Similar reversals in the charge-transfer character of  quenching mecha- 
nisms have been observed by others when singlets of  naphthalene derivatives 
are supressed by  carbon tetrachloride and diethylamine [7] ,  when singlets of  
anthracene derivatives are intercepted by benzonitrile and anisole [ 8] or by  
4 ,4 ' -d imethoxy- l , l -d iphenyle thylene  and 4,4 ' -dini t ro-l , l -diphenylethylene 
[9 ] ,  and when triplets of  benzophenone derivatives are quenched by  sub- 
st i tuted benzenes [10] .  

We have reported that  the Hammet t  plot  of  log ( k q i / k J )  versus o for  Ai 
fluorescence quenching by P has two positive p slopes [11] t .  A Hammet t  
correlation, employing FP as quencher,  yields a reasonable fit to a single 
straight line whose slope is unmistakably negative: p = -- 1.15 (r = 0.937); 
p* -- -- 0.78 (r = 0.939). While these results are of  qualitative interest, 
especially with regard to the change of  sign of  the p slopes, we are reluctant 
to discuss them quantitatively since it is unclear whether  or not  ground state 
os can be applied directly to excited states ~ ~. 

As has been noted by Hammond and coworkers [13] ,  a correlation be- 
tween log kq and the Ai singlet excitation energies lEo0 should exist for  a 
series of  exciplexes which are primarily excitation-resonance stabilized. The 
resonance contr ibut ion from excitation resonance will be a maximum when 

1"Two positive p slopes, similar in magnitude to those reported for P, are 
found when DMA is the quencher. 

%TThis question is being investigated [12] .  
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Fig. 2. Plot of log kq vs. -- 1E00 + E(A+/A) for A i singlet quenching in benzene (e) and 
in acetonitrile (©). An approximate best fit curve is drawn for the benzene points from 
A i with substituents containing lone pairs of electrons. 

charge-transfer resonance is minimized ( i .e .  in non-polar solvents). Figure 1 
shows a plot  of  log kq  ve r sus  1Eoo for  the A~ being quenched by FP. As can 
be seen, no clear trend exists, although log kq appears to increase as 1E00 
increases. 

Weller's semi-empirical theory  of  fluorescence quenching via exciplex 
formation applies when A + FP- charge-transfer interactions dominate  [14] .  
The theory  predicts that  two limiting slopes should be observed when kq (as 
log kq), which varies from n e a r  kdiffusio n to much less than kdiffusion,  is 
plot ted against --  1E0o + E(A÷/A). Figure 2 shows such a plot for kq ob- 
tained in benzene, a non-polar solvent (e = 2.28), and in acetonitrile,  a polar 
solvent (e = 38.8). Since only five points in acetonitrile were obtained, no 
best fit line was a t tempted.  At first glance the data in benzene do not  appear 
to allow a reasonable best fit  line. However, a curve whose shape is near that  
predicted [14] can be drawn for  the seven points for  which the substituents 
contain an unshared pair or electrons. The Ai (i = 7 - 9) for  which no un- 
shared electrons are on the substituents fall far below the curve. That  Av - 
A9 do exhibit  kq lower than "no rma l "  is supported by the ratio of  the kq in 
acetonitrile and benzene {Table 1). Of the five ratios measured, only those of  
Av and A9 are much larger than the value of  2.2 obtained for the self-diffu- 
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sion ratio of  the solvents t .  In addition, a plot of  log kq (benzene) versus 
-- 1E00 + IPA (where IPA is the ionization potential of  the Ai {obtained 
from ref. 15)) for A2 - A10 is similar in appearance to Fig. 2. The points for 
A7 - A9 fall below the curve described by the other data. Thus, it appears 
that  an important  quenching pathway available to the other A~ in benzene is 
not  operative in A7 - A9. Considering the differences between A7 - A9 and 
the other Ai and the electrophflic nature of  the quencher FP, it seems 
plausible that  the unavailable pathway involves a substantial charge-transfer 
interaction between Ai and FP. 

The data in acetonitrile indicate that  the more polar solvent allows the 
charge-transfer quenching pathway (or another of  equal efficiency) to occur 
with A7 - A9. The Weller theory [14] has predictive value in that  kq in 
acetonitrile can be calculated for an A ÷ FP- charge-transfer-dominated 
quenching process as follows: 

20 × 109 M -i s -i 
kq = (10) 

1 + 0 .25{exp(AH*/RT)  + exp(AH/RT)}  

AH = E(A+/A) -- E(FP-/FP)  -- 1E00 -- e2/er (11) 

where AH* is the enthalpy of activation for step (8) in which the exciplex 
(A.FP) is depicted as an encounter  complex and AH, given in eqn. (11), is 
the thermodynamic ethalpy difference for the same step. AH* is approxi- 
mated by a best fit equation in which AH is the only variable. The coulombic 
term e2/er in eqn. (11) is approximated also since the distance r between 
Ai and FP at which electron transfer occurs is unknown. Previous work 
indicates that  r ~ 6 A (and e2/er .~ 0.05 eV) is appropriate [2, 16].  The 
calculated kq (Table 1) do not  agree well with the observed values when 
kq ~ kdi~h~on. The observed and calculated values do approach Weller's 
self-imposed difference limit of  + 100% when kq is near kdi~usion. 

Interestingly, A7, A9 and All  seem to behave similarly in acetonitrile, 
both on the basis of  Fig. 2 and of  the proximity of their observed and cal- 
culated kq. It would appear, then, that  at least the singlets of  Ai with elec- 
tron-donating substituents are quenched by FP in acetonitrile by a predom- 
inantly charge-transfer mechanism. In benzene only those A i whose sub- 
stituents are electron donating and which contain lone pairs of  electrons 
undergo quenching via a similar pathway. 

While it is tempting to discuss further why A7 - A9 do not  react like 
the other Ai in benzene, the paucity of  data makes a detailed analysis in- 
appropriate and any further conclusions speculative at best. The results 
obtained thus far clearly demonstrate that  neither excitation-resonance nor 
charge-transfer models alone can account for the quenching of  all of  the Ai 
by FP. The trend in the kqs, to increase as the electron richness of  the sub- 

tThe error in these ratios, especially for A2, is potentially large. The trends, however, 
are unmistakable and beyond possible error. 
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stituents on Ai increases, is opposi te  that  found when either P or DMA was 
quencher. The results discussed here, combined with those reported pre- 
viously, clearly show that  the electronic nature of  a series of  exciplexes com- 
prising structurally similar quenchers and quenchees can be altered complete- 
ly by  altering the electronic properties of  either component :  a complete  
spectrum of  exciplex types,  varying from A÷X - to A - X  ÷, has been found. 
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