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Abstract 

The effect of substituents on the Gngtet quenching and photoreaction of anthl-,lctxnc with indote derivattvey LV;I\ Inve\tigatcd in acetonitrilc 

and n-heptane solutions at 298 K. The photoreaction proceeds by the yuenching ol‘the excited singlet ol’anthr;lce~l~~ by the indoles. Blniolecular 

quenching rate constants in acetonitrile follow a Rehm--Welter type correlation In the nonpolar SOIVCIIL ,I-heprane. the rate constanta arc ot 

the same order of magnitude than those in acetonitrite. However. tnethgl cttbsttkution at the N helcroatonl III thr indole greatI> ~‘ehcei; Ihe 

quenching in [his solvent. In these cases. exciptex emission was observed. Thc\e diiI’crence\ II, quenchin? I:ap,lcIty may he cxpl:nned bh ;I 

charge transfer interaction followed by proton transfer in the excited state. when iI ix av;nlaht 1 L :II 111~‘ N- H hor~~i. 2 nonreactive tl~~ay route 
and exciplex emission is operating in the case of the N-CH, derivalives. Photohlrachlng clu;lnlunl yield\ \LC’IC ;rHsc) tletermincd ill bcptanc. 

.The substitution by methyl or cyano groups a~ 9 and 10 positions on the anrhf-acrnz ring ~LXXYI~~~ rhc I~*.ICIII)II c~t~;rn~urn cffic.ii,ll(,>. 

$1 1998 Elsevier Science S.A. All rights reserved. 

1. Introduction 

The reactions of excited states of’ aromatic hydrocarbons 

with aliphatic and aromatic amines are well documented 1 1 1 

In the case of polycyclic aromatic hydrocarbons ( PAHs ). 

these reactions lead to non-cyclic addition 01 the amine to Ihe 

aromatic rings, with the subsequent loss of con.jugation and 

photobleaching of the PAH. Particularly, the photoreactions 

of anthracenes with amines has been the subject 01’ several 

papers [Z--5 1. In polar solvents. the initial step in these ruac- 

tions is an electron transfer from the amine lo the excited 

state of the PAH 16 1. The photobleaching of‘ F’AIHs. caused 

hy nitrogen heterocycles has been less invcsligatett. We have 

heen interested in the detailed mechanism of the reaction of 

excited singlet pyrene with indole both in homogclneous 

[ ‘7,8] and heterogeneous media 18.91. More recently. an 

rnvestigation of the structural factors and solvent effect on 

the photoreaction of anthraccne with indolc wu\ publiahcd 

15 1. The photoreaction proceeds by the quenching of the 

oxcited singlet of anthracene hy the indok. 4 correlation of 

’ Deceased. Scptcmber 28. IYY7. 

the rate constants with the redox potential ofthe indoic deriv- 

ative was found in ace~onitrite. Ilo\\cver, in nonpolar media. 

the rate constants marhcdly deor~q~cd upon methyl suhsti- 

tution on the N atom ol the indolc rung. It was also observed 

that ttlc photobleaching efficicnq was higher in nonpolar 

solvents. and that it ~ai; nearl) totally suppress& hy the /I’- 

niethh I substitution 1 S 1 

In this paper. we prcscnt rexuIIs on Ihe effect ofsul~~titution 

on the anthracene ring. Methyl .~nd cyano groups al the posi- 

tions 0 and IO greatly inlluencc the quenching rate constants 

and the photorcaction yield. Sc~r,~l indote derivatives were 

also cmploycd in orttcr to clarili I/W cffcct of RI-methyl suh- 

stituticm on the qucnchinf. Himc~l~~~~tlar q”enchins rate CYM- 

stant\ wcrc‘ detcrmincd in acettinitrlk and /r-hcplanc,. In the 

polar medium. they NIX lountt I( 1 thllow :I Kchm~Wcllet 

t)‘pe cc)rrclatior L\ ilh the i‘rcc ~~net,~~ ch;tnge for an clccwon 

transl>r proces\. In heplanc. cxc~~pl~~\ emission was observed 

ill GM’\ when the rcacti\‘c dcca\ ot tllc charge transfer inter- 

mediak is blocked bv mcthyt \rth\tlraIlion. 

2. Experimental 

Anthracenc. ‘)-mcthylanthracer~~. 9. IO-dimethylanthrz 

cene. ‘)-cy~lnoanthraccne and 9. I I)~tticyanoanthr~lce~~c were 



from Aldrich and were used without further purification. It 
was checked that their photophysical properties coincide with 
those reported in the literature. lndole, I ,2-dimethylindole 
and 3-methylindole, from Sigma, were purified by recrystal- 
lization. I -Methylindole from Aldrich was purified by frac- 
tional distillation under nitrogen. The solvents acetonitrile 
and rz-heptane were from Sintorgan, HPLC grade. and they 
were used as received. 

kd ket 
,AJ)’ + In _ (An’...h) - (,C’... In+.) L products 

k-d 

Stationary fluorescence quenching experiments were car- 
ried out with an Spex Fluoromax spectrofuorometer. Fluo- 
rescence lifetime were measured with the time-correlated 
single-photon counting technique on an Edinburgh Instru- 
ments OR900 equipment. 

acetonitrile. They reach the diffusion limit for the cyanoan- 
thracenes, while they fall down with methyl substitution. The 
detailed mechanism may be written as Scheme I. 

According to the reaction scheme, the rate constant 
becomes 

The continuous photolysis experiments were carried out 
with a I SO-W Xe lamp coupled to a grating monochromator 
(Photon Technology International). Irradiation wavelength 
was chosen to coincide with the maximum of the lower energy 
UV band of the anthracenes. Photobleaching quantum yields 
were determined with Aberchrome 540 actinometer as 
described earlier [ 81. 

k, = 
k,ke, 

k. ,,+kc, 

Eq. ( I ) may be reordered to 

All measurements were performed in deaerated solutions 
at 298 K. 

I I I 

I,=-C’ K,>k,., 

3. Results and discussion 

where kci is the diffusional rate constant and KI,= k,,/k -(, is 
the equilibrium constant for the formation of the precursor 
complex. For uncharged reactants, KI, depends only on ,rII. 
the.: donor-acceptor distance in the precursor complex. Usu- 
ally, KL) is in the range 0.5-0.X M ’ [ IO]. 

3. I. Singlet quenchiilg in wetonitrile The electron transfer rate constant k,, may be written as 
IIll 

The quenching by indole derivatives of anthracene and 
9. IO substituted anthracenes was measured in acetonitrile and 
in n-heptane. Bimolecular quenching rate constant k,, were 
determined experimentally from Stem-Volmer plots of 
fluorescence intensity or by measuring the anthracene 
fluorescence lifetime 7. as a function of indole concentration. 
Replicate runs produced values that were within 5%. The 
values of k,, in acetonitrile are collected in Table I. 

k,,=-Ku,, exp(-N”lRT) 13) 

where K is the transmission coefficient (unity for an adiabatic 
reaction) and Y,, is a nuclear frequency factor (usually 
between IO” and 10” s ’ ). The activation Gibbs energy 
derived from the Marcus classical theory for electron transfer 
[ I I I. is given by 

In our previous work, we have established by laser flash 
photolysis experiments that the quenching of anthracene by 
indole in acetonitrile is an electron transfer reaction [ 51. This 
is confirmed here by the substituents effect on the rate con- 
stants. The rate constants increase with the electron acceptor 
capability of the anthracene and with the electron donating 
ability of the indole, as measured by their redox potentials in 

where AG” is the overall Gibbs energy change for the electron 
transfer process. 

The reorganization energy A, has two contributions: 

h=A,,,+h,,,,, (5) 

Table I 

Bimolecular quenching rate ctrn%tants of anthraccne? excited ringlet hy mdoles in acetonitrile at 29X K 

An + In Pa-’ + In+ 

scllcIntz I 

(1) 

(2) 

(4) 

k,, ( IO M ’ s ’ I 
-- 

Indole I -Methylindole 1.2.Dimethylindole !-Mcthylindole i-Methylindolr 
(I.21 VI I l.ZOVi i 1.09 V) ( I .07 v ) I1.03V) 

Anthracene 9.6 5.6 1‘1.0 I-I 7 76.11 
9-Methylanthracene 0.x0 O.h.5 X.9 91 Ih.0 
9. I O-Dimethylanthracenc 0.04 0. Ih I .96 5.6 

WZynnoanthracene 26.0 71.0 30.9 

9.10.Dicyanoanthraccne 75.0 ‘1.0 14.0 
--- 

‘I From Ref. ) 5 1, 



The inner term, A,,, arises in structural changes on going 

from the equilibrium configuration of the reactants to that of 

the products. The second term. A,,,, is called the solvent reor- 

ganization energy, and it is the major contribution to the total 

reorganization energy for electron transfer reactions involv- 

ing rigid organic molecules. When a dielectric continuum 

model is applied, the solvent contribution. assuming spherical 

shape for the reactants, A,,,,, can be written as ( I I 1 

1 (6) 

where cr,,,, and F, are the optical and static dielectric constants 

respectively. and r,? = r, + I” i< the sum of the molecularradii 

of the reactants. 

According to Rehm and Weller [ 121. the Gibbs energy 

change in the electron transfer process can be calculated from 

the redox potentials of the donor E, II:I) ) and acceptor 

F 1 i\iA 1. and the energy of the excited state involved 

where P’ is the energy of the singlet excited state of the 

anthracenes. and the last term represents the coulombic 

energy necessary to form an ion pair with charges %, and Z2 

in a medium of dielectric constant c: at a distance r,?, In the 

present case. AGo was calculated with the rrduction potentials 

and excited state energies of‘thc anthracenes as reported in 

the literature [ 131. There are some discrepancies in the lit- 

erature about the oxidation potential of the indoles ( I3 I. We 

have used in Eq. (7) the values given in Table I. They arc 

based on a value of 0.97 V in water vs. NHE for indole. 

measured hy cyclic voltammctry [ I.5 I. For the mcthyl-sub- 

\tituted indoles we employed the relative values derived from 

pulse radiolysis kinetic measurement [ 13.16 I. The value5 

were normalized to 0.97 V for indole and rcfcrred IO the SCX 

by adding 0.23 I V. The coulombic term ~XS taken as - 0.05 

cV. assuming a separation distance of 0.X ntn. 

A log plot of the quenching rate constantx in MeCN as a 

function of LIG” can be seen in Fig. I. The solid line was 

~~alculated with Eqs. (?)-( 7 ) and the paramercrs X,,, K,,v,, 

and A set to 2.5 X IO”’ M I ‘. I x IO” ‘Y ’ mrl 0.90 CV. 

respectively. The value of k,, agrees well with the diffusion 

limit in acetonitrile 1 I? 1. The values of‘ the other two para- 

meters are typical for an electrotl transfer procc\s in this 

SolLctlt [ 171. 

In the nonpolar solvent. fr-hcptanc. the rate constants are 

of the same order of magnitude than those in acetonitrile. The 

value\ are presented in Table 2. For a given indole derivative. 

they increase with the electron acceptor capacity of the 

anthrilcenc approaching the diffusional limit in this solvent 

for the cyanoanthracenes. However, while in acetonitrile the 

rate cll)nstants for indolc and Ihc I-methyl derivative are very 

close. in rz-heptanc. the rate constants for I -methylindolc arc 

very much lower than those for indole itself. Since the oxi- 

dation potentials of hoth compounds are practically the same, 

this \,ariance must arise from some mechanistic differences 

in the nonpolar medium. 

Jt is well known that polycqclic aromatic hydrocarbons 

and their derivatives form ernis\ivia cxciplexes with electron 

donorr in nonpolar solvents. I:xcipli:x emission ~21s previ- 

ously observed for cyano-substitulc‘ti anthracenes quenched 

by I .?-cyclohexadiene and I .2-tiimcthoxybenzenc in tneth- 

ylcyclohexane 1 IS]. Jfowevcr. l’or itldnle anti its derivatives. 

the only reported exciplex is for Ihib quenching of pyrcne and 

O-cyallopyrene by I .?-dimethyt~ntlolo I I9 I. In ollr previous 

studies of pyrenc quenching by indole in solvents of varying 

polarily 17.8 1, exciplex emission C\;IS not ohservr,cl. In the 

present case. however, when anthrncene dcrivati\es are 

quenched by N-mixthy substituted Inrlolcs. a new rctl shifted 

Huore~cence band appears at high quencher concentration. 



56 

2 
I I 

[l.Zd~methyl~~dole] /M 

0 
400 450 500 550 600 

Fig, 2. Quenching of 9-cyanoanthl-;lcene fluorescence h) 1.7.dimcthylindol~ 

in heptane. 

nm 

Fig, 3. Quenching of Y-cyanoanthruccne Huoresccnce hy I -mcthylindolP In 

heptane. 

350 400 450 500 

nm 

Fig. 4. Quenching of anthracene Ruoreuccnce by I-methylindolc in heplane. 

that can be ascribed to an exciplex emission. Figs. 2 and 3 

show typical examples where an iso-emissive point is clearly 

observed. The exciplex emission in the case of anthracene 

and methylanthracenes is submerged under the monomer 

emission, and the effect manifests as an increase in the hands 

of longer wavelengths (Fig. 4). The position of the exciplex 

emission, for the four systems where it can be clearly estab- 

lished, is presented in Table 3. It can be seen that it moves to 

the red as the charge transfer stateis more stabilized according 

to the redox potentials. This behavior is typical of a polar 

exciplex. 

On the other hand, in the case of quenching by N-H 

indoles. only a decrease of the anthracenc bands is observed. 

This is similar to the behavior of the pyrene-indole system. 

These observations may be explained by the I‘ollowing mech- 

anism for the quenching process in heptanc ( Scheme 2 ), 

where ( A” ..R- In’+ ) stands for the polar exciplcx and 

Tahlc 3 

Emission maxima of the cxciplex band ( on,) 
.-- 

I Merhvlmdole 
-- -~--.-. 

Y-Cyanoanthracenc JO7 

9.lO-Dicyunoanthl-agent 570 

- 

I .?-Dimethplindolc 

513 

595 

* i 

I -. kR 
j =-.. 

I-. 
A A(H)’ + In(-H) 

kM 

v t A + R-In -- . ..- 

Schcrrli~ ’ 

A(H)’ and In( --H)’ are the ;Inthryl and indolyl radicals 

fat-med from the exciplex. 

As suggested before [ 5 I, the lower rate constants and the 

lack of reactivity for N-methyl derivatives in heptane is what 

may be expected from an extrapolation of the behavior in 

polar solvents. The electron transfer operating in acetonitrile 

is IIOW replaced by the formation ofapolaremissiveexciplex. 

What is anomalous is the high quenching efficiency of the 

N-- H derivatives. In Scheme 2. I’oliowing Birka’ [ 301 nomen- 

clature. k,.,,, and Ic,;[; are the radiative and nonradiative rate 

constants for the exciptex decay. When R = CH.,. these are 

the only deactivation routes However, when R = H. a new 

proton transfer process offers a IICW and very fast decay route 

for the exciplex. In this case. X,, i> k,. +klLM and the exciplex 

emission is not obser\ ed. 

Time-resolved measurements of the fluorescence decay at 

the emission wavelengths of O-cyanoanthacene local excited 

state ( 403 nm) and those correxponding to the exciplex were 

performed for the cast of the clucnchers I -methylindole and 

I .?-dimethylindole. For the lattct. the decay at 403 nm fol- 

lows a single exponential kinetic,\ from which a rate constant 

results in agrecmcnt with the result of stationary fluorescence 

intensity measurements. For the k,xciplcx emission. the typ-- 

cal hi-exponential growth and decay is observed. This is 

indicative 01‘ a non-reversihlc cxciplex mechanism, i.e., 

k,., + k,;, > k,,. The diffusion Ilmit value of the quenching 

rat\.: constant in Table 2 for thix system is also in agreement 

with the very fast decay of the L%xciplex. On the other hand. 

when the same experiments WCII* carried out with I -methy- 

lindole. the emission at 303 nm decays by a bi-exponential 

law. For this quencher, the rate constant from static measure- 

ments is lower than the dit’fuhion limit, and the return to the 

local excited state cornpeter with ~hc exciplex decay to ground 

stale. 

11 detailed study of the influence of the solvent polarity 

and indole structure on the quantum yield of anthracene 
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Fig. 5. Photobleaching ol~anthracene in the pre\encc off-meth~lindolr. 

Table .I 

Quantum yields of anthracrnea photobleaching by i-methylindole 1~ 

wheptane at 29X K 

(r,, 

.4nthracene 

9-Methylanthracene 

I),lO-Dimethylanthracene 

9-Cyanoanthracene 

0. IO-Dicyanoanthracene 

photobleaching in the presence of indoles was previously 
published ] 51. HowebIer. the effect of the substitution on the 
anthracene ring was not investigated. 

When the anthracene derivatives are irradiated in the UV 
band of maximum intensity in the region 330340 nm in the 
presence of 3-methylindole in n-heptane, the absorption spcc- 
trum of the anthracenc decreases in intensity without any 
apparent change in the spectral shape. A typical example is 
shown in Fig, 5. Under similar conditions of irradiation in 
the absence of indole, the photobleaching was negligible. 

The photobleaching quantum yield @, was determined 
with the actinometer Aberchrome 540 as described in Section 
2. In Table 4. the quantum yields for the same fraction of 
Gnglet quenching of several anthracene derivatives by J- 
methylindole in fr-heptane are collected. 

The quantum yields decrease when the positions 9, or 9 
and IO on the anthracene are substituted. This decrease is due 
to two factors. First. the photobleaching may be understood 
as a radical, or radical ion addition in a polar solvent, to 
positions 9 and 10 of the hydrocarbon. This breaks the struc- 
ture of the anthracene chromophore. and accordingly. the 
typical absorption bands of the conjugated aromatic rings 
diminish in intensity. When these positions are blocked by 
substituents. the attack by reactive species is less cfticient. 
and the photobleaching is diminished. Second, it may be 
observed in Table 4 that the quantum efticiency of the 
+anoanthracenes is much less than that of the methyl anthra- 
cenes. These may be explained by the higher electron accep- 
ror capacity of the cyano derivative as compared with the 
methyl-substituted anthracene. Accordingly. the energy level 
of the exciplex is lower in the case of the cyanoanthracenea. 

Therefore, considering the energy gap law, the decay frorn 
this polar intermediate to ground state, k,, should favorably 
compete with the reaction pathway. k, and the quantum yield 
decreases. 

In summary, we have shown that the excited state quench- 
ing of anthracenes by methyl-substituted indoles follows an 
electron transfer kinetics in acetonitrile. In n-heptane, the 
results may be explained by the formation of a polarexciplex. 
The decay of the exciplex depends strongly on the substitu- 
tion on the N atom of the indolt~ ring. When it is methyl-- 
substituted, exciplex emission is observed. This emission is 
absent for the N-H indoles. For the latter, the quenching rate 
constants and photoreaction yield are very much higher than 
thoac of the methyl-substituted clcrivatives. This behavior 
may be explained by a fast H atom transfer reaction as an 
alternative route for the exciplex decay. The effect of substi- 
tution on the anthracene ring on the photochemistry in hep- 
tanc may be explained by the same cxciplex mechanism. 
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