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The molecular fluorescence of phenol and alkylphenols is concentration and 
solvent dependent1 but excimer formation has not been reported previously. The 
self-quenching observed for concentrated solutions need not necessarily be 
explained in terms of excimer formation. Alternative explanations for this effect 
involve hydrogen-bonding between: (i) two ground state phenol molecules, Le. 
simple dimerization; and (ii) a ground state phenol and a phenol molecule excited 
into the lowest singlet state. The lowest singlet state of phenol is more acidic than 
the ground state293 so the involvement of this excited state in hydrogen bonding 
could be considerable. 

Experimental 
Fluorescence spectra were recorded with a Perkin-Elmer Fluorescence 

Spectrophotometer MPF 2A. Cyclohexane solutions of substituted phenol (0.01 M) 
were purged with oxygen-free nitrogen for 5 min prior to recording the spectra. 
Quantum yields of fluorescence were determined relative to benzene and toluene 
standards according to the procedures recommended by Berlman4. Electronic 
absorption spectra were recorded with a Pye Unicam SP800 spectrophotometer. 

.Results and Discussion 
The fluorescence quantum yields (@MI?) for cyclohexane solutions (0.01 M) 

of phenol and alkylphenols were determined (Table 1). Alkyl substitution at the 
o- and m-positions was ineffective in concentration quenching and the two positions 
appear to be almost equivalent (lines l-3). However, alkyl substitution at the 
p-position resulted in greatly enhanced concentration quenching (lines 4-6). 
Electron density calculations5 have confirmed that the p-position occupies a unique 
environment in the phenol excited singlet states. This is contrary to the ground state 
molecule where the o- and p-positions are the important resonance sitess. By a 
comparison of the results in Table 1 it was clear that the size of the substituent was 
also an important criterion in the quenching mechanism. The efficiency of fluores- 
cence quenching decreased in the order of substituents: 4-Me>4-But - 4-nonyl > 
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TABLE 1 

FLUORESCENCE PROPERTIES OF ALKYLPHENOLS IN CYCLOHEXANE SOLUTION (0.01 hf) 

Line Compound @BIFb itmix MF (nm) 

1 Phenol 0.0042 296 
2 o-Cresol 0.0051 305 
3 in-Cresol 0.0048 304 
4 p-Crew1 0.0022 310 
5 p-t-Butylphenol 0.0027 310 
6 p-l,l-Di(methyl)heptylphenols 0.0027 303 
7 2,6-Di-t-butyl-4-methylphenol 0.0070 308 

a Nonylphenol . 
b Error limits & 0.0002. 

2,6-(But)z-4-Me. The ineffective fluorescence quenching shown by 2,6-Di-t-butyl- 
4-methylphenol was due to steric crowding around the hydroxy group. These 
observations suggested that the mechanism for concentration quenching of the 
phenol molecular fluorescence involved the hydroxyl group, the stereochemistry 
of the molecule and the position of substitution. 

In order to assess the importance of excimer formation in the quenching 
mechanism we have studied the fluorescence spectra of alkylphenols at higher 
concentration (0.11 AN)_ With the same excitation wavelength (280 nm) as was used 
for the more dilute solutions, a new band was observed in the fluorescence spectra 
of the p-substituted phenols. This new emission was characterized by a broad, 
structureless band at longer wavelength than the molecular fluorescence (Table 2) 
The fluorescence spectra of diluted (0.01 M) and concentrated (0.11 M) cyclo- 
hexane solutions ofp-cresol are shown in Fig. l(a). This new emission was detected 
only for the p-substituted alkylphenols (Table 2), an observation which emphasizes 
the importance in the fluorescence quenching mechanism of an electron-donating 
group situated at the p-position. Fluorescence excitation spectra indicated that the 
species responsible for this new emission had an absorption spectrum identical with 

280 300 320 340 360 380 400 420 440 280 x30 320 340 360 380 400 420 440460 

A/nm h/nm 

Fig. 1. Fluorescence spectrum of (a)p-cresol using 280 nm excitation -0.01 M,- - -0.11 M 
cyclohexane solution; (b) m-cresol (0.11 M) - 280 run excitation, - - - 300 nm excitation. 
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TABLE 2 

EXCIMER FLUORESCENCE PROPERTIES FOR ALKYLPHENOLS IN CYCLOHEXANE SOLUTION (0.11 i%f) 

Line Compound A,,,% (M-l) AEF b-‘> @EF- 

Phenol 300 
o-Cresol 300 
m-Cresol 300 
p-Cresol 280 

300 
p-t-Butylphenol 280 

300 
310 
320 

P-f,l-Di(methyl)heptylphenola 280 
300 
320 
340 
360 
380 

2,6-Di-t-butyl-4-methylphenol 300 

362 
347 
357 
357 
353 
353 
361 
367 
351 
351 
353 
367, 428 
440 
445 
- 

0.0 
0.0037 
0.0027 
0.0003 
0.0141 
O.oQOl 
0.0092 
0.0044 
0.0025 
OS)OO1 
0.0088 
0.0073 
0.0034 
0.0028 
0.003 1 
0.0 

* Nonylphenol. 
b Error limits for @RR f 10%. 

the alkylphenol. On the basis of the fluorescence excitation spectra and the shape 
and position of the emission band in the fluorescence spectrum, this new emission 
was identified as excimer fluorescence. The higher excimer fluorescence efficiency 
(@EF) shown by p-cresol compared to the other p-substituted phenols suggested 
that some degree of steric hindrance was involved with the tertiary carbon sub- 
stituents. 

Excimers must fulfil specific geometry requirements not normally associated 
with monomeric excited states’ in order to obtain sufficient orbital overlap to 
stabilize the species. This is illustrated by the excimer fluorescence observed for 
1,3- but not for 1,2- or 1 ,l-diphenylpropanes s. The importance of a chain length 
of three carbon atoms separating the interacting groups has also been demonstrated 
for other intramolecular excimers 93 lo. These observations concerning excimer 
geometry suggested that the phenols also utilized a bridge three atoms in length, 
with the hydroxyl groups providing the three atoms by hydrogen-bonding (Fig, 2). 
The greater acidic character shown by p-substituted phenol excited singlet states 
would enhance hydrogen-bonding for these compounds, and this may explain the 
lack of excimer fluorescence for o- and m-cresols. 

Fig. 2. Excimer formed for p-substituted alkylphenols. 
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Both p-nonylphenol and p-t-butylphenol exhibited an excimer fluorescence 
maximum that varied with excitation wavelength (Table 2, lines 5 and 6). The 
bulky p-substituents in these alkylphenols were in close proximity in the excimer 
state; this impeded rotation and suggested the formation of rotational conformers 
(Fig. 2). Each conformer would have a different environment and a series of excimer 
energy levels couId be formed, each energy level pertaining to a specific rotational 
conformerlr. Hence, irradiation at a particular wavelength would allow excitation 
to the conformer of that energy. p-NonyIphenol showed more fluorescence maxima 
than p-t-butylphenol indicating an increased number of rotational conformers 
imposed upon the excimer by the nonyl side-chain. 

The excitation wavelength dependence studies (Table 2) show that excimer 
fluorescence was observed for excitation at longer wavelengths than usually asso- 
ciated with phenol absorption transitions indicating that ground state association 
occurred. This was evident in the absorption spectrum of the substituted phenols 
as a small tail towards longer wavelength. Excitation at this wavelength (300 nm) 
resulted in a new, broad, structureless band in the fluorescence spectra of o- and 
m-cresols, suggesting that excimer formation also occurred for these compounds. 
The fluorescence spectra for m-cresol at both 280 nm and 300 nm excitation are 
given in Fig. I(b). Quantum yields (@EF) of excimer fluorescence are given for all 
the substituted phenols in Table 2 and again the p-substituted phenols showed 
greater reactivity than o- or m-cresol. Ground state association may occur through 
simple hydrogen bonding. Absorption of electronic energy must result in the phenol 
dimer adopting a suitable configuration for excimer formation such that theexcimer 
arising from absorption by a ground state dimer is identical with the excimer 
formed by association between a phenol molecuIe in the lowest excited singlet state 
and a ground state phenol molecule. This suggested that the species responsible 
for quenching the phenol molecular fluorescence was an unassociated phenol 
molecule and not a ground state dimer. 
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