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Abstract: The absorption and fluorescence spectra of a number of phenylalkylcarboxylic acids were investigated 
at room temperature as a function of pH. Changes in intensity as well as in the vibronic structure of the absorption 
band corresponding to the 1Ai8 -* 1B2U benzene transition are attributed to the inductive effect of the carboxyl 
group. The quenching of fluorescence is interpreted in terms of intramolecular interaction of charge-transfer type 
between the carboxyl and phenyl groups. This is supported by an increase in the phosphorescence/fluorescence 
ratio and shortening of phosphorescence lifetime in going from toluene to phenylacetic acid. A proton-transfer 
mechanism is ruled out, since the ethyl ester has essentially the same absorption and luminescence characteristics as 
phenylacetic acid in its un-ionized form. 

The aromatic amino acids (phenylalanine, tyrosine, 
tryptophane) absorb light in the near-ultraviolet 

and their luminescence can easily be observed. They 
can be used as intrinsic spectroscopic probes for the 
study of polypeptides and proteins.1 '2 It has been 
observed that some chemical groups, such as the 
carboxylic and amino groups present in the isolated 
amino acid, and the peptide bond when the amino 
acid is included in a polypeptide, can quench the 
fluorescence.3 

The specific effect of the carboxylic group on the 
fluorescence yield of the aromatic ring4 is best demon
strated when the pH of the medium is varied. A 
decrease in fluorescence yield is observed with the 
protonation of the carboxylate anion group. This 
quenching effect is evidence for interaction between 
the carboxylic and the aromatic groups in the amino 
acid. 

To understand this interaction, we have studied the 
effect of the carboxylic group on absorption and 
emission properties in model substances. These model 
compounds are phenylalkylcarboxylic acids, where 
the alkyl chain is of different lengths 

O 

Ph(CH2)„-C 
\ 

OH 

where n = 1-4. 
Thus phenylalanine differs from phenylpropionic 

acid (« = 2) by the presence of the amino group. In 
each case, the spectroscopic properties of these com
pounds were compared to those of toluene. The 
ethyl ester of phenylacetic acid (n = 1) was also studied 
to examine the role of the carboxylic proton in fluores
cence quenching of these compounds. 

Experimental Section 

(A) Materials. (1) Phenylalkylcarboxylic acids were purified 
by several crystallizations from alcohol-water mixtures and by 
vacuum sublimation. (2) Toluene and ethyl phenylacetate were 
purified by vacuum distillation. (3) Ethanol was purified by 

(1) S. V. Konev, "Fluorescence and Phosphorescence of Proteins 
and Nucleic Acids," Plenum Press, New York, N. Y,, 1967. 

(2) F. W. Tealeand G. Weber, Biochem.J., 65,476(1956). 
(3) R. W. Cowgill, Arch. Biochem. Biophys., 100,36 (1963). 
(4) A.White, Biochem. J.,11,217 (\959). 

fractional distillation of absolute alcohol until all benzene was 
removed, and was distilled freshly when needed. This gave 
transparent nonluminescent ethanol 

(B) Methods. (1) Absorption spectra were recorded on a 
Cary-15 spectrophotometer. (2) Emission spectra and phos
phorescence lifetimes were obtained using an Amino-Keers spec-
trosphosphorimeter. pH values were measured using a Beckman 
pH meter. 

Results 

Absorption spectra of phenylalkylcarboxylic acids 
were measured between 300 and 200 nm. In this region, 
bands corresponding to 1Ai8 ->- 1B2U and 1Ai8 - * 1Bm 
benzene transitions are observed. The 1 A ^ -»• 1B2U 
absorption band shows systematic changes as a function 
of pH. In the case of phenylacetic acid, where the 
carboxylic group is separated from the phenyl group 
by one methylene group, the effect is large (Figure 1). 
There is a decrease in the integrated intensity of the 
absorption band by as much as 22% and a small shift 
of 185 c m - 1 to shorter wavelengths when the carbox
ylate anion group is protonated. There is also an 
effect on the detailed vibronic structure of the absorp
tion band. If one compares the spectra of phenyl
acetic acid in its two forms to that of toluene,5 one 
sees that all vibronic bands which do not include an 
excitation of the out-of-plane bending mode (528 c m - 1 ) 
decrease appreciably in intensity in the acid form; 
i.e., the pure electric-dipole-allowed subsystem becomes 
much weaker in intensity. These two effects, while 
still present for the other acids of the series, decrease 
from phenylacetic (n = 1) to phenylvaleric acid (n = 4). 
The latter acid has an absorption spectrum essentially 
the same as that of toluene. 

The 1Ai15 -*• 1BiU absorption band maximum shifts 
to shorter wavelengths by about 450 c m - 1 when one 
goes from toluene, or phenylvaleric acid, to phenyl
acetic acid in its acid form. Moreover, an additional 
absorption between 220 and 235 nm appears on the 
long-wavelength shoulder of the 1A15 -*• 1BiU band 
of the phenylacetic acid (Figure 2). In all aspects 
the absorption spectrum of the ethyl ester of phenyl
acetic acid is indistinguishable from that of the pro
tonated form of the corresponding acid. 

(5) N. Ginsburg, W. W. Robertson, and F. A. Matsen, /. Chem. 
Phys., 14,511 (1946). 
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Figure 1. The 1Ai8 -»• 1B2U type absorption bands for toluene, 
phenylacetic acid, and sodium phenylacetate in ethanol solutions at 
room temperature. Arrows mark vibronic bands of the elec
tronically allowed subsystem, i.e., vibronic bands which do not 
include the 528-cm-' out-of-plane bending mode. The spectrum of 
sodium phenylacetate undergoes a small blue shift (185 cm-1) in 
going to the un-ionized form. 

Figure 2. The 1Ai8 -*
 1Bm type absorption bands for toluene, 

phenylacetic acid, and phenylvaleric acid in ethanol solutions at 
room temperature. 

Luminescence spectra of these compounds were 
studied. It was found that these acids in the conjugate 
base forms have essentially the same fluorescence yields 
as toluene. When the pH is decreased, the fluorescence 
yield undergoes a sharp drop at a pH value of about 
4.5, corresponding to the appearance of the un-ionized 
form of the carboxyl group (Figure 3). The extent 
of this fluorescence quenching decreases with increasing 
the separation between the phenyl and the carboxylic 
group, i.e., with increasing the number of methylene 
groups. The quenching of the fluorescence does not 
vary with the concentration of the acid, which shows 
that this quenching is essentially an intramolecular 
and not an intermolecular effect. At low temperature 
both phosphorescence and fluorescence can be mea
sured.6,7 The ratio of phosphorescence to fluores

ce) E. Kuntz, F. Bishai, and L. Augenstein, Nature (London), 212, 
980(1960). 

(7) F. Bishai, E. Kuntz, and L. Augenstein, Biochem. Biophys, Acta, 
140,381(1967). 
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Figure 3. Effect of pH on the relative intensity of the fluorescence 
of phenylacetic in water at room temperature. 
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Figure 4. Room-temperature absorption spectra of benzene and 
phenylacetic acid in ethanol. The spectrum of benzene is displaced 
by 300 cm-1 to the right for the purpose of comparison. 

cence is higher for the protonated form than for the 
corresponding anion form. The ethyl ester of phenyl
acetic acid has essentially the same fluorescence yield 
in alcoholic solution as the un-ionized form of the 
corresponding acid. 

Discussion 

The experimental results show unambiguously that 
the carboxylic and ester groups have an effect on 
spectroscopic properties of toluene. By contrast, the 
carboxylate anion has little effect on the vibronic 
structure of the lowest absorption band and the fluores
cence quantum yield of toluene. The protonation 
of the carboxylate group produces a decrease in the 
integrated absorption intensity of the 1Ai8 -*• 1B2U 
band, i.e., a decrease of the oscillator strength of the 
corresponding transition. This effect can be explained 
by the inductive effect of the substituent.8 Methyl 
substitution in benzene breaks down the D6,, symmetry 
of benzene, making the 1Ai8 -»• 1B2U transition electric-
dipole allowed; thus, the 1Ai8 -*• 1B2n transition in 
toluene consists of two subsystems, namely the electric-
dipole-allowed system and the vibrationally induced 
system. The latter is induced by the 528-cm-1 out-of-
plane bending mode. In benzene, only the vibra
tionally induced system is present. In the phenylacetic 
acid molecule the -COOH group, being electron 
withdrawing, makes the methyl group less electron 
donating. Thus, the -COOH gioup decreases the 
effect of the methyl group on the aromatic ring, making 
the vibronic structure of the lowest absorption bands 
of phenylacetic acid and benzene very similar in shape, 
as shown in Figure 4. Configuration interaction of 

(8) J. Petruska, J. Chem.Phys., 34,1120(1961). 
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1B2U and charge-transfer states is probably responsible 
in great part for the red shift of -~300 cm - 1 for the 
1Ai8 -*• 1B2U transition in phenylacetic acid relative to 
benzene. In the case of the phenylacetate anion, 
the carboxylate anion does not decrease and may even 
enhance the inductive effect of the methyl group, 
causing the vibronic structure of the toluene and 
phenylacetate anion lowest absorption bands to be 
similar. This also explains the small red shift of 
phenylacetate anion spectrum relative to that of toluene, 
as shown in Figure 1. 

The decrease in oscillator strength in going from 
toluene or phenylacetate anion to phenylacetic acid 
cannot alone explain the magnitude of the decrease 
(70%) in fluorescence yield. Since singlet-singlet 
radiationless transitions from the lowest singlet to the 
ground state are expected to be negligible in these 
molecules, this decrease in fluorescence yield implies 
that protonation of the carboxylate group increases 
the intersystem crossing rate. This is further supported 
by the larger phosphorescence/fluorescence ratio for 
phenylacetic acid compared to toluene, the measured 
phosphorescence/fluorescence ratios in ethanol glass 
being 2.05 and 0.96, respectively. We shall now 
consider different mechanisms which could lead to an 
enhancement of phosphorescence and quenching of 
fluorescence. 

We have considered first the possibility of energy 
transfer from the aromatic group to the carboxylic 
group, and back. This transfer is impossible ener
getically from the aromatic singlet to the carboxylic 
singlet state, and improbable from the aromatic 
singlet to the carboxylic triplet state. 

White4 has shown that protons at very high concen
trations in aqueous solutions can quench fluorescence 
of aromatic amino acids. This suggests that fluores
cence could be quenched by a proton-transfer mech
anism. The observation that the ethyl ester of phenyl
acetic acid has a similar fluorescence yield as phenyl
acetic acid eliminates a proton-transfer mechanism. 

Tsubomura and Mulliken9 have shown that charge-
transfer interaction with oxygen can enhance the 
singlet-triplet transition probability for many organic 
molecules by borrowing intensity from the charge-
transfer band, the intensity of which comes in part from 
allowed transitions of the donor. Considering the 
values for ionization potenitals and electron affinities 
of toluene and acetic acid molecules, the electron 
transfer would be from the aromatic group to the 
carboxylic acid group. Observation of charge-transfer 
absorption in phenylacetic acid would provide direct 
evidence for intramolecular interaction between the 
phenyl ring and the carboxylic group. It may be 
pointed out that in the case of benzoic acid, where 
the carboxylic group is directly conjugated to the 
phenyl ring, a charge-transfer band appears at 228 nm. 
The absorption on the long-wavelength shoulder of 

(9) H. Tsubomura and R. S. Mulliken, / . Amer. Chem. Soc, 82, 5966 
(1960). 

the 1Ai8 -*• 1BiU band in phenylacetic acid (between 
220 and 235 nm) may correspond to such charge-
transfer absorption. Such absorption is absent in 
both toluene and phenylvaleric acid, as shown in 
Figure 2. 

The carboxylic acid is expected to have a higher 
electron affinity than the carboxylate anion. This 
would make the energy of the charge-transfer state 
lower for the phenylcarboxylic acid compared to the 
corresponding anion. One would therefore expect 
an enhancement of the singlet-triplet transition prob
ability leading to fluorescence quenching in the phenyl 
carboxylic acid compared to the corresponding anion. 
Electron affinities of acetic acid and its ester are expected 
to be close, and this would explain the comparable 
quenching effects of these two groups. 

Enhancement of singlet-triplet transition probability 
in phenylacetic acid is supported by our observation 
that the natural phosphorescence lifetimes (TP°) of 
phenylacetic acid and its ester are shorter than those of 
toluene or phenylvaleric acid. The values of TP° 
obtained from lifetime and phosphorescence quantum 
yield measurements in ethanol glass at 770K are: 
phenylacetic acid, 11.9 sec; ethyl phenylacetate, 
11.5 sec; phenylvaleric acid, 17.4 sec; and toluene, 
18.3 sec. These results imply that some overlap 
occurs between the 7r-electron systems of the aromatic 
ring and the carboxylic group in phenylacetic acid 
and its ester. In the case of benzoic acid where such 
overlap is larger, the measured value for rp° is 3.1 sec 
under the same conditions. This result is similar to 
that reported by Maria and McGlynn,10 who reported 
a phosphorescence lifetime, rp, of 2.1 sec for benzoic 
acid and concluded that the lowest triplet state of ben
zoic acid does not involve an excitation completely 
localized on the benzene ring, but rather involves 
considerable derealization onto the carboxyl group. 

The effect of the substituent on luminescence is 
small but still noticeable when four methylene groups 
separate the ring from the substituent. This probably 
indicates that in phenylvaleric acid certain conforma
tions in which the carboxyl group approaches the 
phenyl group are present in solution. 

The problem of fluorescence quenching in aromatic 
amino acids has led to a more general problem of 
molecular spectroscopy, namely the possible effects of 
substituents on the luminescence properties of aromatic 
groups when the substituents are not directly substituted 
on the ring but are separated by one of several methylene 
groups. An extensive study of similar compounds 
with substituents of different electronic character is 
being carried out to examine the details of the charge-
transfer mechanism proposed in this paper. 
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