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The acidic forms of dichlorofluorescein are stronger acids than the corresponding forms of fluorescein. For 
the cationic and monoanionic acids, the difference in pK is 1.7; for the neutral acids, it is 0.9. The anionic 
acids of fluorescein and dichlorofluorescein are both slightly weaker in their first excited singlet than in their 
ground states, the difference in pK being -0.2. The fluorescence spectra of both dyes were measured in 
aqueous solutions, ranging from 8 m HClO4 to a pH of 12. The emission spectra of the dianonic, monoanonio, 
and ca,tionic forms have been estimated. The neutral acids appear to be nonfluorescent. 

Introduction 
As Zanker and Peterza pointed out, fluorescein in 

aqueous solutions oiccurs in cationic, C, neutral, N, 
monoanionic, A, and dianionic, D, forms, the relative 
concentrations depending on the pH of the solutions. 
Neutral fluoresceiri in dry dioxane exists as a lactone, L, 
but in aqueous solutions the dominant neutral form is a 
quinoid, Q.2b The fundamental equilibria are as fol- 
lows 

The isomeric equilibrium in aqueous solutions cannot be 
determined from available spectroscopic data. Ac- 
cordingly, the equilibrium constants that can be de- 
rived from absorption spectra are K3’, K,, and K1, where 
K1 1= K1’[1 + KI)/ECI and Kz = Kz’KI/(~ + KI). 

It is impossible to obtain aqueous solutions which 
contain only the monoanionic or the neutral form of 
fluorescein; also the absorption spectra of the several 
species overlap seriously. However, it is possible to 
evaluate K1, K2, and K,‘ from spectroscopic data by a 
simple iterative process. 2b 

If, during the lifetime of fluorescence, molecules in 
their first-excited singlet state attain acid-base equilib- 
rium it should be por;sible to evaluate their equilibrium 
constants from the results of quantitative measure- 
ments of fluorescence spectra, corresponding to different 
values of pH. However, as is discussed in a following 
section, this is practicable only for K3’*. Uncertainties 

in regard to the fluorescence and the isomeric equilib- 
rium of the neutral dye, difficulties due to overlap of 
the fluorescence spectra of the several forms, and 
nonnegligible corrections necessitated by fluorescence 
quenching and wavelength shifts observed in concen- 
trated HC1O4, render estimates of K2* and K1* too un- 
reliable to be of real value. 

Experimental Methods and Materials 
Materials. CH3COONa, CH3COOH, Na2HP04, 

KHzP04, and 95% CzH50H were reagent grade and were 
used without further purification. The HC104 used in 
the fluorescein measurements was of reagent grade, 
but that used with dichlorofluorescein was Baker’s 
Ultrex. Perylene and fluorescein were purified chro- 
matographically.3 Our sample of fluorescein, dissolved 
in 0.010 m NaOH, had an extinction coeffcient at  X 
490 nm of 87,600, in good agreement with 88,800 re- 
ported by Lindquist.2” The 2 f ,7‘-dichlorofluorescein 
had an extinction coefficient of 101,000 at 503 nm in 
0.010 m NaOH and was used without further purifica- 
tion. 

Apparatus. Absorption measurements were made 
with a Cary Model 14 spectrophotometer. Fluores- 
cence intensities were measured relative to  a perylene 
standard m in 95% CzH50H) with a modified 
Farrand fluorometer, a double-beam instrument, used 
as a null device. The exciting light was predominantly 
of 365 nm, isolated from a GE-H85A3 Hg lamp by a 
Corning 7-60 filter, The intensities of the fluorescent 
and compensating light were measured with RCA 
1P28PRII tubes. The fluorescent light passed through 
a grating monochromator before striking the PM tube. 

(I). (a) Deceased February 1969; 
University of California, Berkeley, Calif. 
(2) (a) V. Zanker and W. Peter, Chem. Ber., 91, 572 (1958); 
L. Lindquist, Arkdv. Kemi., 16, 79 (1960). 
(3) (a) L. Koch, J. Ass.  One. Agr. Chem., 39, 397 11956); 
Sangster and J. Irvine, J .  Chem. Phys., 24, 697 (1956). 
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The fluorescence intensities of the solutions were nor- 
malized by dividing them by their absorbance (mea- 
sured in a 100-mm silica cell) a t  366 nm. For the con- 
centrations of dye lased, Beer's law is valid for the en- 
tire pH range. Scattering of the exciting light from a 
water-filled clell was not, detectable under our experi- 
mental conditions. The fluorometer was stable within 
f 1%) during the 4O-min periods required to complete a 
run. 

Preparation of Solutions. Solutions were prepared 
by dissolving a weighed amount of the purified dye in 
0.10 m NaOH and then neutralizing the excess base 
with HC104. I n  preliminary experiments, fluorescein 
was dissolved by heating it in distilled water. How- 
ever, fluorescein in hot aqueous solutions proved to be 
unstable, and this procedure was discontinued. 

For solutions of pH <3, the hydrogen ion concen- 
tration waB fixed by the addition of an appropriate 
amount of concentrated HC104. For pH >' 3, either an 
acetate or phosphate buffer was used. The total (acid 
and salt) concentration was 0.10 m for acetate and 
0.025 m for phosphate buffers. All solutions were air- 
saturated. pH values greater than 2 were measured 
with a Beckman p€L meter; more acidic solutions were 
titrated with a standard NaOH solution. 

Ground-StaiYe Equilibria. Figure 1 consists of plots of 
the molar, demdic (extinction coefficient, E (for m 
dichlorofluorescein) , against wave number, C, at several 
typicel values of 1pH. The absorption maxima (cf. 
ref 2b, pp 42, ,43> of t,he cation, neutral molecule, mono- 
anion, and disnion are at 448, 456, 460 and 485 (double 
maxima), and 502 iim, respectively. In Figure 2, log 
( E  - -- e )  is plotted against pH. The straight 
lines were drawn with slopes of 1 to correspond to the 
sets of experimental points. The values of E i  and ~ j ,  

which correspond to  each of the several forms of the 
dye, were taken from the absorption spectra but have 
been slightly corrected by an iterative process for the 
presence of small amounts of other forms.2b The cor- 
responding vnluefi of p&', pKz, and pK1 are, respec- 
tively, 4.95, 3.60, and 0.47. These values are based on 
the assumptinn t h a t  the activity coefficients of the 
reactants are each equal to 1. The correction for K1 
should be relatively small, but the correct constants 
corresponding do and K3' must be smaller than those 
listed. 

Our absorption data for fluorescein are in good agree- 
ment with thaw published by Lindquist. 2b Accordingly, 
we hzlve omitted our absorption spectra and have ac- 
cepted his values lfor the equilibrium constants (see 
Table 11). 

Aqueous solutions of fluorescein, at pH 1.0, 3.3, and 
5.5, conform to Beer's law in the concentration range 
lo-* Lo na.2k' We obtained similar results for di- 
chlorofluorescein at pH 0.0, 4.6, and 12.0 and between 
5 X IO-' and 5 X 1 m at a pH of 2.0. Presumably 
dimerization in those solutions is of negligible impor- 
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Table I: Shift of Absorption Maxima in Acid Solutions 

Amax, nm, 
[Acid], Amax, nm, dichloro- 

m fluorescein fluorescein 

HClOd 
0.50 
1.00 
1.70 
2.15 
2.50 
3.00 
4.00 
5.40 
7.40 

11.7 
HaSOr 

10.0 m 
HNOa 

7 . 0  m 

436 
436 
436 

435 
434 
434 

43 1 

433 

436 

448 
448 

449 

446 

445 
443 
44 1 

444 
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18 19 20 21 22 23 2 4  25 2 6  27 2 8  
5 (em") x 10-3 

Figure 1. Absorption spectra of dichlorofluorescein: a, 
pH 12.0; 0, pH 3.89; a), pH 2.05; 8, p'JJ -0.33. 

Figure 2. Graphical determination of the pKi 
for dichlorofluorescein. 

tance. However, in the pH range 1 to 3 the solubility 
of dichlorofluorescein is less than 

I n  strongly acid solutions, the absorption maximum 
is shifted to  shorter wavelengths by increasing con- 
centrations of Hc104 or HzS04, but not of HNOa (see 
Table I). 

m. 
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Figure 3. Emission spectra of fluorescein in basic and weakly 
acidic solutions. I f ,  normalized to maximum for pH 11.7: 
0, pH 11.7; 0, pR 7.40; 0, pH 6.70; 
8, pH 6.0; @, pEB 2.75. 
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Figure 4. Emission spectra of fluorescein in acidic solutions. 
If normalized to maximum for pH 11.7, see Figure 3: 
0, [HC104] 7.4 m; 0, [HClO4] 3.0 m; 0) [HC104] 1.7 m; 
9, [HCYO4] 0.5 m; @) pltl 2.80. 

Florescence as a, Function of pH. The normahed 
(see the section of Experimental Methods) values of the 
intensities of fluorescence, If, vary with wavelength 
and pH but are indiependent of intensity of exciting 
light and concentration of the dye. The fluorometer 
readings, upon which the It values are based, were not 
corrected for variation with wavelength of the sensitiv- 
ity of the photjomultiplier or of the transmissivity of the 
optical system. In Figures 3-6, values of If, for var- 
ious typical acidic and basic solutions, are plotted against 
s (cm-l). Rozwadou~ski4 published qualitatively similar 
data for fluorescein. 

The values of If for fluorescein in acidic solutions 
exhibit, an isobestic point near 508 nm (Figure 4). 
However, the data show a greater scatter about the 
isobest,ic point, than is consistcent with the estimated 
uncertsinty ( Q 2%) of the measurements. This scatter 
appears to be the result of weak quenching of fluores- 
cence and a concumlent shift of the maximum of fluo- 
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Figure 5. Emission spectra of dichlorofluorescein in basic and 
weakly acidic solutions. If normalized to maximum for 
pH 12.0: 0, pH 12.0; 0, pH 5.45; 0, pH 5.19; 
8,  pH 4.69; 8, [HClOa] 0.50 m. 
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Figure 6. Emission spectra of dichlorofluorescein in acidic 
solutions. If normalized to maximum for pN 12.0, see 
Figure 5 :  0, 1.09 m; 0, 3.24 m; 0, 4,34 m; 8, 5.4 m; 
@, 7.55 In; A, 11.7 m (zm == [HClOa]). 

rescence occurring in concentrated HClO4. Similar 
quenching, etc., were produced by HaS04 and by the 
addition of NaC104 to 1.0 m HC104. The scatter can 
be reduced to the expected range if the data are cor- 
rected, assuming that the wavelength shifts for absorp- 
tion and emission are identical and that the St'ern- 
Vollmer constant is about 0.025 m-l. For dichloro- 
fluorescein, similar corrections can be inade but appear 
to be even more arbitrary. 

The several curves of Figures 3 and 4 can be repre- 
sented by the sum of the intensities of fluorescence of 
each species, pi, weighted by their relative concentra- 
tions 

If = C~dP,/CCt 
i i 

The pa are the values which If would have if the excited 

(4) M. Rozwadowski, Act5 Physwl.  Pol., 20, 1005 (1961). 
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dye were all in i t s  ith acid-base form. Inspection of 
the data for fluorescein in the pH range from 1 to  3 
showed that BN cannot be greater than PA; either PN 
0 or Postulating that PN = 0 (for all wave- 
lengths), values of Pc, @A, and PD of fluorescein and PA 
and 13D of dichlorofuorescein have been estimated and 
are plotted in1 Figure 6. The values, particularly of 
OD and pc, are not iserionsly affected by the assumption 
that @N = 0. However, corrections for quenching, etc., 
would increase the values of pc: perhaps by as much as 
7%. 

The quantum yields of fluorescence can be estimated 

E PA. 

from the are88 under the Pa curves, using 

We have taken the absolute values of (PD for fluorescein5 
and dichlorofluoresceina as 0.93 and 0.88, respectively. 
The corresponding values of (PA and cpc (fluorescein) 
and of PA (diichlorofluorescein) are 0.26, 0.39, and 0.17, 
respectively. The values for fluorescein are not di- 
rectly comparable l>o those reported by Ronwad~wski,~ 
since his experimental conditions were different and he 
used c p ~  = I 00, Also it should be remembered that 
our values of I f  weire not corrected for the variation of 
photomultiplier sensitivity with wavelength and that 
this introduces a corresponding uncertainty in the values 
of p and cp. 

Comparison of the effect of pH on the absorption and 
emission spectra demonstrates that the protolytic 
equilibria are different in the ground and excited states. 
It is possible Lo evaluate Ka'* by plotting log (PD - If)/ 
(If -- PA) against pH, as is shown in Figure 8. The 
straight lines drawn with a slope of unity indicate that 
pK,'" for excited fluorescein and dichlorofluorescein are 
6.93 and 5.24, respectively. In obtaining these values, 
it  was assumed that equilibrium between the di- and 
monoanions was attained in their excited states, but 
nothing was assumed about the behavior or properties 
of the neutral and cationic forms. 

If it is assumed that the several species attain pro- 
tolytic equilibria dining the lifetimes of their excited 
states and that relative concentrations of the isomeric 
forms of the neutrrtl dyes do not depend on pH, the 
following equation can be derived by a straightforward 
steady-state analysis. 

Pc[Hf13 1- @NI(~*[H+J~ + 

Ki*K2*[H+] + Ki*Kz*Ka'* 

For acid concentrations greater than m, terms 
containing K1*K2*.K3'* may be neglected and the 
equation put into the following simplified form 

(If - Pc) $. (If - PN)KI*[H+] 4- 
(If - PA)K~*Kz* = p 

where p is the residual and KI*, Kz* and the Pi are ad- 
justable constants. An attempt was made to evaluate 
Kl* and Kz* with aid of a computer program for a step- 
wise, multiple regression analysis' using values of P A  

and PC from Figure 7 and setting PN equal either to 0 or 

500 A n 2  450 5 5 0  

I .oo 

0.8C 

0.60 

Pi 

0.40 

0.20 

0.00 

- f d  "44 ' 4  

17 1% 20 2 2  
,J (cm-l ) 10-3 

Figure 7. Emission spectra of several acidic forms of 
fluorescein and dichlorofluorescein: 63, PD; 0, PA, 
dichlorofluorescein; 0, BD; 0, PA; (D, PO, fluorescein. 

to @A. Although values (K1* = 0.18 and Kz* = 9.0) 
obtained in this way (for fluorescein) are compatible 
with the experimental data, it is doubtful if they have 
physical significance. Probably, the isomerimtion re- 
actions are slow, relative to the decay of fluorescence, 
and are acid-base catalyzed. Furthermore, the values 
of K1* and Kt*, obtained in this way, depart widely 
from predictions based upon Forster's ~ y c l e . ~ * ~  If 
PN = 0, the excited neutral form must have a very 
short life and cannot reach protolytic equilibrium. 
The values of Kl* and Kz* given by the computer 
analysis are strongly correlated, which introduces an 
additional uncertainty. 

(5) P. Seybold, M. Goutermon, and J. Collis, Photochem. Photobiol., 
9, 229 (1969). 
(6) L. Forster and D. Dudley, J .  Phys. Chem., 66, 838 (1962). 
(7) IBM System 360, Scientific Subroutine Package 360-CM-O3X, 
Version 111, Manual H20-020503, 1968. 
(8) A. Weller, Progr. React. Kinet., 1, 189 (1961). 
(9) E. Vander Donckt, ibid., 9,  273 (1969). 
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Figure 8. Graphical determination of Ka’*: 
A, dichlorofluoresceh; B, fluorescein. 

Discussion 

listed in Table 11. 
are quoted from LindquistaZb 
ures 2 and 8. 

The pKr for fluorescein and dichlorofluorescein are 
The ground-state fluorescein values 

The others are from Fig- 

Table IT: Valuels of pK i 

pKa’ - 0 625 
11Ki pKn pKs’ pKa‘* p K ’ *  A.i;/Ta 

Fluorescein 2 . 2  4.4 6.7  6 .9  -0.2 0 . 1  
Dichlorofluo- 0 .5  3 .5  5.0 5.2 -0.2 0 .3  

rescein 

See ref 8. 
Is- 

Consistent with Forster’s c y ~ l e , ~ , ~  excitation has only 
a small effect on pK,’. In computing AP, we have ne- 
glected the absorption maximum a t  2.20 X lo4 cm-’ 
(Figure 1 and Figme 7, ref 2) and the emission maxi- 
mum at 1.83 X 30’’ cm-1 (Figures 4 and 6). These 
secondary maxima which occur at  the same frequencies 
for fluorescein and tlichlorofluorescein may be due to 
the presence of small amounts of persistent impurities. 
This view is supported by the fact that the fluorescein 
samples used m the present study and by Lindquist2 
and Rozwadowski4 were purified in the same way.3 

Substitution of chlorine atoms in the 2‘ and 7‘ posi- 
tions renders the ground-state species and the excited 
monoanion stronger acids. The difference, 1.7, is the 
same for pK1, pK3’, and pK3’*. For pKz, it is 0.9. 

The present data support Rozwadow~ki’s~ opinion 
(based on Zanlter and Peter’s2b evidence) that neutral 
fluorescein is practically nonfluorescent. This is in 
contradiction to the view of Stoughton and Rollefsonlo 
and of Umberger and La Mer” that the neutral rather 
than the monoionic form is fluorescent. Their opinion 
was based on the observation that the Stern-Vollmer 
constant, for the quenching of fluorescein by I-, shows 
no significant dependence on ionic strength. A possible 
interpretation of this apparent contradiction is that 
small changes in fluorescence intensity due to salt effects 
on the quenching constant are approximately canceled 
by corresponding effects on the Kt and Ki*. 

Lumry and GeorghioulZ measured the mean lifetime 
of fluorescence of fluorescein in solutions containing, 
severally, 7.0 m HC104, 0.20 m HC104, and a buffer 
having a pH of 2.73. Their results in general agree 
with those published by Rozwad~tvski.~ Their mea- 
surements, which were made with a modified Bennet- 
type apparatus, l8 showed no significant departure from 
simple exponential decay. This latter result indicates 
that, at  each of these acidities, there is only a single 
fluorescent species present. 
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