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"PART I. INTRODUCTION

The compound called Calcein was introduced in 1956 by
Diehl and Ellingboe (1) as a metallofluorochromic indicator
for the EDTA titration of calcium in the presence of mag-
nesium. It has found considerable.favor among analytical
chemists for the current (Fall of 1967) bibliography on the
reagent numbers some eighty papers, the majority of which
deal with application of the indicator in chemical analysis.
The literature on Calcein to 1964 is reviewed in the mono-
graph by Diehl (2).

As first prepared Calcein was admittedly impure'(l).
The impure material served well as indicator but it has been
the history of metallochromic indicators fhat although first
'proposed as indicators, they are sooner or later tried as
direct colorimetric or fluorometric reagents for the deter-
mination of metal ions. When such fate overtook Calcein,
the results were far from satisfactory; the proposél (3)
was to use Calcein for the direct fluorometric determination
of calcium in blood serum, a matter of considerable im~-
portance, and the failure of the method to work in the han@s
of others than the authors of the proposal prompted further
investigation at Ibwa State University into the purification
and proberties of the reagent.

Calcein is prepared by the Mannich condensation of

fluorescein, formaldehyde and iminodiacetic acid. As carried



out by Diehl and Ellingboe (1), the condensation was
effected in an aqueous solution of sodium hydroxide.
Subsequent to the original paper three papers (4, 5, 6)
mention improvements on the ﬁethod of preparation but only
one, that of Wallach, Surgenor, Soderberg and Delano (6)
gives details. The product of Wallach and coworkers was
designated "Compound A,'but it most certainly was Calcein
in a more or less pure.form. ‘The elemental analysis re-
ported was barely satisfactory and the other proofs of
purity offered are unconvincing. Although Wallach and his
coworkers arrived at the correct composition of the material,
that is fluorescein bearing two methyleneiminodiacetic acid
groups , the structure assignment which they made is in-
correct as will be shown in the present work.

In the present research program, attention was first
directed to obtaining Calcein in pure form and to establish-
ing its composition. Success in this phase of the work has
already been reported, Hefley, M. S. Thesis (7). The basic
trouble in the purity problem proved ta be the presence of
metals in the Calcein. All methods of purification tried
falled to remove the considerable amounts of calcium, iron,
aluminum, and in some preparations mercury and zinc. The.
source of these metals proved to be the fluorescein used.
Calcein is a strong chelating agent and gathers up quanti-

tatively and retains tenaciously all the metals it encounters.



Fluorescein'proved also to have such scavening character-
istics and it was only by carefully eliminating all metals
from the fluorescein and the other reagents used that a
metal-free Calcein could be prepared. A systematic study
was then made of the variables in the Mannich condensation,
and a procedure was finally evolved by which Calcein

could be prepared consistently of definite composition and
high purity. The present work on the structure and pro-
perties of Calcein then became possible.

The question of Structure is an important one and is
-certainly essential to an understanding of the nature of the
metal derivatives. The first direct attack on the structure
was the work of Wallach, Surgenor, Soderberg and Delano (6),
mentioned above, who concluded on the basis of the ultra-
violet absorption spectrum with pH that their "Compound A,"
was the unsymmetrical substituted 2/,4’-bis[N,N’-di(carboxy-
methyl)aminomethyl]-B’,6'-dihydroxyfluorah (more simply
fluorescein-2/,4’-bis (methyleneiminodiacetic acid), structure
VI , page 9 . Some supporting evidence was adduced from the
infrared spectrophotometry of Calceiﬂ and the products de-
rived from dimethyl- and diethylfluorescein by the intro-
duction of methyleneiminodiacetic acilid groups.

Aside from the aesthetically unpleasing appearance of
the unsymmetrically substituted molecule, most chemists

( .
would intultively think that once a group had entered one of
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of structure. Calcein is the symmesrically substituted com-
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vound, L4/,5/-bis[N,N’-di(carvoxymethyl jeninorethyl]-3’,6’-d1
hydroxyfluoran (or more simply Ifluorescein-4',5'-bis(methyl-
eneiminodiacetic acid); structure IX, page 9 .

No less than six renlacesble hydrogen atoms are present
in the Calcein molecule. Using very rough approximations
of the successive acica dissociation constants and emoloying
arguments advanced ear’ier by Scawarzendach, Anceregg and
Sallmann(8) on rneﬂoﬁﬂc compounds vearing one ané TwWo
methyleneiminodiscetic acid groups (described in the very
first of the papers in this field), Wallach and coworkers

(6) decided that the six replaceable hydrogen atoms were

neutralized successively from a cardoxyl group, the second



carboxyl group, a phenol group, the second phenol group,
an ammonium group and the second ammonium group. This
interpretation appears correct but the present work puts
a firm foundation under the argument by supplying care-
ful evaluation of the respective acid dissociation
constants and a detailed correlation of the absorption
and fluorescencé phenomenon with pH and structure changes.
Four separate lines of attack were necessary to obtain
values for all six of the dissociation constants.

The natﬁre of the calcium derivative, of course, is
the ultimate object of the work for Calcein is primarily a
reagent for calcium. Wallach and co-workers (6) came to
the conclusion that two calcium derivatives of Calcein were
formed, the first by the union of one calcium atom with
Calcein forming a non-fluorescent compound, the second by
the attachment of a second atom of calcium, this compound
being fluorescent. Wallach and Steck,(9)_later measured
the formation constants of the two to one compound and re-

0.6°83, Russian work, reported somewhat

ported a value of 1
later of Bozhevol’nov and Kreingol’d (10) concluded that
only a 1:1 compound was formed, that it was fluorescent and
that the formation constant is 10.°°®, The presence of
calcium and other metals as impurities, would seriously

disturb measurements in this field, and in the present work,

the subject was attacked again. Two atoms of calcium do

i



enter the molecule but both of the calcium compounds are
fluorescent. The plot of relative fluorescence versus
calcium added, using pure Calcéin, is three successive
straight lines, with intersections at the points where
one mole and two moles of calcium -have been added, the
slope of the second line being greater than the first and
the slope of thé third line, zero. This has implications,
of course, in the use of Calcein for the direct fluoro-

metric determination of calcium.



PART II. DETERMINATION CF THE STRUCTURE OF CALCEIN
BY NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

Structure of Calceln

Nine structures are possible for a disubstituted
fluorescein and for Calcein; these are shown in the accompany -
ing diagrams, Structures I through IX. Adopting the nomen-
clature of Chemical Abstracts for fluorescein, seé structural
formula X, the possible combinations for twc substituents in

the resorcinol rings of fluorescein are

Structure Designation  Structure Designation
I 1’,2'- VI 20,4 -
II 1/,4- VIT 2’,5'-

ITT 1/,5'- VIII 2',7'-
v 1,7 - IX 4!,57-

v 1’,8/- |

One assignment of a structure for Calcein has already
been made, that by Wallach, Surgenor, Soderberg'and Delano
(6) who believed the compound to be the unsymmetrically
substituted structure VI with the two methyleneiminodiacetic
acid groups in the 2’- and 4'-positions. The assignment was
based on the nature of changes in the ultraviolet absorption
spectrum with pH, on infrared spectrophotometry, and on
observations on reléted-compounds preparsd from substituted

fluoresceins.



XOH
P

_CH,COOH
\CH2COOH

4



R
o8
@)
|
=0
Y1I
R R
O
~0
=0
./

H

H
_CH,COOH
SCH,COOH

R
=0
~0
/
=0
—CHs—N

O
C
O

VI
\
il
R=

/

O
HO
R



10

The argument based on the absorption in the ultra-
violet is a complex one based on correlating the changes
in absorbance with pH with specific acid dissociation
steps and drawing by analogy on the behavior as acids of
similar compounds of Schwarzenbach, Angeregg and Sallmann (8).
The cdmpounds of Schwarzenbach and co-workers are phenol-2-
methyleneiminodiacetic acid, Structure XI, and phenol-5-
methyl-2,6-bis (methyleneiminodiacetic acid), Structure XII.
The phenolic group of phenol-Bﬂmethyl-2,6-bis(hethylene—
iminodiacetic acid), Structure XII, is much stronger, pK =
6.65, than that of normal phenols, pK = 8 to 10, and stronger
than that of phenol-2-methyleneiminodiacetic acid, Structure.
XI, pK = 8.17. One of the strong acid functions of Calcein,
one having pK = 5.4, was identified by Wallach and co-workers
with the dissociation of the first phenolic group. To account
for the unusual acidity of this phenolic group, Wallach and
co-workers concluded that the methyleneiminodiacetic acid
groups must be located oné on each side of the phenolic group,
that is, in the 2’-, and 4’-positions. Aside from the fact
that other circumstances and factors can cause an increase
in the acidity of an acidic group, the argument is based on
a faulty interpretation of the titration and spectrophoto-
metric data. No statement appears as to the end—pointé ob-
served 1n the titration and how many equivalents of alkali

were consumed at various stages in the titration; apparently
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it was considered that the neutralization of the first
phenol was the fifth acid neutralization step. Eight acid
dissociation steps are listed including the titration of
all four carboxyl groups at low pH indicating a faulty con-
ception of the nature of the zwitter ilons present. This
picture is clarified in Part III of this thesis., The
structure assignment for Calcein of Wallach and co-workers
based on absorption in the ultraviolet and its behavior as
an acid can only be considered suspect.

Some supﬁo?%ing evidence for the assignment of structure
made for Calcein was adduced by Wallach and co-workers (6).
They observed in the spectra of fluoreéooin and Calcein, but
not in that of tetraiodofluorescein, a band ét 800 to 860
cn. * which they attributed to unsymmetrical trisubstitution.
They observed also a band at 920 cm. * attributed to a single
aromatic hydrogen atom.: Infiared spectra of Calcein obtained
in the course of the present work were invariably character-

—ized by broad, poorly resolved bands which provided no

basis for studies on structure. The common techniques for
improving infrared spectré were tried without profit and it
was concluded that infrared spectra offered little if any
reliable information about Calcein.

Quite in contrast to the infrared spectra, the nuclear
magnetic resonance spectra of Calcein, fluorescein and substi-

tuted calceins and fluoresceins were characterized by

2
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numerous sharp bands from which the structure of Calcein
could be cdeduced. Some intérference from bands of the
solvent was encountered but this was confined to the por-
tion of tThe specira reiated to the methyleneiminodiacetic
acid parts of the molecules leaving the aromatic portions
free for what proved to be an unambiguous assignment of

structure.

Expverimental work

Nuclear magnetic resonance spectrometer. The

instrument used to obtain the spectra was the Varian
Associates AB0O Nuclear Mazgnetic Resonance Spectrometer.

This is a 60-megacycle instrument and is limited to proton
work. With the radio freguency oscillator set at 60-mega-
cycles per second, the sweep genergtor periodically sweeps _
the maln magnetic rield in the immediate vieinity of 14,092
gauss, the approximate energy necessary to cause a proton to
flip from its low energy state to its nigh energy state.

For protons the range of sweep is of the order of 1000 cycles
per second. Calibration of chemical shifts is in dimension-
less uniss (6, parts per million) from a reference marker,
usually tetramethylsilane. Chenmical shifts, §, are obtained
by dividing the distance of the shifts from the reference,

in cycles per second, by the applied frequency and multiply-

ing by 10°. !
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cycles per second x 10° (1)
60 x 10°

where the denominator is the value of the applied radio
frequency field, 60 x 10%° cycles per second. Peak areas are
measured by the integrator, which on the A60 NMR Spectrometer
superimposes a series of steps on the absorption peaks. The
step heights are proportional to the number of protons under
the respective peaks.

Cells. Clear, pfecision ground glass NMR tubes, 0.5
cm, o.d. were used.

Materials. Dimethylsulfoxide. The dimethylsulfoxide
used was distilled over calcium hydride under reduced pressure
and stored over molecular sieves.

Refefence standard. Tetramethylsilane was used as

the internal reference in al} spectra. About two milliliters
of tetramethylsilane (TMS) vapor was added to each sample and
the sample was shaken well and the NMR tube capped to ensure

that the TMS would not escape from the sample. The TMS peak

was arbitrarily set at zero parts per million and all subse-

quent measurements of proton peak positions were referred to

this in terms of part per million downfield shift.

Chemicals used. Calcein. The Calcein used was the

nighly purified material prepared in earlier work (7).
2-Methylresorcinol. Commercial 2-methyl resorcinol

was purified by sublimation. The sublimation was carried out

i
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in a large evaporating dish, the crude product being
covered with a sheet of perforated filter paper. An
inverted glass fumnel placed over the product and paper
served as a condenser. The 2-methylresorcinol formed
large, white needles, m.p. 117-118°, reported 116-121°
(11). |

4,5 -Dimethylfluorescein. i’,5’—Dimethylfluores-

cein was synthesized by the following procedure. A

thoroughly blended mixture of 400 g. of 2-methylresorcinol
and 275 g. of phthalic anhydride was heated with stirring
until the mixture melted. The temperature was held between
120° and 150° until the melt solidified (about two hours).
The melt was dissélved in sodiim hydroxide solution and the
crude 4’,5'-dimethylfluorescein was precipitated by adding
concentrated hydrochloric acid. The produét was again |
dissolved in sodium hydroxide and reprecipitated by addition
of diluté hydrochloric acid (1:1). The product was dried
and further purified by acetylation.

To 200 g. of impure 4’,5’-dimethylfluorescein was added

- 100 g. of anhydrous sodium acetate and one liter of acetic

—

anhydride. = The mixture was refluxed for 2.5 hours. A white
solid and dark brown liquid were produced., The white solid
was water soluble and did not possess the properties expected
of the diacetate of 4',5'-dimethylfluorescein. The liquid

product of the reaction was poured into three liters of-
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deionized water which precipitated the diacetate of
L7,57-dimethylfluorescein. The precipitate did not form
immediately and appeared first as an oil which crystallized °
on standing.> The diacetate was recrystallized from 95 per-
cent ethanol using a Soxhlet extractor.~ The diacetate was
then hydrolyzed by refluxing with sodium hydroxide in 95
percent ethanol. Tpe resulting solution was poured into
three liters of deionized water and dilute (1:1) hydro-
chloric acid was added which precipitated the 4',5'-dimethyl-
fluorescein..-This was dissolved in sodium hydroxide and
reprecipitated with hydrochloric acid several times.
4*,5’-Dimethylcalcein. This compound was prepared

by the Mannich condensation of 1.0 mole ofbh’,5’—dimethyl-

fluorescein, 2.5 mole disodium imonidiacetate dihydrate and
5.0 mole of formaldehyde using glacial acetic acid as solvent,
the conditions and procedufe being the same as those developed
for the synthesis of Calcein (7).

The 4°,5’-dimethylcalcein was similar in appearance to
Calcein. I#%-was yellow-orange and was not of definite
crystalline structure but was fluffy in appearance. No -
melting point was obtained; rather, as with Calcein, decom-
position occurred on heating above 100°. The NMR spectrum
observed was that expected for a molecule bearing two
methyleneiminodiacetic acid groups and an unsubstituted

phthalate ring. Over the region of the spectrum related %o
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the resorcinol rings the spectrum was poor and although
integratien over the two diffuse peaks observed totaled
two protons, the interpretation of the spectra leads to an
unlikely unsymmetrical structure. More work is required.

2',7'-Dichlorocalcein. This compound was prepared
by the Mannich condensation of 1.0 mole of 2’,7’-dichloro-
fluorescein, 2.5 mole disodium iminodiacetaﬁe dihydrate
_and 5.0 mole of formaldehyde using glacial acetic acid as
solvent, the conditions and procedure veing the same as
those developed for the synthesis of Calcein (7).

The 2/,7’-dichlorocalcein was orange-yellow in color.
No melting point was obtained, rather decomposition was
obsérved at température above 100°. The NMR spectrum was
sharp” and easily interpreted; see below for details. The
compound is 3‘,6'-dihydroxy-2’,7’-dichloro-4’,5'bis[N,N’-di-
(carboxymethyl)aminomethyl]fluoran.

2’,7'-Dichlorofluorescein. Obtained from Eastman
Organic Chemicals and used as received for the preparation
of 2/,7'-dichlorocalcein.

4L’,5’-Dibromofluorescein. Obtained from Eastman
Orgenic Chemicals and used as received.

4’,5';Diiodofluorescein. Obtained from Eastman
Organic Chemicals and used as received.

2',4’,5’,7’JIetrabromofluorescein. Obtained from

Eastman Organic Chemicals and used as received.
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2/,4",5’,7' -Tetraiodofluorescein. Obtained from
Eastman Organic Chemicals and used as received.

Selection of solvent. NMR spectra are obtained

on solutions of the material under exaﬁination in a suit-
able solvent. The concentration must be quite‘high,
preferablj'of the order of 100 mg. ber milliliter of
solvent. Calcein, unfortunately; is only slightly soluble
in the usual solvents. Large amounts of Calcein will
dissolve in aqueous solutions of sodium hydroxide and
potassium hydroxide but such solutions are unsatisfactory
for NMR work. A large band would be introduced by the |
water, the position of which is variable and the neutra-
lization of the six replaceable hydrogen atoms would compli-
cate the picture.

Two solvents, trifluoroacetic acid and dimethylsulfoxide,
proved useful but each suffered some disadvantages. The |
replaceable hydrogen atom of trifluorocacetic acid and those
of Calcein exchanged so rapidly that the carboxyl and phenolic
peaks of the spectrum were lost under the solvent peak.

The peak of dimethylsulfoxide when used as solvent is
broad and several ringing side peaks are present at high
sensitivity so that some of the peaks of Caléein were
covered; this solvent peak covers the region 1.5 to 4.0
'p.p.m.-and makes interpretation in this area quite difficult.

It is in this area that the peaks of aliphatic protons
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usually appear; fortunately the part of the spectrum
where aromatic protons appear is not affected. Because
the reglon of interest in this work was mainly the aro-

matic region, dimethylsulfoxide was used as the solvent.

Results and Discussion

The nuclear magnetic resonance spectra were obtained
of fluorescein, 2',7’—dichlorofluoréscein, 4*,5’~dibromo -
fluorescein, 4/,5'-diiodofluorescein, 4,5’ -dimethyl-
fluorescein, 2’,4’,5',7'-tetrabromofluorescein, 2°',4',5',7/~
tetraiodofluorescein, Calcein, 2,7/~dichlorocalcein, and
.4/ ,5'-dimethylcalcein. The results are summarized in Tables
1 and 2, the chemical shift in cycles per second together
with the results of integrations being given in Table 1
and in terms of § in parts per million (p.p.m.) in Table 2.
The NMR spectra are shown for Tluorescein, Figure 1;
2/,7'-dichlorofluorescein, Figure 2; 2’,7’-dichlorocalcein,
Figure 3; and Calcein, Figure 4.

For interpreting the NMR spectra, the nature of NMR
spectroscoﬁy makes 1t convenient to divide the spectra.and
the discussion into three parts: (1) that dealihg with the
phthalate ring; (2) that dealing with the methyleneimino-
diacetic acid groups, and (3) that dealing with the resorci-

nol rings of the molecules.



Table. 1. Positions and integrations of proton peaks observed in NMR spectra

Proton Position in Cycles per Second (Ingegratign)
Y

Compound 1/,8! 27,7’ Lt 5/ 4 5,6 7 X a’
Fluorescein -4oo(4)- Lig(2) u83(1) 463(2) 438(1) 590
4! 5’ -Dibromo-
fluorescein -403 (%) - 483(1) 467(2) 4u6(1)
4,5’ -Diiodo-
. fluorescein -400(4) - U85(1) 467(2) 440(1)
4,5 -Dimethyl -
fluorescein 410 384 482(1) 460(2) 4uk(1) 759
2’,7'-Dichloro-
fluorescein  399(2) bi6(2) u483(1) u468(2) 440(1)
2’:4,:5,,7,' ‘ )
Tetraiodo- '
fluorescein  U35(2) 499(1) 470(2) 450(1)
2I:4';5’:7"‘ ' - '
' Tetrabromo-
fluorescein  k27(2) ~ 4oh(1) 457(2) 433(1)
. 4',5' -Dimethyl- :
calcein 277 br9(1) 462(2) bh1(1) 143 204
- 01 . .
2’,7'-Dichloro- \
“calcein 399(2) 182 13 468%2% 44221% 257 214
Calcein -395( k) - 4r8(1) ubh(2) u36(1L

259 218  611(6)¢
(8) (M)

a Methylene protons in acetic acid part of methylene iminadiacetic acid group

b Methylene protoné on carbon linking amino group to ring

¢ Acidic protons

d Acidic protons show up in the same position. This indicates rapid exchange of
phenolic and carboxylic protons of Calcein in dimethylsulfoxide

0]<
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Table 2. Positions of proton peaks observed in NMR spectra

Proton Position in Parts per Million Chemical Shifi

Compound 1’,8° ol 7! Y L 5,6 7 xa yP aC
Fluorescein -6.67- 6.87 8.05 T.72 T7.30 9.83
4! 5’ -Dibromo-
fluorescein -6.,72- 8.05 7.78 7.43
4'..5'-Diiodo-
fluorescein -6.67- 8.08 7.78 7.33
b’ ,5!'-Dimethyl
fluorescein 6.83 6.40 8.05 7.67 7.60 12.65
2’,7'-Dichloro-
fluorescein 6.65 6.9% 8.05 T7.80 7.33
21:""':5’:7"' .
Tetraiodo-
fluorescein 7.25 8.2 7.8% 7.50
2’,)4',5’,7"—
Tetrabromo-
fluorescein 7.12 8.23 T.62 7.22 )
47,5’ -Dimethyl- 6.28 7.98 7.70 7.35 2.38  3.40
~ calcein 6.68
2',7'-Dichloro- ‘
" calcein 6.65 8.0 T7.80 7.37 4,28 3.57
Calcein -6.60- 7.97 T7.75 T7.27 4,32 3,63 10.18

a Methylene protons in acetic acid part of meﬁhyleneiminodiacetié acid group

b

Methylene protons on carbon linking amino group to ring

¢ Acidic protons

T



Figure 1. DNuclear magnetic resonance spectrum of fluorescein

showing proton peak positions and integrations.
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Figure 2. Nucléar magnetic resonance spectrum of 2’,7’-dichloro-
fluorescein showing proton peak positions and integrations.
399 cycles per second: 1’,8’-protons.
116 cycles per second: 4’,5'-protons.
440 cycles per second: 7 -proton.
i68 cycles per second : 5,6-protons.

483 cycles per second: 4 -proton.
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Figure 3.

Nuclear magnetic resonance spectrum of 2’,7’-dichloro-

calcein showing proton peak positions and integrations.
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Figure 4.

Nuclear magnetic resonance spectrum of Calcein showing

proton peak positions and integrations.
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Resorcinol—
Ring

Phthalate— @
Ring |

The NMR spectrum of the phthalate ring portion of the

molecﬁle. In the NMR spectra of the ten fluorescein and
calcein compounds listed in the second paragraph above and in
Table 2 and 3, a portion of each spectrum is essentially
constant Ln position and confipguration and is asnignéd to the
protons occupying the U~,5-,06-,and 7 positions, that is to
those protons in the phthalate ring. These peaks appear as

a doublet centered at 480 to 500 cycles per second (§ = 8.00
to 8.33) with integration showing one proton as a triplet
centered around 460 cycles per second (6§ = 7.67)'with inte-
gration showing two protons, and as a doublet centered about
L40 cycles per second (6 = 7.33) with integration showing one

proton.
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The doublets at § = 7.33 and at 6§ = 8.00 to 8.33, both
of which show only one proton on integration indicate a
© carbon atom with a single proton adjacent to another carbon
atom bearing a single proton; these are the protons in the
.4~ and 7-positions. The electron withdrawing properties of
the oxygen atoms cause a deshielding of nearty protons
shifting the peak of the proton downfield, that 1s, to a
higher delta. The proton of the 4-position is closer to
these oxygen atoms and accordingly the peak at 6§ = 8.00 to
8.33 is assigned to the proton in the 4-position and the peak
at 6§ = 7.33 to the proton in the T-position.

The center peak in this reglon appears as a triplet
integrating to two protons in all ten spectra. A triplet indi-
cates one or more protons under the influence of two adjacent
protons, elther two protons'on an adjoining carbon atom
(not possible in a benzenoid iing) or one provon on each of
two adjacent carbon atoms. The integration observed indicates
that two such protons are present; these must be in the 5-
and 6-positions.

The NMR spectrum of the methyvleneiminodiacetic acid

portion of the molecule. In the NMR spectra of all three

of the calceins studied,'two singlet peaks appear in the
region 120 to 240 cycles per second (6 = 2.0 to 4.0), the
general region of aliphatic protons. In the spectrum of

Calcein, these peaks appear at 218 cycles per second (6§ = 3.63)
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and 259 cycles per second (6 = 4#.32) and the integrations
show eight and four protons, respectively. In the spectrum
of 2/,7'-dichlorocalcein these peaks appear at 257 cycles
per second (6 = 4.28) and at 214 cycles per second (6 = 3.57)
but the peaks could not be integrated because of interference
of the ringing peaks of the dimethylsulfoxide solvent. The
heights of the peaks were in the ratio two to one and pre-
sumably represent the eight and four protons of the two
methyleneiminodiacetic acid groups. In the spectrum‘of L' 57~
dimethylcalcein these peaks appear at 143 cycles per second
(6 = 2.38) and 204 cycles per second (8§ = 3.4%0). Again the
integrations could not be made ‘because of interference from
the peaks of the solvent but again the heights of the peaks
were in the ratio of two to one.

The peaks integrating to four protons must be the pro-
tons on the methylene group between the resorcinol rings
and the nitrogen atoms; no splitting occurs 5ecause there
are no adjacent—gfotons. The peaksbintegrating to eight
ﬁrotons must be the protons on the four methylene groups
between the nitrogen atoms and the four carboxyl groups.

The NMR spectrum of the resorcinol rings portion of the

molecule. In each of the NMR spectra of the four com-
pounds , fluorescein, 2’,7’-dichlorofluorescein, Calcein and
2’,7'-dichlorocalcein, a singlet peak occurs at 400 cycles

per second (& = 6.67) (actually at 400, 399, 396, and 399
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cycles per second, respectively). Integration of this peak
gives a value of four in the spectra of fluorescein and Cal-
cein but of two in the spectra of 27,7'/-fluorescein and
2’,7'-dichlorocalcein.

This means that in fluorescein and Calcein four identi-
cal protons are present; these obviously must be those in
the positions 1/, 2/, 7', and 8’. In 2’,7’-dichlorofluores-
cein and 2’,7’-dichlorocalcein only two such protons are
present,hin the 1'- and 8’-positions.

In the spectrum of fluorescein and in the spectrum of
2’,7'-dichlorofluorescein appear a singlet peak, integrating
to two protons, at 412 and 416 cycles per second (6 = 6.87
and 6.93), respectively, which is not found in the spectra
of Calcein and 2',7’-dichlorocalcein. These'protons can be
either the 4’,5’- protons or the 1,8’- protons. Because
this peak lies farther downfield, it is apparent that the
protons are deshielded; this can only result from the
oxygen atoms which lie on either side of the 4/- and 5'-
positions and the assignment of this peak is thus to the pro-
tons in the 4’- and 5’- positions.

An objection which may be raised to the above assign-
ment of the peak at 400 cycles per second is that the peak
should -appear as a doublet because of splitting by the proton
on the adjacent carbon atom, that is the 1’- by the 2’-, the
2’- by the 1'-, the 7'- by the 8'-, and the 8’- by the 7'-.
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The phenomenon generally referred to as ”c;llapsing"
probably is responsible for the peak appearing as a singlet.
Collapsing is common although not invariable in the spectra
of monosubstituted benzenes.

In the spectra of 4',5'-dibromofluorescein and 4’',5'-di- -
iodofluorescein there appears a singlet peak at 403 cycles
per second (§ = 6.72) and 400 cycles per second (§ = 6.67),
respectively. The integration in each case gave a value orf
four. These peaks must be those of the four protons in the
l';, 2'-, 7'-, and 8’- positions inasmuch as these are the
only protons present in the resorcinol rings. These peaks
lie in the samec position as the 400 cycles per second peak
of the four compounds under discussion above and this
supports the assignment of the 400 cycles per second peak -
in these compounds to the 1'-, 2'-, 7'-, and 8'- positions.

In the spectrum of 2,4’,5',7'-tetrabromofluorescein
and of 2',4’,5’,7'-tetraiodofluorescein there appears a

singlet peak, at U435 cycles per second (6 = 7.25) and 427
| cycles per second (6§ = 7.12), respectively. _The integration
in each case gave a value of two. These must be the protons
in the 1’- and 8’- positions. These peaks lie far down-
field as expected because of the electron withdrawing effects
of the various oxygen and halogen atoms.

Unlike the spectra of fluorescein, 2/,7"-dichloro-

fluorescein, 4%,5'-dibromofluorescein, 4’,5’-diiodofluorocescein,



and Calcein, in all of which the spectrum of the four protons
present collapsed to a singlet iutegrating to four, there
was present in the spectrum of 4’,5'-dimethylfluorescein two
doublets, centered at 410 cycles per second (§ = 6.83) and
384 cycles per second (§ = 6.40), both integrating to two
protons. These must, of course, be the protons in the 1%,
2%, 7T- and 8'- positions, but the expected two peaks appéar
rather than the collapsed singlet of the analogous compounds.
The NMR spectrum . of 4/,5’-dimethylcalcein obtained was
that expected for a molecule bearing two methyleneiminodiace-
tic acid groups and an unsubstituted phthalate ring. The
spectrum in the region of the resorcinol rings was very poor.
Tuo diffuse bands with high noise level did eppear, at 377
and 401 cycles per second, integrating to a total of two
protons. Two singlet peaks of this kind indicate two adja-
cent protons each in a diffefent environment. This implies
two hydrogen atoms in the same ring and that the material may

/A
,O

be the unsymmetrically substituted compound 3 ~dihydroxy -
L’,5'-dimethyl-1,2-bis[N,N’-di({carboxymethyl)aminomethyl]-
fluoran. The material may have been a mixture and more work
is required.

Review of the NMR spectroscopy of Calcein. The dis~-

cussion of the NMR spectrum of Calcein was made in three parts
and was unavoidably interwoven with the discussion of the

spectra of related compounds. In overall review, it should
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be said that the spectrum of Calcein proved clean cut and
interpretable in unambiguous fashion. The spectrum in one
region was clearly that of an aromatic ring bearing four
hydrogen atoms on successive carbon atoms (phthalate ring);
the integration was that expected for four hydrogen atoms.
The spectrum in a second region was exactly that, in numober
and position of peaks and in integration, expected for two
methyleneiminodiacetic acid groups. In the region .of
greatest interest, that reflecting the substitution in the
resorcinol rings, the pattern was the remarkably siﬁple one
of one singlet peak. This was readily interpretable in terms
of symmetrical substitution, that is, one methyleneiminodi-
acetic acid group into each ring, and in the 4’- and 5'-
positions. Calcein is therefore fluorescein-4’,5‘-bis(methyl-
eneiminodiacetic acid) or more formally: 3’,6'-dihydroxy-4’,-
5'-bis[N,N'—di(carboxymethylfaminomethyl]fluoran.

It is incumbent now to inquire if the spectrum observed
could be equally well or even at all interpreted on the basis
of one of the other eigﬁf possible structures. It is fitting
too, to ask about the six replaceable hydrogen atoms in the
rlolecule and about the molecule of water which is presént in

the crystalline material.

Other possible structures as an explanation of the NMR

spectrum of Calcein. The singlet peak integrating to four

_protons in the portion of the NMR spectrum of Calcein related
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to the resorcinol rings is simple and indicates high
syrmetry. In addition to the symmetrical 4! ,5%-structure
(Structure IX, page 9 ) deduced above as the structure of
Calcein, two other symmetrical structures are possible,
1/,8’- (Structure V, page 8 ) and 2’,7'~ (Structure VIII,
page 9 ).

In the 1’,8’'-structure, the remaining four protons in
the resorcinol ring occupy the 2’'-, 4’-, 5’-, and 7'-posi-
tiéns. The 2’- and 7'’/-protons are alike and the 4’- and
5’-protons are also alike; but the 2’- and 7';protons are
surrounded by a quite different environment than the 4’-
and 57=protons. Uhe NMR pabtern expected then would be two
singlets, each with integrations showing two protons, the
positions being about 400 and 412 cycles per second.

In the 2’,7’-structure, the remaining four protons occupy
the 1/-, 4/-, 5’- and 8'-positions. Again pairs of protons
are alike but the environments of the 1’- and 8‘- and the
4/~ and 57-protons are quite different. The expected pattern
again would be two singlet peaks, each integrating to two
protons and lying at about 400 and 412 cycles per second (as
in fluorescein and 2',7’-dichlorofluorescein).

In the six unsymmetrically substituted structures, the
four hydrogen atoms are distribﬁted about the two rings in
various' ways. In the 1’,2’-, 1/,4’- and 2’,4’-structures
(Structures I, II, and VI, page 8,9), the lone hydrogen atoms

‘



in one ring would produce a single peak, the remaining

three in the second ring a variety of singlets and doublets.
In the unsymmetrical structures 1’',5'-, 1/,7’- and 2,5~
(Structures III, IV and VII, page 8,9) two hydrogen atoms are
p?esent.in each ring but again the environment is different
about the various individual atoms and again a variety of
singlet and doublet peaks would be expected for each ring.
In general then, the spectra of the unsymmetric compounds
would be expected to be amore complex pattern than the
simplelone actually found.

Thus, all eight of the other possible structures for
Calcein are rejected on the basis that each would leéd to
more complicated spectra than the one actually observed.
Further support is thus supplied for the 4’,5'—strucﬁure
for Calcein deduced by direct interpretation of the ob-
éerved spectrum. '

NMR and the six replaceable hydrogen atoms of Calcein.

A peak in the NMR spectrum of Calcein appears at 611
cycles per second (§ = 10.18). Integration over this peak
gives a value of.six protons.

The position far downfield indicates, that these six
protons are greatly deshielded as expected for protons which
are ionic in character.

Because all six of the protons appear in the singlet at

611 cycles per second, all six of the protons are exchanging
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rapidly with the solvent. When excess deuterium oxide is
added to Calcein in dimethylsulfoxide the peak at 611 cycles
per second is shifted to 387 cycles per second (& = 6.04),
the position in which the peak caused by water appears.

This also indicates that all of the protons in Calcein are
exchanging rapidly in dimethylsulfoxide.

NMR and the molecule of water of crystallization of

crystalline Calcein. No peak was observed in the NMR

spectrum of Calcein which could be assigned to the molecule
of water known to be present in crystalline Calcein when
first prepared. It is possible that the éxpectéd peak of
the proton of water is simply obscured by the‘broad peak of
the solvent dimethylsulfoxide. It is also possible that the
water of hydration was lost during storage of the material
over ahhydrous phosphorus penﬁoxide. Unfértunately nd

record was kept of loss on wéight during storage.

Surmary

The NMR spectra of fluorescein, Calcein, six substituted
fluoresceins and two substituted Calceins have been obtained
and interpreted in terms of the known and unknown structures
of the various molecules.

One portion of the NMR spectrum of each of the ten
compounds studied is essentially identical in character,
number , position and proton integration of peaks observed and

is attributed to four protons on successive carbons in a
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benzene ring. Thus, no substitution into the phthalate
ring of the Calceln compounds occurred during thelr
synthesis.

Another portion of the NMR spectra of Calcein, 27/,7'-
dichlorocalcein and 4’,5’-dimethylcalcein was essentially
identical in character and position of the peaks in the
region expected for aliphatic protons. Integration showed
the presence of the eight methylene hydrogen atoms corres-
ponding to those of the four acetic acid groups present, and
four methylene hydrogen atoms of a second kind, as expected
for the two methylene groups linking the amino acids to tThe
rings. |

In a third region of the spectra appeared a group of
peaks attributed to the protons of the resorcinol rings.
Particular attention was paid to this part of the spectra of
fluorescein, 2’,7’-dichlorofluorescein, 4’,5’-dibromo-
fluorescein, 4’,5’~diiodofluorescein, 4’,5’-dimethyl-
fluorescein, Calcein, 2/,7’-dichlorocalcein, and 4/,5/-di-
methylcalcein. The similarities and differences in the
number, position and character of the peaks and the inte-
gration over each for the number of protons led to a consist-
ent and complete assignment of the various peaks. The
simple spectrum of Calcein in this region (one singlet peak
integrating to four ?rotons) made it clearly evident that
the molecule is highly symmetrical,lwith one methyleneimino-

diacetic acid group present in each resorcinol rings and in
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the positions between the ring oxygen atom and the phenol
groups. That is, Calcein is fluorescein-4',5'-bis(methylene-
iminodiacetic acid) or more formaily 3’,6’-dihydroxy-4’,5'-
bis[N,N’-di(carboxymethyl)aminomethyl]fluoran. The NMR
spectra predicted for the other eight structures possible

for Calcein are all more complex than the simple spectrun
found.

The NMR spectrum shows that all six of the replaceable
hydrogen atoms in the molecule of Calcein exchange rapidly
with the solvent used, dimethylsulfoxide.

The two methylenediacetic acid groups in the Calcein
derived from 2’,7’-dichlorofluorescein was shown by NMR
spectroscopj to occupy the 4‘- and 5’- positions.

The Calcein derived frdm 47,5’ -dimethylfluorescein
appears from the NMR spectrum to be the unsymmetrically -
substituted compound 4’,5’—aimethylfluorescein-l’,2'—bis—
(methyleneiminodiacetic acid) but work is required on this

compound.
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PART III. DETERMINATION OF ACID DISSOCTIATION CONSTANTS

Titration of the highly purified material with alkali
quickly revealed that the equivalent weight of Calcein is 160
and thus that Calcein acts as a tetrabasic acid. The end-
point could be located with precision and the titration
‘afforded a useful and accurate criterion of purity.

Actually six replaceable hydrogen atoms are present in the
. Calcein molecule, the acidic functions being four carboxyl
groups and two phenol groups, but actually probably acting,
because of the zwltter ion structure, as two free carboxyl
groups , two phenol groups and two ammonium ions.. The
fluorescence and the union with metal ions are pH dependent
and thus a knowledge of the nature of the.behavior of Calcein
as an acid is of considerable interest. The problem of deter-
mining the acid dissociation constants is complicated by the low
solubility of Calcein, the material not going into solution
completely during'titration with alkali until some 1.5 moles
of alkali have been added and the pH raised to about 4.

Success w2 achieved in determining all six of the acid
dissociation constants of Calcein but it was necessary to use
four lines of attack: (1) Potentiometric titration with alkali,
which yielded values for Kz, Kz and Ks; (2) Measurement of the
solubility as a function of pH, which led to a value for X;;

(3) Absorption spectrophotometry, which gave values for Ks,
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KoKz and Ks+Ka; and (4) Fluorescence spectrophotometry,
which gave values for Ksz:Ks, Ks and Kg. Each of these lines

of attack is now discussed separately.

Determination of Acid Dissociation Constants

By Potentiometric Titration

Potentiometric titration with alkali using the glass
electrode is the simplest and most direct method of obtaining
the acld dissociation constants of an acid. Complications may
arise in interpreting the titration curve if the acid under
investigation has more than one replaceable hydrogen atom,
particularly if the values of the successive dissoclation
constants are not widely separated. This is true of Calcein
with the further complication that,because of low solubility,
the titration data. could not be used to determine the first
acid dissociation constant. .On titration of a sample of the
customary size, 0.2 g. or so in 200 ml. of water, with sodium
hydroxide, the material did not pass completely into solution
until the pH had been raised to 4 or 4.5. Thus, depending on
the speed with which the titration was carried out, the data
up to about 2 to 2;5 moles of alkali added was not meaningful.
By adding a measured excess of standard alkali and back ti-
trating with standdrd hydrochloric acid,'a titration curve was
obtained identical to the direct titration curve but with a
useful range down to pH 3 or lcwer becsuse précipitation of

free Calcein did not occur before this pH was reached. Even so,
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it was necessary to evaluate the first acid dissociation
constant by the solubility method (following section).
Because of an interesting feature of the characteristics of
Calcein as an acid it became possible to evaluate the second,

third and fourth constants by a relatively simple interpreta-

tion of the titration data.

Experimental wWork

Materigls. The Calcein used was the highly purified

'

material prepared in earlier research (7).

Apvaratus. A Beckman Expanded Scale pH Meter was used.
A high alkalinity electrode was used. It was necessary to
apoly corrections to the reacdings obtained on this electrode

because of deviations observed when celibrating against

standeard ouffers; when the pH meter was zeroed with the pH 7.00

ko]

buffer the reading with the pE 4.00 buffer was 3.82 and with

=

the pH 10.00 buffer, 10.18. Because of this, a correction was
applied over the entire range, the correction function dveing
assumed to be linear with a slope of 0.06 pH units per pHE unit.
Titrations. The direct tTitration of Calcein was carried
out in the following manner. To 0,4675 g. of Calcein was added
__about édO ml. of water. The resulting mixture was titrated with
C.0835 N sodium hydroxide. Complete dissolution of the Calcein

did not occur until a ¢H of 4 was reached. The titration

curve obtained is shown in Figure 5.



Figure 5 . Potentiometric titration of Calcein with sodium hydroxide.

Weight of Calcein taken: 0.4675 g. |

Concentration of sodium hydroxide: 0.0835 N,
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The indirect titration was carried out by the follow-
ing method. To 0.21%0 g. of Calcein was added 35.00 ml. of
0.0997 N sodium hydroxide (an excess of two times the
necessary amount to titrate the Calcein). The resulting
solution was then tiftrated with 0.1114% N hydrochloric acid

Using the total amount

O_u

using a total of 50.00 ml. of aci
of Calcein present and tne amount of sodium hydroxide added,
the volume of hydrochloric acid required to titrate the excess
sodiun hydroxide was calculated. The pH corresponding to this
amount was considered 200 percent titration. The end-point
value was taken from the titration curve and the 0 percent
titration point was taken as the point corresponding to the”
same number of milliliters as from 200 percent titration To
the end-point. The titration curve obtteained in this manner is

shown in Figure 6,

Results and discussion

The titration curve obtained by adding a measured excess
of standard sodium hydroxide and back titrating with standard
hydrochloric acid superimposed that obtained by direct titration
with sodium hydroxide; the data was more regular in character
and useful in the region pH % to L. |

‘The data obtalned in Lhe titration ol Calceln by the
addition of a measured excess of standard alkali and back
titration with hydrochloric acid, Table 3 and Figure 6 ,

was used to calculate the second, third and Ffourth acid



Figure 6 . Titration of Calcein by addition of a measured
volume of standard sodium hydroxide and back
titration with standard hydrochloric acid.

Weight of Calcein taken: 0.2140 g.

Sodium hydroxide added: 35.00 ml. of 0.0997 N.

Concentration of hydrochloric acid: 0.1114 N, *©

Right inset: Theoretical titration over the
buffer region of a monobasic acid.

Left inset: Theoretical titration over the buffer
region of a dibasic acid.

- Theoretical curves for monobasic acid superimposed
on experimental eurve at the midpoints of the first
four stages.

1. Point where precipitatibn of free Calcein

begins in the back titration.
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dissociation constants, Kz, Kz and K4.
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Table >. Titration of Calcein. Addition of a measured
amount of standard sodium hydroxide and back
titration with standard hydrochloric acid;

55.00 ml. 0.0997 N sodium hydroxide; 200 ml.
water; 0.1114 N hydrochloric acid

Hydrochloric Hydrochloric Hydrochloric

acid, ml, pH acid, ml. pH acid, mi. pH
0 12.43 18.60 9.55 25.00 L o7
5.00 12.23 18.83 §.99 26.00 5.66
9.00 11.98 18.90 8.63 27.00 3.29
11.12 11.79 19.00 8.10 28.00% 3.00
15.00 11.58 19.1¢C 7.70 29.00 2.79
14,00 11.43 19.20 7. 044 30.00 . 2.61
15.00 11.26 19.30 7.21 31.00 2.47
16.00 11.02 19.50 6.92 32.00 2.36
16.50 10.87 19.70 6.70 33.00 2.27
17.00 10,71 20.00 6.47 35.00 2.09
17.30 16.58 20.30 6.28 57.00 1.97
17.60 10.43 20170 6.03 L0.00 1.82
17.80 10. 32 21.00 5.87- 45,00 1.64
17.90 10.23 21.50 5.62 50.00 1.52
18.00 10.17 22.00 5.37
18.20 10.02 23.00 4y o2
18.40 9.8%4 24,00 4,49
& Precipitation of free Calcein began between 28.00 and

29.00 ml. of hydrochloric acid added
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As will be seen on-inspection of Figure 6, a single
break appears in the titration curve, at four moles of alkali.
The material is a fairly strong acid and no suggestion of
even minor breaks or more thanvone inflection point appear
in the curve prior to the break. The pH at the various
stages of the titration are given in Table 4:
Table A . Witrabion off Colecin. pil AL variows sbapes in

the titration. Data taken by interpolation of
original data given in Table 3

Alksli added lkali added

(moles per ml. (moles per ml.

of Calcein) pH of Calcein) pH

- 0.80 2.88 2.60 4,85

0.90 2.95 2.70 4,95
1.00 3.02 2.75 5.05
1.10 3.09 2.80 5.10
1.20 %.18 2.90 5.25
1.30 3.28 %.00 5.3
1.%0 '3.37 3.10 5.5%
1.50 3,47 3.20 5.66
1.60 3.59 3.25 5.73
1.70 3.72 3.30 5.80
1.80 3,84 %.40 6.02
1.90 3.96 3.50 6.19
2.00 L, 09 3.60 6.37
2.10 4,20 3.70 6.57
2.20 4,30 3.75 6.70
2.25 4.37 3.80 B 6.86
2.30 L. L5 3,90 - 7.31
2.40 4,60 4,00 8.30
2.50 L, 71
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The significance of the absence of minor breaks and
inflections in the curve is that there exists & fairly
uniform distribution of the numerical values of the constants,
that 1s, that the ratio of any two successive constants is
provbably less than 100. This means that considerable overlap
occurs in the titration of two'successive steps put also that
only two steps are involved at aﬁy varticular vH. This latter
greatly simplifies the problem of obtaining'the values of the
constants from the titration data.

Theoretical titration curves over the buffer region for
a monobasic acid and for a dibasic acid having Ky = X2 are
shown in the inserts of Figure 6 and the theoretical curve
for a monobasic acid 1s superimposed on the titration curve
at various stages. Over the upper branch of the fourth stage
of the titration, the experimental curve and the theoretical
curve superimpose, that is, over the region a = 3.4 t0 a =
3.8, a being the number of moles of base added per mole of
Calceln or the fraction of the four replaceable hydrogen atoms
titrated. Over the third, second and first staées of the
tivration the curves do not superimpose, the departure be-
coming greater successively, but even over the first stage
the slope at the mid-point (a = 1.5) is still greater than

that of a dibasic acid having XK1 = Koz.
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For Calcein we adopt the symbol HgA and for the six
dissoclation steps define the successive acid dissociation

constants, Ky, Ko, Kz, Ks, Ks and Ks by the eguations

| -
HeA == H' + HsA~ Ky, = SAlHsA L
) [HGA]
- - rrv - -2 .
HsA == il + HqA 2 Ko = ! ][Iti_/bA 1 ( %)
: [HsA %]
- - Fim.s T3
HaA™2 == H' + HaA™® Ko = L+ llHoA 7] (&)
[HeA 2]
- - TITHIA T4
HsA™® == H' + HaA™* K, = MLIHeA ] oy
[HaA ®]
- - tT1rga~S '
HeA™® == H + HEA™S ks = LE 1A 7] (6)
[H28 #]
HATS == H' + A™S Ke = LB 1A 7] (7)

[HA™S]
Considering the fourth dissociation step as a monobasic
acid, the mid-point (a = 3.50) pH may be taken as a value
for the negative logarithm of the acid dissociation constant,

pK4 = DH . 6.19. A somewhat elaborate way of doing

mid-point =
the sane thing is to use the observed pH at various stages of
the titration and Equation (8 ) obtained by rearranging |

. Equation (5 )..
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[H7][HoA%]
K, =
© [HeA™] L2
(8] = K, —HeA 1

[HaA %]

- log[H'] = - log Ks - log +Heh "
[HaA %]

T A3
PH = pKs =~ log Lﬁ“é:—l- (8)
[HaA %]
For [HsA 3], the untitrated acid, we use the successive
values of &, a = 3.30, 3.40, ...3.70; for [HzA %], the salt

formed, 4.00 - a. The values obtained were

“a pH -i-logrLr OO ]

3.30 5.80 +0.37 6.17
3.40 6.02 +0.18 6.20
3.50 6.19 0 6.19
3.60 6.37 -0.18 6.19
3.70 6.57 -0.37 6.20

Average: pKs = 6.19

A plot of pH versus log[?ng—:Ji% gave a straight line
having the theoretical slope of 1.0.

Because the successive acid dissociation constants differ
" appreciably, it became possible to determine Kz and Ks by
cOnsidering successive steps in pairs. ZFor a dibasic acid, the

ionization reactions and the two acid dissociation constants are



et e ' A \
HpA == HT -+ HA Ky == i (9)
(4]

Hh

Multiplication of the respective sides of Eguations ( 9)

and (1C) zives

KiKp == —=

[57] == [faXz2iHed (31)
J LA 4

D.r
©
I. T
n
()]
(0]
Q
}-2
©
|

As applied To the determination of the third aci

tion constant of Calcein

(7] == ;K3K4 e (12)

At the point o = 5.00, theoreticully only lisA “ should be

D)

present; actually because of the overlap some HaA % has
formed znd some H4A 2 remains untitraied, the amounts of the
two belng egual:

[2.872] = [Ha27%]

Equation (12) thus becomes

S = {Xok4
(a = 3.00)
ang *

1/2 PL3 = p:(a - 3.00) - 1/2 PK4
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Using the data of Table 4 , pH(a 5.00) = 5.39, and
pKe = 6.19, gives
1/2 pXs = 5.39 - 1/2(6.19)

4.58

PKs
In a similar manner, a value was obtained for pXKz:
1/2 pKz = pH(a = 2.00) ~ 1/2 pKa
L,09 - 1/2 (4.58)

pPK2 = 3.60

Another value for the second acid dissociation constant was
obtained in a similar menner using the value for the first
acid dissociation constant obtained by the solubility method

(following section), pKi = 2.53.

pK2 = pH(a - l.OO) - 1/2 PKa1
3.02 -~ 1/2 (2.53)
"pKz = 3-47.

This calculation involves titration datd taken after precipi-
tation of Calcein began (on the addition of standard hydro-
chloric acid), the value obtainedlis probably as good as that
obtained above by two successive calculations from pKs. The
average of the two, 3.60 and 3.47 is adopted; that is, pKz =
3.53.

In this work the activities of the various ions have been
assumed to be equal to the concentration (activity coefficient
equal to one). No attention was paid to making the solutions

of definite and constant ionic strength. Thus, the values
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obtalned approximate only the thermodynemic constant

©
o
S
o,

()
n

are probably reliable to only two significant figur

Sumnarizing then
o

XKy =2.9 x 10°° pK1 = 2.5
Kz = 3.4 x 10674 oKz = 3.5 :
Ks = 2.6 x 10°S PKas = 4.6
Ke = 6.4 x 1077 pKy = 6.2

The ratios of these constants tTaken successively are

K 3

R

X2 A= o
————KS = i0.

Ka_  _ 4

K. = 42,

“Surmary

=y

The potentiometric titration of Calicein with sodium

hydroxide yields a titration curve with one break, at pH =
8.30, corresponding to the replacemenc of Tour hydrogen atoms.

Because of the low solubility of Calcein, better data for
the purposes of calculating acid dissociation constants is
obtained ty adding a measured excess of standard sodium
hydroxide and back titrating with standard hydrochloric agcid.

Because of the low solubility a value for tThe first acid
dissociation constant could not be obtained from the titration
data.

The titraticn curve shows no minor breaks or inflections



up to the end-point indicating that the values of the four
dissocilation constants are more or less uniformly ceparated.
At any particular vi then, onliy two steps of the titration
overlap and the calculation of the successive constants is
simplified.

The fourth step of the neutralization 1s that of & mono-
basic acid and & value of K. is obtalned directly. The third
dissociation constant was obtained from the fourtnh dissocila-

tion constant and titration deata. Simiiarly the second was

Hb

obtained from the third. A wvalue FTor the second was also
cbtained from & valuve for the Tirst constent and titration
doto.

The values obtained for the second, third and fourth acid

& 'd

dissocintion constants aro: Ko = 5.0 x 10 74 (prg vz 3.5), Ko =

2.0 x 1075 (pKs = 4.0); Kqo = 0.0 x 1077 (pK4 = 6.2). E—

Determination of Acid Dissocisation Constants
By Solubility Measurements

Introduction

During the course of a titration of Calceln with sodium
hydroxide, the Calcein being tTitrated remains undissolived
until the pHE of the solution reaches 3.5 or L4 corresponding
to the addition of 1.5 to 2 moles of sodium hydroxide. The
titration curve up to this point cannot be used for assessing
the acid dissociztion constants beyond the genersl observation

that the first dissociation constant is that of a fairly strong



acid.

A direct attack on the problem of measuring the Tirst
acld dissociation constant is available in measurements of
solubility as a function of pH. The method was proposed )
by Krebs and Speeskman (12) and developed for a monobasic
acid. The method 1s straight forward in theory and experi-
ment but'for Calcein reculired extension vecause more than
one replaceable hydrogen is involved in the early stages of

the neutrealization.

Theory for a monobasic acid. For the moncbasic acid
- A -—
- e - - THYITA T -
EA =H + A K, == 1] (l))
5]
L

of low solubility, the acid which has passed into solution is

i
present in the two forms HA and AT, the relative amounts of the
two depending on the pH. If an analytical method is available

for determining the total material in solution, the solubility,
.2 »,



may tnen be determined in a series of solutions of

S = [E&] + [A7] (14)
It is assumed thal the solubillty of The unionized acid

remains coastant over the pH range and tnis solubility is

designated as the intrinsic solubilivy, Si' That is,
and
' ra /=2
SO = Si T LA. ] \lO)

Making use of tThe mathematlical ecuation defining the sacid

dissociation constent gives

i€, [HA] -
3] — o - o e
n_)O = Ui ! r'T-!'n (l.{)
Ll
L
K. oo
- A i oY
S = 5. + '—‘—_‘_—_——' (l('))
(@] 1 [H[ ]
T Kﬁ "
So = 81t (19)
L [E7] J

The activities of the acid and the ion are assumed to be one.

Rearrangement of this equation and taking the logarithms of

S

both sides of the resulting eguation gives

s B -
0 - — i
logLSi - _L-J = log K, + 1og[_f : (20)

Two treatments of the data obtained from the measurements are

- A 1 . . o L ..
made. A plot of SO versus <= 1s made; the function is a
r
(2]



g strzight line, The intercepdt being tne intrinsic

solubility, S.. Using the value of Si 30 obtained, & plot

[s =7 .

of log: SO - 1! versus log —— 1is made; the function is
L 1 ] (5]

a straignt line, the slope being one and the intercent, log

Reagencs. Caicein. Tne Calcein used was the higaly

purified material vrepared earlier ( 7).

Buffer Solutions. A1l buffers were vrepared from con-

i

}..I

binations of 0.1 M hydrocxznlioric acid, C.

0.1 M citric acid in 0.1 M votassium chloride and 0.1 M gly-

gach

L))

cine in 0.1 M potassium chloride. The ionic strength o
sclution was thus 0.1l. The pHE of each buffer was measured
before and after equilibration with Calcein. The pH range of

the buffers was ph 1 to 5, at 0.5 pHE unit intervals before

eguilibration.

Solubility measurenments. ‘To 25.00 ml. of buffer in 50

ml. polyethylene bottles was added C.10 ml. of 0.1 M ethylene-
diaminetetraacetic acid and sufficient solid Celcein to ensure
complete saturation of the bulfer. The'bottles were then
wrapped in aluminum fcll to exclude lignt which causes photo-
decomposition of Calcein. The bottles were tThen shaken for
sixteen hours at 25°C to ensure complete eguilibration. A
standard solution was preparced and treated exactly as the

puffer solutions to minimize effects of temperature variations

votassium nydroxide,



and decomposition, The standard was a weighed sample of

alcein which was dissolved in 25.00 mi. of 0.1 M potassiusm

Q

hydroxide containing 0.10 mi. of C.1 M ethylenediaminetetra-
acetic acid.

Although there was undoubtedly some difference in
total volumes of the various solutions owing to the dissolved
Calcein, the maximum deviation was less than 0.1 percent which
is within tThe experimental error of the analysis. Use of
volumetric flasks was avoided as the mixing in flasks is less
effective because of the narrow necks.

After eguilibration of the Calcein-buffer mixtures, the
excess Calcein was filtered off on filters cf sintered glass
frit. One-milliliter aliquotsof the Calcein-buffer solutions
were diluted to 50.00 mi. with 0.1 M potassium hydroxide and
the absorbance measured at 493 my. The absorbance of these
solutions were then related to concentration by using the
calibraticn curve prepared by making absorbance measurements
on aliqucts of the standard solution. The calibration curve
is shown in Figure 7.

Results and discussion

The solubility of Calcein was measured over the pE range
1.85 to 3.5C. The results are shown in Table 5,

Application of the theory of the solubility of a mono-
basic acid as a function of pH as given avove was made, first

on the assumption that over this pH range (1.85 to 3.50)



Figure 7 . Calibration curve used in the determination of Calcein.
Absorbance measured at 493 my.
Concentratidn in mg. Calcein per 100 nl.
pH = 13.4 (0.1N KOH).

Molar extinction coefficient: 4.0 x 10%.
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Table 5, Solubility of Calzein as a function of pH
Experimental Vzlues - Derived Values
o So,mg. ‘ 1 S84, ?9ies/ ) l+ S, a 1 X %, SO ch
T T . r IR 98 wrrual - 11 T iao - - —

100 ml. [H"] [17] LLe Oi[HT] log S; rogr iyt [gt1q 1og g, -
1.85 28.5 1.4 x 1072 71 Lk.45 x 10 % 1.851  -0.745 1.851 -1.52
2.29 32,1 5.1k x 10 2 185 5,03 x 10_* 2,267 -0.482 2.276 -0.61
2.75 66.3 1.77 x 10 ® 555 i0.3 x 10_* 2,752 40.243 2.774 -1.05
3.61 94,4 6.90 x 10_*1L55 147 x 10_* 3,161 40,465 3.217 +0.13%4
3.38 155.0 4,15 x 10_%2403 24,2 x 10_* 3.380 +0.73%6 3.470 +0.218
3.50 198.0 3.16 x 10 *317C 0.9 x 10 * 3,501 +0.858 3.615 , +0.z24

&

%8y = 3.77 x 107*

® g, =0.5x 1075

¢ Ky, =2.95 x 1073
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Calcein behaved as a monobasic acid (Calculation A) and
second that it behaved as a dibasic acid (Calculation B).

Calculation A. Assumption that Calcein behaves ag a

monobasic acid over the %H range 1.85 to 3.50. - Adopting

for Calcein and the various anionic species of it the symbols
HeA, HsA , HeA™®, HaA ®, HoA™®, HA™S, A4S
the assumption is that the only species present between pH

1.85 and 3.50 are HsA and HsA . Using these symbols,

gquations (18) and (20) become

— ' 193
S, =8; + — : (21)
[E7] :
and
So 1 ' 1
log 5 - = log Ki + log =, (22)
i : | [H"]
" Plots of the function of Eguation (22) is shown in Figure 8.
The value for S, is found from a plot of SO versus[%;]. This
- h,.
plot is shown in Figure 9 . Extrapolation of the line in
Figure 9 to[éL] = 0 gave for the intrinsic solubility of
Calcein _
S, = 24.1 mg. Calcein per 100 ml.
= 3.77 % 10 % (molecular weight = 640)
- S
This value was used in calculating §9 and the numbers plotted
' i
in Figure 8 . The intercept of the line in Figure 8 is -2.53,

that is pKi = 2.53% (Ky = 2.95 x 10 2). The slope of the line

was found to be 0.98.



Figure 8 . Determination of the first acid dissociation

of Czlcein from soludility measurements.
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Figure 9 . Determination of the intrinsic solubility, Si’ of Calcein

from solubility measurements. Solubility of Calcein as
a function of ——:—L: '
[H]

Si = 3.77 x 10°* M.

24, 1 mg./100 ml.
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Thus, the first replaceable hydrogen atom of Calcein is
a fairly strong acid and the value obtained for the slope is
so close to 1.0 that the calculation of pKi is probably not
seriously disturbed by the second ilonization step, that is,
that Kz is considerably smaller than X:.

It was noticed in measuring the solubilitiéé of the
various Calcein-buffer solutions that below a pH of about
1.5 the solubility of Calcein increased rapidly. Tnis was
also noted in the previous work (7 ) and was used as a means
of purifying Calcein. Because at low pH the Calcein forms
apparently the hydrochloride (in hydrochloric acid) which
is soluble in agueous solution, the pH was lowered to a
value of about 1 and then raised with sodium hyaroxide to
pH 2.3 thus the metal ions which were present in the Calcein
were left in solutién. Because of this increase in solubility
at low pll the plot of So versus i did not includce Vuiucs

("]

for L below pH 1.5, but extrapolation was made to a value

.-
(5]
1
of .=, += 0 using the values between pH 1.85 and 3.50.
(5]
Calculation B. Assumption that Calcein behaves as &
dibasic acid over the pH range 1.85 to 3.50. Under this

assumption the total Calcein as measured by the spectrophoto~
metric method in the respective solutions of varying pH, Table
5 , is the sum of the three species, [HeA], [HsA ] and [H.,A 2],

Again the assumption is made that the amount of unionized acid



T3

is independent of pH, that is [HsA] = Si’ Si being the
intrinsic solubility. Then
S, = [HeA] + [HsA™] + [H.A 2] (23)

and using the equations defining Ki and Ki

Ky [HsA] | KaKo[HsA] (24)

S

= [HGA] 4 i T o
© (2] (8712
s =8, + faS1 . KiKeS; (25)
S R A

The data of Table 5 was handled three ways: B-l., by
the solution of simultaneous egquations which lead to values
for Si’ Ky and Kz; B-2. by applying a correction for the[§4]2
term to the calculation made in the section above, which
led to the same Qalue for Ki; and B-3. by still a further
variation on the mcethod of plotting, which lead to another
value for Ka.

Colculation B-1. Method using: simultaneous equations.

The three variables, Si’ Ki and Kz in Equation (25)
were evaluated by solving three simultaneous equations, the
data of lines 2, 4 and & of Table 5 being used. Equation

(25) was cast in the form

Y zZ
S =X+= + £ (26)
;¥ = Ki18; and Z = K1KzS., The equations

in which X = Si
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Ny ks VRN S R N - PR N N e V- NP PR St N A P
Caloulaticn £-2. Corection to Caleculation L by
o
T e AL em ae Lo N2 AT P e e S T o PRI S t =\
including the term —= . Modification of Lcuation (25)

-
-2
e

logiz2 - 1l versus log

S1g. =

. : [
- Ls

' )
The correcvion is negligivle at low pH and the value obtained

for X3 is the same as that oovtalned in Calculation A, 2X: =

2.52.

o
o
[o )
-
J

Rearrangement of Zquation (27) zives

I-So Ko i - 1
gle— - 1 - —= . versus 1lc

5 g = was made.
e [57] | [27]

o

The »oints were badly scattered and the best straignt line

]

yielded for intercspt log -_—_f—]—2= C + 2.54% from which
nl



Figure 10.

Determination of the first acid dissociation
constant of Calcein from solubility measure-
ments using a provisional value of the second

dissociation constant.

. S
1: Log §9 - J versus log[;L- + K2 4 .

51 [(H] [H")
) S
a: Log §9 - 1| versus log —l: .
|71 (2]
Intercept |log —%— + Ki—a =0f = -2.55
[#"] [H"] :

or [log —%— =0 }: -2.53.
(H']

PK1 = 2.53.
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The ultravioliet spectoran of Calcein av

~

CO-Worsar

(!)

Constants by
p= 1, 7, and

the spectra reported are for a compound cCesignaied By

Wallach and co-workers as' Compound A"bus presurnably inis

materizl was Calceln in more o —ess pure form. An effort

was nade Dy wallach il co-worxers ©O correlste changes in

the spectra with »a dut only very rough approximations were

mede of the values of the varicus acid dissociacion constaats.
With a hignhly nurilied Jelceln avallacle 1T bvecane

possible ©o maxe & Getaliled stTuly o Thne ultraviolet absorpiion

spectrum ai a JTunction of TH and TO secure absorvancs measure-

ments over seiccued vmvs;cn,Lh: witG ramses of pil from which

The dissociation const

Materialc., The Calcein used wes the
materiel prepared eariier (7 ,.
Suiiers. The obuiffers were prer

described in tThe solubility section. The buiffers

nts could be

nighly purified

Way &as

covered the

pH range of 1 to 13 at .25 pH unit intervals.

-H Measurements. A Beckman Zxpanded Sczle X meter
was used to obtaln all piH measureenis. The correction factor
Cescribed in the section on sorulillty meesurements was applied.
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Absorbance mesasur..ients. Both & Cary 1k Reccrding

DU Spectrophotvometer

s
®

|t
w2

Spectrovhotometer and = Beckran Mo

2

were used. The Cary 14 was used to obtain the continucus
spectra and the Beckman DU was used to c¢otain absorzance

measurements.

oy
[\l

In work with the Casry 14 spectrophoticreters, t puffers

descrived above were used. To 50.0C ml. of each ouffers wes

=

added 0.50 ml. of 4.0 x 10°° M Calcein eiving a final con-
centration of Calcein of 4.0 x 10°% M., Buffers were used in
the reference cell to eliminate errors caused by the ab-~
sorpvion of the buffers although the buffers were chosen to
nave no gpsorpticn in the uitraviolet. Spectra were cobtained
over the wave length range 200 my to 600 ny.

In the work with the Beckman DU Spectrophotomester a
glass flow-through cell was used. The Calcein was dissolved
in 50.00 m1l. of 0.1 N potassium hydroxide to Which had been
added avout 200 mg. of ammoniunm acetate. The mixture was then
titrated in 0.25 pH unit intervals with 0.2 N hydrochloric
acid and the sbsorbance measured at eacin increment. Corrections

for dilution were made in the calculations.

Results and discussion

The ultraviolet spectrum of Calcein at pH 1.09, 4.01,
5.4 and 6.90 were obtained at suitable concentrations; these
are shown in Figure 11. PFour absorption bands were present in

the spectrum at pH 1.09, at 230 my, at 280 mu, at 445 my, and



Figurell . Absorption spectrum of Calcein as a function of pH.
Concentration of Calcein: 4,0 x 1078 M

Curve.1l: pH = 1,09 Curve 3: oH = 5,46

1l

Curve 2: pH = 4.01 Curve Y4: pH = 6.90
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ot N68 p.  These bands underwent changes ia position und

absorbance with changing pH. The spectrun remained

~J

essentially constant at all values of pH greater than

Absorvtion band at 230 my. On increasing the pH above

-

1.09 this band decreased in intensity. Between pH 4 and 8§ the
absorption band was resolved into two peaks; these peaks

were not widely separated, appearing For example at 234 my

and 237 myu at pH 4.5. At pH above 8 only a single peak was
again presentv, at 243 ﬁu. The.change in absorvance was not
great and 1t did not appear feasible To use this band for

the determination of acid dissociation constants.

Absorntion band at 280 my. On increasing pH this

-,

band gradually increased in intensity and the wavelength of

meximum absorption shifted to longer wavelength, 292 my at

pH 12.95. The change in absorbance was not great enough to
1 .

provide useful data.

Absorption band at 445 my. The wavelength of maxi-

mura absorption of this band shifted to longer wavelength with
increasing pH and above pH 6 the band was merged with the
band at 468 ny.

Absorption band at 468 my. This absorption band

Py

underwent great change with ti, the wavelength of maximum
absorption shifting from 468 my at pH 1.09 to 500 my at pH
12.95. The absorbance increased rapidly from 3.30 to 8.2;

preliminary work indicated a point of inflection at pH 5.5.
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This band was obviously associated with the functional groups
involved in the third and fourth acid dissociation stevs and
more careful measurements of absorbance over this buffer --

region were made using the flow-through cell described above.

Calculation of acid dissocliation constants from absorbance

data.  The plot of absorbance versus pH usually resemdles a
titration curve. The quantitative correlation of absorbance
and acid dissociation constants is made by using the egquation

defining the latter

—_ - - TH7T17A7]

HA == H + A Ky = = (29)
LHA ]
from which
: - - [HA]
pH = pK, - log - (30)
[A]

and associating the change in absorbance with the chénges in
the relative amounts of the untitrated acid and salt. If the
wavelength of maximum absorbance does not change with pH, the
relative amounts of untitrated acid and salt are obtained by
linear interpo}ation of the absorbance datsa

bH = pK, - log|_"mA™n (31)

Ap-hy-

AHA and AA— being the ébsorbance of the untitrated acid and
salt respectively, and An the absorbance of a solution in
which the fraction, n, of the acid has veen neutralized.
Values of AHA and AA— are taken from the data at end values

where the absorbance is no longer changing with pH. A plot of
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PH versus log _ﬁﬁ__EJ is r; with pK, equal to pH when

An—AA"
the log term is zero (point of.inflection on the absorbance
versus pH curve)l IT the wavelength of maximum absorption
shifts with pH, meaning that the unititrated acid and the salt
have different colors, then the absorbance is measured at two
wavelengths, that of maxinmum aovsorption of tThe acid zlone and
that of maximum absorption of the salli. The two sets of data
are handled separately, the absorbance .»7 one decreasing with
pll, the other increasing. The two curves will generally
intersect at the point of inflection, often called the iso-
bestic point.

As applied to Calcein, this approach proved more compli-
cated than just presented. The wavelength of maximum
absorption changed with pH, 470 muy at pH 4 to 500 my at pH 8.—.
The absorbance versus pH curve on the long wavelength side, at
500 my, proved to be normal,'Figure 12 , that is, the expected
S-shaped, titration curve was obtained; apd the plot of pH
versus log( AHA— n | . PFigure 1%, was linear, giving a mid-

L A A - .
point value of 5..40.

The plot of absorbance versus pE at 470 my, Figure 12,

-1s not the expeéted S-shaped curve with negative slope crossing
the curve of the absorbance at 500 my at the mid-point; rather,
the curve rises in the pH range 4 to 5.4, reaches a maximum at

5.5, and decreases slightly fram pH 5.5 to 8.5.

The plot of absorbance versus pH at 450 my, Figure 14, is



Figure 12. Absorbance of Calcein as a function of pH.
Concentration of Calcein: 4.0 x 10°8 M
Curve 1. Absorbance measured at 470 my.

Curve 2. Absorbance measured at 500 my.
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A _ -A
Figure 13. Absorption of Calcein. PH versus - log -AE—AEK—Q
: n A
Wavelength: 500 my.
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Figure 14 . Absorbance of Calcein as a function of pH.
Concentration of Calcein: 4.0 x 10°8 M.
Curve 1. Absorbance measured at 450 my.

Curve 2. Absorbance measured atA 500 my.
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ct

similar in general shape to that of the absorbance at 470 my

Al

but the absorbance values are lower and the maximum falls

o
ct

vE 4.55. A reasonable interpretation of these avsorbance
versus pid plots can e made on the assumption that the changes
in absorption accompany Two neutraiization steps. Thus three
species would be present over the buffer region under con-

sideration, each with a characteristic absorption band:

HoA 4 maximum absorption at 450 my
HzA ™2 maximum absorption at 470 mp
Ha.A™2 maximum absorption at 500 ny

with some overlappring of the Ttwo steps.
The species HzA %, the end product of the two neutrali-
zation steps, measured by the band at 500 my, increases over

L)

the range pH 4 to 7; the midpoint pH, 5.40, is exactly the
average of the third and fourth acid dissociation constants
Tound by the potentiometric method :

K = XsKs K = 1/2(pKe + pKe)

i/2(4.58 + 6.19)

2.63 x 105 x 6.17 x 107
= 45 x10°° - 5.39
The species HsA 2, measured by the band at 470 my,
increases over the range pH 4 to 5.5 as it is formed by the
neutralization of H4A 2; beyond the maximum at pH 5.5 it
Gecreases as it is neutralized to HpoA ™%,

The species H.A 2, measured by the absorbance at 450 my,
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increases over the range pH 3 to 4.5 as it 1s formed by the
neutralization of HsA . The point of inflection at pH L.05
is exactvly the average of the values found by the votentio-

metric method for the second and third dissociation constants:
pK = 1/2(pK2 + pKs) = 1/2(3.53 + 4.58) = 4.05

The maximum occurs at pH 4.55, agreeing neatly with the
potentiometric value of L4.58 for the third dissociation constcant.
The point of inflection on the long wavelength side cccurs at
pH 5.%0, coinciding with the maximum in the L70 mp curve and
the point of inflection in the (rising) 50C my curve.

Thus, the entire piéture is neatly explained by the
presence of three absorbing species interrelated by wwo
successive but overlapping acld dissociation steps.

Summary

The absorption spectruna of Calcein has been ovtained at
various values of pH from 1 to 13. Four absorption bands are
present, at 230 my, 280 my, 445 my and 468 my. Changes with
the 230 my and 280 mp bands were too small to be of use in
assessing values for the acid diSsociation constants. The two
longer wavelength bands vary significantliy in position and
intensity over the pH range 4 to 8.5, the 445 my vand merging
with the 468 my band at about pH 6, the maximum of the com-
bined band lying at 500 my at pH 8.5. The changes in these

bends thus accompany the third and fourth neutralization steps.
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essentially zero, that of neutral solutions, pH 7 to 9,

being highly fluorescent, and that of highly alkaline
solutions, pH 11 to 1%, being non-fluorascent.

this flucrescence as a

i

The detailed behavior o
function of pH was studied using both excitation and snission
svectra, correlating the changes in these spectra with The
acid dissociation constants already measured, and using these

changes to obtain values for the fifth and sixth acid

dissociation constants.

Trnerimental work

o

Materiols. Calceln. Thz Calcein used was the nighly

purified material prepared in earlier research (7).

-

. Buifers. Buffers covering the pH range 1 to 13 were

[0]

'prepared according to the vprocedure outlined in the section
on solubility measurements. 3Buffers were made for every
0.25 pE unit intervals over tne oa range.

Apnaratus. pE measurements were made with a Beckman
Expanded Scale piH Meter. rliuorescence excitation and emission
spectra were obtained using an Aminco-Bowman Spectrophoto-

fluorimeter attached to a Mose¢ej X-Y Recorder.
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Lo

Ixeitation and emission measurensnis. Tc 49.50 ml.

-

~ was added 0.50 mi. of 4 x 10 * M Calcein, th

[¢)

of burfe

4

finzl concentration of Calcein in each solution being 4 x

da

1078 M. Excitation measurements were made from 200 my to
800 my with the emission monochromator et at 510 mu.
These same Calceiln-puffer solucions were used to obtain

mission svectra from 350 my to 600 my with the monochro-

=

mator of the excitation beam set at 480 my. The pH of the
solutions was checxked prior to making the fluorescence
measuremnents.

Results and discussion

Both fluorescence excltation and emission spectra were

obtained on solutions of various pd from 1 to 13.

Pluorescence excitation spectrs. The excitetion

spectra were obtained with the emission spectrometer set at
510 ny, the wavelength of meximum fluorescence. Typlcal exci-
tation spectra those for solutions of pd 1.3%4, 7.29 and

10.17 are shown in Figure 15. Some eight maxime occur iﬁlthe
excitation spectrum at low pH; these are listed in Table 6 .
The position of these excitation maxime shift somewhat with

pH and some merge with adjoining peaks. Thus, not all could
be used for excitation measurements as a function of pH.

The excitation bands at 237 my, 305 my and 484 my proved most

usefui. Plots of the relative intensity of fluorescence as



Figure 15. Fluorescence excitation spectrum of Calcein as a
functio.n of pH.
Fluorescence monochromator set at 510 my throughout.
Curve 1: pH = 1,34
Curve 2: pH = 7.29
Curve 3: pH =10.17
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a functlion of pH for excitatlon wavelengths of 237 ry,

247 my, 305 mu, 297 my, 484 my and 494 my are shown in

Figures 16 and 17.

Table 6 Absorbance maxima observed in the excilvtation
spectrum of Calcein with shift on increasing pi

237
267
282
305
309
Lz
u158
L84
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rluorescence emission spectra.

Fluorescence enmissiocn

o

svectra of Calcein were obtained with the monochromator in

the excitation beamn set at 480 my.

The Tluorescence emission

spectra were scanned (by the monochromator in the emission

bearn) over the
observed, this

increasing pH:

range 350 my to 600 mp.

Only one maximum was

maximum shifting to longer wavelengths with

Wavelength of maximum

Typical fluorescence emission

for the pH values 1.34%, 4.90, 7.93 and 11.83.

da o,

opectra

510 my
526
18

are shown in I'igure

The relative

fluorescence emission as a function of pH at two sebtings of

the emission monochromator, 510 my and 526 my are shown in



Figure 16 .

Fluorescence of Calcein at various values of

pH when excited by light of selected wavelengths.
Fluorescence emission monochromator set at 510 my
for all measurements.

Wavelength of exciting light.

Curve 1: 237 my

Curve 2: 247 my

Curve 3: 305'mu and 297 my
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Figure 17. Fluorescence of Calcein at various values of
PH when excited by light of selected wavelengths.
Fluorescence emission monochromator set at 510 my
for all measurements.
Wavelength of exciting light.
Curve 1: 484 my

Curve 2: 495 my
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Figure 18. Fluorescence emission spectrum of Calcein as

a function of pH.

Excitation monochromator set at 480 my for
all measurements.

Curve 1: pﬁ = 1,34

Curve 2: pH = 4,90

Curve 3: pH = 7.93

Curve 4: pH =11.86



. /\-,LF'/"A.

—
-

MUl HIONZT

RELﬁJWV%xFLUORES
O Tams vt e e v

. e

N
Ne

B s Y

CENCE
6)]

A a Tk s Pt
1

.o
/ -
R
e
U
//.,.-/-—""
L...,....—w-_c. . P TV VO <o SRR, E -

gog

!
(@2



107

Figure 19. There is only one fluorescence emission band
irrespective of the wavelength of the exciting lights.

Caleculation of acla dissociation constants from

rluorescenge ngasurenants. The method of evaluating acid
dissociation constants from Tluorescence data follows thne

patterns used for absorbance data, beginning with the mathe-

matical eguation defining the acid dissociation constant:

, _ bt
HA = H + A K, = —ife—L:i—L— : (32)
: [HAT]
EA ] =
pH = pK - log E;_] | (33)

The concentration terms are evaluated in terms of relative
fluorescence by linear interpolation of the relative fluores-
cence of end-products (made at approvriate values of pH at

which only one species is present). Eguation (33} becomes

. . T
pH = pK - log[~a5:fai: (34)
L “n A |

in which F is the relative fluorescence, HA and Af designate
the acid form and salt form respectively, and n designates a
mixture of the two forms in which the fraction n of the acid
nas been converted to the salct.

As applied to Calcein, it becomes apparent from Figures
16 and 17 that the pH range over which the fluorescence
changes is 4 tc 12. The third, fourth, fifth and sixth acid

dissociation steps are thus the ones involved (see page 54



Fiéure'lg. Fluorescence of Calcein as a function of pH.
 Concentration of Calcein = 4,0 x 107° M.
Excitation wavelength = 380 my.
Emission monochromator set at:
Curve 1: 510 myu

Curve 2: 526 myu
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for the meathematical eguatlions defining the respective

dissociation constants). The maximum in the fluorescence

)—L‘

emission spectrum as a function of pid 1s broad and is
centered more or less at pH 8, the pH of the end-point in
the titration of Calceln with sodium hydroxide corresponding
to the neutralization of the Tirst four replaceatvle hydrogen
atoms. Close inspection of Figures 17 and 18 reveals theat
on.the low side of the maximum no point of inflection occurs
but that cn the high pH side three points of infliection are
present, the middle one being located ih'each of the five
curves presented at pH 10.7.

The potentioretric method yielded values Lor.the Tthird

and Tourth acid dissociation constants, pKs = 4.58 and pXK.
= 6.19. Considerable overlap occurred in the third and
fourth stages of titration but it was not so serious as o
obscure the individual character of The two steps and this
showad cleariy in the absorbance measurementé, Figures 12
and 14 making possible independent measurements and check-
ing eva_uavion of Xz and K;. This separation of the third
and fourth steps is completely absent in the fluorescence
data. This is undoubtedly a conseguence of the fact that the
wavelength of the maximum in fluorescence is independent of
the wavelength of tThe exciting light.

A mathematical analysis of the relative fluorescence

over the pH range 4 to 7 at each of the exciting wavelengths
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in Table 7. The value averages to pH = pX, = 5.L3. The

value agrees well with the average of ©

Ky obtained by the votentiometric method (as negative

logarithms pK, = 1/2(pKs + pKs) = 5.39) and is close zlso to

s

b

that obtained by absorption spectrophotometry (

section).

‘Table 7 . Acid dissociagtion constants of Calcein as
devermined by fliucrescence measurements

- P d 3 Py
Excivation,

Wavelength jol; Slope JoF: Slope DX Slope
23Ty, 5.44 1,57  9.97 0.62  11.65 1.3%
2Ly 5.44  1.54  9.87 1.03  11.68 1.1C
505 5.4 1.k2  9.88 0.97 11.65 1.15
297y 5.4 1.32 9.89 1.08  11.67 1.10
u8hmy, 5.42 1,45 9.88 1.28  11.87 1.08
1950y 5.4L 1,17 9.88 0.92 1i.71 1.02

Fluorescenceb

Wavelengioh
510m 5.41 1.3 9.87 1.07 11.68 1.13
5261 5.4% 1.33 9.86 1.05 11.71 1.05

a - . 2 4 =~
Fluorescence emission wavelength: 510 my

b . . - ;
Fluorescence excitation wavelength: 48C myu



The shoulder eappearing on the high pHE side of the plots
of relative fluorescence as a function of pH are of particular
interest. They provide evidence ithat two repiaceatle aydrogen

atoms are involved and &afford a method Tor evaluating them.

The data on relativevfluorescence as a function of pix
&t various excitaetion wavelengths, Figures 17and 18, were
handled in three.separate treaitmenis in accord with Equation

(3%): (1) on the low pH side of the maximum; (2) over the Ks

buffer range, pH 8.5 to 10.5; and (3) over the Xs buffex
' [Fesa =Fal
range, pHE 10.9 to 12.2. Plots of pH versus log |=——=—|for

the Ks region are shown in Figure 20'and the results at all
excitation wavelengths and Tluorescence wavelengths suwmarized
Table 7 . The mid-voint values give pKs = 9.88 (average

~r e~ o

of measurements at 8 wavelengths); vXKs = 11.64 (average of

neasurements at 8 wavelengths). The middle one of the three
points of inflection on the hi gn pH branch of the curves of
relative fluorescence versus pa, referred to above, falling
at pH 10.7 is really an end-point pH, the first end-point in

the titration of two monobasic acids and a&s such should be

related ©To the two acid dissociation constants by the relation

developed in Part III, Section A, page 56, Eguation (12)

PHpg-point = +/2(0Ks + pKs)
=1/2(6.19 + 9.88)
= 8.03

The agreement could be better but considering the diverse



F.,-F
Figure 20. Fluorescence of Calcein. pH versus-log ﬁﬂ%ﬁ—%—
n - A

Curve 1: 247 mpy
Curve 2: 305 mpu
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nature of the methods on which the constants are based

e nsidered satisfactory.

Sumnary

-

The fluorescence miss

of Calcein have been studied as a funciion of pH over

by 1 to 13.

ange

_:s

Three major vands and Tive minor bands appear in

excitation spectrum, all of which undergo minor changes

i}

n

in ion and effectiveness for excitatio:

P

-

e}

positi
bands were used in ovtaining datae from which acid diss
constants could be calculated.

One vand only eappears in the fluorescence emission

=3

and the maximum of shifts

(o))

this ban

fluorescence of Calcein rises abruptly between

and 7 and falls egually abruptly between On 9 and 12.

‘increase is uniform and matnematical treatunent of the &

for the effective acid dissociation constant the

is exactly the average of the tw

PR

found by the potentiomeiric meth

as negative logarithms: pK, = 1/2(pKs + DKs) =

.19) = 5.39).

The relative fluorescence over the range of pH 9 ©

-L

is characterized by a snoulder separat the buffer re

T the fifth and sixth acid dissociation steps.

o

“re
e

ix of

somewnat wi

Ge.

1/2(4.58

o

wy

ion

with

T,
724}

DH

-

The

ta
valte
o

od

o 12

gions

On analysis



the data yields for tThe constants for these steps

potentiometric titration should have occurred for acids

aving pKe = 6.19 and 7Ks = 9.88 gives 8.03. The pH found

5

‘was 8.30, a satisfactory agreement considering the diverse
o (=]

nature of the metnods used to obtain the respective constants.
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PART IV. NATURE AND PROPERTIES OF THE VARIOUS

ANTONIC FORMS OF CALCEIN

o
T

Given values for the acid dissoclation constants cf

Calcein as determined in Part III above

X, = 2.9 x 103 oK1 = 2.5 -
Kz = 3.4 x 107% CpKe = 3.5
Ks = 2.6 x 1075 piks = 4.6
Ke = 6.4 x 1077 PKy = 6.2
Ks = 1.3 x 10 *©° pXs = 9.9
Ke = 2.3 x 10 12 pKg =116

162]

the problem arises of assigning each of these acid functions

-y

to a specific group in the molecule.

The third and fourth dissociation steps are asscciated
with the strong absorption in the ultraviolet region, ab-
sorption maxime at 230 my and 280 my, as well as with bands

n the visible region, maxima at 445 my and 5480 my. The

1

absorption in the ultraviolet is in the region of absorption

phenyl compounds, the wavelengths of the absorption maxina

)

o

phenol and benzoic acid being 201.5 ny and 270 mu, 230 my

Fh

o}
and 270 my respectively (13). The absorption of aliphatic
carboxylic acids lies below 200 mp (13). The phenolic groups
of Calcein musf then be supplylng the third and fourth re-
placeable hydrogen atoms, the amino and carvoxyl groups being
separated from the pnenyl ring by aliphatic, non-conjugated

linkages.



Once the assignment of the third and fourth disso
ciation steps to the phenolic group is mage, 1T become
necessary to explain why only two of the carboxyl groups
are titratable, why these two are muéh stronger acids thén
normal carboxylic acids, and why the two phenolic groups
are much stronger than norm al. All three guestions are
answered on the basis that both methyleneininodigcetic acid
groups of Calcein are present as zwititer ions. The transter

ey 22

from the carboxyl groups to

w

of The hydrogen atom
groups in effect neutralizes two of the carboxyl groups &and

vlaces & positive charge on the nitrogen atoms which b

<

S\\
05

electrical repulsion make tThe neignhovoring acid groups stroag-
er acids. Thus the structure assigned To the undissociated

< . ) ¢ de

Calcein, Hsld, is the Structure XIV.

e

The first and second  replaceable hydrogen atoms, accord-

ing <o this view, come from the two free carboxyl groupds,
and the anion, H.A 2, has Structure XV , this neutralization

.

having taken place without change in the absorption spectrum
or Tluorescence.
In the third and fourth dissociation steps the phenolic

5 accompanied by a chenge in

l,_h

éroups are neuvrglized. This
the ultraviolet and visible spectrum and the naterial beconmes
fluorescent. Fluorescence is generally associated with

rigid, planar molecules and the third and fourth acid disso-

ciation steps nmust be accompanied by some internal rearrange-
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nent which reduces the amount of free rotation within the
molecule which Gissipates the energy of the excited state
and prevents fluorescence. Hydrogen bonding of the ammoniurn
hydrogen atoms between the nitrogen atoms and the phenolate
oxygen atoms couid do this. The structure, then, for the
anion, HeA %, is Structure XVI.

In the fifth and sixth neutralization steps, the
armonium hydrogen acors are neutralized. No change in av-

-

orption accompanies these steps but fluorescence falls o

w

zero. 3ecause the absorpition is not changéd, The moiecule
Is-being excited as cefore but the'energy is belng trans-
ferred ©o a non-radiative process, guite possibly by in-
creasing the amount of free rotation {of the methylereimino-
ailacetic écid groups) and intramolecular collisions as the
hydrogen vbonding is reduced oy removal of the hYdrogen atoms
by neutralization. tructuré XVII is thus written for
anion, A S,

The argument acdvanced above, that the positive charge
on the nitrogen atom increases the acid stre..Zzth of neighbor-
ing groups, is hardly new. It is used ©to explein the acid
behavior of ethylenedlaminevevraacetic acid for which the
successive sgecid dissociation consﬁants are (as negative
logarithms) pKi = 1.99, pKz = 2.07, pXa - 6.16, and pK, =

10.26 (14). It wes employed also by Schwarzenbach,

Q
Fh

‘Anderezg and Sallmann (8 ) to explain the acidic behavior



T00CHCN (~CHaC00"
"00CH,C 1 N o\
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Fluorescent

“O0CH C\ /l—: COO
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~00C;| r12\, CH,  HC \HnC 00}
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— \p
\ / °
XVIT
/-\’6

Non-flucrescent
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tne very first of the phenolic compounds into which the

(0]

methylenciminodiacetic aclid group were dnbroduced: phernol-
2-methylenciminodiacetic acid (HzPhim; structure XVIII) and
vhenol-5-nethyl-2,6-bis(methyleneinminodiacetic acid) (HsPh-
diim; structure XIX). To explain the increased acidity of
<he phenol group in these compounds, Schwarzenbach and co-
workers (53) vostulated a hydrogen bond between the pheno-
late and ammonium grouss.

A comparison of tne aclid behaviors of the Schwarzenbsacl

compounds and Calcein is of interest:

HaPhim HsPhaiinm Calcein
Xy = 2.2 (C) Ky = 2.0 (C) pX: = 2.53 (C)
pKz = 8.17 (2) Xz = 2.9 (C) P2 = 3.53 (C

PKs =11.79 (4) o€s = 5.65 (P)

S
<

N

|
Ne!
=
n

DKg = 9.88
DKs =11.64

C represenvcing a carboxyl group, P a phenolic group and A
an ammoniuvm lon.

Wrnat 1s most surprising in all this is the strength of.
tae phenolic groups in dsPhdiim ané Calicein. The acid
dissoclation comstants of simple phenols lie in the range
1072 to 10 *°, but those of HsPhdiim and Calcein are 100 to

10,000 times stronger as zcids.
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PART V. DRTZRMINATION Or 703

e AT A e A A A= e
OF Twak CALSIUM CCX¥POUND3 OF CAILCEIN
= -,\--.\.;,—'--? e AT R e s
FOTMATLC vorLioants
SN ~ . - e ) £ o~ s oA T - e . S
Given a pure, metval-free Calceirn, appliication in
3 de 3 ma ) Ty s Hewn . B N T S A R A O PN PR RPN
analytical chemistry as a readgent vor the dirvect flucromeibrlc

determination of the calcium coula vbe woriked ouv on & wurely

zoplications of Calcein &s & metvgliofluorocnronic indicsticr

Tiyoresce but in tThe presence of celclum it dicd. That was

all That was neeced for the CevelLopment of an inlicator,

WOrk Dbeen done ozn the rziure of tae caliciunm derivaitive using
the Impure reagernc, 1t very welil could nave veen wrcocnz z2nd ths
result addzC To the gll too long 1istc of fcllies whnich plagus

the literature from someons maXking exact measurements on impure

A celibration curve is a ploct of abvsorbance, or relative
fivorescence, Or some OTher Property Versus conceantrestion.
Ideslly, a calibration curve 1is a straizht line but this is

not necessary in analytical work if conditions can be renro-
duced from stendards to unknowns. Dcae carefully and over 2

o

broad enougn range, the cealibration. curve can be used For
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FHICRVNEN

iCc or

plot of reravive Iluorsscence of

oncentvration of calcliun vsing enrly
tions or Calcein was a curve beading ul.iard The curvs
did not begin at the origin. That the curve varied Ffrom crs
1ot to another ol the reagent and That no sensible stoichio-
metry could ve derived frox it should nave teen & Tin off tha
The resgent was seriously contaminated. In any event, TW7o
reportcs were uwlltinmzvely oublished deallng with Tne stoichioc-
metry of itz calcium-Calcein reactlon: Tailach and Steck (9)
and Bozhevol’nov and Kreingoi’d (10). Thne findi~zs were in

conflict and it is prodbuole ©that the reasents of bouh
workers convained considerable calcivin or other metals.

Wallach and Steck (9) reported thabt caleium and Calcein
first combined in the ratio of L to 1, Toreing o non-
Pluorencont compoitidg , ik Shest Wi G prentor cunown s off eal -
cliuei, 2 sccond cuiciuwm wvom entered the molecule, the 2 $o 1
compounc being fluorescent. Tney regorted for the formation

nstant of the 2 to 1 comncind the value 109-8%,

Sozaevoi’nov and Xrelngoli’d on

1to 1 comnound znd that it was

formation constant wes 10°°8,
Having now & rure nmetel-ICr

TC

-t

sorkx (7)., it became possidle

me Ty but LT L3

fluoronetrie

chun

oy e

hana,

fluorescent and that

ree Calcoce.n Trom
ettlie Liie stolcnionmet

oy

T

sirra

thne earlier

of
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“the caleium-Calcein reaction and do & more satisfying job
than a mere empirical development of an analytical method.
In fact, 1t quickly became evident tnat a basic study was
in order, for the calibration plot was not the ea rllef
S-shaped curve with initial upward sweepo bult three sitraizhs

lines, Figure 21.

Experinental wWork

Reagents used. Calcein., The Calcein used was that

vrepared in earlier work (7).

Apparatus. A Beckmen Expanced Scale pH Metsr was
used for all pd deterainations. pH corrections were applied
as mentioned previously;

A Turner Model 110 Fluorimeter was used for fluorescence
measurements. -

ion

‘3
d.

tit

C'n

Fluoronetric titration. The fluorometric

of Calcein in the pregence of varying smounts of calcium
were eoreiod oul cin Ghe Collowing manncr. To 5.00 ml., of
1 x 10 % i Culcein was added 1 x 107 % ¥ calcium in vaz'ying
amounts to give solutions ranging Tfrom O to 4 moles of

calcium per mole of Calcein. The soluvions were then di-

s}

luted to 50.00 ml. with 0.1 N potassium hydroxide, the prk
measured (pH = 13.1) ana the flucrescence of the various
solutions measured using a Turner Model 110 Fluorimeter.

- .

Potentiometric titration. Three potentiometric

titrations were carried out.



}__I
o
~

The sodium hydroxide was standardized vy Tri;

o

tandard povassium acid pnhthalate.-

147]

titrations of primary
The hydrochioric acld was then titrated against the

standardized sodium hydroxide tTo de

All titrationé.were carried cut using deionizel water -
which nad been boiled to expel the'dissblved cerbon dicxice.
No fgrther precaucions were nmade TO xeep carbon dioxicde out
of the solution but the titrations were carried out gquickly
to minimize error due to carbon dioxide.

The first potentiometric titration was carried out as
followed. To 0.1365 g. (2.1% x 10 % moles) of Calcein and
0.0313 g. "(2.13 x 10 % moles) of calcium chloride dihydrate

-

0.1074 N sodium hydroxide, the

L

=T

wis added 15.88 al. o

theoretical amocunt cauivalent to eightv replaceable hydrozen

s

atore or two ecuivalents of Calcein. This would correspvond
vo the point at 200 percent titration in the direct titra-

tion of Calcein alone. Then 100 nl. of deionized water was
added and the solution aliowed ©To stir until sll the Czlcein
had dissolved. The resulting solution was then titrated
with 0.1106 N hydrochloric acid.

Mm% -, - - cnans 2 B i 1 - .t L

The same procedure was carried out twice more with
different concentrations of calcium. The second titration
was done using 0.1%65 g. (2.13 x 10 % moies) of Calcein

and 0.0626 g.. (4.26 x 10 % moles) of caleium chloride di-
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hydrate and 15.83 ml. o7 0.107h N sodiuva hydroxide. The
third titration was done using 0.13065 g. (2.1% x 10~
noles) of Calcein and 0.313 grams (2.13 x 10 2 molec) of
calecium chloride dihydrate and 15.88 ml. of 0.1074 scdium
The three titrations were then the vitrations of

to one, two to one, and ten to one calcium to Calcein.

Results and Adaiscussion

The data on the variation of the fluofescence of the
ﬁurified, netai-free Calcelin with increasing amounts of
calcium are plotted 1n Figufc 21. Two breaks are clearly
discernible and these appear at the points where one and
two moles Qﬁncal um have been added per mole of Cglcein.

uorescent. More-

[

Two compounds are present and botli are T
over, the formation of the first compound is essentiaily
complete before the second compound forms.

Three titrations with sodium nydroxide of Calcein in
) - . =3 2 - - -~y - o e - - T o
the presence of calcium were carried oub, the mole ratio of

calcium to Calcein being: 1.00 to 1.00, Figure 22; 2.00 %o

1.00, Pigure 23; and 10.0 tc 1.00, Figure 2L. For convenience

these curves, together with that for the titration of Calcein

alone are gilven in Figure 25. Because of the insolubility
of Celcein at low pH and the slowness with which it

dissolves during a titration, these potentiometric titra-

tions were actually carried out by zdding a measured volume



Figure 21. Fluorescence of Calcein as a function of amount
calcium added.
Concentration of Calcein: 1 x 10°© M.

pH: 13.1.
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Figure 22. Potentiometric titration of Calcein in the presence
of an equimolar amount of calcium.
Calcein taken: 0.1365 g. (2.13 x 10~ % mole).

Calcium chloride dihydrate added: 0.0313 g. (2.13 x l?~4
' mole).

Concentration of sodium hydroxide: 0.1014 N.
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Figure 23. Potentiometric titration of Calcein in the presence of
| two moles of calcium.
Calcein taken: 0.1365 g. (2.13 x 10 % mole).

Calcium chloride dihydrate added: 0,0626 g. (4.26 x %0’4
mole).

Concentration of sodium hydroxide: 0,1074 N.
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Figure 24,

2

Potentiometric titration of Calcein in the presence of
ten moles of calcium.
Calcein taken: 0.,1365 g. (2.13 x 10 % mole).

Calcium chloride dihydrate added: 0.313 g. (2.13 x)lo_3
] mole}.

Concentration of sodium hydroxide: 0.1074 N.
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Figuie 25. Potentiometric titration curves of Calcein alone and in
the presence of varying amounts of calcium. Data taken
from Figures 21, 22, 23 and 24,
1l: Calcein.
2: Caléein plus one equivalent of calcium.
5t Calcein plus two equivalents of caléium.

4: Calcein plus ten equivalents of calcium.
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of standard scdium hydroxide and back titrating with

The titracion curves of Calcein in the presence of

celcium are identicsal almost To the point where four moles

phenol groups, calciwn plays no part in the neutralization

placing the hydrogen atoms of the ammonium grouns. Or,

putiting it another weay, union with caliciun nakes tae

armonium ion much stronZer aclds, acid disscceiation con-

}.J

stants of the order of 10 7 (in contrast to Xs = 1.3%2 x

(]

n

O

16-° and Ks = 2.29 x 107 *2)., These acids are then titrated

(from a2 = 4.0 to 2 = 6.0) with reasonably sharp end-points.
Tor the mole ratio of 1.00 to 1.00 (Figure 22), the end-

envered The molecule with tThe liberation of one provon.

. With excess calcium, mole ratio 10.0 to 1.00 (Figure k),
the curve-is essentially that of a Givasic acid and the
end-point occurs zt & = 6.0, indicating that two caleciunm
atoms nave entered the molecule with the liberation of two
protons.

The cdata obtained at various stages of thess titra-

gta to

[eD)

tions is given in Table 8. The treatment of this
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evaluate the Fformation constants of the calcium deriva-

tives follows.

Table 8 . Titraticn with sodium hydroxide of Calcein in
the presence of calcium. vid at various stafes
of the titration
Mole Ratio pd at pH at oH at cg at c; at C 5 &t
Calecium k5 - 5.0 5.5 L 5 5.0 5.5
Calcein ’
1.00:1.00 6.72 10.52 1.06x10 % --- = ---
2.00:1.C0 6.60 6.79 6.96 ---  1.05x10°° 2.1% x
107s
10.00:1.00 6.05 6.27 6.71 1.06x10721.03x10°2 1.00 x
10~=2

a‘ LI 3 = : - o L3 . i o 1.7,
"Initial concentration of Calcein as corrected Tor the
dilution resulting from tThe addition of titrants

Caiculation of formsastion constants of thne One to One compounds

from titration dats

o)
ct
)
o]
e}
>
=]

he titraticn of Calcein in the presence
of an equinmolar amount of celcium is shown in Figure 22. The
titration curve is identical with that of Calcein alone
almost to the point where four replaceable hydrozen atoms
hiwve beon Citrated; coo Migare 20 in which the Litraiion
curve:s have been pilucced on the same greaph Lor convenience in
cdmparison. Between a = 4.0 and 5.0 the mixture behaves as

& ruch stronger acid than does Calcein alone and only one

— -

hydrogen atom is involved for there is a sharp end-point at
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a = 5.0. The fluorometric titration, figure 21, indicates
that the first calcium-Calcein compounc formed is s one to
one compound. Accordingly, the reactions over the region
a = 4,0 to a = 5.0 and the corresponcingly mass actlion

constants are

\ o

HoA % = HA™S + H™ Kg = -2 JLHA 7] (6)
= - - I A_A.'-'
|2 J

- -+ n=s M [MA 2] =

HEATS + ¥ MEA Kypgp ~8= — oo 35)

[MY2][HATS)

Solving Eguation (6 ) for HA ° and inserting this into
Equation (35) gives
M [MHA 3 1[E"]

(37)

MHAT® T T -

t the mid-point of <Tthis titration (at a = 4.50 moles of
' v er 7~ -t -7 .
base added), the pH is 6.72 ([E'] = 1.9 x 10 7). Consider-
ing tne mid-point, the following assumptions are nade:

(1) that HzA™* is equal to one-half of the initial concen-
tration (corrected for dilution caused by the alkali added),
designated [HaA *]; (2) reaction between the HA™® formed
sind MU 40 complete and no TATS remsing in solution, meaninge

l"" —:" - . g * 4. - * 4. - . . . .
S o= IMHA T s one=hadlt o bhe inltial concenbrallon

Lhat M
of the metal ion, corrected for dilution. Because equimolar
amounts of Calcein and calcium were taken,

[1M72] = [MEAT®] = 1/2 [M'2], = 1/2 [HaAT*],



Equation [37) then becomes
-~ R
wd — —-- lnidnoint
A T 3
Ks 1/2[HaA %]

[E247%] = 5.3 x 107% (from the da%a of the titration)
—-."'i"'! =7 o ) 3 -~ o ~n Ll
(5] .+ . . =1.9x 10 (from the data of the titra-
mnigpoint P

tion)
M 1.9 x i0° 7 &
ll\:HA‘-S = =10 - A = 2.7 X lco
o 1.32 x 10 X 5.3 x 10 =
Method 3. A somewhat different apoproacn to this same

problem, that of Schwarzentach, Anderegg and Sallmann (8),

leads to tThe same result buv gives an evaltatl
resulting Ifrom the assumptions made in Method A z2bove.
For the reaction which takes vplace on nsutralization in
the presence of excess metal ion

HoA™% = HA™S + MHA™®

a mass action constant, called the provisional acid dissociation
constant is written

SN I o (58)

K /
The value for this apparent dissocisztion constant is taken as
oH. Combining Equations (38) and (35) gives
" '
KymaTe [z [=a

the mid-point

(39)




M

i)

A
MHA

bt
1
i
5t
h]
0
—
..l.

.
o ! ;
(M2 (40)

—

For the Titration of Calcein in the presence of an ecul-

2

o
nd i egusals

£

moliar amount of calcium, pPH . - ... = 06.70 ¢
Ol&l amount ca ? “mid-point 7

one-half the initial concentration of metal (same assumption
as Defore)
Mo 1.9 x 107 - 1.32 x 10 *©

Kirp =3 = — —— = 2.7 x 10°
M 1.32 x 1072° x 5.3 x 107%

This is the same result as vefore. The Ks term in the nurera-
Tor makes no contrivution.
The data for the other itwo Titrations may be similarly

used: Tfor the calcium-Celcein ratio of two to one

oH . . = 6.60
S Mmic-poi1int
- R L _ -
(M™2) = 3/8{M"") =7.95 x 10°*
LM 25 x 108 - 1.3%2 x 10 *°
Koy —g = —2 % 1.2 0 = 2.4 x 108
PUATEN N

1.32 x 107*° x 7.95 x 10 ¢
and for the calcium to Calcein ratio of ten tc one

g .. . =6.C
p mid-point 5

2),=5.03x 10°°®

¢ -8 _ = ~ el
e _ 89 x 10 1.3%32 x 10 - 1.3 x

NATTA S - -
MHA 1.32 x 107° x 5.03 x 107° [

No provision is mede in this treatment for any of the second
calcium compound which may be formed; such formation certainly

n the 10 to 1 titration and probadbly

[

must be considerable

appreciable in the 2 to 1 titration. Accordingly, the value
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using data at the mid-point (a = 5.0), at which vpoint

L —

®
'3
o

the pH is 56.27 and the acid has been half neutralized to

its salt, A"®. In the presence of the excess wmetal ion,

A% is completely converted to Ma2A 2, so that
[EoA %] = [MaA™2]
Thus,
’fg‘ﬂ -2 EE{Tlgmicj -point (L6)

tration, 10 moles per mole of Calcein minus the 2.0 moles
h has reacted or 0.8 % corrected for dilution by the
alkali added (0.80) (1.03 x 10°2) or 0.82L4 x 1072 M.

- 2M _ (5.%6 » 107 7)%
(1.32 x 107*°9)(2.25 x 107 12)(8.24 x 1073)2
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Suwmnary
Loy et pr 1D witn
varying amounts of calcium (calibration curve or "flucro-

netric titration consists of tTaree lines wivh intersecticns

at the voints corresponding tc one and two moles of calcium

added ver mole of Calcein. Both the one tTo one and The TWO ©

one compounds are fluorescent.

Three titrations with alkali of Clalceln in <the vresence

of calciwm in the mole ratics of cslicium to Calcein oif 1:1,

were sGded per more of Calcein; all taree curves are essenti-

glly icdenticel with tThat of Calcein zlone. Thus,

I

celcium to Calcein dGoes not occur &t pn velues prevailing

L

during the titration of the two free carboxyli groups and the

In the presence of ca101 urd che ammonium ions of Calcein

’3
[
(@)
}.l.
o)
wn
'_
D
[

(zwitter ion structure) vecome much stronge:

solution contaeining one calecium ator ner mole of Cglcein.the

end-point occurs

Y

v five noles of elkali added; in the

tresence of a large excess of calcium the end-polnt occurs at

added with the liberaticn of

s
6]

six moles. Thus one calcium

Lo

one provon and then a second is added with the liveration of

another.

O



p-d
S
00]

That is to say, the one to one compound in tne presence oF
o metal acts as a weak monobasic acid, pK.',-a = 6.92. Tre

celeium thus appears to form a vond between the phenoclate
and the nitrogen atoms. Inasmuch as the union with calciunm

o

occurs stepwise witn the aisplacemens of ona proton in each

nethyleneininodiacetic acid sites, and then &t the others,
& piciture consonant wWith the sSymmetrical LY )5 -structure

Although only one proton was disvlaced on the union o
each calcelum atos with Calcein, two charges are neutralized.
This 1s shown formally in Structures LK and %XXI by the three
ponas o the calcium gtoms. The covelent chemistry of

cium, that for examnple 1in its reactvion with ethylenedianmine-

that with Calcein the scecond carboxylate groun of cach of the
nethyleneiminodigcetic acid groups 13 also bound to the calcium

ered here and to the reader

o)
|.’
]
‘.—’o
w
@]
(2]
Yy

is left the privilege of supplying ca.toxylate and or water

molecules to Till cut the coordinetion positions as he chiooses.
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The MR spectra ol fluorescein, Calcein, six sgubstituted
fluvoresceins and ©wo substituted Calcelns have Yeen ovtsined

nd interpreted I terms of the known and unknown structures
of the varicus molecules.

One portion of the NMR spectrum of sach of the Tten com-

2btrivuced to four vrotoans on successive carbonrs in & dernzene

ring. Thus, no substitution into tThe dnthelate ring of the

Calcein comgpou occurred during thnelir synthesis.
Another portvion of the 1 spectra of Calecein, 2°,7'-

dicnlorocalcein and &' ,5'-dimethylcalcein was essentially
-'-*,-

identicel in character and position of the pesks in tThe

s e . .T.

vonding ©o those of the Four acetic acid groups present, and

Hhy

In a third region of the spectra appeared a Eroup ©

i

peaks sztitributed to the protons of the resorcinocl rings.

k

Perticular attention was paild ©o this nart of the spectrs cf
fluorescein, 2’,7'-dichlorofliucrescein, L’ ,5’-dibromo-

fluorescein, 4’ ,5'~-Giiodocfluorescein, 47,5/ -dimethylfivores -
!

cein, Calcein, 2’,7’-dichlorocalcein, and 4’,5'-Gimethyl-
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calecein., The sinmilarities and Giffervences in the
3 e 2 T - ey o D e oA . -~ - PR, B 2 ~ ~ e - -

vesition and character oOFf Tne peaxs and the integration over

-~ Tl Do - P o o em - M T em 2 Sa oy e - s
each Tor the numoer ¢ »rovons isb TO & ccasistent and com-
mvlata agad snrmant AR +Fhe o o N T sirvnla 3necSmam
Dieve ass1ganmentd ol g Varlous Teaxks. Lne SLiPae Ipecuerum

£
[
(=5
4]

LN PRy ] - LEIPS, SR e mnn : - - - - PR S ~N A~ _~ ~ e - -
cthe ciher eighv structures vossible Zor Calcein are all wore

- - te Y o o Ea) 2 o T o e
complex than the simple spectrum found.

The NMR spectrum shows that all six of the replaceable

The tTwo mevthylenediacetic acicd groups in the Calcein
erived from 2',7'-dichloroflucrescein was shown Dy MR
spectroscopy to occupy the L'~ and 5'-positions.

[ =, 3 - L ozl s, .-
Tne Cglcein Qer‘veu Irom 4,5  -Gimethyl? imorescc1*

-

anoears from the NMR spectrum to be the isymmetricelly
=/

subtstituted compound +’,5'-dimethylf UOfpSCGLQ -1/,2’ -pis~

(methyleneiminodiacetic acid) tut work is regquired on tzis

corpound.
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ngture of The provliem has been cutliined by titration wWith

function of pH. The results of all four lines ¢f investi-

_.Tion have veen blenced into an internally consistent

ydroxide yielids & Titration curve with one bresk, &

8.30, corresponding to the resplacement of four hydrogen

.

for the purposes of calculeaving acid dissociasicn constants

el

1s obteined by adding a rmeasureC excess of standard sodiurm

vy

[e))

hydroxide and back titrating with standard hydrcchloric acid.

ause of the low soludility a value for the first zcid

L
®
0

Gissociation constant ccild not be obtained from the titratio

data.

n
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The vitration curve shows no minor dbreaks or
up to the end-voint indicating that the values of the four
dissociation constants are more or less uniformly se
AT any particular pi then, only two steps of the titration
overlap and the calculation 6f the successive constants is

Eal

- The fourth step of the neutralization

Hh

s that of a

[

nmonobasic acid and a value of X4 1s ovtained directly. The

e

third dissocization consiant was obtained from the fourth
dissociation constvant and titration date. Similarly the
second was obtained from the third. A value for the second
was also obtalned from & value for the first ccnstant and
titration-data.

The values obtained for the second, third and fourth
acid dissociation constants are: Xz = 3.4 x 10 % (pXz = 3.5);
Kz = 2.6 x 10°° (pKs = 4.6); Ko = 6.4 x 1077 (pKe = 6.2).

The solubility of Cslcein in a series of six solutions
of pH varying from 1.85 to 3.50 has been determined; the
analyses being made by a svectropnotometric method.

Treatnent of the data on the vasis that Calcein behaves
as a monovasic acid over this range of pH gave a value for
the intrinsic solubility of Calicein, S5, of 25.0 mg. per 100
ml. (3.90 x 10™% ¥) and a value of pXi of 2.5.

A more extensive treatment on the assumption that doth

of The firstv Ttwo ionization steps are involved, that is, that
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