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Infrared spectra of aqueous ethylenediaminetetraacetic acid, N-hydroxyethylethylenediaminetriacetic acid and
diethylenetriaminepentaacetic acid are reported. Structures of the predominant species in solution at various
pH values are elucidated by combining the results of infrared studies with those of potentiometric titration.
Structures of insoluble species are also deduced from the spectra of the crystalline compounds.

Introduction

In the previous paper,? the infrared spectra of aque-
ous solutions of iminodiacetic acid, N-hydroxyethyl-
iminodiacetic acid and nitrilotriacetic acid were re-
ported, and the structures of the predominant aqueous
species at various pH values were deduced from the
antisymmetric carboxyl stretching bands. It wasfound
that three carboxyl stretching bands can be distin-
guished from infrared spectra: (A) un-ionized car-
boxyl (COOH) band, (B) a-ammonium carboxylate
(ReN+HCH,COO™) band and (C) a-aminocarboxylate
(ReNCH,COO~) band. Type A absorbs at 1730~1700
cm.! whereas type B and C absorb at 1630~1620
and 1585~1575 cm.™!, respectively. The intensities
of type B and C carboxylate bands per group are ap-
proximately equivalent, and about three times that of
the type A carboxyl group. From measurements of
aqueous infrared spectra of iminodiacetic acid, glycine
and ethylenediaminetetraacetic acid, the molar extinec-
tion coefficients of type A, B and C carboxy! groups
were found to be 240 = 7, 785 £ 48 and 705 £ 44
mole~! cm. !, respectively.

Previously,? the 56~35 cm. ! difference in frequency
of type B and C carboxylate bands of amino acids
having positive and neutral amino groups in the a-
position, respectively, was attributed to the greater
inductive effect of a formal positive charge on the nitro-
gen atom and the consequent increase in the bond order
of the C=0O bond in the type B carboxyl group.
It was pointed out, however, that this effect could also
be due to the interaction of the amino (ammonium)
and carboxylate groups via intramolecular hydrogen
bonding through water molecules. The latter inter-
pretation can now be eliminated through the measure-
ment of the carboxylate stretching frequency of aqueous
betaine, (CHj)N*+CH,COO~.  Since the nitrogen
and carboxy! oxygens in this molecule cannot interact
through hydrogen bonding, the sharp carboxyl band
observed at 1626 cm. ™! therefore confirms the inductive
effect as the mechanism of the frequency shift described
above.

The purpose of this infrared investigation is to eluci-
date the structures in aqueous solution of the related
chelating agents, ethylenediaminetetraacetic acid, N-
hydroxyethylethylenediaminetriacetic acid and di-
ethylenetriaminepentaacetic acid, through the use of
these three general assignments of the carboxyl stretch-
ing bands.

Experimental

Compounds.—Ethylenediaminetetraacetic acid and N-hy-
droxyethylethylenediaminetriacetic acid were purchased from
the Eastman Organic Chemicals, Rochester, N. Y., and X and K
Laboratories, Inc., Jamaica, N. Y., respectively. Diethylene-
triaminepentaacetic acid was obtained through the courtesy of
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the Dow Chemical Co., Midland, Mich. These compounds were
purified by two successive recrystallizations from water.

Special Measurements.—Infrared spectra were measured with
a Perkin—-Elmer Model 21 infrared spectrophotometer equipped
with sodium chloride optics. For measurements of aqueous
solutes approximately 0.1-ml. cells with silver chloride windows
spaced at 0.021 mm. were used. All the aqueous solutions were
made with 99.86 mole per cent. D;O, which was purchased from
the Bio-Rad Laboratories, Richmond, Calif. The concentra-
tion range employed was from 4.5 to 1o weight per cent of solute.
The spectrophotometer was calibrated with polystyrene film
and water vapor. The accuracy of frequency determination
was #=3 cm.1in the spectral range studied.

pH Measurements.—The measurements of pH of the solutions
were made with a Beckman Model G pH meter equipped with an
extension one-drop glass electrode and a standard calomel
electrode. Calibration of the pH reading was made with stand-
ard buffer solutions purchased from the Fisher Scientific Co.

Results and Discussion

Ethylenediaminetetraacetic Acid (EDTA).—Poten-
tiometric studies®* indicate that the ionization comn-
stants of EDTA (H,Y) for each dissociation step are

PK, K2 PK; pK,
> - —> [y —> e — e
H,Y < H,;Y < H,Y? -— HYS3 < Y4
2.00 2.67 6.16 10.26
1 1I 111 v \%

The infrared spectra of aqueous HyY and Hs;Y~ were
not obtained because of their low aqueous solubility.
In the crystalline state, however, HsY exhibits two
bands at 1704 and 1635 cm.~! as is shown in Fig. 1.
Previously, Chapman’ and Busch and Bailar® reported
only one carboxyl band near 1700 em. ™!, and suggested
that the structure of H,Y may be Ia, containing four
neutral carboxyl groups (type A). If the band at 1635

... HOOCCHa_ : i CH,COOH---
>NCH2CH2N<
Ia

....HOOCCH, CH,COOH -
o H
.."O0CCHn_ | | CH,COO~--
>+NCH2CH2N +<
.. HOOCCH, o CH;COOH -

cm. ! is due to type B carboxyl absorption, the dipolar
structure Ib and an intermediate form Ib’ (not shown)
having one dipolar ion are also possible. Thus far no
evidence which eliminate structures Ib and Ib’ had
been available. On the basis of the present study it is
concluded that Ia is more probable than Ib and Ib’
for the following reasons: If the structure is Ib’ or
Ib, the band at 1635 cm.~! should be approximately
the same as that at 1704 cm.~! or much more intense
than that at 1704 cm. !, respectively, whereas the band
at 1704 cm. ! is actually much stronger than the band
at 1635 cm.~1. Also, the band at 1635 cm. ! is sensi-

(3) G. Schwarzenbach and H. Ackermann, Hely. Chim. Acta, 80, 1798
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Fig. 1.—Iofrared spectra of EDTA and its sodium salts in the
crystalline state: A, H,Y; B, D,Y; C, Na,H,Y.2H,0: D,
NangY-2D20; E. Na4Y.
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Fig. 2A.—Infrared spectra of EDTA in D,O solutions: —, pH
39, — —,83; —+—,63; —--—,71; ~—~-~,78.

tive to deuteration, as is indicated in Fig. 1. These
observations suggest that the 1635 cm.—! band may
result from a combination of OH bending and some other
vibration.

The monosodium salt NaH;Y is unknown and it was
therefore not possible to study the HyY— ion in the
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Fig. 2B.—Infrarea spectra of EDTA in D,O solutions: —, pH
86, — — 9.1, —-—,9.8; ———~, 122

solid state. As is shown in Fig. 1, the disodium salt
NasH,Y-2H,0 exhibits two bands at 1672 and 1624
cm.~! in the crystalline state. Chapman’ attributed
the former (observed at 1668 cm.~!) to the un-ionized
and the latter (observed at 1637 cm.~1) to the ionized
carboxyl group, respectively, and suggested the hydro-
gen bonded structure indicated by IIIb. It should

a H
++"00CCHa, | | ,CH,COO™
2>+NCH2CHZN +<
«+~O0CCHy IIIa CH,COO .

,--00CCH. N
{ NCH,CH,N
"HOOCCH,

CH,CO0 <.,

NeH,cooH”

I1Ib

be noted, however, that the frequencies of 1668 and
1637 cm. ! are too low and too high for type A and type
C carboxyl groups, respectively. In this investigation,
it is found that the band at 1672 cm. ! is not a carboxy!
stretching band since it disappears upon deuteration
and dehydration, as is shown in Fig. 1. Thus the
structure compatible with the present infrared study is
IIIa, containing the maximum number of zwitterion
groups.

Figure 2 (A and B) shows the infrared spectra of
EDTA obtained at various pH values in aqueous solu-
tion. At pH 4.0~5.3, only one band is observed at
1624 cm.~! (type B). Since the dinegative amnion is
predominant in this pH range, the structure of H,¥Y?*~
ion in aqueous solution must be IITa. As the pH of
the solution increases further, a new band appears at
1585 cm.—1, and the band at 1622 cm.—! becomes
weaker. Finally, at pH 9.8, only one band is observed
at 1585 cm.~1. These observations are in agreement
with IV and V as the structures of the tri- and tetra-
negative anions, respectively.
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-00CCH; CH,COO-
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Figure 3 shows a plot of the peak intensities of the
1623 and 1585 cm.~! bands against the pH of the solu-
tion.” From this plot, it is possible to calculate approxi-
mate pK values by taking the pH value at the midpoint
of the two extreme intensities for each dissociation
step.! From the curve obtained for the 1585 cm.™!
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Fig. 3.—Absorbancy of ecarboxylate bands of EDTA as a func-
tion of pH: —O—, 1623 cm.™! band; —A—, 1585 c¢m.™ band.

band, pK; and pK, are estimated to be 6.5 and 9.3,
respectively. The former is in good agreement with
that obtained by potentiometric studies (6.1) whereas
the latter is about 0.8 unit smaller than that of poten-
tiometric values (10.1). This discrepancy is under-
standable in view of the much higher concentrations
used in this investigation, the absence of supporting
electrolyte and the considerable differences in activity
coefficients that would be expected.
N-Hydroxyethylethylenediaminetriacetic Acid
(HEDTA).—The ionization constants reported for
HEDTA from potentiometric studies® are summarized
as
K1 pK? pE:
HeX % HeX~ > HX~ > X3
2.64 5.33 9.73
VI VII VIII IX

where H;X represents HEDTA.

Figure 4 (A and B) shows the infrared spectra of
HEDTA at various pH values in aqueous solution.
In strongly acidic solution (pH 2.1) where H;X pre-
dominates, a band of medium intensity is observed at
1720 cm.~!, and a more intense band is found at 1625
cm.~!, From the frequencies and intensities of these
two bands, it is concluded that the structure of H;X
is VI. In the crystalline state, H;X has bands at 1705

H H

*NCH,CH.N *

(shoulder), 1667 (medium) and 1629 cm.~! (very
strong). A zwitterion structure similar to VI is in
accord with these observations, although, because of
intermolecular interactions, the spectrum of the crystal-
line compound is more complicated than that of the
aqueous solute.

(7). Since bands at 1623 and 1585 cm, ~! partially overlap, the intensity of
each band was estimated by assuming its shape to be symmetrical.

(8) K. Nakamoto and A. E. Martell, J. Am. Chem. Soc., 81, 53857 (1959),

(9) S. Chaberek and A. E. Martell, ibid., T7, 1477 (1955).
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Fig. 4A.—Infrared spectra of HEDTA in D,O solutions:
, 2.1 —-—, 2.8, .
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Fig. 4B.—Infrared spectra of HEDTA in D,O solutions:
—--—pH56; —=-—,7.5; - —--,0.1; V1150 — —,
12.8.

As the pH increases from 2.8 to 4.0, the band at 1720
cm.~! (type A) becomes weaker and the band at 1624
cm.~! (type B) becomes stronger. Thus the structure
of the mononegative ion which predominates in this
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Fig. 5.—Infrared spectra of HEDTA in the low frequency region
(pH is indicated).

range must be VII. At pH 5.6, a new type C band ap-

H H
~“OOCCH._ | | ,CH,COO-
>+NCH2CH2N+<
CH.CH;OH

~OOCCH: VII
pears at 1583 cm.™1. At pH 7.5, where HX?~ is com-
pletely formed, the bands at 1624 and 1583 cm.—!
have about the same intensity. Its structure may be
either VIIIa or VIIIb; VIIIa has two type B and one
H
~00OCCHn_ | CH.COO~
D *NCHCH:N
~OOCCH: VIIla

H

|
NCH2CH2N+<
VIIIb

type C group, whereas VIIIb has one type B and two
type C carboxyl groups. As is seen in Fig. 4, the band
at 1620 cm.~! (type B) is stronger than the band at
1583 cm.=! (type C). Since the intensity of both
type carboxyl bands per group is approximately the
same, the observed spectra favor an equilibrium be-
tween VIIIa and VIIIb, with a higher proportion of
VIIIa. This result seems reasonable since the nitrogen
attached to a hydroxyethyl group is less basic than that
attached to a CH,-COO~— group. At pH 11.5, the
band at 1620 cm.~! disappears completely, correspond-
ing to the complete formation of X?*— (IX).

~00CCH, CH,COO-
>NCH2CH2N< ,
~0OCCH, X CH.CH.OH

Figure 5 shows the infrared spectra of HEDTA in
1200~800 ¢m.~! region. At pH 9.0, new bands appear
at approximately 1140, 1040, 940, 880 and 863 cm.~ .
As stated previously for a different ligand, these vibra-
tions should be ascribéd to the absorption of the
> N=CH,-CH,~OH group as a whole, and the appeat-

CH,CH,0OH

—OOCCHg CHzCHzOH

Vol. 85

ance of new bands at high pH should be ascribed to the
loss of positive charge on the nitrogen atoms in the
ionization process VII—VIII—IX rather than to the
ionization of the hydroxyethyl hydrogen.

Diethylenetriaminepentaacetic Acid (DTPA).—Po-
tentiometric measurements!? give the following ioniza-
tion constants for DTPA

pK; pK, pKs K, pKs

HiZ > HZ- . > H,Z2~ < > H,Z%~ . > HZ4~ ¢ o/
1.79 2.56 4.42 8.76 10.42

X XI XII XIII X1v XV

where H;yZ represents DTPA. The spectrum of aqueous
H:Z was not obtained because of its low solubility.
In the crystalline state, however, it has three bands of
about the same intensity at 1731, 1700 and 1634 cm. 1.
Thus the most probable structure in the crystalline
compound may be X. An alternative structure X’

H
HOOCH,C | CH.COOH
N(CH2):N +(CH2)2N<
HOOCH.C CH,COOH
X CHy,COO-

(not shown) would have a dipolar group involving one
of the terminal nitrogen atoms. Structure X is favored
over X’ from a symmetry viewpoint. The bands at
1731 and 1700 cm. ™! correspond to four type A carboxyl
groups and the band at 1634 cm.~! corresponds to one
type B carboxyl group. The splitting of type A band
into two peaks may be ascribed to the difference of
crystal environment in these four carboxyl groups of X.

Other structures having positive charges on the
terminal nitrogen atoms can be ruled out on the basis
of the relative intensities of these three bands. Struc-
ture X’ has one >N+-CH,COOH (type A’), three
>N-CH,—COOH (type A) and one >N+-CH,COO~
(type B) groups. The type A’ carboxyl group usually
absorbs at a higher frequency (1750~1730 cm.™?)
than the type A carboxyl group (1730 ~1700 cm.™?),
although the intensities of the absorption bands of both
types of groups are approximately the same. There-
fore an attempt to assign the band at 1731 cm.~! to
type A’, and the band at 1700 cm.! to type A, of X/,
does not correlate with the observed intensity pattern.
Other alternative structures may be ruled out in a
similar manner,

For the aqueous solute at pH 3.6 where the H;Z2~ ion
predominates, a weak band at 1710 and a strong band
at 1626 cm.™! are observed, as is shown in Fig. 6.

Of the many possible structures for the H;Z2™ ion,
XIla and XIIb are the most probable on the basis of

~00CH,C\ H H CH,COO-
N+(CH2)2N(CH2)2N+<

~00CH,C CH,CO0-
XIla CH,COOH
~OOCH.C\ H H H ,CH.COO-
N+(CH2)2N+(CH2)2N+<
~00CH,C | CH.CO0-
XIIb  CH.COO-

the infrared spectrum, since no bands for type C
carboxyl group (1585~1575 cm.™!) are observed.
The appearance of a weak band at 1710 cm. ™! definitely
indicates the presence of XIIa.

The percentage of XIIa can be calculated in the
following way. For most of the compounds studied,
the optical density of type A carboxyl band per group is
0.055 = 0.005 for 0.11 mole/liter solution with a cell of
0.021-mm. thickness. Under the same conditions, the
optical density of the type A band of DTPA is 0.040.
Thus the percentage of XIIa at pH 3.6 is estimated to
be (0.041/0.055) X 100 = 759%. This conclusion is

(10) S. Chaberek, A. E. Frost, M. A, Doran and N. J. Bicknell, J. Inorg.
Nucl, Chem., 11, 184 (1959).
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Fig. 6A.—Infrared spectra of DTPA in D.O solution: ———— Fig. 6B.—Infrared spectra of DTPA in D,O solution: ~——
pH 3.6; ,4.4; — —, 68, —-—, 84. pH 9.0, - ~-—-93; — —,9.9; —-—, 11.6.

reasonable since the central nitrogen atom in XIIa is
only very weakly basic (or the ammonium form XIIb
is highly acidic) because of the coulombic and inductive
effects of the terminal positive nitrogen atoms.

On the basis of this determination of the relative
concentrations of XIIa and XIIb, the microscopic
equilibrium constants for the second and third dissocia-
tion step can now be calculated. The results are given
in Table 1.

TABLE I

Microscopic EQUILiBRIUM CONSTANTS FOR THE SECOND AND
THIRD DISSOCIATION STEPS oF DTPA

Constant Equilibrium expression® Value (p Kx)
Ky ([XIla] + [XIIbD)[H*]/[XI] 2.56
K. ([XIIa][H+])/[XI) 2.69
Kp ([XIIb][H*])/[XI] 3.16
K; ([XIII][H*])/([X1Ia] 4 [XIIb]) 4.42
K. ([XIII][H*])/[X1Ia] 4.30
Ka ([XIII][H*])/[XIIb] 3.82

¢ Ky = [XIIa]/[XHb = K /Kb = Kd/Kc = 3.0

At pH 4 4, a new type C band appears at 1585 cm. !
At pH 6.8 where the H,Z3~ ion predominates, two
bands are observed, a very strong band at 1625 cm.™!
and a weak band at 1587 cm.~!.  Of the possible struc-
tures XI1Ia and XIIIb X1IIla has four type B and one

~0OCH,C CH.CO0-
> \(CHg)zh(CHz)gl\ +<
~0OCH:C | CH.COO-
X1IIa cmcoo—

~O0CH.C
~OO0CH.C

CH.COO~

> +\*( CH:).N +( CH2)2N<
! H.COO~

XIIIb CH.COO-

type C bands, whereas XIIIb has three type B and two
type C carboxyl groups. Figure 6 indicates that the
ratio of optical density of the type B (1620 cm.™?) to
type C (1585 cm.™') band is 4.1. Therefore XIIla
seems to be indicated. Structure XIIIa is also favored
since it has the charge distribution with minimum
energy.

At pH 9.3 where the HZ*~ ion is predominant, the
band at 1624 cm.—! becomes weaker and the band at
1585 cm.~! becomes stronger. Figure 6 shows that the
ratio of optical density of these two bands is 2 to 1 at
this pH. Of the two possible structures XIVa and

~00CH:C 00~
>N +(CH,)sN(CH )N
~00CH,C | H,CO0~
XIVa CHzCO -
~00CH,C CH,CO00-
>’\'(CH )2H +(CH, )2N<
~00CH,C H.COO-

XI1Vb CH:COO0-

XIVb, for the HZ*~ ion, XIVa is more compatible
with the observed spectrum than XIVb, since the
former has two type B and three type C bands, whereas
the latter has one type B and four type C carboxyl
groups. Structure XIVa is also favored by the greater
coulombic attraction between the positive ammonia
and negative carboxylate groups in this structure.
At pH 11.6, only one band is observed at 1584 cm.™!
(type C), indicating complete formation of the 2°-
ion (XV).

~00CH,C CHL.COO-
>N(CH2)2N(CH2)2N<
~0OCH:C CH.COO~
XV CH.COO-



