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Abstract

The enthalpies of proton ionization of the biochemical buffersN,N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid (BES) andN-tris[hydro-
xymethyl]methyl-2-aminoethanesulfonic acid (TES) were obtained in water–methanol mixtures in which the methanol mole fraction (Xm)
varied in the range 0–0.36. For both buffers, ionization enthalpy for the first proton (�H1) was small in all solvent media. However, upon
addition of methanol,�H2 increased steadily from 22.2 to a maximum of 27.2 kJ mol−1 for BES, whereas for TES it varied from 30.0 to 32.4,
with a minimum of 28.6 kJ mol−1 atXm = 0.123. It is noteworthy that this solvent composition lies within the region of maximum structure
enhancement of water by methanol. The results were interpreted in terms of methanol–water interactions.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

This paper deals with the enthalpies of proton ionization
of N,N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid
(BES) andN-tris[hydroxymethyl]methyl-2-aminoethansul-
fonic acid (TES), zwitterionic biochemical buffers that
ionize in two steps. Measurements were made in water–
methanol mixtures containing up to 50% (w/w) methanol,
corresponding to a methanol mole fraction (Xm) in the
range 0–0.36. To date, most thermodynamic measurements
in mixed solvents have had the aim of assessing the in-
fluence of solvent composition on pKand obtaining free
energies of proton transfer from water to the solvent system.
Associated�H values were obtained by potentiometric or
spectrophotometric methods. Examples are found in[1–6].
There are as yet no reports of studies primarily concerned
with calorimetric determination of enthalpies of proton
ionization of biochemical buffers in mixed solvents.
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2. Experimental

Calorimetric determinations were made using a Parr 1455
solution calorimeter. BES and TES were Sigma chemicals.
Spectro grade methanol was used. The recrystallized, care-
fully dried and finely ground solid was placed in a Teflon
dish enclosed within a sealed glass rotating cell. When a
push rod was depressed, the entire contents of the dish
dropped into a glass Dewar. The signal from a thermis-
tor immersed in the Dewar was fed via a hyperlink to a
computer that monitored the temperature as a function of
time. The temperature–time curve was analyzed by extrap-
olating pre-reaction and post-reaction baselines, followed
by drawing a vertical intercept through the point on the
temperature–time curve at which 1/eof the total change re-
mained.�T was the length of the intercept connecting the
baselines. The heat capacity (Cp) of the calorimeter was de-
termined under the same conditions as those used for the
runs. The initial solution temperature was ca. 21◦C.�T var-
ied in the range 0–0.2◦C for the addition of BES and TES
to the various solutions but reached 1.4◦C in neutralization
runs.�T was read to an estimated precision of±0.002◦C.
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For all runs, including those for the determination of the
enthalpies of dilution and neutralization, the ionic strength
was adjusted to 0.300 M by the addition of NaCl. The exper-
imental procedure followed was similar to that described by
Ramette[7] for enthalpy determinations of glycine proton
ionizations in water.

3. Results and discussion

The starting materials in each case were the zwitterionic
forms of BES and TES:

(HOCH2CH2)2N+HCH2CH2SO3
− and

(HOCH2CH2)3C+NH2CH2CH2SO3
−

For simplicity, these species are represented by HB±. A
weighed amount of solid HB± (ca. 0.5 g) is dropped from
the sample compartment into 100 g of 0.300 M HCl solution
contained in the Dewar. The observed temperature change
is due to the reaction:

HB±(c)+ H+ → H2B+(S), �HA (1)

Here, (S) represents the mixed solvent. Since the ioniza-
tion steps occur in the mixed solvent, it was necessary to
obtain the enthalpy of solution of the zwitterionic HB± at
each solvent composition. This was done by dropping solid
HB± into a Dewar containing 100 g of 0.300 M NaCl. Salt
was added in order to eliminate ionic strength effects when
comparing enthalpies of solution in the various media. The
process can be represented by

HB±(c) → HB±(S), �HB (2)

Since the ionization of the first proton is given by

H2B+(S) → H+ + HB±(S), �H1 (3)

It is apparent fromEqs. (1)–(3)that

�H1 = �HB − �HA (4)

In order to obtain the enthalpy change for the ionization
of the second proton, the following two reactions (5a and b)
were studied:

HB±(c)+ OH− → B−(S)+ H2O, �HC (5)

Here,�HC was determined, following a similar procedure
to that previously outlined, by dropping HB± into 100 g of
0.300 M NaOH.

Finally, enthalpy values need to be determined for the
neutralization reaction at each solvent composition:

H+ + OH− → H2O(S), �HN (6)

Values for�HN are cited as a function of temperature
in water [8], and as a function of solvent composition
in ethanol–water[9] and dioxane–water[10]. These and
other values at various ionic strengths have been tabulated
[11]. Measurements of reaction (6) were performed in

Table 1
�dilH, �obsH and�HN in water–methanol mixtures

Xm −�dilH
(±0.2 kJ mol−1)

−�obsH
(±0.2 kJ mol−1)

−�HN

(±0.3 kJ mol−1)

0 12.0 69.7 57.7
0.058 9.3 61.2 51.9
0.122 8.4 55.6 47.2
0.190 9.9 53.8 43.9
0.270 12.7 54.1 41.4
0.355 15.8 54.8 39.0

water–methanol mixtures spanning the composition range
of interest. Initially, 1.0 ml of carefully standardized 10.0 M
(12.6 m) HCl was dropped into 100 g of each solvent com-
position at 21◦C, and the enthalpy of dilution (�dilH) ob-
tained. Following that, the same amount of HCl was added
to 100 g of solvent containing 0.105 M NaOH, yielding an
observed value for the enthalpy of neutralization (�obsH).
The slight excess of base was necessary in order to cor-
rect for traces of carbonate impurity. In each dilution or
neutralization run, the ionic strength after mixing was main-
tained at 0.300 M by NaCl addition. The true enthalpy of
neutralization,�HN, was calculated by subtracting�dilH
from �obsH. Corrections were made for the small volume
changes that accompanied HCl addition. The dilution and
neutralization results are summarized inTable 1. Reported
values for�dilH of HCl at 25◦C, from molality m to infi-
nite dilution, are 10.24, 15.40 and 0.556 kJ mol−1 for 10,
15 and 0.1 M solutions, respectively[12]. Interpolation
shows that the expected�dilH for HCl (12.6 m → 0.1 m)
is ca. 12.9 kJ mol−1, a value that is fairly comparable to the
12.0 kJ mol−1 obtained in this work, considering that tem-
perature and ionic strength conditions differ somewhat. It
is noteworthy that�dilH exhibits a minimum atXm = 0.2,
a composition at which there is significant enhancement
of the structure of water by methanol[13]. The value of
57.7 kJ mol−1 for �HN in water at 21◦C can be compared
to cited values. Some of these are, in kJ mol−1: 55.8 (25◦C,
I = 0) [14,15], 57.3 (20◦C, I = 0) [8], 57.0 (20◦C,
I = 0.1 M) [16], 56.7 (25◦C, I = 0.5 M) [17], 54.6 (25◦C,
I = 3 M) [18]. The observed steady decrease in�HN with
methanol addition is much more pronounced than that ob-
served with ethanol[9] and dioxane[10] addition in the
composition range investigated. The estimated uncertainty
in �dilH and�obsH is 0.2, and 0.3 kJ mol−1 in �HN.

FromEqs. (2), (5) and (6), it is apparent that

�H2 = �HC − �HB − �HN (7)

Table 2 lists values of�HA, �HB, and �HC for BES
and TES. All enthalpies progressively increase as methanol
is added. This behavior indicates that solvation of buffer
species H2B+, HB± and B− becomes less favorable as the
dielectric constant of the medium is lowered (εH2O = 78.3;
εmethanol= 32.6, at 25◦C).

Table 3lists values for�H1 and�H2, as calculated from
Eqs. (4) and (7), respectively. For both BES and TES,�H1
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Table 2
�HA, �HB, and�HC in water–methanol mixtures

Xm �HA

(±0.2 kJ mol−1)
�HB

(±0.2 kJ mol−1)
�HC

(±0.2 kJ mol−1)

BES
0 24.9 24.3 −11.2
0.059 29.0 27.7 −1.5
0.123 29.1 29.1 5.5
0.194 30.8 30.8 13.2
0.273 32.6 31.3 16.9
0.360 32.2 31.3 19.5

TES
0 20.7 18.6 −9.2
0.059 22.2 21.7 −0.7
0.123 23.7 23.5 5.0
0.194 25.4 24.5 13.1
0.273 25.5 24.3 15.2
0.360 23.0 23.8 17.3

is small, ranging from−2.1 to 1.0 kJ mol−1. Reported values
for pKa’s of –SO3H groups in compounds that bear struc-
tural similarity to BES and TES are in the range 1.5–2.0.
For example, pKa1 at 25◦C is 1.5 for 2-aminoethanesulfonic
acid and 1.3 fordl-cysteic acid[19]. Thus, in view of the
expected pKa1 range for BES and TES and the large ex-
cess of HCl used (0.300 M versus ca. 0.02 M for BES and
TES), reaction (5) may be considered complete. By contrast,
the high positive�H2 values in water for BES and TES,
22.2 and 30.0 kJ mol−1, fall in the range that would be ex-
pected for weakly acidic protonated amines. The lower val-
ues for BES in the solvent range studied are in agreement
with observations and compilations[20,21] indicating that
�H for the ionization of theN-bound proton in protonated
amines rises steadily with increasing pK. At 25◦C andI =
0.1 M, pKa2’s are 7.06 and 7.5 for BES and TES, respec-
tively [22]. For BES, reported�H2 values in water at 25◦C
are 22.8 (I= 0.01 M) [23], 23.9 (I= 0) [24] and 25.2 (I=

Table 3
�H1 and�H2 for BES and TES in water–methanol mixtures

Xm �H1(±0.2 kJ mol−1) �H2 (±0.2 kJ mol−1)

BES
0 −0.7 22.2
0.059 −1.3 22.8
0.123 0.0 24.6
0.194 0.0 26.4
0.273 −1.4 27.0
0.360 −1.0 27.2

TES
0 −2.1 30.0
0.059 −0.5 29.5
0.123 −0.2 28.6
0.194 −1.0 32.5
0.273 −1.4 32.3
0.360 1.0 32.4

0.1) kJ mol−1 [22]. For TES, they are 29.2 (I= 0.01 M)
[23], 32.1 (I= 0) [25,26], and 32.7 (I= 0) [22] kJ mol−1.
Table 3shows that�H2 for BES rises with methanol ad-
dition then tends to level off at the higherXm. For TES,
however, a minimum in an otherwise slower rise in�H2 is
observed atXm = 0.123. The rise in�H2 may be explained
on the basis that methanol addition weakens the “ice-like”
organized structure of water[27], thereby rendering proton
solvation less favorable, since such a process would neces-
sarily enter a competition with methanol for H-bonding with
water. The minimum with TES may be explained on the ba-
sis of increased basicity of the medium as ethanol is initially
added[28]. With TES, the presence of an additional –OH
group and its comparatively lower acid strength could have
contributed to this minimum. However, interpretation of�H
behavior is much more complex than that of the free energy,
�G. For the latter, solvent dependence may be explained
on the basis of electrostatic and non-electrostatic terms. En-
thalpy changes, on the other hand, in addition to electrostatic
contributions[29] involve structural and steric factors that
are often difficult to assess[27]. However, accumulation of
significant proton ionization enthalpies in mixed solvents on
structurally similar molecules should aid in understanding
the role of these factors.
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