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a  b  s  t  r  a  c  t

A  study  on  the  acid–base  properties  and  solubility  of two  amino  acids,  namely  dl-Tyrosine  and  dl-
Tryptophan,  was  carried  out  in different  experimental  conditions  (ionic  medium,  ionic  strength  and
temperature).  The  protonation  of  dl-Tyrosine  and  dl-Tryptophan  was  investigated  in  both  (CH3)4NCl
and  NaCl  aqueous  solutions  by  potentiometry  (ISE-[H+] glass  electrode)  in  different  ionic  strength  ranges
(up to  ∼3.0  mol  L−1 in  (CH3)4NCl  and  ∼5 mol  L−1 in  NaCl).  Measurements  in  NaCl  were  also  performed  by
spectrophotometry  at three  different  temperatures  (T =  293.15,  298.15  and  308.15  K).  The  potentiometric
and  spectrophotometric  data  were  analyzed  altogether  in  order  to  obtain  reliable  protonation  constants.

Solubility  investigations  were  performed  only  at T =  298.15  K, in  NaCl  and  (CH3)4NCl  aqueous  solutions
in  the  ionic  strength  range  investigated  for the  protonation  constants,  with  the  aim  to  determine  the
Setschenow  coefficient  and  the  activity  coefficients  of  the  neutral  species  of  the  two  amino  acids.  The
nthalpy and entropy change
IT
ctivity coefficients

dependence  of protonation  constants  on ionic  strength  was  modelled  by means  of  a  Debye–Hückel  type
equation  and  the  SIT  approach.

The  temperature  coefficients,  in  NaCl  aqueous  solutions,  were  calculated  by  using the  protonation
constants  at  different  temperatures.  As a further  validation  of  the data,  for  the  dl-Tyrosine,  the  �H
values  were  also  determined  by isoperibol  calorimetric  titrations,  at T =  298.15  K, I =  0.15  and  0.5  mol  L−1;
these  values  were  compared  with  the  �H  calculated  by  using  the  temperature  coefficients.
. Introduction

Amino acids are molecules containing at least one amino group,
 carboxylic group and a side chain that varies between differ-
nt amino acids. Amino acids are critical to life, and have many
unctions in metabolism; one particularly important function is to
erve as the building blocks of proteins. Due to their central role
n biochemistry, amino acids are important in nutrition and are
ommonly used in food technology and industry. Among all the
mino acids, Tyrosine and Tryptophan are two amino acids that
ontribute to our emotional well-being and mental alertness, as
ell as participating in a wide variety of other healthful benefits.

Tyrosine (see Fig. 1) is an aromatic nonessential aminoacid
ynthesized from the essential amino acid phenylalanine; it is
ound in animal meat, wheat products, oatmeal and seafood, and is

mportant to overall metabolism. It is a precursor for several impor-
ant neurotransmitters (epinephrine, norepinephrine, dopamine),
hich regulate mood and stimulate metabolism and the nervous

∗ Corresponding author. Fax: +39 090392827.
E-mail address: fcrea@unime.it (F. Crea).

378-3812/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.fluid.2011.10.007
© 2011 Elsevier B.V. All rights reserved.

system; it helps nerve cells to communicate and influence mood,
and for this reason Tyrosine is used to reduce environmental stress
in humans [1].  Tyrosine helps to suppress the appetite and reduces
body fat, and aids the production of melanin, which is responsi-
ble for hair and skin color, and has recently been shown to be an
effective sleep aid [2].  Several Tyrosine kinase inhibitors have been
found to have effective antitumor activity and have been approved
or are in clinical trials [3].

Tryptophan (see Fig. 1) is an essential aminoacid provided
by food and transported into the brain through the high affinity
LAT1/r4F2hc L-system transporter [4].  It increases the amount of
serotonin in the brain, allowing crucial “serotonin neural circuits”
to function more effectively and with greater reliability. Trypto-
phan plays a very important role in many biological processes. For
example, it is converted into niacin (vitamin B3) by the liver, but
perhaps most importantly, it is, like Tyrosine, an essential precur-
sor to a number of neurotransmitters in the brain; in fact it is the
only substance that can be converted into serotonin, which is in

turn converted into melatonin [5,6]. Some studies showed relations
on memory in patient with schizophrenia [7]. Despite these amino
acids are very important in the industrial and biological fields, infor-
mation about their acid–base properties in aqueous solutions is not

dx.doi.org/10.1016/j.fluid.2011.10.007
http://www.sciencedirect.com/science/journal/03783812
http://www.elsevier.com/locate/fluid
mailto:fcrea@unime.it
dx.doi.org/10.1016/j.fluid.2011.10.007
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Fig. 1. Simplified structure o

ell defined (see Section 4); therefore from our point of view, it was
ignificant to improve the knowledge about their behaviour in solu-
ions containing different supporting electrolytes, such as sodium
hloride, important in the studies of the components potentially
resent in biological fluids.

We  focused our attention on the determination of the protona-
ion constants in two different ionic media: sodium chloride (NaCl)
nd tetramethylammonium chloride ((CH3)4NCl); different ionic
trengths and ligand concentrations were investigated by using
wo different techniques (potentiometry and spectrophotometry).
he spectrophotometric measurements for the determination of
he protonation constants, were carried out at different tempera-
ures, namely T = 293.15, 298.15 and 308.15 K only in NaCl aqueous
olutions. This allowed us to calculate the enthalpy and entropy
hanges associated to the protonation reactions.

The dependence of protonation constant on ionic strength in
he two ionic media was studied by means of a Debye–Hückel
ype equation [8,9] and the SIT (Specific ion Interaction Theory)
pproach [10–13].  In order to check the reliability of the enthalpy
hanges for the protonation of dl-Tyrosine, some isoperibol calori-
etric titrations were performed at T = 298.15 K in NaCl aqueous

olution at I = 0.15 and 0.5 mol  L−1.
Solubility measurements were carried out in both ionic media,

n order to determine the total solubility and the solubility of the
witterionic neutral species, as well as the Setschenow coefficient
14] and the activity coefficients at different ionic strengths.

A comparison with literature data (protonation constants,
nthalpy and solubility values) is also reported.

. Experimental

.1. Chemicals

dl-Tyrosine and dl-Tryptophan (Fluka products) were used
ithout further purification. Their purity was checked alkalimet-

ically and was found to be >99%. Sodium chloride solutions were
repared by weighing pure salt (Fluka, p.a.) previously dried in an
ven at T = 383.15 K. Tetramethylammonium chloride, (CH3)4NCl
Fluka), was recrystallized from methanol. Sodium hydroxide and
etramethylammonium hydroxide solutions were prepared from
oncentrated (Fluka puriss. electrochemical grade) ampoules and
tandardized against potassium biphthalate. Hydrochloric acid
olutions were prepared from concentrated ampules (Fluka) and
tandardized against sodium carbonate. All solutions were pre-
erved from atmospheric CO2 by means of soda lime traps. Grade

 glassware and twice distilled water were employed in the prepa-
ation of all the solutions.
.2. Apparatus

.2.1. Potentiometric apparatus
The free hydrogen ion concentration was measured with

 Metrohm model 713 potentiometer (resolution ±0.1 mV,
yrosine and dl-Tryptophan.

reproducibility ±0.15 mV)  connected to a Metrohm 665 automatic
burette and to a model 8101 Ross type Orion electrode, coupled
with a standard calomel electrode. The potentiometer and the
burette were connected to a personal computer which, using suit-
able homemade computer program, allows us to obtain automatic
data acquisition. The measurement cells were thermostatted at
T = 293.15 ± 0.1, 298.15 ± 0.1 and 310.15 ± 0.1 K. Purified N2(g) was
bubbled into the solutions in order to exclude the presence of
CO2(g) and O2(g). To avoid systematic errors, some measurements
were carried out using a different apparatus (Metrohm model 809
titrando) and software (Metrohm TiAMO 1.0) for the automatic data
acquisition.

2.2.2. Spectrophotometric apparatus
The spectrophotometric measurements were carried out by a

Varian Cary 50 UV–VIS spectrophotometer equipped with an optic
fibre probe having a fixed 1 cm path length; the spectra were
recorded in the wavelength range from � = 200 to 330 nm. The spec-
trophotometer was  connected to a PC and the acquisition of the
couple of data absorbance (A) vs. wavelength (�/nm) was made by
the Varian Cary WinUV (version 3.00) software. During these mea-
surements, we introduced in the thermostatted measurement cell
(total volume of 25 or 50 ml), a 602 Biotrode combined metrosensor
glass electrode from Metrohm, that was  connected to a potentio-
metric apparatus (see previous section). In this order, we are able
to record simultaneously the couple of data A vs. �, and e.m.f. (mV)
vs. ml  of titrant for each alkalimetric titration point. The combi-
nated glass electrode was  standardized in terms of pH = −log[H+],
by means of separate titrations of HCl at the same ionic strength as
the sample under study with carbonate free NaOH solutions; this
allowed us to determine the standard electrode potential E0 and
the junction potential coefficient ja (Ej = ja [H+]).

2.2.3. Calorimetric apparatus
Calorimetric measurements were performed at

T = 298.150 ± 0.001 K by a Tronac isoperibol titration calorimeter
model 450 coupled with a Keithley 196 system Dmm digital mul-
timeter. 25 or 50 ml  of solution containing dl-Tyrosine in variable
concentrations (from 0.1 to 3 mmol  L−1), previously neutralized
with NaOH, and NaCl in order to have the pre-established ionic
strength value (0.15 and 0.5 mol  L−1), were titrated with HCl,
that was delivered by a 2.5 ml  capacity Hamilton syringe, model
1002TLL. For each experimental condition, measurements were
at least repeated twice. A homemade computer program was
used for the acquisition of the calorimetric data. The accuracy
was checked by titrating a THAM (tris-(hydroxymethyl)amino-

methane) buffer with HCl. The enthalpy of dilution was measured
before each experiment at the same ionic strength. The accuracy
of calorimetric apparatus was Q ± 0.008 J and the accuracy of the
titrant volume was ±0.001 cm3.
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.3. Procedure

Saturated solutions of dl-Tyrosine and dl-Tryptophan were pre-
ared by addition of an excess of aminoacid to pure water or to
olutions containing NaCl or (CH3)4NCl as supporting electrolytes
NaCl (up to 5 mol  L−1), (CH3)4NCl (up to 3 mol  L−1)]. These solu-
ions were stirred in a thermostatted room at T = 298.15 ± 1.0 K
or at least 24 h. From preliminary conductivity measurements on
aturated solutions, we established that this time of stirring is
ufficient to reach the equilibrium. The saturated solutions were
entrifuged and then filtered through a cellulose membrane filter
� = 0.45 �m).  25 ml  of the filtered solutions were titrated potentio-

etrically with standard NaOH or (CH3)4NOH in order to calculate
he total hydrogen ion and ligand concentrations. To avoid system-
tic errors, independent experiments were performed at least three
imes.

Several ISE-[H+] potentiometric measurements, for the determi-
ation of protonation constants, were carried out independently of
he solubility measurements, by titrating with NaOH or (CH3)4NOH,
5 ml  of a solution containing, the amino acids at different
oncentrations depending on their solubility (1–2 mmol  L−1 for
l-Tyrosine, 4–10 mmol  L−1 for dl-Tryptophan), HCl, NaCl or
CH3)4NCl, at the same ionic strength values used for the solubility

easurements.
Following similar procedures, the spectrophotometric mea-

urements were carried out, in NaCl aqueous solutions, in the
onic strength range from 0.1 to 1.0 mol  L−1, at three different
emperatures (T = 293.15, 298.15, 308.15 K) and at ligand concen-
rations (0.05–0.2 mmol  L−1 for dl-Tyrosine and 0.02–1 mmol  L−1

or dl-Tryptophan) lower than those used in the potentiometric
nvestigations. For each addition of NaOH, we recorded the corre-
ponding absorbing spectra, up to pH values where the ligand was
ompletely deprotonated. During these measurements the couple
f data e.m.f. (mV) vs. ml  of titrant were also acquired, and the
omogeneity of the solution was obtained by means of a stirring
ar.

.4. Calculations

All calculations relative to the refinement of the parameters
protonation constants, analytical concentration of reagents, for-

al  electrode potential) of the ligands investigated in this paper
ere performed by the BSTAC computer program; this program
as also used to check the ligand purity. The general least squares

omputer program LIANA was used for the refinement of both the
arameters for the dependence of protonation constants and solu-
ility on ionic strength and to calculate the solubility of the neutral
pecies at infinite dilution, as well as the corresponding activity
oefficient. Details for the BSTAC and LIANA computer programs
re described in Ref. [15]. UV spectra were analyzed by the Hyper-
uad 2008 [16] computer program, which allows the calculation of
he stability constants and the molar absorbance spectrum of each
bsorbing species, by using experimental absorbances, analytical
oncentrations of reagents and the proposed chemical model as
nput.

Protonation constants are related to the equilibrium:

H
i H+ + Hi−1L(z−i+1)− = HiL

(z−i)− (1)
alorimetric data were analyzed by the ES5CM [17] computer pro-
ram. The enthalpy changes for the ionization of water at different
onic strengths used in the calculations were taken from De Stefano
t al. [18].
ibria 314 (2012) 185– 197 187

3. Results and discussion

3.1. Solubility

Owing to proton dissociation or association, the total solubility
of the ligands is due to the sum of the concentration of the neutral,
protonated and deprotonated species, according to:

ST = [HL0] + [L−] + [H2L+] (2)

ST = [H2L0] + [HL−] + [L2−] + [H3L+] (3)

for dl-Tryptophan and dl-Tyrosine, respectively, where ST is the
total solubility. If we indicate the solubility of the neutral species
with S0, by rearranging Eqs. (2) and (3) and considering the proto-
nation constants (KH

i
) (see hereafter), we have:

ST = S0

(
1 + 1

KH
2 [H+]

+ KH
1 [H+]

)
(4)

and

ST = S0

(
1 + 1

KH
2 [H+]

+ 1

KH
1 KH

2 [H+]2
+ KH

3 [H+]

)
(5)

for dl-Tryptophan and dl-Tyrosine, respectively. The different KH
i

values refer to the protonation of the carboxylic, aminic and phe-
nolic (only for the dl-Tyrosine) groups.

The solubility in the two ionic media follows the trend:
(CH3)4NCl > NaCl and this difference is more marked for the dl-
Tryptophan; the influence of the ionic medium on the solubility
of the different ligand classes was  already discussed in previous
papers [19–25] on the basis of the discussion reported by Bergen
and Long [26]. They observed, for example, that in the case of car-
boxylic ligands, the Setschenow coefficient [14] regularly increases
from CsCl to LiCl, and decreases from tetramethylammonium bro-
mide to tetrapropylammonium bromide, concluding that the size
of the supporting electrolyte ion plays a fundamental role in deter-
mining the solubility and activity coefficients of non-electrolytes.
As regards the solubility, for large ions such as tetraalkylammo-
nium, a salting-In effect was observed, whilst for small ions (Na+)
we have the opposite trend. Different behaviours can be observed
when the ligands contain other functional groups, such as –NH2,
or for amino acids; in this case the trend observed depend on the
acid–base properties of the strongest group, as reported for the
l-cystine in a previous work [22].

On the basis of the results obtained from the analysis of sol-
ubility data, by means of the BSTAC computer program [15], we
obtained that at the solubility pH, the zwitterionic is predominant
species (neutral species), whilst the other protonated and unproto-
nated species are present in negligible amounts. This allowed us to
consider, in our calculations, log ST = log S0. Table 1 reports for each
amino acid, the concentration (solubility) of the neutral species at
the different ionic strength values and ionic media investigated.

The dependence of the solubility on the salt concentration (for
1:1 supporting electrolytes, I ∼ cMX), can be modelled, according to
Long and McDevit [27], by using the following equations:

log y = log
S0

0

S0
= kccMX (6)

log � = log
S0

0

S0
= kmmMX (7)

where y and � are the activity coefficients expressed in the molar

(c) and the molal (m)  concentration scales, respectively. S0

0 and S0

are the solubility of the neutral species in pure water and at differ-
ent salt concentrations, respectively, and k(c,m) is the Setschenow
coefficient (in both molar and molal concentration scale) [14] that,
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Table 1
Experimental values of solubility in NaCl and (CH3)4NCl in the molar concentration
scale for dl-Tyrosine amd  dl-Tryptophan at T = 298.15 K.

I/mol L−1 log Sb I/mol L−1 log Sb

dl-Tyrosine dl-Tryptophan

NaCl
0 −2.648 ± 0.002a 0 −1.963 ± 0.010a

0 −2.648 ± 0.002 0 −1.944 ± 0.006
0  −2.652 ± 0.002 0 −1.943 ± 0.010
0.500 −2.678 ± 0.002 0.500 −1.946 ± 0.008
0.998 −2.740 ± 0.002 1.003 −1.940 ± 0.001
1.000 −2.712 ± 0.002 1.251 −1.948 ± 0.001
1.488 −2.742 ± 0.004 2.001 −2.056 ± 0.001
1.488 −2.759 ± 0.002 2.152 −2.079 ± 0.001
1.920 −2.804 ± 0.002 3.003 −2.174 ± 0.001
1.970 −2.799 ± 0.002 4.025 −2.237 ± 0.001
2.979 −2.896 ± 0.002 5.005 −2.483 ± 0.002
3.503 −2.921 ± 0.002
4.999 −3.086 ± 0.002

(CH3)4NCl
0.499 −2.694 ± 0.006 0.500 −1.896 ± 0.010
0.504 −2.698 ± 0.006 0.501 −1.860 ± 0.010
0.504 −2.665 ± 0.002 0.765 −1.859 ± 0.010
1.009 −2.694 ± 0.002 1.002 −1.844 ± 0.012
1.424 −2.698 ± 0.004 1.480 −1.825 ± 0.010
1.484 −2.701 ± 0.004 1.917 −1.806 ± 0.008
2.191 −2.754 ± 0.002 2.221 −1.818 ± 0.006
2.396 −2.737 ± 0.004 2.492 −1.836 ± 0.006
2.967 −2.790 ± 0.004 2.492 −1.834 ± 0.006

2.986 −1.842 ± 0.004
3.004 −1.834 ± 0.006

a
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Table 2
Solubility of the neutral species of dl-Tyrosine and dl-Tryptophan at infinite dilution
and Setschenow coefficients.

dl-Tyrosine 2-Parametersc 1-Parameterd

log S0
0 = −2.651 ± 0.001a,b log S0

0 = −2.648 ±
0.001a,b

k(c,m)∞ k(c,m)0
k(c,m)

NaClb,e 0.097 ± 0.003 0.035 ± 0.007 0.082 ± 0.001
(CH3)4NClb,e 0.044 ± 0.007 0.042 ± 0.013 0.045 ± 0.002
NaClg,e 0.073 ± 0.002 0.044 ± 0.004 0.068 ± 0.001
(CH3)4NClg,e −0.010 ± 0.004 −0.000 ± 0.006 −0.006 ± 0.001

NaClb,f 0.095 ± 0.003 0.041 ± 0.006 0.081 ± 0.001
(CH3)4NClb,f 0.044 ± 0.009 0.044 ± 0.016 0.044 ± 0.002
NaClg,f 0.073 ± 0.002 0.050 ± 0.004 0.068 ± 0.001
(CH3)4NClg,f −0.028 ± 0.007 0.035 ± 0.013 −0.008 ± 0.002

dl-Tryptophan 2-Parametersc 1-Parameterd

log S0
0 = −1.913 ± 0.005a,b log S0

0 = −1.913 ±
0.005a,b

k(c,m)∞ k(c,m)0
k(c,m)

NaClb,e 0.145 ± 0.008 −0.087 ± 0.025 0.086 ± 0.005
(CH3)4NClb,e 0.017 ± 0.006 −0.155 ± 0.016 −0.034 ± 0.004
NaClg,e 0.117 ± 0.009 −0.069 ± 0.027 0.072 ± 0.004
(CH3)4NClg,e −0.024 ± 0.004 −0.195 ± 0.014 −0.063 ± 0.003

NaClb,f 0.154 ± 0.013 −0.165 ± 0.034 0.074 ± 0.006
(CH3)4NClb,f 0.031 ± 0.006 −0.247 ± 0.017 −0.050 ± 0.004
NaClg,f 0.123 ± 0.011 −0.137 ± 0.034 0.062 ± 0.005
(CH3)4NClg,f −0.017 ± 0.004 −0.127 ± 0.013 −0.073 ± 0.003

a 95% confidence interval.
b Molar concentration scale.
c Eq. (8).
d Eqs. (6) and (7).
e Obtained by refining contemporarily k(c,m) and log S0

0 .

protonation constants were determined by ISE-[H+] potentiomet-
ric measurements in NaCl (up to I ∼ 5.0 mol  L−1) and (CH3)4NCl
(up to I ∼ 3.0 mol  L−1) at T = 298.15 K; solutions were prepared by

0 1 2 3 4 5

-3.1

-3.0

-2.9

-2.8

-2.7

-2.6

lo
g
S0
a 95% confidence interval.
b log ST = log S0.

s reported in the work of Long and McDevit [27], takes into
ccount the linear variation of the neutral species solubility of non-
lectrolytes with the salt concentration. Eqs. (6) and (7) are valid
nder the assumption that in pure water the activity coefficients
re equal to the unity (i.e., y0 = �0 = 1); this assumption is valid when
he total solubility is low (S < 0.05 mol  L−1) and in the absence of the
elf-interaction. In our previous studies on acidic and basic non-
lectrolytes in aqueous solutions [19–23,25],  we observed a non
inear dependence of the solubility on the salt concentration; in this
ase a modified version of Eqs. (6) and (7) was applied, namely:

(c,m) = k(c,m)∞ + k(c,m)0
− k(c,m)∞

(c, m)MX + 1
(8)

he Setschenow coefficient (k(c,m)) was expressed, in Eq. (8),  in
erms of the parameters k(c,m)0

and k(c,m)∞ valid for mMX → 0 and
MX → ∞,  respectively. Eq. (8) can be used both for the molar

c) and the molal (m) concentration scales. Table 2 reports the
etschenow coefficients k(c,m) calculated by using the different
quations [namely, Eqs. (6)–(8),  together with the log S0

0 values].
wo different procedures were used for the determination of the
etschenow parameters. In the first procedure, we  considered
og S0

0 as a fitting parameter and by means of Eqs. (6) and (7) and
f the LIANA computer program we calculated its value and the
elative Setschenow coefficients k(c,m). In the second procedure, we
alculated for log S0

0 a mean value by using the experimental sol-
bility in pure water reported in Table 1 (log S0

0 = −2.649 ± 0.002
nd −1.950 ± 0.011 for the dl-Tyrosine and dl-Tryptophan, respec-
ively), and only k(c,m) was calculated as a fitting parameter. By using
his last procedure, we must take into account that the experimen-
al log S0

0 in pure water did not refer to infinite dilution values,
ut owing to the ligand solubilisation, the ionic strength of the

olutions were ∼0.001 and ∼0.010 mol  L−1, for the dl-Tyrosine and
l-Tryptophan, respectively. In any case, a quite good agreement
etween the results obtained from the different procedures was
bserved, confirming the robustness of the obtained parameters.
f Obtained by refining only k(c,m) and using for log S0
0 a mean value calculated from

the  experimental solubility in pure water (see Section 3.1).
g Molal concentration scale.

As an example, Fig. 2 reports the log S0 values vs. I/mol L−1 for the
dl-Tyrosine in NaCl, where the fit refers to the 1-parameter model
when log S0

0 was calculated as a mean value from the experimental
solubility, by refining only k(c).

3.2. Protonation constants

The protonation constants were determined in different exper-
imental conditions by using two  different techniques. Initially,
I/mol  L-1

Fig. 2. log S0 vs. I/mol L−1 for the dl-Tyrosine in NaCl at T = 298.15 K. log S0
0 =

−2.649, kc = 0.081 (R = 0.995).
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CL = 0.16 mmol  L−1.
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issolving known amounts of the ligands in aqueous solution at
ifferent ionic strength values or from the saturated solutions
btained from solubility measurements.

Successively, the protonation constants were determined spec-
rophotometrically at ligand concentrations lower with respect
o the ones used in the potentiometric measurements (see Sec-
ion 2.3.), and at three different temperatures, namely, T = 293.15,
98.15 and 308.15 K in NaCl aqueous solutions and up to
.0 mol  L−1. In this case the couple of data A-� and e.m.f.-ml for each
itrant addition were simultaneously acquired and analyzed alto-
ether by means of the Hyperquad computer program (see Section
.4.).

After the calculation of the species distribution, the spectra were
stimated (deconvolution procedure) for each complex formed
n solution (molar absorptivity, ε/mol−1 L cm−1, vs. wavelength,
/nm), only by assuming the additivity of the absorbance in the

nvestigated concentration range (Lambert–Beer’s law). Experi-
ental spectra were then rebuilt starting from the calculated ones

by using the concentrations calculated from the species distri-
ution) and a statistical comparison gives rise to the uncertainty
valuation at each wavelength. No assumptions on the shape of
he curves nor on the nature of electronic transitions are taken into
ccount by the program.

The protonation constants obtained by using these procedures
n each ionic medium are reported in Tables 3–5.

The procedures used to convert the ionic strength and the pro-
onation constants from the molar to the molal concentration scale,
n the different supporting electrolytes, were already described in

 previous paper [28]. The ratio c/m is given by:

/m = d0 + a1c + a2c2 (9)

ith d0 = 0.99987

a1 = −0.017765 (NaCl)
= −0.107951 ((CH3)4NCl)

a2 = −6.525 × 10−4 (NaCl)
= 4.833 × 10−4 ((CH3)4NCl)

here d0 is the water density at T = 298.15 K. The validity range is:
 ≤ I(NaCl)/mol kg−1 ≤ 6; 0 ≤ I((CH3)4NCl)/mol kg−1 ≤ 4.3 (c = molar
oncentration; m = molal concentration).

A comparison between the different set of protonation con-
tants in NaCl, obtained by using different instrumental techniques
nd experimental conditions, reveals that the ligand concentration
as a negligible influence on the protonation constant values. This
llowed us to analyze these different sets of protonation constants
ltogether and to propose suggested values at T = 298.15 K in NaCl
queous solutions (see Tables 1S and 2S of Supplementary Infor-
ation).
The difference between the values in NaCl and in (CH3)4NCl is

emarkable, and accounts for the different interacting abilities of
a+ and (CH3)4N + towards the ligands; this behaviour is a con-

equence of the very different nature of the two cations. Sodium
ation is a structure promoting ion (water molecules assume the
tructure of pure water), whilst tetraalkylammonium cations are
tructure breaking ions (more details are reported in Ref. [29]). The
ifferences on the protonation constant values obtained in the two

onic media can be also explained in terms of weak ion pair for-
ations between the ligand species and the ions of the supporting

lectrolytes; further details on this topic were reported in previous
apers [30–33].

Fig. 3 shows a spectrophotometric titration curves for the dl-

yrosine, recorded at a ligand concentration of 0.16 mmol  L−1,

 = 0.15 mol  L−1, T = 298.15 K and at different pH values; as can be
een the profile of the titration curves significantly varies with pH.
his behaviour can be explained by taking into account that the
Fig. 4. Molar absorbtivity of dl-Tyrosine at I = 0.15 mol L−1 and T = 298.15 K, ligand
concentration: CL = 0.16 mmol L−1.

protonated species of the ligands absorb in a different wavelength
range and form in different pH regions.

The variations of the molar absorptivity of each dl-Tyrosine
species in the wavelength range 210–320 nm at I = 0.15 mol  L−1 and
T = 298.15 K are reported in Fig. 4. The values of the molar absorp-
tivity (ε/mol−1 L cm−1) in these conditions are: εmax(L2−) = 10,632
(�/nm = 241); εmax(LH−) = 6614 (�/nm = 225); εmax(LH2

0) = 7763
(�/nm = 223); εmax(LH3

+) = 7532 (�/nm = 241) for the dl-Tyrosine.
In the case of dl-Tryptophan, at the same ionic strength
and temperature, we have: εmax(L−) = 32,195 (�/nm = 221);
εmax(LH0) = 33,394 (�/nm = 219); εmax(LH2

+) = 32,296 (�/nm = 217).
These values refer only to the highest value of εmax at the cor-

responding wavelength. The uncertainty on εmax ranges between
2% and 8% (±3 Std. Dev.), depending on the formation percentage
of each complex species.

3.3. Dependence of protonation constants on ionic strength

The protonation constants of the two  aminoacids can be
expressed as a function of the activity coefficients; for example,
for the dl-Tryptophan, we have:

log KH
1 = log KH0

1 + log �H+ + log �L− − log �HL0 (10)

log KH
2 = log KH0

2 + log �H+ + log �HL0 − log �H2L+ (11)
where KH0

i
refers to the protonation constant at infinite dilution and

� i is the activity coefficient of the ith species. The dependence of
protonation constants on ionic strength can be modelled by means
of different equations. For our studies, we used a Debye–Hückel
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Table 3
Protonation constants of dl-Tyrosine at different ionic strengths and temperatures in NaCl in both molar and molal concentration scale.

T/K I/mol L−1 log KH
1 log KH

2 log KH
3 I/mol kg−1 log KH

1 log KH
2 log KH

3

293.15

0.100a 10.199 ± 0.004c 9.063 ± 0.008c 2.102 ± 0.045c 0.100 10.198 9.061 2.100
0.150  10.150 ± 0.004 8.984 ± 0.008 2.169 ± 0.042 0.151 10.148 8.982 2.167
0.250  10.093 ± 0.003 9.025 ± 0.006 2.126 ± 0.036 0.252 10.090 9.022 2.123
0.500  10.041 ± 0.004 9.025 ± 0.005 2.166 ± 0.027 0.505 10.036 9.020 2.161
0.750  10.038 ± 0.006 9.049 ± 0.007 2.207 ± 0.030 0.761 10.031 9.042 2.200
1.000  10.056 ± 0.008 9.083 ± 0.011 2.247 ± 0.043 1.020 10.047 9.074 2.238

298.15

0.100a 10.089 ± 0.004 9.022 ± 0.007 2.121 ± 0.029 0.100 10.087 9.020 2.119
0.100b – – 2.22 ± 0.01 0.100 – – 2.22
0.100b – – 2.21 ± 0.01 0.100 – – 2.21
0.150a 10.041 ± 0.004 9.003 ± 0.006 2.123 ± 0.027 0.151 10.039 9.000 2.121
0.250a 9.988 ± 0.004 8.984 ± 0.005 2.129 ± 0.023 0.252 9.985 8.981 2.126
0.250b – – 2.23 ± 0.01 0.252 – – 2.22
0.500a 9.946 ± 0.004 8.983 ± 0.004 2.140 ± 0.016 0.506 9.941 8.978 2.135
0.750a 9.952 ± 0.007 9.007 ± 0.005 2.152 ± 0.016 0.763 9.945 9.000 2.145
1.000a 9.979 ± 0.009 9.041 ± 0.007 2.164 ± 0.024 1.022 9.970 9.032 2.155
0.485b 10.088 ± 0.009 9.061 ± 0.002 – 0.491 10.083 9.056 –
0.969b 10.088 ± 0.006 9.108 ± 0.004 – 0.990 10.078 9.099 –
0.970b 10.061 ± 0.007 9.101 ± 0.006 – 0.991 10.052 9.092 –
0.975b 10.123 ± 0.018 9.188 ± 0.025 – 0.996 10.114 9.179 –
1.443b 10.105 ± 0.005 9.188 ± 0.002 – 1.488 10.092 9.174 –
1.444b 10.100 ± 0.007 9.177 ± 0.006 – 1.489 10.087 9.164 –
1.870b 10.155 ± 0.005 9.243 ± 0.009 – 1.945 10.138 9.225 –
2.917b 10.316 ± 0.009 9.456 ± 0.002 – 3.104 10.289 9.429 –
3.250b – – 2.92 ± 0.05 3.485 – – 2.89
3.428b 10.331 ± 0.016 9.555 ± 0.002 – 3.692 10.299 9.523 –
4.924b 10.601 ± 0.009 9.838 ± 0.003 3.50 ± 0.04 5.509 10.552 9.788 3.45

308.15

0.100a 9.917 ± 0.007 8.718 ± 0.018 2.291 ± 0.065 0.101 9.913 8.715 2.288
0.150  9.864 ± 0.007 8.690 ± 0.017 2.297 ± 0.061 0.151 9.860 8.686 2.293
0.250  9.799 ± 0.006 8.655 ± 0.015 2.310 ± 0.053 0.253 9.794 8.650 2.305
0.500  9.728 ± 0.007 8.613 ± 0.016 2.341 ± 0.039 0.508 9.721 8.606 2.334
0.750  9.705 ± 0.010 8.597 ± 0.022 2.371 ± 0.038 0.765 9.696 8.588 2.362
1.000  9.704 ± 0.014 8.589 ± 0.031 2.403 ± 0.052 1.026 9.693 8.578 2.392

a From spectrophotometric measurements.
b From potentiometric measurements.
c 95% confidence interval.

Table 4
Protonation constants of dl-Tryptophan at different ionic strengths and temperatures in NaCl in both molar and molal concentration scale.

T/K I/mol L−1 log KH
1 log KH

2 I/mol kg−1 log KH
1 log KH

2

293.15

0.100a 9.467 ± 0.002c 2.258 ± 0.003c 0.100 9.465 2.256
0.150  9.447 ± 0.002 2.268 ± 0.003 0.151 9.445 2.266
0.250  9.429 ± 0.002 2.286 ± 0.002 0.252 9.426 2.283
0.500  9.430 ± 0.002 2.332 ± 0.002 0.505 9.425 2.327
0.750  9.454 ± 0.003 2.380 ± 0.003 0.761 9.447 2.373
1.000  9.489 ± 0.004 2.426 ± 0.004 1.020 9.480 2.417

298.15

0.100a 9.337 ± 0.003 2.262 ± 0.007 0.100 9.335 2.260
0.100b 9.363 ± 0.005 2.353 ± 0.004 0.100 9.361 2.351
0.150a 9.319 ± 0.003 2.269 ± 0.006 0.151 9.317 2.267
0.250a 9.303 ± 0.002 2.285 ± 0.005 0.252 9.300 2.282
0.489b 9.357 ± 0.002 2.347 ± 0.004 0.494 9.352 2.342
0.500a 9.357 ± 0.004 2.365 ± 0.004 0.506 9.352 2.360
0.500b 9.308 ± 0.001 2.325 ± 0.004 0.506 9.303 2.320
0.750a 9.337 ± 0.002 2.366 ± 0.005 0.763 9.330 2.359
0.975b 9.412 ± 0.001 2.406 ± 0.006 0.995 9.403 –
1.000a 9.377 ± 0.004 2.409 ± 0.005 1.022 9.368 2.397
1.212b 9.454 ± 0.001 – 1.244 9.443 –
1.957b 9.603 ± 0.002 – 2.039 9.585 –
2.107b 9.639 ± 0.002 – 2.202 9.620 –
2.956b 9.820 ± 0.003 – 3.149 9.793 –
3.951b 10.026 ± 0.005 – 4.310 9.988 –
4.959b 10.245 ± 0.006 – 5.272 10.197 2.883
4.736b 10.244 ± 0.006 2.930 ± 0.002 5.553 10.196 –

308.15

0.100a 9.103 ± 0.002 2.250 ± 0.005 0.101 9.100 2.247
0.150  9.083 ± 0.002 2.253 ± 0.005 0.151 9.079 2.249
0.250  9.065 ± 0.001 2.258 ± 0.004 0.253 9.060 2.253
0.500  9.064 ± 0.002 2.273 ± 0.004 0.508 9.057 2.266
0.750  9.088 ± 0.003 2.287 ± 0.005 0.765 9.079 2.278
1.000  9.122 ± 0.004 2.302 ± 0.006 1.026 9.111 2.291

a From spectrophotometric measurements.
b From potentiometric measurements.
c 95% confidence interval.
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Table 5
Protonation constants of dl-Tyrosine and dl-Tryptophan in (CH3)4NCl in both molar and molal concentration scale, at T = 298.15 K.

I/mol L−1 log KH
1 log KH

2 I/mol L−1 log KH
3

dl-Tyrosine
0.486 10.040 ± 0.007a 9.007 ± 0.003a 0.510 2.32 ± 0.02a

0.489 10.043 ± 0.007 9.002 ± 0.005 1.010 2.40 ± 0.03
0.491  10.038 ± 0.008 9.003 ± 0.004 2.920 2.82 ± 0.02
0.979  10.117 ± 0.011 9.041 ± 0.004
1.404 10.213 ± 0.015 9.091 ± 0.007
1.430 10.208 ± 0.011 9.091 ± 0.006
2.134 10.345 ± 0.010 9.161 ± 0.003
2.321 10.368 ± 0.020 9.171 ± 0.008
2.986 10.626 ± 0.011 9.270 ± 0.004

I/mol kg−1 log KH
1 log KH

2 I/mol kg−1 log KH
3

dl-Tyrosine
0.514 10.016 8.982 0.541 2.29
0.518  10.018 8.977 1.136 2.35
0.520  10.013 8.978 4.256 2.66
1.098  10.068 8.990 – –
1.659  10.140 9.017 – –
1.695  10.134 9.015 – –
2.775  10.231 9.045 – –
3.098  10.242 9.043 – –
4.397  10.458 9.105 – –

I/mol  L−1 log KH
1 I/mol L−1 log KH

2

dl-Tryptophan
0.488 9.252 ± 0.002 0.100 2.387 ± 0.004
0.488  9.253 ± 0.002 0.100 2.362 ± 0.004
0.967  9.252 ± 0.001 0.500 2.419 ± 0.004
1.424 9.279 ± 0.003 1.000 2.511 ± 0.005
1.833 9.315 ± 0.001 2.956 2.959 ± 0.005
2.135 9.339 ± 0.002 – –
2.399  9.383 ± 0.002 – –
2.400  9.382 ± 0.002 – –
2.890  9.428 ± 0.003 – –
2.892  9.437 ± 0.003 – –

I/mol kg−1 log KH
1 I/mol kg−1 log KH

2

dl-Tryptophan
0.517 9.227 0.101 2.381
0.517  9.228 0.101 2.356
1.083  9.203 0.530 2.394
1.686  9.205 1.124 2.460
2.288  9.219 4.333 2.793
2.777  9.225 – –
3.238  9.253 – –
3.240  9.252 – –

t
[

l

w
t
p
t

C

w
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4.194  9.266 – 

4.198  9.275 – 

a 95% confidence interval.

ype equation [8,9], and the Specific ion Interaction Theory (SIT)
10–13].

In our calculations, the Debye–Hückel type equation used is:

og KH
i = log KH0

i − 0.51 · z∗
√

I

1 + 1.5
√

I
+ C · I (12)

here z∗ =
∑

z2
chargereact −

∑
z2

chargeprod and C is the parameter for
he dependence of the protonation constants on ionic strength; this
arameter can be expressed as a function of the ionic strength by
he equation:

 = c∞ + c0 − c∞
I + 1

(13)
here c∞ and c0 are the parameters for the dependence of pro-
onation constants on ionic strength valid for I → ∞ and I → 0,
espectively [30,31].
–
–

In  the Specific ion Interaction Theory, the activity coefficients of
a cation or an anion can be expressed by:

log � = −z2 0.51
√

I

1 + 1.5
√

I
+
∑

ε · mi (14)

where ε is the interaction coefficient of a generic ionic species,
whilst for the neutral species we have:

log � = kmI (15)

where km is the Setschenow coefficient that takes into account the
change of the activity coefficient of the neutral species when the
ionic strength of the aqueous solution varies.

By using the simple formulation and the molal concentration
scale (mol kg−1 (H2O)), the SIT approach is identical to the one used
in Eq. (12):
log KH
i = log KH0

i − 0.51 · z∗
√

I

1 + 1.5
√

I
+ �ε · I (16)

where C · I = �ε  · I.
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A modified version of the SIT equation was already proposed
34], in which the specific interaction coefficients ε are not con-
tant (as well as the c0 and c∞ parameters reported in Eq. (13)), but
ependent on the ionic strength, according to the simple relation-
hip:

ε = �ε∞ + �ε0 − �ε∞
I + 1

(17)

here �ε  = �εreactants − �εproducts; if the specific interaction of the
igand with Na+ is taken into account, we can calculate the single
pecific interaction coefficient ε, by means of Eqs. (14) or (18)

 = ε∞ + ε0 − ε∞
I + 1

(18)

he ε∞ and ε0 values state the dependence of SIT parameters on
onic strength, valid for I → ∞ and I → 0, respectively.

In the case of dl-Tyrosine and dl-Tryptophan, respectively, we
ave, for log KH

1

ε1 = ε(H+, Cl−) + ε(Na+, L2−) − ε(Na+, HL−)

ε1 = ε(H+, Cl−) + ε(Na+, L−) − km

or ε(H+, Cl−) we used at T = 298.15 K, the values ε∞ = 0.136 and
0 = 0.0848 already reported in Ref. [34], whilst at T = 293.15 and
08.15 K, we used the values calculated from Eqs. (19) and (20), for
he dependence of the specific interaction coefficient on tempera-
ure [34]:

∞ = 0.136 + 0.07165f1(T) + 0.1159f2(T) (19)

0 = 0.0848 − 0.1024f1(T) + 0.1970f2(T) (20)

here

1(T) =
(

1
�

− 1
T

)

2(T) =
(

�

T
− 1 + ln

T

�

)
nd � = 298.15 K and T = 293.15 or 308.15 K.

All the parameters for the dependence of protonation constants
n ionic strength, calculated for each amino acid, by using both
qs. (12) and (13) for the molar concentration scale, and Eqs.
16) and (17) for the molal concentration scale, are reported in
ables 6 and 7; the same tables report, for each case, the errors
n the fit in terms of standard deviation. As can be seen, indepen-
ently of the model adopted for the refinement of the parameters
or the dependence of protonation constants on ionic strength, we
btained low error values, even if, the two parameters model (c0
nd c∞ or ε∞ and ε0) shows rather better statistical parameters
standard deviation (	fit)]. As an example, Fig. 5 reports the fit
or the log KH

i
values of dl-Tryptophan in NaCl a T = 298.15 K (see

able 4) obtained by using Eqs. (12) and (13); in this case we had
he following fitting errors, 	fit(log KH

1 ) = 0.019 and 	fit(log KH
2 ) =

.026; similar results were also observed for the other tempera-
ures and ionic strengths investigated. Successively, by means of the
IT approach and Eqs. (14) and (18), we calculated the specific inter-
ction coefficient of each single species formed by the interaction
f the different protonated or unprotonated species of the amino
cids with the ions of the supporting electrolyte (NaCl), consider-
ng (CH3)4NCl as not interacting medium, at different temperatures
Table 8).
.4. Dependence of protonation constants on temperature

Protonation constants calculated at different temperatures
T = 293.15, 298.15 and 308.15 K) from spectrophotometric and
Fig. 5. log KH
i

vs. mol  L−1 of the dl-Tryptophan in NaCl at T = 298.15 K (values
obtained both from potentiometry and spectrophotometry). The lines refer to the
fit obtained by using Eqs. (12) and (13).

potentiometric measurements carried out in NaCl aqueous solu-
tions, allowed us to calculate the temperature coefficients
associated to the protonation reactions of the amino acids; these
parameters calculated in a low �T  range (�T = 15 K) can be related
to the enthalpy changes in the reactions. Since the absence in the
literature of reliable �H data, the results here reported can be
considered essential to enhance the knowledge on the acid–base
properties of these amino acids.

The �Hi values for the protonation steps of each amino acid
were calculated at different ionic strengths by means of Eq. (20):

log KH
T = log KH

� + �H� ·
(

1
�

− 1
T

)
· 52.23 (21)

where � is the reference temperature (T = 298.15 K), and 52.23 is
1/(R·ln 10).

The dependence of the enthalpy changes on ionic strength was
modelled by means of a Debye–Hückel type equation [30], that
allowed us to calculate the corresponding values at infinite dilu-
tion:

�Hi = �HT
i − z∗ · 1.5

√
I

1 + 1.5
√

I
+ p · I (22)

(�Hi refers to the enthalpy change of the ith protonation step, and
p = RT2(ln 10)(∂�εi/∂T), when the molal concentration scale was
used). From the knowledge of the enthalpy changes and Gibbs free
energy calculated from the protonation constants, we  calculated
the T�S values in the same experimental conditions (see Table 9);
these results are comparable with the few literature findings for
these and similar ligands. As can be seen, for the dl-Tyrosine, the

thermodynamic parameters (namely, �H and T�S values) were
calculated at each ionic strength values only for the first two  pro-
tonation steps, whilst for the dl-Tryptophan, only the first one;
in this last case for the �H2, a mean value of −2 ± 1 kJ mol−1,
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Table 6
Protonation constants at infinite dilution of dl-Tyrosine and parameters for their dependence on ionic strength at different temperature.

T/K log KH
1 	fit

c log KH
2 	fit

c log KH
3 	fit

c

NaCl

293.15

I/mol L−1 10.611 ± 0.005a,b 9.258 ± 0.010a,b 2.085 ± 0.052a,b

I/mol kg−1 10.611 ± 0.001a,b 9.249 ± 0.010a,b 2.096 ± 0.010a,b

C 0.261 ± 0.006a 0.050 0.238 ± 0.008a 0.038 0.173 ± 0.012a 0.084
c0 0.330 ± 0.027 0.016 0.342 ± 0.029 0.059 0.419 ± 0.060 0.014
c∞ 0.168 ± 0.030 0.106 ± 0.040 −0.117 ± 0.014
�ε 0.251 ±  0.002 0.062 0.231 ± 0.002 0.034 0.139 ± 0.002 0.050
�ε0 0.251 ± 0.003 0.008 0.254 ± 0.043 0.019 0.120 ± 0.040 0.019
�ε∞ 0.250 ± 0.004 0.209 ± 0.050 0.158 ± 0.048

298.15

I/mol  L−1 10.470 ± 0.003a,b 9.205 ± 0.003a,b 2.161 ± 0.009a,b

I/mol kg−1 10.467 ± 0.004a,b 9.200 ± 0.005a,b 2.153 ± 0.012a,b

C 0.248 ± 0.006a 0.059 0.236 ± 0.004a 0.046 0.265 ± 0.008a 0.089
c0 0.522 ± 0.021 0.042 0.337 ± 0.020 0.043 −0.268 ± 0.041 0.046
c∞ 0.182 ± 0.006 0.215 ± 0.006 0.381 ± 0.007
�ε  0.230 ± 0.007 0.065 0.213 ± 0.004 0.049 0.236 ± 0.003 0.071
�ε0 0.531 ± 0.021 0.042 0.343 ± 0.020 0.044 −0.243 ± 0.035 0.046
�ε∞ 0.151 ± 0.007 0.182 ± 0.007 0.322 ± 0.007

308.15

I/mol  L−1 10.337 ± 0.008a,b 8.929 ± 0.022a,b 2.279 ± 0.074a,b

I/mol kg−1 10.335 ± 0.001a,b 8.927 ± 0.001a,b 2.276 ± 0.001a,b

C 0.183 ± 0.010a 0.024 0.068 ± 0.019a 0.036 0.138 ± 0.044a 0.040
c0 0.159 ± 0.005 0.016 −0.167 ± 0.067 0.059 −0.410 ± 0.092 0.049
c∞ 0.217 ± 0.026 0.360 ± 0.092 0.85 ± 0.10
�ε  0.174 ± 0.001 0.018 0.060 ± 0.001 0.032 0.113 ± 0.001 0.036
�ε0 0.175 ± 0.001 0.009 0.065 ± 0.001 0.004 0.116 ± 0.001 0.005
�ε∞ 0.173 ± 0.001 0.054 ± 0.001 0.110 ± 0.010

(CH3)4NCl

298.15

C 0.359 ± 0.005a 0.030 0.184 ± 0.006a 0.023 0.266 ± 0.015a 0.080
c0 0.671 ± 0.029 0.025 0.380 ± 0.019 0.010 0.306 ± 0.060 0.014
c∞ 0.257 ± 0.019 0.114 ± 0.012 0.198 ± 0.020
�ε  0.239 ± 0.005 0.071 0.105 ± 0.005 0.044 0.144 ± 0.011 0.11
�ε0 0.678 ± 0.017 0.018 0.353 ± 0.011 0.008 0.286 ± 0.044 0.010
�ε∞ 0.124 ± 0.008 0.034 ± 0.005 0.078 ± 0.009
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effect of (CH3)4NCl on the activity coefficients can be explained
by the weak interaction of (CH3)4N+ with the amino group of the
ligands [30,31].

0.0 0.2 0. 4 0.6 0. 8 1.0

0.9

1.0

1.1

1.2
a 95% confidence interval.
b Protonation constants at infinite dilution.
c Standard deviation on the fit.

n the ionic strength range 0–1 mol  L−1 in NaCl aqueous solu-
ion, was obtained. As a further validation, in order to confirm
he enthalpy values calculated from the dependence of proto-
ation constants on temperature, but only for the dl-Tyrosine,
he �Hi values were also determined by isoperibol calorimet-
ic titrations in NaCl aqueous solution at T = 298.15 K and at

 = 0.15 and 0.5 mol  L−1. The results obtained are: �H1 = −24.2 ± 0.3
nd �H2 = −38.6 ± 0.4 kJ mol−1 at I = 0.15 mol  L−1, respectively, and
H1 = −26.3 ± 0.3 and �H2 = −41.1 ± 0.5 kJ mol−1 at I = 0.5 mol  L−1.

hese data are in good agreement with those calculated from the
rotonation constants at different temperatures. As regards the
hird protonation step of the dl-Tyrosine, the calorimetric mea-
urements allowed us to calculate, in the ionic strength range
nvestigated, a mean value of �H3 = 0.8 ± 0.4 kJ mol−1.

.5. Activity coefficients

The activity coefficients of the neutral species at different salt
oncentrations, in the molar or molal concentration scale, can be
alculated by using the Setschenow coefficients (Table 2) obtained
y solubility measurements. In this paper, the activity coeffi-
ients of the neutral species were calculated only by means of
q. (7) (see Table 3S of Supplementary Information), but simi-
ar calculations can be made by using Eqs. (6) and (8) and the
arameters kc , k0 and k∞, reported in Table 2; Fig. 6 shows the
ariation of the activity coefficients of the dl-Tryptophan in NaCl

nd (CH3)4NCl with the ionic strength. As it can be seen, the
ctivity coefficients show an opposite trend; this behaviour was
lready observed by studying the solubility and the activity coef-
cients of other classes of acidic and basic non-electrolytes in
different ionic media [19–25].  The knowledge of the activity coef-
ficients of the neutral species allows the accurate determination
of the activity coefficients of the charged ones; the activity coef-
ficients of HiL(i−z) species of the dl-Tyrosine and dl-Tryptophan
can be calculated by using SIT parameters (see Section 3.3) and Eq.
(13).

As an example, Fig. 7 reports the variation of the activity coeffi-
cients of all the charged species of dl-Tyrosine in NaCl. The lowering
I/mol  kg -1

Fig. 6. Dependence of the activity coefficients of dl-Tryptophan on ionic medium
(©,  (CH3)4NCl; �,  NaCl) at T = 298.15 K.
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Table 7
Protonation constants at infinite dilution of dl-Tryptophan and parameters for their dependence on ionic strength at different temperature.

T/K log KH
1 	fit

c log KH
2 	fit

c

NaCl

293.15

I/mol L−1 9.662 ± 0.002a,b 2.239 ± 0.004a,b

I/mol kg−1 9.662 ± 0.001a,b 2.239 ± 0.001a,b

C 0.235 ± 0.003a 0.026 0.177 ± 0.007a 0.038
c0 0.259 ± 0.010 0.006 0.155 ± 0.047 0.019
c∞ 0.208 ± 0.011 0.208 ± 0.065
�ε  0.224 ± 0.001 0.024 0.174 ± 0.001 0.036
�ε0 0.226 ± 0.002 0.005 0.177 ± 0.001 0.024
�ε∞ 0.221 ± 0.002 0.173 ± 0.002

298.15

I/mol  L−1 9.523 ± 0.002a,b 2.273 ± 0.002a,b

I/mol kg−1 9.519 ± 0.004a,b 2.269 ± 0.005a,b

C 0.252 ± 0.002a 0.022 0.137 ± 0.002a 0.028
c0 0.337 ± 0.012 0.019 0.107 ± 0.010 0.024
c∞ 0.239 ± 0.004 0.144 ± 0.002
�ε 0.223 ± 0.008 0.029 0.115 ± 0.001 0.026
�ε0 0.362 ± 0.013 0.021 0.109 ± 0.006 0.013
�ε∞ 0.197 ± 0.003 0.116 ± 0.001

308.15

I/mol  L−1 9.299 ± 0.002a,b 2.244 ± 0.006a,b

I/mol kg−1 9.297 ± 0.001a,b 2.241 ± 0.001a,b

C 0.231 ± 0.002a 0.030 0.056 ± 0.004a 0.042
c0 0.231 ± 0.013 0.018 0.148 ± 0.066 0.029
c∞ 0.230 ± 0.023 −0.056 ± 0.080
�ε 0.219 ±  0.001 0.025 0.048 ± 0.001 0.024
�ε0 0.221 ± 0.001 0.008 0.052 ± 0.001 0.007
�ε∞ 0.216 ± 0.001 0.045 ± 0.001

(CH3)4NCl

298.15

C 0.125 ± 0.002a 0.012 0.237 ± 0.004a 0.051
c0 0.143 ± 0.014 0.006 0.335 ± 0.029 0.042
c∞ 0.135 ± 0.006 0.197 ± 0.012
�ε  0.058 ± 0.002 0.008 0.123 ± 0.005 0.063
�ε0 0.335 ± 0.029 0.005 0.306 ± 0.028 0.043
�ε∞ 0.045 ± 0.002 0.077 ± 0.007

a 95% confidence interval.
b Protonation constants at infinite dilution.
c Standard deviation on the fit.

Table 8
Specific interaction coefficients of dl-Tyrosine and dl-Tryptophan species in NaCl at different temperatures.

T/K Species Interaction SIT parameter

ε ε∞ ε0

dl-Tyrosine

293.15

L2− ε[L2− ,Na+] 0.329 ± 0.003a 0.261 ± 0.097 0.377 ± 0.082
HL− ε[HL− ,Na+] 0.188 ± 0.002 0.147 ± 0097 0.211 ± 0.082
H2L0 km

b – – –
H3L+ ε[H3L+,Cl−] 0.039 ± 0.003 0.050 ± 0.092 0.010 ± 0.081

298.15

L2− ε[L2− ,Na+] 0.333 ± 0.006 0.111 ± 0.006 0.847 ± 0.019
HL− ε[HL− ,Na+] 0.182 ± 0.003 0.108 ± 0.005 0.345 ± 0.013
H2L0 km

b 0.068 0.073 0.044
H3L+ ε[H3L+,Cl−] −0.038 ± 0.006 −0.109 ± 0.006 0.353 ± 0.022

308.15

L2− ε[L2− ,Na+] 0.082 ± 0.003 0.031 ± 0.016 0.111 ± 0.013
HL− ε[HL− ,Na+] 0.018 ± 0.003 −0.007 ± 0.014 0.022 ± 0.012
H2L0 km

b – – –
H3L+ ε[H3L+,Cl−] 0.065 ± 0.001 0.099 ± 0.013 0.013 ± 0.010

dl-Tryptophan

293.15
L− ε[L− ,Na+] 0.186 ± 0.001 0.204 ± 006 0.070 ± 0.005
HL0 km

b – – –
H2L+ ε[H2L+,Cl−] 0.007 ± 0.001 0.079 ± 0.005 −0.159 ± 0.004

298.15
L− ε[L− ,Na+] 0.186 ± 0.001 0.187 ± 001 0.136 ± 0.004
HL0 km

b 0.072 0.117 −0.069
H2L+ ε[H2L+,Cl−] 0.067 ± 0.001 0.138 ± 0.001 −0.098 ± 0.001

308.15
L− ε[L− ,Na+] 0.178 ± 0.001 0.207 ± 0.005 0.054 ± 0.003
HL0 km

b – – –
H2L+ ε[H2L+,Cl−] 0.137 ± 0.001 0.193 ± 0.006 −0.016 ± 0.005

a 95% confidence interval.
b For the Setschenow coefficient, the value determined at T = 298.15 K from solubility measurements was used.
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Table 9
Thermodynamic parameters for the protonation of dl-Tyrosine and dl-Tryptophan in NaCl.

I/mol kg−1 �H1
a �H2

a �G1
a �G2

a T�S1
a T�S2

a

dl-Tyrosine
±0.5a,b ±1a,b ±0.1a,b ±0.1a,b ±0.5a,b ±1a,b

0 −22.3 −37.2 −59.7 −52.5 37.4 15.3
0.1  −24.1 −38.1 −57.5 −51.5 33.4 13.4
0.15  −24.5 −38.4 −57.3 −51.4 32.8 13.0
0.25  −25.3 −38.8 −57.1 −51.3 31.8 12.5
0.5  −26.9 −39.6 −56.9 −51.4 30.0 11.8
0.75  −28.4 −40.4 −57.0 −51.5 28.6 11.2
1 −29.9  −41.1 −57.1 −51.8 27.2 10.7

dl-Tryptophan
±0.5a,b ±0.1a,b ±0.5a,b

0 −41.9 −54.3 12.4
0.1  −42.5 −53.3 10.8
0.15  −42.6 −53.2 10.6
0.25  −42.7 −53.1 10.4
0.5  −42.7 −53.2 10.5
0.75  −42.8 −53.4 10.6

−53
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1  −43.0 

a kJ mol−1.
b 95% confidence interval.

. Literature comparison

.1. Protonation constants

Despite literature reports several contributions on the acid–base
roperties of dl-Tyrosine and dl-Tryptophan [35–38],  the proto-
ation constants of the amino acids here investigated appear not
ell defined. In many cases, for example for dl-Tyrosine, the ion-

zation of the phenolic hydrogen was neglected in the calculation,
ntroducing a significant error, and the reported protonation con-
tants often regards only a single ionic strength value. Analysis of
iterature data reveals that there is generally a good agreement
etween the protonation constants of the less acidic groups, whilst

n the case of the more acidic one (protonation of carboxylic group),
or the dl-Tyrosine, significant differences (see Table 10)  were
bserved. A study on the literature data demonstrates that the most
sual experimental conditions employed for measuring protona-
ion constants are: T = 298.15 K and I = 0.1–0.16 mol  L−1. The author
f Ref. [37] proposes the following tentative protonation constants
or the stepwise protonation of dl-Tyrosine at T = 298.15 K and

 = 0.1–0.2 mol  L−1 (K[NO3]): log KHL = 10.10(2), log KH2L = 9.03(1),
og KH3L = 2.1.
The protonation constants reported in this paper can be consid-
red reliable; they were obtained in a wide range of ionic strength,
n quite different ligand concentrations and in the case of NaCl by
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ig. 7. Activity coefficients of the charged species of dl-Tyrosine at different ionic
trengths in NaCl and T = 298.15 K.
.7 10.7

using two  different instrumental techniques. In this last case, the
data in NaCl at low concentration, were analyzed by the Hyper-
quad computer program [16], by taking into account altogether the
couple of data A (at each �/nm investigated)-ml and e.m.f.-ml of
titrant.

These procedures allowed us to obtain accurate protonation
constants for each functional group of the dl-Tyrosine. Similar dis-
cussion can be made on the acid–base properties of dl-Tryptophan;
in this case tentative protonation constants at T = 298.15 K and
I = 0.1–0.2 mol  L−1 (K[NO3]): log KHL = 9.34(3), log KH2L = 2.4 were
reported in Ref. [37].

4.2. Enthalpy values

The literature reports few data about the enthalpy and entropy
values for the protonation steps of dl-Tyrosine and dl-Tryptophan.
As regards dl-Tyrosine [39–44],  a good agreement between our
and literature data was observed, both for the enthalpy values
calculated from calorimetry and the ones calculated from the
dependence of protonation constants on temperature. Analysis of
literature data reveals the difficulty to determine contemporarily
the enthalpy values of all the protonation steps of Tyrosine; gen-
erally the data refer to the equilibrium: L3− + iH+ = HiL−(3+i), with
i = 1 or 2, and only at a single ionic strength value. Among liter-
ature values, is worth of mention the work of Pettit [37] which
reports enthalpy changes for Tyrosine measured calorimetrically:
�H1 = −24.4 and �H2 = −42.4 kJ mol−1, at I = 0.16 mol L−1 in KNO3
at T = 298.15 K. These values refer to the protonation of O− and
–NH2, respectively. Arena et al. [39] report at I = 0.1 mol  L−1 in KNO3
aqueous solution and T = 298.15 K, the values: �H2 = −41.1 kJ mol−1

and �H3 = −42.9 kJ mol−1 (these values refer to the equilibrium:
HTyrO− + iH+ = HpTyr(−1+i); where i = 1 or 2 and p = 1 + i). In the
IUPAC database [38] are instead reported the following val-
ues: �H1 = −28, �H2 = −38 and �H3 = −3 kJ mol−1, respectively, at
I = 0.1 mol  L−1.

Also in the case of dl-Tryptophan, few literature data are
reported [37,42,45],  and this does not allow us to make reli-
able comparison with the �H  values proposed in this paper. For
example, Arena et al. [45], report at I = 0.1 mol L−1 in NaClO4 aque-
ous solution and T = 298.15 K, the values: �H1 = −44.5 kJ mol−1
and �H2 = −49.2 kJ mol−1 (these values refer to the equilib-
ria: TrpO− + H+ = Trp0 and TrpO− + 2H+ = HTrp+, respectively). The
author in Ref. [37] reports for the Tryptophan at I = 0.16 mol  L−1 in
KNO3, only the value of �H1 = −44.6 kJ mol−1 and at I = 3.0 mol L−1
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Table 10
Literature protonation constants of Tyrosine and Tryptophan.a

Ligand T/K I/medium log KH
1 log KH

2 log KH
3

Tyrosine

298.15 0 10.47 9.19
293.15 0.01 10.43 9.19 2.20
298.15  0.1b 10.01 9.04 2.24
310.15  0.15b 9.88 8.75
298.15 0.5b 10.03 8.98
298.15 3b 10.39 9.43
293.15 0.05(KCl) 10.21 9.16 2.12
298.15  0.05(KCl) 10.14 9.05 2.12
310.15  0.05(KCl) 10.01 8.94 2.12
315.15  0.05(KCl) 9.94 8.82 1.12
298.15  0.05(KCl) 10.08 9.03 2.20
293.15  0.37(NaNO3) 10.53 9.22 2.54
298.15  0.1(KNO3) 10.14 9.03 1.88
298.15  0.16(KNO3) 10.13 9.11 2.34
298.15  0.4(KNO3) 10.29 9.12
298.15 0.16(KNO3) 10.13 9.21
298.15 0.05(KCl) 9.07 2.22
298.15  0.1(KNO3) 9.18
308.15  0.1(KNO3) 9.20
318.15 0.1(KNO3) 9.23
308.15  0.2(KNO3) 9.18
308.15  0.3(KNO3) 9.45

Tryptophan

293.15 0.1(KCl) 10.00 2.46
298.15 0.1(KCl) 9.40 2.46
317.15 0.1(KCl) 8.90 1.46
288.15 0.1(KNO3) 9.57
298.15  0.1(KNO3) 9.37
310.15  0.1(KNO3) 9.01
328.15  0.1(KNO3) 8.64
293.15  1.0(NaClO4) 9.43
293.15  0.01b 9.55 2.20
293.15 0.005b 9.57
293.15  0.1(KCl) 9.40
298.15  0.16(KNO3) 9.28
298.15  3.0(NaClO4) 9.23 2.75
310.15  0.15(KNO3) 9.09 2.46
293.15 0.37(NaNO3) 9.63 2.46
298.15 0.1(KCl) 9.39
298.15  1.0(NaNO3) 9.43
303.15  0.1(KNO3) 9.25
313.15  0.1(KNO3) 9.04
323.15  0.1(KNO3) 8.81
333.15  0.1(KNO3) 8.68
293.15  0.1(KNO3) 8.6
298.15  0.1(KNO3) 9.31
298.15  0.5(KNO3) 9.47 2.38
298.15 0.1(KNO ) 9.33
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a Refs. [35–38].
b Ionic medium not specified.

n NaClO4, the values �H1 = −38.5 and �H2 = −3.3 kJ mol−1. As
egards the second protonation step of Tryptophan, a value of
H2 = −4.6 kJ mol−1 (at I = 0.1 mol  L−1) was reported in Ref. [37].

n general, however, independently of the nature of the amino acid
37], an estimated value of �H  ∼ −43 kJ mol−1, can be attributed to
he protonation of the –NH2 group.

.3. Solubility values

The solubility of Tyrosine and Tryptophan was reported in some
apers [46–53],  but always at a single ionic strength value. More-
ver, often it is not clear what kind of isomer it was investigated.
mong all the papers on this topic, is worth of mention the con-

ribution of Hitchcock [50] that reports for the (total) solubility
f l-Tyrosine in water a value of 0.00262 mol  L−1, whilst Win-
ek and Schmidt [53] report a value for dl and l-Tyrosine of

.0019 and 0.0025 mol  kg−1, respectively. Carta et al. published
ome papers [46–48] on the solubility of different amino acids,
nd among them the solubility of l-Tyrosine; authors report for
he solubility a value of log S0

0 = −2.58 mol  kg−1 and a Setschenow
(

coefficient value of km = 0.04823. Nozaki and Tanford [52] report for
the solubility of Tyrosine and Tryptophan a value of 0.00249 and
0.0675 mol  kg−1, respectively. Dunn et al. [49] report a solubility
value of 0.00264 mol  kg−1 for Tyrosine. Independently of the iso-
mer  studied, literature solubility data are in good agreement with
those reported in this paper at infinite dilution for the solubility of
the neutral species.

5. Conclusion

The main results of this work can be summarized as follows:

(i) the solubility measurements carried out in different ionic media
[NaCl and (CH3)4NCl] show that the nature of the support-
ing electrolytes significantly influences the dissolution of each
ligand; in particular in NaCl aqueous solution, the solubility

decreases with increasing the salt concentration, whilst an
opposite trend was observed in (CH3)4NCl;

ii) the dependence of the neutral species solubility on the salt con-
centration was  modelled by Eqs. (6)–(8);  this allowed us the
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calculation of the Setschenow coefficients and the correspond-
ing activity coefficients;

ii) suggested protonation constants at T = 298.15 K and NaCl
aqueous solutions, were obtained (see Table 1S and 2S of Sup-
plementary Information) by analysing simultaneously the
potentiometric and spectrophotometric measurements in the
ionic strength range 0 ≤ I/mol L−1 ≤ 5.0;

iv) the measurements carried out in NaCl at different tempera-
tures allowed us to calculate the enthalpy and entropy changes
for each protonation step. For the dl-Tyrosine, these data were
compared with those obtained experimentally from calorimet-
ric titrations;

v) the dependence of protonation constants on ionic strength in
both ionic media was modelled by means of the Debye–Hückel
and SIT equations.
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