Journal of Solution Chemistry (2024) 53:527-537
https://doi.org/10.1007/510953-023-01282-3

®

Check for
updates

Solubilities of Amino Acids in the Presence of Chaotropic
Anions

Mehriban Aliyeva?? . Paula Brandao® - Jodo A. P. Coutinho? - Olga Ferreira'2-
Simao P. Pinho'*2

Received: 13 February 2023 / Accepted: 27 March 2023 / Published online: 3 May 2023
© The Author(s) 2023

Abstract

This work addresses the effect of chaotropic anions (thiocyanate and tosylate) on the sol-
ubility of glycine, L-leucine, L-phenylalanine, and L-aspartic acid in aqueous solutions at
298.2 K. The salts used were NaSCN, KSCN, NH,SCN, and NaC,;H,SO; (sodium tosylate),
with salt concentrations ranging from O to 2 molal. The pH of the saturated solutions was
registered, and solid-phase studies were also performed. All the thiocyanate salts and sodium
tosylate induced a salting-in effect, except in the systems composed of glycine in aqueous
sodium tosylate solutions at 0.5 and 1 molal. For L-leucine, L-phenylalanine, and L-aspartic
acid the salting effect of anions followed the order tosylate™>SCN™>NO;>CI", in good
agreement with the behavior predicted by the Hofmeister series. Differently, the relative solu-
bility of glycine in aqueous nitrate solutions was higher than in those containing thiocyanate,
followed by the chloride and, closing the rank, the solutions containing the tosylate anion,
suggesting that the solubility change in this case is achieved by a different mechanism.

Keywords Solubility, - Amino acids - Electrolytes - Thiocyanate - Na-tosylate - Anion
effect

1 Introduction

The knowledge of amino acids (AA) solubility in aqueous salt solutions is relevant for differ-
ent technical applications. For example, during the production of L-aspartic acid (L-Asp) by
chemo or enzymatic synthesis, after the extraction steps, impurities, such as inorganic salts,
acids, and alkalis, are still present in the system. Thus, the knowledge of the solubility of
L-Asp in these aqueous salt solutions is necessary to optimize the crystallization process [1].
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On the other hand, a hot topic still under debate is what may be referred to as contem-
porary Hofmeister solvation science [2], where ion-protein and ion-ion interactions at the
protein surface and in the aqueous medium must be taken into account. An original picture
establishing the line between simple chaotropes, such as thiocyanate or perchlorate, and
structure-disrupting ions like sulfonates or phenolates, which act as hydrophobic/hydro-
tropic ions, was discussed by Leontidis [3]. More recently, using solubility, tensiometry,
calorimetry data, and COSMO-RS calculations, a two-dimensional space diagram based
on the nature of the anion headgroup and the hydrophobicity of the anion apolar moiety
was proposed to clarify the so-called expanded Hofmeister series of ionic groups in amphi-
philic molecules [4].

Contributing to clarify the ion effect on the solubility of amino acids, in our previous
work [5], we demonstrated some significant inconsistencies in the published data and the
absence of data for some ions such as thiocyanate. The only work found in our extensive
search was the solubility of twenty amino acids in aqueous solutions of guanidinium thio-
cyanate at 27 °C. This salt induced an impressive solubility increase on phenylalanine, a
more moderate salting-in for isoleucine, and, surprisingly, a salting-out on glycine [6].

More particularly, the study of the effect of organic-based anions is even harder to find
in the open literature. Sodium p-toluenesulfonate (Na-tosylate), for instance, is a well-
known hydrotrope [7]. Hydrotropes enhance the solubility of compounds poorly soluble in
water, through hydrophobic interactions, between their apolar parts and those of the solute
[8-10]. Although a large body of work has been published in the field, there is not much
information on the effect of hydrotropes on the increase of zwitterions (such as amino
acids) solubility in water.

To fill the gap identified for systems containing thiocyanate-based salts, in this work, the
solubilities of glycine (Gly), L-leucine (L-Leu), L-phenylalanine (L-Phe), and L-aspartic
acid (L-Asp) in aqueous NaSCN, KSCN, and NH,SCN solutions were measured. Besides
the reasons mentioned above, the thiocyanate anion was also selected because it is located
at the right end of the Hofmeister series (strong salting-in agent for proteins) and it is very
interesting to discuss and compare the effect of thiocyanate anion to that of chloride, nitrate
or sulphate. In addition, after investigating the impact of inorganic salts on the solubility of
AA, the study was extended to the sodium salt with an organic anion, tosylate.

The chemical structures of the studied amino acids and salts are shown in Fig. 1. Leu-
cine is a branched-chain amino acid containing an isobutyl group in the side chain, being a
nonpolar aliphatic hydrophobic amino acid. Phenylalanine is also nonpolar but with an aro-
matic side chain, being an essential AA as leucine. The least water-soluble AA studied in
this work is aspartic acid presenting two carboxylic acid groups [11]. All the measurements
were performed at 298.2 K with salt molality ranging from O to 2 molal. The isothermal
shake-flask method was combined with the gravimetric, or the refractive index methods of
analysis, guaranteeing good accuracy.

2 Experimental
2.1 Chemicals
The source, CAS, and purity of the chemicals are given in Table 1. All the AAs were

used without further purification and stored in a desiccator to keep them dry. The inor-
ganic salts were dried in the oven at 343.15 K for at least 24 h and, before use, cooled
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Fig.1 Chemical structures of the amino acids and salts studied in this work

in the desiccator with silica gel. The water content of the salts were checked by Karl-
Fischer (KF) titration. It was found that the salts do not contain water. The electrolyte
solutions were prepared using deionized water (specific resistance of 182,000 Q-m at
298.15 K, particles with size <0.22 pm, and total organic carbon <5 ppb).

2.2 Solubility Experiments

The experimental setup includes the thermostatic water bath that guarantees a tempera-
ture uncertainty of 0.1 K and magnetic plates for stirring. The binary (salt and water)
solutions with the molalities 0.5, 1, and 2 molal were prepared by mass (Denver Instru-
ment, +0.0001 g). The saturated solution was prepared by adding a slight excess of AA
into the equilibrium cell and a known amount of binary solution. After, it was placed

Table 1 Name, source, CAS, and mass fraction purity of the compounds used

Chemicals Supplier CAS Mass fraction purity
Glycine (Gly) Merck 56-40-6 >0.997
L-leucine (L-Leu) Merck 61-90-5 >0.990
L-phenylalanine (L-Phe) Merck 63-91-2 >0.990
L-aspartic acid (L-Asp) Alfa Aesar 56-84-8 >0.980
Sodium thiocyanate Acros Organics 540-72-7 >0.980
Potassium thiocyanate Acros Organics 330-20-0 >0.990
Ammonium thiocyanate Acros Organics 1762-95-4 >0.990
Sodium p-toluenesulfonate Acros Organics 657-84-1 >0.975
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into the water bath at 298.2 K and stirred for around 30 h to reach equilibrium. The
mixing speed was between 500 and 700 rpm in all the experiments. After the stirring
period, the solutions rested for at least 12 h to precipitate the undissolved AA particles.
The times of stirring and rest, and the mixing speed, were studied previously and were
optimized to ensure the equilibrium, meaning the changes in the measured solubility
values are within the 95% confidence interval for the expected solubility value deter-
mined by selecting reliable data from the open literature.

After, four glass vessels were weighed and the samples (approximately 2—4 cm?®)
were collected using preheated plastic syringes (avoiding any salt or amino acid precipi-
tation during sampling) with filters (0.45 mm pore diameter). The mass of the sample
was obtained, weighing the vessels once more. Replicates were carried out when the
variation coefficient of the four measured values was higher than 5%.

The amino acid content of the saturated solutions was found by the refractive index
method of analysis. The refractive index was measured (at 298.2 K) in a digital refrac-
tometer (Abbemat 500, Anton Paar) with a reproducibility within +0.00002. The meas-
uring range is between 1.30 and 1.72 nD. The calibration curves (R’>0.990), relating
the amino acid concentration (in g per kg of solution) and the refractive index was built
using five standard solutions of known AA composition at a fixed salt concentration.
The samples were diluted with a weighed amount of (water + salt) solution to get refrac-
tive indexes within the calibration curve range. Before each set of measurements, the
refractive index of pure water was checked. Finally, the refractive indexes of each solu-
tion were determined twice by placing about 1 ml of the sample on the refractometer
prism. At least three independent values are used to find the final average solubility
value. It is relevant to mention that the same aqueous salt solution initially prepared was
used to find the calibration curve, prepare the saturated solution, and also to dilute them
before the refractive index measurements. The pH of the saturated solutions was meas-
ured using a pH meter (Nahita Model 903) and pH-electrode (METTLER TOLEDO
InLab Ultra-Micro-ISM). A pH calibration was carried out at 298.2 K by measuring the
pH of buffer solutions.

2.3 Solid Phase Studies

The solid phase of the pure AA as received from the supplier and the solids in equilibrium
with the saturated solutions, after vacuum filtration and drying at room temperature, were
analyzed by powder and single-crystal X-ray diffraction.

Powder XRD data were collected on a X’Pert MPD Philips diffractometer, using Cu-Ka
radiation (4=1.5406 A), with a curved graphite monochromator, a set incident area of 10
mm?, and a flat plate sample holder, in a Bragg—Brentano para-focusing optics configura-
tion. Intensity data were collected by the step counting method (step 0.02° and time 5 s) in
the range 5° <260 <50°.

The cell parameters of suitable crystals of L-aspartic acid, L-phenylalanine, glycine,
and L-leucine before dissolution, as well the samples obtained after crystallization from
the aqueous solutions of the different salts, were determined on a Bruker D8 QUEST dif-
fractometer equipped with a Photon 100 area detector, with monochromated Mo-Ka radia-
tion (1=0.71073 A) and operating at 150(2) K. The selected crystals analyzed were put at
40 mm from the photon 100 detector and the spots were measured using different counting
times (varying from 5 to 30 s).
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3 Results and Discussion
3.1 Solubilities of AA in Aqueous Solutions of Salts with the Thiocyanate Anion

Table 2 reports the measured solubilities and the standard deviation (in brackets) of
L-aspartic acid, L-phenylalanine, L-leucine, and glycine in the aqueous NaSCN, KSCN,
and NH,SCN solutions with a salt molality of 0, 0.5, 1.0 and 2.0 at 298.2 K. In all the stud-
ied systems the absolute solubility follows Gly >Phe > Leu> Asp, which matches the solu-
bility in pure water. The maximum coefficient of variation was 2.9% in the system water/
potassium thiocyanate/L-aspartic acid at 0.5 molal salt concentration.

Figure 2 shows the relative solubilities of the studied AA in different aqueous salt solu-
tions at 298.2 K. For glycine, L-leucine, and L-phenylalanine the solubility in pure water
at 298 K was collected from the literature and is presented in Table S1. This information
for L-aspartic acid was already reported in our previous work [12]. All the thiocyanate
salts induced a salting-in effect over the whole salt concentration range for all the AA,
matching the expected trend from the Hofmeister series and the findings by Li et al. [13]
that reported by intermolecular vibrational energy exchange methods the binding of thiocy-
anate anions with the charged ammonium group of AA.

The magnitude of the salting-in effect of each AA is very similar in all the aqueous
salt solutions with the different monovalent cations (Na*, K*, and NH}), except for Leu
in aqueous NH,SCN solution. In the latter system, the magnitude is higher as the rela-
tive solubility of Leu in aqueous NH,SCN solution gets very close to that of Phe, and not
glycine as observed for the other salt solutions. Summarizing, the relative solubility fol-
lows the order Asp>Phe>Leu=Gly in the aqueous solutions of salts with the sodium
and potassium cations as in the aqueous Mg(NO;), and Ca(NOs), solutions [14]. With the
ammonium cation, the ranking is Asp>Phe=Leu> Gly. Even if in our previous work with
the monovalent cations [5], we concluded that the monovalent cations do not interact sig-
nificantly with the hydrophobic groups of the AA, the subtle differences within the differ-
ent cations, in particular those observed for the ammonium, might be related to a favorable

Table 2 Solubility of the amino acids (g of AA per kg of water, standard deviation in brackets) in aqueous
salt solutions at different molalities, 7=298.2 K and p=0.1 MPa

Electrolyte S, (g of AA/1000 g of water)
molality

Salts Glycine L-leucine L-phenylalanine L-aspartic acid
No salt 0.000 238.33* (0.13) 21.54* (0.07) 28.35* (0.08) 5.14* (0.03)
NaSCN 0.500 253.51 (0.04) 23.95(0.12) 32.22(0.12) 6.62 (0.06)
1.000 266.40 (0.38) 24.81 (0.13) 36.22 (0.25) 7.59 (0.06)
2.000 299.76 (0.18) 27.17 (0.22) 41.94 (0.60) 10.32 (0.17)
KSCN 0.500 250.24 (0.09) 23.93 (0.02) 33.25(0.27) 6.62 (0.19)
1.000 261.00 (0.77) 24.61 (0.02) 36.86 (0.05) 8.17 (0.08)
2.000 286.38 (0.28) 26.82 (0.16) 42.87 (0.04) 10.62 (0.09)
NH,SCN 0.500 252.36 (0.62) 24.96 (0.17) 34.46 (0.21) 6.85 (0.06)
1.000 268.02 (0.50) 28.11 (0.33) 41.79 (0.80) 8.82 (0.10)
2.000 297.83 (0.35) 31.44 (0.12) 54.38(0.35) 11.25 (0.23)

u (m)=0.001 mol kg‘l, u(N=0.1K, u, (p)=0.05
*From Aliyeva et al. [5].
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interaction of the larger ammonium cation, that presents a more disperse charge, with the
apolar moieties of both Leu and Phe, in comparison to smaller sodium or potassium cati-
ons, that present a more concentrated charge.

3.2 Solubilities of AA in Aqueous Solutions of Na-Tosylate

Table 3 presents the measured solubilities and the standard deviation (in brackets) of
L-aspartic acid, L-phenylalanine, L-leucine, and glycine in the aqueous Na-tosylate solu-
tions up to 2 molal of H,O at 298.2 K. In all the studied systems, the absolute solubil-
ity follows the order Gly >Phe>Leu> Asp, which matches the solubility in pure water.
The maximum coefficient of variation was 2.1% in the system water/Na-tosylate/L-aspartic
acid, at 2 molal salt concentration.

The relative solubilities of the four AA in Na-tosylate solution at 298.2 K is given in
Fig. 3. Globally, Na-tosylate induces a salting-in effect for all the AA, excepting glycine,
where the effect is weak. Until 1 molal, the relative solubility follows the same order as in
aqueous NaSCN and KSCN solutions being L-Asp > L-Phe > L-Leu > Gly. After, the solu-
bility of phenylalanine decreases, and the ranking changes to L-Asp > L-Leu > L-Phe > Gly.
Due to this change, the solubility of phenylalanine was also studied at 1.5 molal to check
the magnitude of the salting-in effect. It was observed that the relative solubility decreases
only above 1.5 molal. The solid-phase analysis of the sample taken after the solubility stud-
ies in 2 molal of Na-tosylate solution showed peaks that do not belong to the original phe-
nylalanine structure suggesting solid phase transformations. As the sodium cation does not
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Table 3 Solubility of the amino acids (g of AA per kg of water, standard deviation in brackets) in aqueous
Na-tosylate solution at different molalities, 7=298.2 K and p=0.1 MPa

Electrolyte S, (g of AA/1000 g of water)

molality
Salt Glycine L-leucine L-phenylalanine L-aspartic acid
No salt 0.000 238.33* (0.13) 21.54* (0.07) 28.35* 5.14*
(0.08) (0.03)
Na-tosylate 0.500 236.83 (0.27) 22.09 (0.07) 34.27 6.99
0.47) (0.11)
1.000 230.15 (0.30) 24.45 (0.17) 41.41 8.53
(0.28) 0.13)
1.500 - - 50.71 -
(0.10)
2.000 255.51 (1.15) 32.54 (0.20) 36.89 11.24
(0.66) (0.24)
u (m)=0.001 mol kg™, u (T)=0.1 K, u, (p)=0.05.
*From Aliyeva et al. [5]
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show a strong interaction with the amino acids, it can be concluded that the tosylate anion
interacts with the apolar parts of the amino acids and increases their solubilities.

To evaluate the effect of the anions on the solubility of the studied amino acids, the salts
with the sodium cations were chosen. Figure 4 shows the relative solubility of glycine,
L-leucine, L-phenylalanine, and L-aspartic acid in aqueous NaCl, NaNO;, NaSCN, and
Na-tosylate solutions at 298.2 K. Additionally, the solubility data in aqueous Na,SO, solu-
tion was also added for glycine, considering the consistency analysis discussed in our pre-
vious work [5]. Thus, the relative solubilities of L-leucine, L-phenylalanine, and L-aspartic
acid followed the same order: tosylate > thiocyanate > nitrate > chloride, showing that the
anion effect on the solubility of these amino acids is in agreement to the Hofmeister series.
Even if the increase in the solubility with sodium tosylate is not significant, meaning that it
does not act as an efficient hydrotrope for L-aspartic acid, due to its small apolar region and
its significant polarity, it is the salt with the most relevant effect, showing the importance of
the hydrophobic parts of both solute and hydrotrope, but also the much higher effect of the
interaction between the apolar part of the AA with the anions.

For glycine, the tosylate anion presents a completely reversed effect, inducing a very
weak salting-in and even a salting-out at 0.5 and 1 molal. The reason for this can be the
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Fig.4 Relative solubility of a glycine; b L-leucine; ¢ L-phenylalanine, and d L-aspartic acid in aqueous 0,
NaCl; A, NaNOj; X, NaSCN; ¢, Na,SO, and <, Na-tosylate solutions with different molalities at 298.2 K

smaller side chain group in glycine and the fact that glycine from the supplier used in the
analysis with Na-tosylate was a-form, and not a mixture of o and y form, as in all other
systems, showing the importance of identifying the solid phase present in solubility meas-
urements. The thiocyanate anion, which is the strongest inorganic salting-in anion in the
Hofmeister series, for glycine induced a salting-in effect with a lower magnitude than the
nitrate and even sulphate anions. Although the sulphate anion is a strong salting-out agent
in the Hofmeister series, it induces a salting-in effect in very small amino acids like glycine.
The solubility ranking observed is thus nitrate > sulphate > thiocyanate > chloride > tosylate.

No data on the effect of inorganic thiocyanate salts on the solubility of amino acids
were found in the literature, with little information on the partial molar volumes changes
of amino acids in the presence of NaSCN [15] or KSCN [16]. However, among the
amino acids studied in this work, only limited data on glycine partial molar volume
change were reported, not allowing a clear connection between both.

3.3 The pH of the Saturated Solutions
The pH of the saturated solutions was also measured at 298.2 K and are presented in

Table 4. All amino acids are in the zwitterionic form (dipolar ions) in the saturated solu-
tions, and this can be confirmed in the Chemspider plataform [17, 18].
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3.4 The Solid-Phase Analysis

All the solid structures of the AAs from the supplier were analyzed by single crystal and
powder diffraction and the information is presented in Table S2. The amino acids from
the supplier, including the glycine (monoclinic, a-form, Fig. S1) used in the solubility
experiments with Na-tosylate, show a single phase and are well characterized in the lit-
erature. The exception is glycine studied in the systems with the thiocyanate salts, which
was supplied as a mixture of two phases, a monoclinic corresponding to the a-form and
a hexagonal corresponding to the y-form. The results of glycine (used for the solubility
studies with the thiocyanates), L-leucine, L-phenylalanine, and L-aspartic acid from the
supplier were presented in our previous work [5]. In all four aqueous solutions, the gly-
cine solid phase (Fig. S2) is only in the hexagonal crystal system, the y-form. Even if no
data is available for thiocyanate salts, these results are consistent with previous observa-
tions [19-21] in which the presence of monovalent cations, independently of whether
the anion is sulfate, nitrate or chloride, promote the primary nucleation of y-glycine
inhibiting the a-glycine nucleation.The crystalline forms of the other amino acids (Fig.
S3, S4, and S6) in equilibrium with the saturated solutions containing the different salts
did not change compared to the structures found in the solids from the suppliers. The
exception is for phenylalanine in an aqueous Na-tosylate solution at 2 molal. The analy-
sis of the crystals obtained after the crystallization showed that the peaks do not belong
to phenylalanine (Fig. S5) and could be a mixture of compounds from some chemical
modification of the initial material. The crystals were also obtained after the solubility
studies of phenylalanine in the Na-tosylate solution with salt concentration of 1.5 molal
(Fig. S4) and it was found that the solid phase did not change compared to the structure
of the original solid from the supplier.

4 Conclusions

The solubilities of glycine, L-leucine, L-phenylalanine, and L-aspartic acid were stud-
ied in aqueous NaSCN, KSCN, and NH,SCN solutions at 298.2 K. The salts with the
thiocyanate anion induced a salting-in effect with all the AA following the ranking
Asp >Phe > Leu > Gly. The relative solubility of Gly was very close to Leu in aqueous
solutions of salts with the sodium or potassium cation, while in aqueous NH,SCN solu-
tion, this similarity was found between Leu and Phe.

Furthermore, the solubilities of these four amino acids were studied in aqueous Na-
tosylate solutions. Up to concentrations of 1 molal, the order observed was the same
as for the thiocyanate solutions, and excepting glycine, all the AA showed a salting-
in effect. Surprisingly, a solubility decrease was observed for phenylalanine at higher

Tablg 4 pH range of saturaFed AA pH range in the ternary solution

solutions of glycine, L-leucine,

L-phenylalanine, and L-aspartic NaSCN KSCN NH,SCN

acid in the studied aqueous

electrolyte solutions at 298.2 K Gly 5.97%-6.11 5.97%-6.24 5.97%-6.03
Leu 5.95-5.98* 5.98*%-6.84 5.51-5.98%*
Phe 5.48%-5.54 5.48%-6.32 5.48%-5.60
Asp 2.68-2.77* 2.77*%-2.79 2.73-2.77*

*pH of the binary (amino acid 4+ water) saturated solution [11].
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Na-tosylate concentrations. The analysis of the phenylalanine crystals taken after the
solubility studies at 2 molal showed changes in the structure of the solid phase. Na-
tosylate increased the solubility of L-leucine, L-phenylalanine, and L-aspartic acid
more than any of the studied inorganic salts.

To evaluate the anion effect on the solubility of glycine, L-leucine, L-pheny-
lalanine, and L-aspartic acid, the corresponding relative solubilities in aqueous
solutions of NaCl, NaNO;, NaSCN, and Na-tosylate were compared. Excepting
glycine, the relative solubility followed the order tosylate > thiocyanate > nitrate > chlo-
ride, in agreement with the Hofmeister series. For glycine, the order was
nitrate > sulphate > thiocyanate > chloride > tosylate.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10953-023-01282-3.
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