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The equilibrium solubility of L-tyrosine in solvent mixtures of methanol (1) + water (2), ethanol (1) +
water (2), n-propanol (1) + water (2) and dimethyl sulfoxide (DMSO, 1) + water (2) were determined
experimentally by using isothermal dissolution equilibrium method within the temperature range from
283.15 to 323.15 K under atmospheric pressure (101.1 kPa). At the same temperature and mass fraction
of methanol (ethanol, n-propanol or DMSO), the mole fraction solubility of L-tyrosine was greater in
(DMSO + water) than in the other three solvent mixtures. The solvent effect was explained in terms of
solute-solvent and solvent-solvent interactions. The preferential solvation parameters were derived from
their thermodynamic solution properties by means of the inverse Kirkwood–Buff integrals method. The
preferential solvation parameters (dx1,3) for methanol, ethanol, n-propanol or DMSO were negative in
the methanol (1) + water (2), ethanol (1) + water (2), n-propanol (1) + water (2) mixtures with a very
wide compositions, which indicated that L-tyrosine was preferentially solvated by water. While
L-tyrosine was preferentially solvated neither by water nor by DMSO for the DMSO (1) + water (2) mix-
tures. Temperature has a little effect on the preferential solvation magnitudes for the studied solutions.
The higher solvation by water could be explained in terms of the higher acidic behavior of the solvent
interacting with the Lewis basic groups of the L-tyrosine. In addition, the drugs’ solubility was mathemat-
ically represented by using the Jouyban-Acree model, van’t Hoff-Jouyban-Acree model and Apelblat-
Jouyban-Acree model obtaining average relative deviations lower than 1.47% for correlative studies. It
is noteworthy that the solubility data presented in this work contribute to the expansion of the physic-
ochemical information about the solubility of drugs in binary solvent mixtures and also allows the
thermodynamic analysis of the respective dissolution and specific solvation process.

� 2018 Elsevier Ltd.
1. Introduction

Amino acids are the fundamental unit of protein and one of the
imperative species controlling most of the biological actions of
human physiology. As an important amino acid, L-Tyrosine (CAS
Registry No. 60-18-4, chemical structure shown in Fig. S1 of
Supporting Material) is a valuable compound with a variety of
applications. It is employed as a common dietary supplement [1].

L-Tyrosine is also involved in the production of neurotransmitters
in brain and is a very effective end product inhibitor of arogenate
dehydrogenase [2]. Furthermore, a range of animal studies show
L-Tyrosine to be a safe and effective adjuvant for human vaccine
formulations with high adsorptive power for proteins, enhance-
ment of antibody induction and action as a short-term depot
material [3].

The solubility and related thermodynamic parameters of the
amino acids like Gibbs energy of transfer are essential in exploring
the mechanism of interactions between solvent molecules with
bio-macromolecules [4]. In some cases thermodynamic parame-
ters are found to be helpful in characterizing the conformational
changes of macromolecules like proteins in solution. This opens a
field of investigation on the studies of solvation of amino acids in
different solvent systems. Size, shape, charge, hydrogen bonding
capability, hydrophobicity, hydrophilicity, zwitterionic character,
chemical reactivity, etc., of an amino acid are seen to govern it in
solution which is why a lot of studies are performed to correlate
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their structural aspects with their solvation individuality [3]. In
this way, the knowledge of the thermodynamic properties of pro-
teins as well as amino acids in different solution is necessary.
Although a lot of solubility results of several amino acids in neat
solvents and solvent mixtures are available in the literatures, a
new addition in this area would definitely enrich the region which
still remains to be explored. A thorough literature research reveals
that only the solubility of L-Tyrosine in water at several tempera-
tures [5–7] and in ethanol + water mixtures at 298.15 K [8] has
been determined up to yet. The physicochemical properties of L-
Tyrosine in aqueous and organic solutions have not been studied
so far. So this work tries to give an idea about the relative stabiliza-
tion of L-Tyrosine in aqua-organic mixtures with respect to water
and the complex solute�solvent and solvent�solvent interactions
therein.

As a generalized approach, the method of linear solvation
energy relationships, LSER, treats the solvent effect by dividing
the solute-solvent interactions into two types of non-specific
(dipole-dipole, dipole-induced dipole and dispersion) and specific
(hydrogen bonding) interactions. In addition, each of interaction
terms has a linear contribution to Gibbs free energy of solvent
dependent properties [9]. In this context, the empirical scales offer
a convenient way to characterize the ability of the solvent to inter-
act with the solute, defined as the polarity of the solvent, at the
molecular level. Kamlet, Abboud and Taft (KAT) [9,10] introduced
one the most extensively used solvent scales through the solva-
tochromic studies of pairs of probing molecules in the set of sol-
vents with different interacting properties. These scales
comprises the dipolarity/polarizability, p⁄, the hydrogen bond
basicity, b, and the hydrogen bond acidity, a, which are directly
measured of the energy changes resulting from corresponding
intermolecular solute-solvent interactions. Therefore, the study of
solvent effect, in terms of LSER, reveals the nature and extent of
solute-solvent interaction affecting a solvent-dependent proper-
ties. The KAT-LSER had shown notable successes in explaining a
wide range of chemical phenomena, including the solubility in
pure and mixed solvents [11,12].

Although several semiempirical and theoretical models may be
used to predict solubilities of drug in mixed solvents, the availabil-
ity of experimental solubility data is still fundamental for the phar-
maceutical scientists [13]. In addition, solvent mixtures has been
widely employed in pharmacies long ago [14]. Recently the mech-
anisms relating to the decrease or increase in drugs’ solubility start
to be studied from a deep thermodynamic point of view, including
the analysis of the preferential solvation of solute by the compo-
nents in mixed solvents [15–19].

Methanol is not used to develop liquid medicines due to its high
toxicity. But in some instances methanol is used in drug purifica-
tion procedures, as well as solvent in some drug microencapsula-
tion techniques [20]. Moreover, methanol is widely used as
mobile phase in high performance liquid chromatography. Ethanol
is a common and safe solvent to be used in pharmaceutical liquid
formulations. Its solubilization power is reasonably high and usu-
ally used in the liquid formulations at concentrations lower than
50%. In addition to solubility enhancement of ethanol, it can affect
a drug’s absorption, distribution, metabolism, and excretion. On
the other hand, although n-propanol is not widely used as co-
solvent for design of liquid medicines, it has been used as solvent
in the pharmaceutical industry for resins and cellulose esters
[21]. DMSO is an important polar aprotic solvent with very low
toxic and immense biological importance [22]. It dissolves both
polar and nonpolar compounds and is miscible in a wide range of
organic solvents as well as water. It is chosen to obtain further
broader insight about chemistry aqueous solutions for amino acid
solvation. DMSO possesses two hydrophobic methyl groups with +I
effect, and these hydrogen atoms of two CH3– groups are of acidic
character. Considering these points-of-view, the main goal of this
work is to report the equilibrium solubility of L-Tyrosine (compo-
nent 3) in binary solvent mixtures of (methanol + water), (etha-
nol + water), (n-propanol + water) and {dimethyl sulfoxide
(DMSO) + water} at different temperatures so as to calculate the
respective thermodynamic quantities of the mixtures, as well as
the preferential solvation of the drug by organic solvent. This work
expands the available solubility data about L-Tyrosine in solvents
[5–8] and also permits the thermodynamic analysis of the respec-
tive dissolution and specific solvation process.

Inverse Kirkwood–Buff integrals (IKBI) are widely employed for
calculating the preferential solvation of non-electrolyte or non-
dissociated weak electrolyte compounds in mixed solvents. It
describes the local solvent proportions around the solute with
respect to the composition of the mixed solvents [15–19]. This
treatment depends upon the standard molar Gibbs energies of
transfer of L-Tyrosine (3) from neat solvent (2) to the mixed sol-
vents and also upon the excess molar Gibbs energy of mixing for
the solvent mixtures free of solute. So, the results are described
according to the variation of preferential solvation parameter
(dx1,3) of the L-Tyrosine (3) by the solvent molecules with the
mixtures composition.
2. Experimental and theoretical section

2.1. Materials and apparatus

L-Tyrosine having a mass fraction of 0.983 was provided by
Shanghai Yuanye Biological Co. Ltd., China. The crude raw material
was purified triple times via crystallization in mehanol. The mass
fraction of L-Tyrosine employed in solubility measurement was
0.996, which was confirmed with a high-performance liquid chro-
matography (HPLC, Agilent 1260). 4-Nitroanisole was provided by
Sigma-Aldrich Co, Iran. The four solvents (methanol, ethanol, n-
propanol and DMSO) were purchased from Sinopharm Chemical
Reagent Co., Ltd., China, which purities were all no less than
0.994 in mass fraction determined by gas chromatography (Smart
(GC-2018)). The water used in this work was twice-distilled water
(conductivity less than 2 mS�cm�1). The detailed information of
these chemicals was collected and presented in Table S1 of
Supporting Material.

The schematic diagram of experimental apparatus was shown
in Fig. S2 of Supporting Material. This apparatus included a 100
ml jacketed glass vessel, a magnetic stirrer and a circulating (iso-
propanol + water) system. The temperature of (isopropanol +
water) mixture was maintained by a thermostatic bath (Model:
QYHX-1030) provided by Shanghai Joyn Electronic Co., Ltd., China,
which had a standard uncertainty of 0.05 K. The real temperature
of mixture was displayed by using a mercury glass micro ther-
mometer (standard uncertainty: 0.02 K), which was inserted in
the inner chamber of the jacket vessel. A condenser was employed
to keep the solvent from escaping. An analytical balance (model:
BSA224S) provided by Satorius Scientific Instrument (Beijing)
was employed to determine the mass of the solvent, solute and sat-
urated solution. Before experiment, the reliability of the apparatus
was verified by measuring the solubility of benzoic acid in toluene
[23]. Absorption spectrum of 4-nitroaninisole was recorded with a
UV–vis Shimadzu 2100 spectrophotometer by a 10 mm quartz cell
thermostated at 298.15 K.
2.2. Preparation of solvent mixtures

During the experiment, we use the analytical balance (model:
BSA224S) with a standard uncertainty of 0.0001 g to prepare the
mixed solvents. About 60 ml of solvent mixtures was introduced
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into the glass vessel, and the relative standard uncertainty of
which was evaluated to be 0.0002. The mass fraction of organic sol-
vent in the solutions varied from 0 to 1. The glass vessel was cov-
ered with a stopper to avoid escaping of the solvent during the
preparation process of mixtures. During the determination, the
atmospheric pressure was about 101.1 kPa.

2.3. Solubility measurement

In the present work, the solubility of L-Tyrosine in binary
solvent mixtures of (methanol + water), (ethanol + water),
(n-propanol + water) and (DMSO + water) was determined with
an isothermal dissolution equilibrium method [17,23], and the
high-performance liquid phase chromatograph (HPLC, Agilent-
1260) was used to determine the solubility of L-Tyrosine in equilib-
rium liquor.

For each experiment, saturated mixtures of L-Tyrosine were
prepared in the jacketed glass vessel. An excess L-Tyrosine was
introduced into the vessel which was filled with about 60 ml sol-
vent mixtures. Continuous stirring was attained with a magnetic
stirrer at a desired temperature, which was kept by circulating
aqueous solutions of isopropanol from the thermostatic bath
through the outer jacket. In order to obtain the equilibration time,
about 0.5 ml liquid phase was withdrawn every one hour by using
a 2 ml of preheated syringe attached with a pore syringe filter
(PTFE 0.2 lm), and then analyzed by the high-performance liquid
phase chromatograph. If the content of liquid phase didn’t change,
the system was believed to arrive at equilibrium. Analytical results
illustrated that it took about 13 h to reach equilibrium for all the
studied solutions. As soon as the solution arrived at equilibrium,
stirring was turned off to allow any undissolved solute to be pre-
cipitated. This would take another 30 min. Then the upper liquor
was withdrawn with the 2 ml of preheated or precooled syringe,
and transferred speedily to a pre-weighed volumetric flask. The
volumetric flask filled with sample was weighed again with the
analytical balance. Subsequently, the sample was diluted with
methanol, and 1 ll of the solution was withdrawn for analysis by
using the HPLC. It should be noted that the melting point of DMSO
was within the studied temperature interval in order to compare
the solutility of L-Tyrosine in different solvent mixtures at the same
temperature. This experiment was performed with supercooled
DMSO. During the whole experiment process, no DMSO crystalliza-
tion was observed.

The mole fraction of L-Tyrosine (xw;T) in the four binary solvent
mixtures are attained with Eq. (1), and the initial composition of
binary solvent mixtures (w) is computed with Eqs. (2) and (3).

xw;T ¼ m1=M1

m1=M1 þm2=M2 þm3=M3
ð1Þ

w1 ¼ w ¼ m2

m2 þm3
ð2Þ

w2 ¼ m3

m2 þm3
ð3Þ

where m1 is the mass of L-Tyrosine; m2 is the mass of methanol,
ethanol, n-propanol or DMSO, and m3, water. M1, M2 and M3 are
the corresponding molar mass. The relative standard uncertainty
is estimated to be 3.4% for mole fraction solubility.

2.4. Analysis method

The content of L-Tyrosine was tested by using the Agilent-1260
high-performance liquid chromatography. The chromatographic
column was a reverse phase column with a type of LP-C18 (250
mm � 4.6 mm), which temperature was reserved at 303 K. The
wavelength of the UV detector was set to 224 nm [24]. The mobile
phase included two components, which were methanol and water
with a flow rate of 0.8 ml�min�1. The volume ratio of methanol to
water was 10:90. Each analysis was performed three times, and the
average value of three measurements was considered as the final
value of the test.

2.5. X-ray powder diffraction

With the object of validating the existence of the polymorph
transformation or solvate formation of L-Tyrosine during the solu-
bility measurement, the equilibrium solid was collected and ana-
lyzed by X-ray powder diffraction (XRD), which was carried out
on a HaoYuan DX-2700B (HaoYuan, China) instrument. The solids
were determined by Cu Ka radiation (k = 1.54184 nm), and the
tube voltage and current were set to 40 kV and 30 mA, respec-
tively. The data were collected at room temperature from 5� to
80� (2-Theta) at a scan speed of 6 deg�min�1 under atmospheric
pressure.

2.6. Solvatochromic parameters determination

Solutions of 0.1 mM for 4-nitroanisole were prepared in n-
propanol + water mixtures over the full mass fraction ranges from
0 to 1 with 0.1 intervals. The UV-vis spectral data of 4-nitroanisole
were recorded over the wavelength range of 250–350 nm at the
lowest scanning rate and an accuracy of 0.05 nm. The wavelength
of the maximum absorbance, kmax, was determined from the first
derivative of absorption peak. The p⁄ term of n-propanol + water
mixtures was calculated from kmax of 4-nitroanisole according to
Eq. (4) [25].

p ¼ 14:57� 4270
kmax

ð4Þ

By knowing p⁄, the a parameter was calculated from the liter-
ature data for ET(30), empirical scale of the solvent polarity,
according to Eq. (5) [10].

a ¼ 0:065ETð30Þ � 2:03� 0:72p ð5Þ
2.7. Theoretical consideration

The models presented from 1960 to 2007 for correlating the sol-
ubility of a solid in solvent mixtures have been reviewed in Ref.
[13]. In the present work, three models are used to correlate
the solubility of L-Tyrosine in binary solvent mixtures of (metha-
nol + water), (ethanol + water), (n-propanol + water) and (DMSO
+ water) at different temperatures, which correspond to Jouy-
ban�Acree model [14,23], a combination of the Jouyban�Acree
model with van’t Hoff equation [23], a combination of the
Jouyban�Acree model with modified Apelblat equation [23].

2.7.1. Jouyban-Acree model
The Jouyban-Acree model is expressed as Eq. (6). This model can

offer accurate mathematical description for the dependence of
solute solubility on both temperature and solvent composition
for binary and ternary mixed solvents [13,23].

ln xw;T ¼ w1 ln x1;T þw2 ln x2;T þw1w2

T=K

X2
i¼0

Jiðw1 �w2Þi ð6Þ

where xw,T denotes the mole fraction solubility of solute in solvent
mixtures at temperature T/K;w1 andw2 are the mass fraction of sol-
vents 1 (methanol, ethanol, n-propanol or DMSO) and 2 (water) in
the absence of the solute (L-Tyrosine), respectively; x1,T and x2,T
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are the solute solubility in mole fraction in neat solvent; and Ji are
the Jouyban-Acree model parameters.
2.7.2. Van’t Hoff-Jouyban-Acree model
The van’t Hoff equation is an ideal model, which is described as

ln xT ¼ Aþ B
T=K

ð7Þ

Combining Eqs. (6) and (7), the van’t Hoff-Jouyban-Acree model
can be obtained [23] and expressed as Eq. (8).

ln xw;T ¼ w1 A1 þ B1

T=K

� �
þw2 A2 þ B2

T=K

� �
þw1w2

T=K

X2
i¼0

Jiðw1 �w2Þi

ð8Þ
A1, B1 and A2, B2 are equation parameters.
2.7.3. Modified Apelblat-Jouyban-Acree model
The modified Apelblat equation is a semi-empirical model hav-

ing three parameters. It may be employed to describe a nonlinear
relationship between solubility (ln xT) in pure solvent and recipro-
cal of absolute temperature (1/T) and is described as

ln xT ¼ Aþ B
T=K

þ C lnðT=KÞ ð9Þ

where A, B, and C are equation parameters; and also xT is the mole
fraction solubility of L-Tyrosine in studied mixed solvents at abso-
lute temperature T in Kelvin.

By substituting Eq. (9) into Eq. (6), the modified Apelblat-
Jouyban-Acree model can be obtained as Eq. (10) [23].

ln xw;T ¼ w1 A1 þ B1

T=K
þ C1 lnðT=KÞ

� �

þw2 ðA2 þ B2

T=K
þ C2 lnðT=KÞ

� �

þw1w2

T=K

X2
i¼0

Jiðw1 �w2Þi ð10Þ

The experimental solubility values of L-Tyrosine in (methanol +
water), (ethanol + water), (n-propanol + water) and (DMSO +
water) mixtures are correlated and calculated with Eqs. (6), (8)
and (10). The objective function is described as

F ¼
X
i¼1

ðln xew;T � lnwc
w;TÞ2 ð11Þ

In order to evaluate the different models, the relative average
deviation (RAD) and root-mean-square deviation (RMSD) are
employed, which are described as Eqs. (12) and (13).

RAD ¼ 1
N

X jxcw;T � xew;T j
xew;T

 !
ð12Þ
RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

i¼1
xcw;T � xew;T

� �2
N

vuut
ð13Þ

where N is the number of experimental data points. xew;T denotes the
mole fraction solubility determined in this work; and xcw;T , the mole
fraction solubility calculated with the corresponding solubility
model.
3. Results and discussion

3.1. X-ray powder diffraction analysis

The patterns of the raw material and the solids equilibrated
with liquor are shown in Fig. S3 of Supporting Material. As can
be found, all the XRD patterns of solid of L-Tyrosine in equilibrium
with its solution have the same characteristic peaks with the raw
material. Thus, no polymorph transformation or solvate formation
is found during the whole experiment process.
3.2. Solubility data

The obtained mole fraction solubility of L-Tyrosine in water,
methanol, ethanol, n-propanol and DMSO with the temperature
range from 283.15 to 323.15 K is presented in Tables 1–4 and is
shown graphically in Fig. 1. Each value is the average of three
experiments. It was found that the mole fraction solubility of

L-Tyrosine increases with increasing temperature in the five neat
solvents studied. However, the increasing extent of L-Tyrosine sol-
ubility varies in different solvents. The solubility of L-Tyrosine is
largest in DMSO and lowest in n-propanol. At a given temperature,
the solubility of L-Tyrosine is greater in DMSO and water than in
the other three solvents. In general, the mole fraction solubility
of L-Tyrosine in all the selected solvents ranks as: DMSO > water
> methanol > ethanol > n-propanol.

The acquired mole fraction solubility of L-Tyrosine in binary
solvent mixtures of (methanol + water), (ethanol + water),
(n-propanol + water) and (DMSO + water) are presented in Tables
1–4, respectively. In addition, the relationship between the mole
fraction solubility and temperature and solvent composition are
shown graphically in Figs. 2–5. They demonstrate that, for the
studied solvent mixtures, the L-Tyrosine solubility is a function of
temperature and solvent composition. The solubility of L-Tyrosine
increase with increasing temperature and mass fraction of water
for the binary systems studied expect for (DMSO + water) system.
It can also be seen from Tables 1–4 that, at the same temperature
and solvent composition, the solubility of L-Tyrosine in (DMSO +
water) is greater than those in (methanol + water), (ethanol +
water) and (n-propanol + water).

Many solubility data of L-Tyrosine in water have been reported
in the previous publications [5–8]. These values together with
those determined in this work are shown in Fig. S4 of Supporting
Material. It is noteworthy that the L-Tyrosine solubility are often
reported as molar concentration (mol�l�1). Due to very small sol-
ubility values of L-Tyrosine in water, in this work, the values pre-
sented in Fig. S4(a) are obtained by assuming that the density of
equilibrium liquor equals to that of neat water at corresponding
temperature. It can be seen that the solubility data of L-Tyrosine
in water determined in this work is very close to that reported
in the literatures except for Ref. [5]. However in ethanol (1) +
water (2) mixtures as shown in Fig. S4(b), the determined solubil-
ities of L-Tyrosine in this work are all smaller than the reported
values by Wlnnek and Schmidt except for in neat water [8]. Max-
imum relative deviation is about 67%. The difference may be due
to many factors, such as determination method, equilibration
time, purity, sampling, analysis method and so on.

In order to further illustrate the difference of L-Tyrosine solubil-
ity in different solvents, some solvent properties of solvents are
selected including the polarity [26] and the Kamlet-Taft parame-
ters [27] shown in Tables S2 and S3 of Supporting Material. Accord-
ing to Table S2, the polarity order of the solvent is water >
methanol > ethanol > n-propanol > DMSO. In L-Tyrosine-alcohol
and L-Tyrosine-water systems, at a certain temperature, the solu-
bility of L-Tyrosine in different solvents ranks as water, methanol,



Table 1
Experimental mole fraction solubility (xeT;W � 105) of l-Tyrosine in mixed solvent of methanol (w) + water (1-w) with various mass fractions within the temperature range from T/K
= (283.15–323.15) under p = 101.1 kPa.a

T/K w

1 0.9001 0.8004 0.6989 0.5995 0.5009 0.3993 0.2997 0.2011 0.1008 0

283.15 0.06423 0.2126 0.4597 0.7674 1.039 1.299 1.561 1.878 2.234 2.521 2.748
288.15 0.08351 0.2717 0.5869 0.9595 1.258 1.608 1.925 2.331 2.794 3.232 3.401
293.15 0.1085 0.3462 0.7359 1.189 1.605 2.031 2.421 2.858 3.438 3.922 4.176
298.15 0.1386 0.4381 0.9047 1.467 1.987 2.434 2.926 3.477 4.115 4.727 4.997
303.15 0.1804 0.5569 1.116 1.819 2.438 2.986 3.563 4.216 4.941 5.626 5.947
308.15 0.2231 0.6707 1.355 2.178 2.922 3.592 4.287 5.068 5.962 6.815 7.235
313.15 0.2718 0.8085 1.618 2.576 3.418 4.246 5.057 5.987 7.034 8.025 8.527
318.15 0.3305 0.9635 1.928 3.049 4.097 4.971 5.971 7.043 8.241 9.324 10.02
323.15 0.4029 1.166 2.308 3.644 4.749 5.894 7.047 8.329 9.768 11.12 11.86

aStandard uncertainties u are u(T) = 0.02 K, u(p) = 0.4 kPa; Relative standard uncertainty ur is ur (x) = 0.034. Solvent mixtures were prepared by mixing different masses of the
solvents with relative standard uncertainty ur(w) = 0.0002. w represents the mass fraction of methanol in mixed solvents of methanol (w) + water (1-w).

Table 2
Experimental mole fraction solubility (xeT ;W � 105) of l-Tyrosine in mixed solvent of ethanol (w) + water (1-w) with various mass fractions within the temperature range from T/K =
(283.15–323.15) under p = 101.1 kPa.a

T/K w

1 0.9004 0.8012 0.6995 0.5991 0.5003 0.4006 0.2998 0.1989 0.1007 0

283.15 0.03874 0.1822 0.4519 0.7227 0.9725 1.226 1.481 1.799 2.221 2.612 2.748
288.15 0.05162 0.2434 0.5803 0.9167 1.234 1.513 1.823 2.233 2.734 3.234 3.401
293.15 0.06582 0.3033 0.6933 1.122 1.525 1.877 2.256 2.746 3.379 3.956 4.176
298.15 0.08694 0.3838 0.9356 1.389 1.897 2.318 2.733 3.311 4.045 4.762 4.997
303.15 0.1113 0.4762 1.129 1.737 2.273 2.764 3.323 3.992 4.863 5.768 5.947
308.15 0.1402 0.5872 1.359 2.144 2.765 3.369 4.023 4.857 5.835 7.021 7.235
313.15 0.1741 0.7171 1.618 2.576 3.316 4.014 4.754 5.724 6.933 8.256 8.527
318.15 0.2145 0.8572 1.936 3.057 3.923 4.719 5.627 6.755 8.166 9.696 10.02
323.15 0.2647 1.033 2.312 3.618 4.631 5.625 6.645 7.981 9.678 11.36 11.86

aStandard uncertainties u are u(T) = 0.02 K, u(p) = 0.4 kPa; Relative standard uncertainty ur is ur (x) = 0.034. Solvent mixtures were prepared by mixing different masses of the
solvents with relative standard uncertainty ur(w) = 0.0002. w represents the mass fraction of ethanol in mixed solvents of ethanol (w) + water (1-w).

Table 3
Experimental mole fraction solubility (xeT ;W � 105) of l-Tyrosine in mixed solvents of n-propanol (w) + water (1-w) with various mass fractions within the temperature range from
T/K = (283.15–323.15) under p = 101.1 kPa.a

T/K w

1 0.9006 0.7992 0.7012 0.6003 0.5001 0.3989 0.2994 0.2007 0.1005 0

283.15 0.008719 0.05915 0.2023 0.4059 0.6249 0.8104 1.036 1.311 1.671 2.221 2.748
288.15 0.01281 0.08365 0.2797 0.5319 0.8063 1.089 1.310 1.643 2.188 2.776 3.401
293.15 0.01832 0.1143 0.3622 0.7197 1.099 1.387 1.728 2.115 2.674 3.422 4.176
298.15 0.02691 0.1615 0.5178 0.9743 1.391 1.792 2.162 2.659 3.299 4.203 4.997
303.15 0.03767 0.2186 0.6533 1.244 1.758 2.237 2.747 3.231 4.041 5.025 5.947
308.15 0.05235 0.2954 0.8400 1.579 2.315 2.852 3.330 4.052 4.952 6.198 7.235
313.15 0.07266 0.3986 1.108 2.042 2.882 3.536 4.165 4.907 6.006 7.329 8.527
318.15 0.09924 0.5156 1.471 2.619 3.636 4.416 5.111 6.073 7.254 8.802 10.02
323.15 0.1325 0.6697 1.836 3.183 4.404 5.425 6.249 7.301 8.659 10.49 11.86

aStandard uncertainties u are u(T) = 0.02 K, u(p) = 0.4 kPa; Relative standard uncertainty ur is ur (x) = 0.034. Solvent mixtures were prepared by mixing different masses of the
solvents with relative standard uncertainty ur(w) = 0.0002. w represents the mass fraction of n-propanol in mixed solvents of n-propanol (w) + water (1-w).

Table 4
Experimental mole fraction solubility (xeT;W � 105) of l-Tyrosine in mixed solvents of DMSO (w) + water (1-w) with various mass fractions within the temperature range from T/K =
(283.15–323.15) under p = 101.1 kPa.a

T/K w

1 0.9008 0.8011 0.6997 0.5994 0.5001 0.3988 0.3006 0.2012 0.1003 0

283.15 14.26 12.57 10.55 9.554 8.309 7.136 6.024 5.083 4.194 3.421 2.748
288.15 15.94 14.27 12.66 11.05 9.532 8.322 7.143 6.069 5.072 4.176 3.401
293.15 17.63 15.87 14.14 12.64 11.15 9.742 8.422 7.218 6.114 5.067 4.176
298.15 19.32 17.53 15.74 14.19 12.68 11.15 9.685 8.389 7.158 6.067 4.997
303.15 21.36 19.48 17.59 15.95 14.13 12.58 11.25 9.744 8.379 7.113 5.947
308.15 23.42 21.41 19.61 17.81 16.37 14.73 13.18 11.37 9.986 8.547 7.235
313.15 25.81 23.64 21.82 20.14 18.39 16.56 14.88 13.28 11.61 9.997 8.527
318.15 28.17 25.97 24.27 22.36 20.48 18.42 16.85 15.14 13.12 11.53 10.02
323.15 30.81 28.65 26.86 25.25 23.31 21.47 19.44 17.48 15.48 13.71 11.86

aStandard uncertainties u are u(T) = 0.02 K, u(p) = 0.4 kPa; Relative standard uncertainty ur is ur (x) = 0.034. Solvent mixtures were prepared by mixing different masses of the
solvents with relative standard uncertainty ur(w) = 0.0002. w represents the mass fraction of DMSO in mixed solvents of DMSO (w) + water (1-w).
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Fig. 2. Mole fraction solubility (x) of l-Tyrosine in methanol (w) + water (1-w)
mixed solutions with various mass fractions at different temperatures: w, mass
fraction of methanol; h, w = 0; s, w = 0.1008; }, w = 0.2011; q, w = 0.2997; 4, w =
0.3993; j, w = 0.5009; d, w = 0.5995; ▲, w = 0.6989; ◆, w = 0.8004; w, w = 0.9001;
.; w = 1. —, calculated curves by the Jouyban�Acree model.
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Fig. 3. Mole fraction solubility (x) of l-Tyrosine in ethanol (w) + water (1-w) mixed
solutions with various mass fractions at different temperatures: w, mass fraction of
ethanol;h, w = 0;s, w = 0.1007; }, w = 0.1989;q, w = 0.2998; 4, w = 0.4006;j, w
= 0.5003; d, w = 0.5991; ▲, w = 0.6995; ◆, w = 0.8012; w, w = 0.9004; .; w = 1. —,
calculated curves by the Jouyban�Acree model.
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Fig. 4. Mole fraction solubility (x) of l-Tyrosine in n-propanol (w) + water (1-w)
mixed solutions with various mass fractions at different temperatures: w, mass
fraction of n-propanol; h, w = 0; s, w = 0.1005; }, w = 0.2007; q, w = 0.2994; 4, w
= 0.3989; j, w = 0.5001; d, w = 0.6003; ▲, w = 0.7012; ◆, w = 0.7992; w, w =
0.9006; .; w = 1. —, calculated curves by the Jouyban�Acree model.
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Fig. 1. Mole fraction solubility (x) of l-Tyrosine in net solvents at elevated
temperatures: j, water; d, methanol; ▲, ethanol; ., n-propanol; ◆, DMSO.
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ethanol, n-propanol. The L-Tyrosine solubility increases with the
increase of polarity of the solvent, for the hydrogen bonding
formed between L-Tyrosine and solvent increasing the solubility
of solutes. However, for the solvent DMSO, the solubility of the
order is not in accordance with the polarity. The solute-solvent
interaction is written in terms of nonspecific dipolarity–polarisabil
ity interaction and specific interaction, e.g. hydrogen bond dona-
tion (HBD) and hydrogen bond acceptance (HBA) [28,29] bonds
in solution might also play significant role in making this differ-
ence. L-Tyrosine has hydroxyl and amine groups to form different
hydrogen bonds with the different neat solvents. It showed rela-
tively high solubility in DMSO, due to strong hydrogen bond accep-
tance (b) and weak hydrogen bond donation (a) abilities of the
solvent. Generally, it is too complicated to elucidate the solubility
behavior presented in Fig. 1 based on a single reason. This behavior
may be due to many factors, e.g., solute-solvent interactions,
solvent-solvent interactions and molecular shapes and sizes and
so on.
3.3. Solvent effect

To gain insight about the nature and extent of solvent effect on
the solubility, KAT-LSER model is used to correlate the solubility
data with the solvent properties. Accordingly, the Gibbs free
energy of the solubility reaction is a linear combination of energy
of the various solute-solvent and solvent-solvent interactions as
Eq. (14) [11].

lnðxiÞ ¼ c0 þ c1pþ c2bþ c3aþ c4
Vsd

2
H

100RT

 !
ð14Þ

where a, b, p⁄ and dH represent the hydrogen bond acidity, hydro-
gen bond basicity, dipolarity/polarizability and Hildebrand solubil-
ity parameter of the solvent, respectively. The term dH, defined as
the cohesive energy density, accounts for the solvent-solvent inter-
actions; the product of the squared value of Hildebrand solubility
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Fig. 5. Mole fraction solubility (x) of l-Tyrosine in DMSO (w) + water (1-w) mixed
solutions with various mass fractions at different temperatures: w, mass fraction of
DMSO; h, w = 1; s, w = 0.9008; }, w = 0.8011; q, w = 0.6997; 4, w = 0.5994; j, w
= 0.5001; d, w = 0.3988; ▲, w = 0.3006; ◆, w = 0.2012; w, w = 0.1003; .; w = 0. —,
calculated curves by the Jouyban�Acree model.
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parameter of the solvent and the molar volume of the solute in
hypothetical subcooled liquid phase, Vs, is a measure of energy
needed to overcome the attractive intermolecular forces between
solvent molecules to create a suitable sized cavity and accommo-
date the solute into it. The cavity term are made dimensionless by
dividing it by the product of the gas constant, R, and the absolute
temperature, T. In addition, for a reliable comparison between vari-
ables, the solute molar volume is divided by 100 to have the cavity
term in the same range of other terms. In Eq. (6), c0 refers to the
intercept value at a = b = p⁄ = dH = 0; c1 and c2, are a measure of
the susceptibility of the solute property to both of specific hydrogen
bonding solute-solvent interactions. Whereas c3 and c4 quantify the
solute’s sensitivity to the nonspecific electrostatic solute-solvent
and solvent-solvent interactions, respectively.

The parameters a, b, p⁄ for (methanol + water), (ethanol +
water) and (DMSO + water), b for (n-propanol + water) and dH for
the pure solvents were extrapolated from the literature as a func-
tion of studied compositions, and tabulated in Table S3 together
with values of a and p⁄ determined in this work for (n-propanol
+ water) mixtures [26–29]. The Hildebrand solubility parameters
for binary mixtures were calculated by the volume fraction
weighted average of dH of pure solvents 1 (methanol, ethanol, n-
propanol and DMSO) and 2 (water) in the mixtures free of the
solute as /1dH1 +/2dH2, where /i is volume fraction of solvent i in
the mixture [15]. A value of Vs = 124.10 cm3�mol�1 is calculated
from the molar mass divided by the density.

Multiple linear regression analysis is used to correlate the solu-
bility of L-Tyrosine with the solvent descriptors in binary solvent
mixtures of (methanol + water), (ethanol + water), (n-propanol +
water) and (DMSO + water). All possible combination of four sol-
vent descriptors is used to form 15 linear solvation model for
description of the solubility of L-Tyrosine in each binary mixtures.
The results of regression analysis are tabulated in Tables S4–S7. As
bolded in Tables S4–S7, the best descriptive model is one having
the highest value of F-statistic, the lowest the standard deviations
and squared correlation coefficient, r2, closest to unity.

Results indicate that all Kamlet-Taft parameters (a, b and p⁄)
have meaningful impact on the solubility of L-Tyrosine in (metha-
nol + water) and (ethanol + water) binary solvent mixtures; the
solubility is governed by both of specific and non-specific solute-
solvent interactions. The positive sign of a, b and p⁄ coefficients
indicates that the solubility increases when the dipolarity/polariz-
ability, hydrogen bonding acidity and basicity of the solvent
increases in the mixture. According to Table S3, a and p⁄ decreases
whereas b increases when methanol (ethanol) content increases in
(methanol + water) and (ethanol + water) binary solvent mixtures.
Therefore, as evident in single-parametric models in Tables S4 and
S5, the growth of b in mixture is inconsistent with its overall effect
on the solubility. This observation reveals a predominate effect of
p⁄ due to dipolarity of L-Tyrosine, which masks the sole influence
of b. For (n-propanol + water) mixtures, the parameters affecting
the solubility are a, b and cavity term. The parameter a show a pos-
itive effect, whereas negative signs are observed for b and cavity
term coefficient. It means that the solvent-solvent interactions
contribute unfavorably to the decrease in the solubility. A strong
effect of cavity term is observed on the solubility in (DMSO +
water) mixtures. For (DMSO + water) mixtures, an increase in p⁄
inducing non-specific solute-solvent interactions has a positive
effect on the solubility but with a smaller magnitude compared
to those of cavity term.

3.4. Solubility modelling

On the basis of the experimental solubility data, the parameters
in Eqs. (6) to (10) are acquired by using nonlinear least-squares
method with Mathcad software. The obtained values of model
parameters together with the RAD and the RMSD values are
presented in Table S8 of the Supporting Material. The solubility
of L-Tyrosine in the four binary mixtures of (methanol + water),
(ethanol + water), (n-propanol + water) and (DMSO + water) are
evaluated on the basis of the regressed parameters’ values. The cal-
culated solubilities using the Jouyban�Acree model are plotted in
Figs. 2–5. It can be seen from Table S8 that for the studied binary
solvent mixtures, the maximum value of relative average devia-
tions (RAD) is 1.47%, which is obtained with the van’t Hoff-
Jouyban-Acree model for the system of (ethanol + water). Besides,
the root-mean-square deviations (RMSD) are no greater than 0.12
� 10�5. Comparison with the other models, the values of RAD and
RMSD obtained with the Jouyban-Acree model is relatively small.
On the whole, the three models can all be employed to correlate
the solubility of L-Tyrosine in the binary mixtures of (methanol +
water), (ethanol + water), (n-propanol + water) and (DMSO +
water) at all initial composition ranges, and the Jouyban-Acree
model provides better correlation results than the other two
models.

3.5. Apparent thermodynamic analysis

Thermodynamic property of a solute dissolved in mixed sol-
vents can provide significant information for the dissolution pro-
cess. The standard dissolution enthalpy (DHo

sol) for dissolution
process of L-Tyrosine in the studied solvent mixtures may be
attained from the famous van’t Hoff analysis [23].

DHo
sol ¼ �R

@ ln xm;T

@ð1=TÞ
� �

p
¼ �R

@ ln xm;T

@½ð1=TÞ � ð1=ThmÞ�
� �

p
ð15Þ

here R is the universal gas constant (8.314 J�K�1�mol�1). Thm stands
for the mean harmonic temperature calculated via Eq. (16).

Thm ¼ NXN

i¼1
1
Ti

ð16Þ

The values of DHo
sol can be obtained from the slope of the curves

of lnxw,T vs (1/T-1/Thm), which are shown graphically in Figs. S5–S8
of Supporting Material. The standard dissolution enthalpy of

L-Tyrosine in the solvent mixtures of methanol + water, ethanol +
water, n-propanol + water and DMSO + water are computed from
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Eq. (15) and tabulated in Table S9 of Supporting Material. It can be
found that the values of standard molar enthalpy of dissolution are
all positive, which demonstrates that L-Tyrosine crystal lattice
energy is bigger than solvation enthalpies.

3.6. Preferential solvation of L-tyrosine

The IKBI methods are valuable for evaluating the preferential
solvation of nonelectrolyte drugs in binary aqueous solvent mix-
tures. It describes the local solvent composition around the solute
in comparison with the global mixtures composition [15]. The
inverse Kirkwood-Buff integral equation is given by the following
general expression:

Gi;3 ¼
Z rcor

0
ðgi;3 � 1Þ4pr2dr ð17Þ

where, gi,3 is the pair correlation function for molecules of solvent i
in the solvent (1) + water (2) mixtures around the solute L-Tyrosine
(3); r is the distance between the centers of molecules of L-Tyrosine
(3) and those of solvent (1) or water (2); and rcor is a correlation dis-
tance for which gi,3 (r > rcor) � 1. Accordingly, for all distances r > rcor
up to infinite, the value of the integral is essentially zero.

The preferential solvation parameter of L-Tyrosine (compound
3) by the solvent (compound 1) in solvent (1) + water (2) mixtures
is defined as [15–19]:

dx1;3 ¼ xL1;3 � x1 ¼ �dx2;3 ð18Þ

where xL1;3is the local mole fraction of solvent (1) in the environ-
ment near to L-Tyrosine (3) and x1 is the bulk mole fraction compo-
sition of solvent (1) in the initial binary solvent. If dx1,3 greater than
0 then the solute is preferentially solvated by solvent (1); on the
contrary, if dx1,3 is less than 0 the solute is preferentially solvated
by water (2). Nevertheless, when |dx1,3| less than 0.01, the preferen-
tial solvation process is negligible, but if xL1;3 � 1, then complete sol-
vation of the solute is performed by the solvent (1). Values of dx1,3
may be obtained from the inverse Kirkwood-Buff integrals for the
individual solvent components analyzed according to some thermo-
dynamic quantities as shown in the following equations [15–19]:

dx1;3 ¼ x1x2ðG1;3 � G2;3Þ
x1G1;3 þ x2G2;3 þ Vcor

ð19Þ

with

G1;3 ¼ RTjT � V3 þ x2V2D
Q

ð20Þ

G2;3 ¼ RTjT � V3 þ x1V1D
Q

ð21Þ

Vcor ¼ 2522:5 r3 þ 0:1363 xL1;3V1 þ xL2;3V2

� �1=3
� 0:085

� �3
ð22Þ

In Eqs. (19)–(22), jT is the isothermal compressibility of the sol-
vent (1) + water (2) mixtures (expressed in GPa�1); V1 and V2 are
the partial molar volumes of the solvents in the mixtures
(expressed in cm3�mol�1); similarly, V3 is the partial molar volume
of L-Tyrosine in these mixtures (expressed in cm3�mol�1). The func-
tion D express by Eq. (S1) is the derivative of the standard molar
Gibbs energies of transfer of L-Tyrosine from neat water (2) to sol-
vent (1) + water (2) mixtures with respect to the solvent composi-
tion (expressed in kJ�mol�1, as is RT). The function Q defined by
Eq. (S2) involves the second derivative of the excess molar Gibbs
energy of mixing of the two solvents (GExc

1þ2) with respect to the
water proportion in the mixtures (also expressed in kJ�mol�1). Vcor
is the correlation volume and r3 is the molecular radius of

L-Tyrosine calculated by using Eq. (S3) with NAv as the Avogadro’s
number.

Standard molar Gibbs energy of transfer of L-Tyrosine from neat
water (2) to methanol (1) + water (2), ethanol (1) + water (2),
n-propanol (1) + water (2) + and DMSO (1) + water (2) mixtures is
computed by using Eq. (23) from the solubility data.

DtrG
0
3;2!1þ2 ¼ RT ln

x3;2
x3;1þ2

� �
ð23Þ

The calculated values of DtrG
0
3;2!1þ2 are correlated with Eq. (24)

for methanol (1) + water (2), ethanol (1) + water (2), n-propanol
(1) + water (2) mixtures, and with Eq. (25) for DMSO (1) + water
(2) mixtures. Fig. S9 of Supporting Material shows the Gibbs
energy of transfer at different temperatures, whereas these values
are presented in Tables S10 and S11 of Supporting Material. The
obtained equation coefficients are tabulated in Table S12 of Sup-
porting Material.

DtrG
0
3;2!1þ2 ¼ aþ bx1 þ cx21 þ dx31 þ ex41 þ fx51 ð24Þ

DtrG
0
3;2!1þ2 ¼ A0 þ A1e

�x1
t1 þ A2e

�x1
t2 ð25Þ

Thus, D values are calculated from the first derivative of Eq. (24)
and Eq. (25) solved according to the solvent mixture composition
varying by 0.05 in mole fraction of methanol (1), ethanol (1),
n-propanol (1) or DMSO (1). The obtained D values are reported
in Table S13 of Supplementary Material.

Because of the dependence of jT on composition, this term is
not known for all the systems investigated. In addition, due to
the minor contribution of RTjT to the inverse Kirkwood-Buff inte-
gral, the dependence of jT upon composition can be calculated
approximated as an additive property by using the mixture compo-
sitions and the reported values for neat solvents by Eq. (S4) [15–
19]. xi is the mole fraction of component i in solution and jo

T;i is
the isothermal compressibility of the neat component i.

Due to no partial molar volumes of L-Tyrosine (3) in these mix-
tures reported in the literature, in this work this property is consid-
ered as similar to that for the pure compound as a good
approximation [15–19]. In this way, the molar volume of L-
Tyrosine (3) is calculated by using the density of L-Tyrosine, which
is 1.46 g�ml�1 [30]. From this value, solute radius value (r3) is cal-
culated using Eq. (25) as 0.366 nm. The RTjT values and the partial
molar volumes of both solvents in the co-solvent mixtures as well
as the Q values at the studied temperatures have been presented in
Refs. [16–19]. Based on the solubility data, the values of G1,3 and
G2,3 are calculated and tabulated in Tables S14–S17 of Supporting
Material.

Definitive correlation volume requires iteration because it
depends on the local mole fractions around the solute. This itera-
tion is done by replacing dx1,3 and Vcor in the Eqs. (18), (19) and
(22) to recalculate xL1;3 until a non-variant value of Vcor is acquired.
The obtained values of correlation volume Vcor and dx1,3 are tabu-
lated in Tables S18–S21 Of Supplementary Material for methanol
(1) + water (2), ethanol (1) + water (2), n-propanol (1) + water (2)
and DMSO (1) + water (2) solvent mixtures, respectively. In addi-
tion, the dependence of dx1,3 values on solvent composition in mole
fraction is shown graphically in Fig. 6. It shows that the values of
dx1,3 vary non-linearly with the solvent (1) proportion in all the
aqueous mixtures. According to Fig. 6, for the methanol (1) + water
(2), ethanol (1) + water (2), n-propanol (1) + water (2) mixtures,
addition of water (1) makes negative the dx1,3 values of

L-Tyrosine (3) from neat methanol (ethanol, n-propanol or DMSO)
(1) up to x1 = 0.30 mol fraction of methanol, x1 = 0.25 mol fraction
of ethanol, and x1 = 0.20 mol fraction of n-propanol. Maximum
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Fig. 6. dx1,3 values of l-Tyrosine (3) from water (2) to methanol (1) + water (2), ethanol (1) + water (2), n-propanol (1) + water (2) + and DMSO (1) + water (2) mixtures at
several temperatures. (a), methanol (1) + water (2); (b), ethanol (1) + water (2); (c), n-propanol (1) + water (2); (d), DMSO (1) + water (2).
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negative values are obtained with the composition x1 = 0.75 with
dx1,3 = �3.432 � 10�2 to �3.544 � 10�2 for the methanol (1) +
water, x1 = 0.75 with dx1,3 = �10.42 � 10�2 to �10.13 � 10�2 for
the ethanol (1) + water (2), and x1 = 0.70 with dx1,3 = �6.190 �
10�2 to �5.498 � 10�2 for the n-propanol (1) + water (2) mixtures.
In the other regions for the methanol (1) + water (2), ethanol (1) +
water (2) and n-propanol (1) + water (2) mixtures, the dx1,3 values
of L-Tyrosine (3) are all positive. However they are all less than 1.0
� 10�2. While for the DMSO (1) + water (2) mixtures in entire
range composition, the |dx1,3| values are also less than 1.0 � 10�2.
Therefore they are just qualitative because of uncertainties propa-
gation effects instead of preferential solvation [31]. So the conclu-
sion can be made that L-Tyrosine is preferentially solvated
by water for the methanol (1) + water (2), ethanol (1) + water (2),
n-propanol (1) + water (2) mixtures with a very wide composi-
tions. Probably the structuring of water molecules around the

L-Tyrosine molecule contributes to lowering of the net dx1,3 to neg-
ative values in the three solvent mixtures. It can also be seen from
Fig. S10 of Supporting Material that, for the methanol (1) + water
(2), ethanol (1) + water (2) and n-propanol (1) + water (2) solvent
mixtures, the preferential solvation magnitudes of L-Tyrosine by
water is highest in ethanol mixtures, followed by n-propanol mix-
tures, and finally, by methanol mixtures in different solvent pro-
portions. Furthermore, the temperature has a little effect on the
preferential solvation magnitudes of L-Tyrosine in the four solvent
mixtures. However for the DMSO (1) + water (2) mixtures,

L-Tyrosine is preferentially solvated neither by water nor by
organic solvent.

On the basis of a structural and functional group analysis,

L-Tyrosine can act as a Lewis base, which interact with acidic
hydrogen atoms of water. So it is conjecturable that L-Tyrosine
could be acting mainly as a Lewis base in front to water because
the Kamlet–Taft hydrogen bond donor parameters are, a = 1.14
for methanol, 0.98 for ethanol, 0.88 for n-propanol, 0 for DMSO
and 1.23 for water, respectively.
4. Conclusion

The equilibrium solubility of L-Tyrosine in four solvent mixtures
of methanol (1) + water (2), ethanol (1) + water (2), n-propanol (1)
+ water (2) and DMSO (1) + water (2) at temperature range from
283.15 to 323.15 K were reported. At a same composition of
methanol, ethanol, n-propanol or DMSO and temperature, the mole
fraction solubility of L-Tyrosine was highest in DMSO (1) + water
(2) mixtures, and lowest in n-propanol (1) + water (2) mixtures.
Linear solvation energy relationship approach indicates that the
dipolarity/polarizability contributes mainly to the solubility in
methanol (1) + water (2), ethanol (1) + water (2) mixtures. The cav-
ity term inducing solvent–solvent interactions has a significant
effect on the solubility in n-propanol (1) + water (2) and with a
strong intensity in DMSO (1) + water (2). By using the Jouyban-
Acree model, van’t Hoff-Jouyban-Acree model and Apelblat-
Jouyban-Acree model model, L-Tyrosine solubility was well corre-
lated obtaining RAD lower than 1.47% and RMSD lower than 0.12
� 10�5. Quantitative values for the local mole fraction of methanol
(ethanol, n-propanol or DMSO) and water around the L-Tyrosine
were computed by using the IKBI method applied to the deter-
mined solubility data. L-Tyrosine was preferentially solvated by
water for the methanol (1) + water (2), ethanol (1) + water (2), n-
propanol (1) + water (2) mixtures with a very wide compositions.
The preferential solvation magnitude of L-Tyrosine by water was
highest in ethanol mixtures, followed by n-propanol mixtures,
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and finally, by methanol mixtures in different solvent proportions.
However for the DMSO (1) + water (2) mixtures, L-Tyrosine is pref-
erentially solvated neither by water nor by organic solvent. It is
conjecturable that L-Tyrosine could be acting mainly as a Lewis
base in front to water.
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