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Introduction
The crystalline solid known as ribociclib (RCB) (Fig. 1A) 
is light yellow to yellowish-brown in color [1, 2]. It is a 
drug that was recently approved to treat metastatic or 
advanced breast cancer [2]. It is commercialized in the 
form of a tablet dosage form, containing 200 mg of RCB 
(as RCB succinate) to treat different stages of breast can-
cer [2–4]. This drug can also be used as the first endo-
crine-based treatment in combination with fulvestrant 
for postmenopausal women with advanced or metastatic 
breast cancer. The anhydrous succinate salt of RCB is 
called RCB succinate, and it has a pKa of 5.3 to 8.5 [5, 
6]. RCB is a class IV medicine in the biopharmaceuti-
cal categorization system (BCS) with low to moderate 
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Abstract
The solubility and thermodynamic characteristics of ribociclib (RCB), a new anticancer medication, have been 
assessed in a range of {polyethylene glycol 400 (PEG 400) + water} combinations at 293.2–313.2 K and atmospheric 
pressure. RCB solubility was determined utilizing the saturation shake flask approach, and “van’t Hoff, Apelblat, 
Buchowski-Ksiazczak λh, Yalkowsky-Roseman, Jouyban-Acree, and Jouyban-Acree-van’t Hoff models” were utilized 
to validate the measured experimental data. The uncertainties for the computational predictions were less than 
3.0% throughout the validation, indicating an outstanding relationship with the experimental RCB solubility data. 
PEG 400 mass fraction and temperature both improved the solubility of RCB in mole fraction in the compositions 
of {PEG 400 + water}. It was discovered that the RCB solubility in mole fraction was greatest in pure PEG 400 
(1.04 × 10− 1) at 313.2 K and lowest in neat water (1.07 × 10− 6 at 293.2 K). All of the {PEG 400 + water} mixes under 
study showed “endothermic and entropy-driven” RCB dissolution, as indicated by the positive values of the 
estimated thermodynamic parameters. Compared to RCB-water, RCB-PEG 400 exhibited the strongest molecular 
interactions. PEG 400 offers a great potential for RCB solubilization in water, according to the evaluation’s findings.
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permeability and low solubility in neutral media. Addi-
tionally, there is significant inter-subject variability, and 
achieving appropriate bioavailability can be challenging 
[1, 6]. Moreover, changes in pH between 2.0 and 7.5 have 
an inverse relationship with the drug’s solubility in an 
aqueous media [1, 2].

RCB is less sensitive to the pH of gastric fluids and 
exhibits greater solubility with a pH reduction [1]. The 
pH of an RCB succinate salt solution at 1.0% w/v in dis-
tilled water has been reported to be 5.19. RCB succi-
nate is believed to have low water solubility in neutral 
medium and a solubility of around 2.4 mg mL-1 in acidic 
conditions, but it is stated to have 0.63 mg mL-1 for the 
free base [1, 6]. It is difficult to develop and commercial-
ize RCB oral formulations due to its poor permeability 
and solubility. The primary issues with RCB are its low 
rate of dissolution and restricted bioavailability after oral 
administration.

For the pharmaceutical industries, drug solubility sta-
tistics are crucial [7, 8]. The quality of pharmaceuticals 
and the success rate of clinical trials can be improved 
by researchers, particularly those working in the field 
of medication development and research, by using drug 
solubility data to make more informed decisions [9]. 
Moreover, forecasting in vivo pharmacokinetics using 
solubility data enhances dose prediction [10, 11]. The 
cosolvency strategy [11] is one method that has been 
studied in the field of drug discovery to increase the solu-
bility of medications [12–15]. To improve the solubility 
of RCB, the cosolvent polyethylene glycol 400 (PEG 400) 
[Fig.  1B] has been used in this study. Enhancing RCB 
solubility with PEG 400 can help with a variety of RCB 
problems, such as those related to solubility, absorption, 
dissolution rate, and bioavailability. A crucial physico-
chemical element of many industrial processes, such as 
the creation, manufacturing, and application of dos-
age forms, is solubility data [16–18]. There is currently 

insufficient information available regarding the solubility 
of RCB in mixtures of water and cosolvent. However, its 
solubility in numerous pure solvents such as water, meth-
anol, ethanol, isopropanol, n-butanol, acetone, propylene 
glycol, PEG 400, Carbitol, ethyl acetate, and dimethyl 
sulfoxide at 293.2–313.2  K and ambient pressure has 
been documented [19].

PEG 400 is one of the most widely utilized cosolvents 
that is frequently used to promote drug solubility because 
of its perfect miscibility with water [20–22]. Numerous 
poorly soluble medications, such as emtricitabine, cele-
coxib, mesalazine, pyridazinone derivatives, pterostil-
bene, febuxostat, tadalafil, and cyclosporine, have shown 
promise in becoming more soluble when PEG 400 is 
added [20–27]. No literature exists that describes the 
solubilization and thermodynamic behavior of RCB in 
different combinations of {PEG 400 + water} at certain 
ambient/atmospheric pressure and temperature. Finding 
RCB’s solubility and thermodynamic characteristics in 
various {PEG 400 + water} compositions, including pure 
PEG 400 and water, at temperatures between 293.2  K 
and 313.2  K under ambient/atmospheric pressure, was 
the work’s main goal. The study’s temperature range was 
selected at random intervals of 5.0 K. In order to ensure 
that the highest temperature investigated, 313.2  K, did 
not surpass the boiling temperatures of the solvents or 
the melting point of the RCB, which is 469.1  K, a tem-
perature range of 293.2  K to 313.2  K was maintained 
[19]. PEG 400 has a boiling point of 563.2 K, while water 
has a boiling point of 373.2 K. The greatest temperature 
evaluated, 313.2 K, was lower than the melting point of 
RCB and the boiling points of PEG 400 and water. Con-
sequently, the temperature range of the current work 
stayed within the range mentioned earlier. Data from the 
study’s data gathering phase could be helpful for formula-
tion development, pre-formulation research, and purifi-
cation of the targeted drug, RCB.

Fig. 1 Molecular structures of (A) ribociclib (RCB) (derived from reference [19]) and (B) polyethylene glycol 400 (PEG 400) (derived from  h t t p s :   /  / e  n . w  i k i  p 
e d i   a . o   r  g / w i  k i /  P E G _ 4 0 0)
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Materials and methods
Materials
RCB standard was obtained from “Beijing Mesochem 
Technology (Beijing, China)”. PEG 400 was obtained from 
“E-Merck (Darmstadt, Germany)”. The water was taken 
from “Milli-Q unit (Lyon, France)”. The aggregated data 
for every material is shown in Table 1.

Sold state characterization of RCB
For pure RCB (before solubility experiment) and equili-
brated RCB (the RCB recovered from bottom phase of 
equilibrated sample in water), powder X-ray diffraction 
(PXRD) analyses were carried out to characterize the 
solid states. Slow evaporation was used to recover the 
equilibrated RCB from water [19, 24]. For PXRD experi-
ments, the samples were analyzed using a Miniflex 600 
Diffractometer (Rigaco, Tokyo, Japan) equipped with 
Cu–Kα radiation 1.5406 Å. It was operated at 40  kV 
and 20  mA. With a step size of 0.02°, both pure and 
equilibrated RCB samples were analyzed in the range of 
2θ = 0–80° at a scan rate 3.0000° min− 1 [24]. The PXRD 
analyses were used to study the possible transformations 
of RCB into other physical states, such as polymorphs, 
solvates, and hydrates, among others.

Determination of RCB solubility in {PEG 400 + water} 
mixtures and neat solvents
The mass of every {PEG 400 + water} combination was 
measured using an “Electronic Analytical Balance (Met-
tler Toledo, Greifensee, Switzerland)” with a sensitiv-
ity and accuracy of 0.10  mg. A variety of combinations 
of {PEG 400 + water} (m = 0.0–1.0) were investigated. 
There were three replications generated for each cosol-
vent composition [25]. RCB solubilities in numerous 
{PEG 400 + water} mixtures (m = 0.1–0.9), neat PEG 400 
(m = 1.0), and neat water (m = 0.0) were assessed using a 
shaking flask approach at varied temperatures and con-
stant ambient pressure [28]. Essentially, the excess RCB 
solids were mixed with triplicates of each cosolvent mix 
and pure solvent in an unidentified ratio. It required five 
minutes in total to vortex each combination. To attain 
equilibrium, the resulting mixes were constantly shaken 
in an “isothermal water bath (Daihan Scientific Co. Ltd., 
Seoul, Korea)” for 72 h at 100 rpm [19]. When they had 
reached equilibrium, the samples were taken out from 
the shaker and centrifuged for 30  min at 298.2  K at 
5000 rpm. After the supernatants were separated and, if 
necessary, diluted, the concentration of RCB was mea-
sured spectrophotometrically at 276 nm [29]. Using com-
mon formulae found in the literature, the “experimental 
mole fraction solubility (xe)” values for RCB were com-
puted [30–32].

Hansen solubility parameters (HSPs) of RCB and different 
{PEG 400 + water} mixes
The HSP of a solute is closely connected to how well it 
dissolves in mixtures of pure or binary solvents. Reports 
[33] state that when a drug’s HSP is comparable to the 
solvent’s, the drug is said to be most soluble in it. This led 
to the computation of the HSP in this study for RCB, neat 
PEG 400, neat water, and varied {PEG 400 + water} com-
binations devoid of RCB. Equation (1) was applied to cal-
culate the total HSP (δ) for RCB and neat solvents (PEG 
400 and water) [33–35]:

 δ 2 = δ 2
d + δ 2

p + δ 2
h (1)

Where, δ = total HSP, δd = dispersion HSP, δp = polar HSP, 
and δh = hydrogen-bondedn HSP. The HSP data for RCB 
and neat solvents (PEG 400 and water) were derived from 
reference [19].

Table 1 Aggregated data for each material utilized
Material Mol. formula Mol. weight (g 

mol− 1)
CAS Purification 

method
Purity (mass 
fraction)

Analysis 
method

Source

RCB C23H30N8O 434.50 1211441-98-3 None > 0.99 HPLC Beijing 
Mesochem

PEG 400 H(OCH2CH2)nOH 400.00 25322-68-3 None > 0.99 HPLC E-Merck
Water H2O 18.07 7732-18-5 None - - Milli-Q

Table 2 Experimental (xe) and ideal solubility (xidl) values of 
RCB in different {PEG 400 + water} mixes (PEG 400 mass fraction 
m = 0.0–1.0) at 293.2–313.2 K and 101.1 kpa
ma xe

b

T = 293.2 K T = 298.2 K T = 303.2 K T = 308.2 K T = 313.2 K
0.0 1.14 × 10− 5 1.41 × 10− 5 1.68 × 10− 5 2.11 × 10− 5 2.41 × 10− 5

0.1 2.29 × 10− 5 2.84 × 10− 5 3.41 × 10− 5 4.29 × 10− 5 4.90 × 10− 5

0.2 4.51 × 10− 5 5.59 × 10− 5 6.79 × 10− 5 8.51 × 10− 5 9.89 × 10− 5

0.3 8.91 × 10− 5 1.13 × 10− 4 1.39 × 10− 4 1.74 × 10− 4 2.02 × 10− 4

0.4 1.78 × 10− 4 2.24 × 10− 4 2.73 × 10− 4 3.42 × 10− 4 4.05 × 10− 4

0.5 3.51 × 10− 4 4.40 × 10− 4 5.47 × 10− 4 6.82 × 10− 4 8.17 × 10− 4

0.6 6.90 × 10− 4 8.68 × 10− 4 1.11 × 10− 3 1.41 × 10− 3 1.72 × 10− 3

0.7 1.39 × 10− 3 1.74 × 10− 3 2.20 × 10− 3 2.74 × 10− 3 3.37 × 10− 3

0.8 2.72 × 10− 3 3.43 × 10− 3 4.37 × 10− 3 5.47 × 10− 3 6.73 × 10− 3

0.9 5.37 × 10− 3 6.79 × 10− 3 8.71 × 10− 3 1.12 × 10− 2 1.38 × 10− 2

1.0 1.05 × 10− 2 1.34 × 10− 2 1.73 × 10− 2 2.17 × 10− 2 2.73 × 10− 2

xidl 2.86 × 10− 1 2.99 × 10− 1 3.13 × 10− 1 3.27 × 10− 1 3.41 × 10− 1

aThe uncertainties u are u(T) = 0.15  K, u(m) = 0.0007, and u(p) = 2  kPa, and bthe 
relative uncertainty ur in solubility is ur(xe) = 0.05
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Using Eq. (2) [36], the HSP for varied {PEG 400 + water} 
combinations devoid of RCB (δmix) was determined:

 δ mix = ∝ δ 1 + (1− ∝ ) δ 2 (2)

In {PEG 400 + water} compositions, α represents the vol-
ume fraction of PEG 400, δ1 denotes the HSP of PEG 400, 
and δ2 denotes the HSP of water.

Molecular interactions based on ideal solubility (xidl) and 
activity coefficient (γi) data
Using Eq. (3), the xidl of RCB at 293.2–313.2 K was calcu-
lated [37]:

 
ln xidl = −∆ Hfus (Tfus − T )

RTfusT
+

(
∆ Cp

R

)
[Tfus − T

T
+ ln

(
T

Tfus

)
]  (3)

Where ∆Cp is the difference between the molar heat 
capacity of RCB in its liquid and solid states, ∆Hfus is the 
enthalpy of RCB fusion, R is the universal gas constant, 
and T is the absolute temperature [38]. The Tfus, ∆Hfus, 
and ∆Cp values for RCB are 469.1 K, 10.37 kJ mol− 1, and 
22.21  J mol− 1  K− 1, respectively, which were taken from 
the reference [19]. For the validation of Tfus, ∆Hfus, and 
∆Cp values for RCB, the differential scaning calorom-
etry and thermogravimetric analysis spectra for RCB are 
included in our previous work [19]. Equation (4) was uti-
lized to derive the γi values for RCB in all compositions of 
{PEG 400 + water} and pure solvents [37, 39]:

Fig. 2 Van’t Hoff graphs to determine the thermodynamic characteristics of RCB in binary {PEG 400 + water} mixtures, created between ln xe and 1/T-1/Thm
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γ i = xidl

xe
 (4)

RCB γi data were utilized to characterize the molecular 
basis of the interactions between the solvent and solute.

Computational predictions
For forecasts and validations to be useful, solubility data 
from experiments must be computationally validated [34, 
35]. To evaluate the RCB experimental solubility data, six 
different computational techniques were employed: “van’t 

Hoff, Apelblat, Buchowski-Ksiazczak λh, Yalkowsky-
Roseman, Jouyban-Acree, and Jouyban-Acree-van’t Hoff 
models” [25, 40–45]. The descriptions of every computa-
tion are provided below:

Van’t Hoff model
The “van’t Hoff model solubility (xvan’t)” of RCB in various 
{PEG 400 + water} compositions, including pure solvents, 
was estimated by Eq. (5) [25]:

Fig. 4 RCB experimental mole fraction solubility (xe) data in (A) neat water and (B) neat PEG 400 are graphically compared to those published in the 
literature at 293.2–313.2 K. The symbol  represents the xe values of RCB in (A) neat water and (B) neat PEG 400, and the symbol  indicates the reported 
solubilities of RCB in (A) neat water and (B) neat PEG 400 derived from reference [19]

 

Fig. 3 PXRD spectra of (A) pure RCB and (B) equilibrated RCB recovered from water
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ln xvan′ t = a + b

T
 (5) Where a and b represent the model parameters from 

Eq. (5) that were obtained using the least squares method 
[30]. The xe and xvan’t data for the RCB were correlated 
using the “root mean square deviation (RMSD)”. The 
RMSD was calculated using a formula that was obtained 
from the literature [46].

Apelblat model
The “Apelblat model solubility (xApl)” of RCB in cosolvent 
mixtures and neat solvents was calculated using Eq.  (6) 
[40, 41]:

 
ln xApl = A + B

T
+ Cln (T ) (6)

Where A, B, and C represent the model parameters from 
Eq.  (6) that were computed by the “nonlinear multiple 
regression analysis” of the RCB xe values listed in Table 2 

Table 3 RCB activity coefficients (γi) data at 293.2–313.2 K in 
varied {PEG 400 + water} mixes (m = 0.0–1.0)
m γi

T = 293.2 K T = 298.2 K T = 303.2 K T = 308.2 K T = 313.2 K
0.0 25,138 21,267 18,615 15,478 14,156
0.1 12,506 10,549 9200.9 7636.6 6964.8
0.2 6355.6 5367.1 4614.8 3847.3 3453.8
0.3 3215.7 2646.1 2247.2 1877.7 1694.4
0.4 1612.4 1338.2 1147.9 956.88 843.34
0.5 817.52 681.07 572.64 479.93 418.29
0.6 415.47 345.30 283.41 232.79 199.10
0.7 206.75 172.76 142.67 119.28 101.50
0.8 105.55 87.376 71.667 59.853 50.720
0.9 53.374 44.100 35.955 28.992 24.717
1.0 27.126 22.304 18.041 15.078 12.507

Fig. 5 The effect of PEG 400 mass fraction (m) on RCB ln xe values at five different temperatures ranged from 293.2 K to 313.2 K
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[30]. The values of xe and xApl for the RCB were linked 
using the RMSD.

Buchowski-Ksiazczak λh model
The “Buchowski-Ksiazczak λh solubility (xλh)” of RCB in 
various {PEG 400 + water} compositions, including pure 
solvents, was estimated using Eq. (7) [42, 43]:

 
ln [1 + λ (1 − xλ h)

xλ h ] = λ h [ 1
T

− 1
Tfus

 (7)

The model parameters, represented by λ and h, originate 
from Eq. (7).

Yalkowsky-Roseman model
The solubility data of pharmaceuticals in cosolvent mixes 
at diverse solvent combinations cannot be obtained 
since Eqs. (5–7) describe solubility data at different tem-
peratures in a particular solvent combination [45, 46]. 
It is necessary to employ cosolvency techniques such 
as “Yalkowsky-Roseman, Jouyban-Acree, and Jouyban-
Acree-van’t Hoff models”. Equation  (8) was utilized to 
calculate the “logarithmic solubility of Yalkowsky-Rose-
man model (log xYal)” for RCB in various cosolvent com-
positions [44]:

 log xYal = w1 log x1 + w2 log x2 (8)

Where, x1 and x2 represent the solubility of RCB in PEG 
400 and water, respectively, and w1 and w2 represent the 
mass fractions of PEG 400 and water, respectively. Equa-
tion (8) connects drug solubility data in different solvent 
combinations at a given temperature.

Jouyban-Acree model
The “Jouyban-Acree model” solubility of RCB (xm,T ) at 
various cosolvent combinations and temperatures was 
estimated using Eq. (9) [44]:

 
ln xm,T = w1 ln x1,T + w2 ln x2,T + (w1.w2

T
)

2∑
i=0

Ji(w1 − w2)i (9)

Where, Ji is the model parameter from Eq.  (9), and 
x1,T  and x2,T  are RCB solubility in PEG 400 and water, 
respectively. Equation  (10) can be used to characterize 
the trained form of Eq. (9) for the current data set by add-
ing the Ji value:

 
ln xm,T = w1lnx1 + w2 ln x2 + 62335w1 w2

T
 (10)

Jouyban-Acree-van’t Hoff model
When determining the RCB solubility in different cosol-
vent mixes at a particular temperature, the RCB solubil-
ity values in pure PEG 400 and water must be utilized as 
input data. To overcome this limitation, the “Jouyban-
Acree-van’t Hoff model” (Eq.  11) can be formed using 
Eqs. (5) and (9) [45]:

 
ln xm,T = w1

(
A1 + B1

T

)
+w2

(
A2 + B2

T

)
+

[
w1w2

T

∑ 2
i=0Ji (w1 − w2)

]  (11)

Where the model parameters in Eq.  (11) are A1, B1, A2, 
B2, and Ji. The trained version of Eq. (11) for the present 
data set can be stated by Eq. (12):

 
ln xm,T = w1

(
10.349 − 4369.0

T

)
+w2

(
0.56420 − 3500.7

T

)
+ 60876w1w2

T

 (12)

Thermodynamic parameters
All of the apparent thermodynamic parameters of the 
RCB were calculated using the “mean harmonic tempera-
ture (Thm)” [37]. The given equation was used to derive 
the Thm [37, 45]. The Thm for RCB, as established by us, 
is 306  K. A variety of thermodynamic parameters were 
obtained by means of an apparent thermodynamic inves-
tigation. The “van’t Hoff and Gibbs equations” were used 
to compute these parameters. Equation (13) was used to 
calculate the “apparent standard enthalpy (ΔsolH0)” values 
for RCB at Thm = 306  K in cosolvent compositions and 
pure solvents [37, 47]:

 


 ∂ ln xe

∂
(

1
/

T − 1
/

Thm

)



P

= −∆ solH
0

R
 (13)

The created “van’t Hoff” graphs between ln xe of RCB and 
1
/

T − 1
/

Thm
 yielded the “ΔsolH0” for RCB. Figure  2 

shows the van’t Hoff graphs for RCB in pure solvent and 
cosolvent combinations.

Table 4 Results for the “van’t Hoff model” with model 
parameters (a and b), R2, and RMSD for RCB in various {PEG 
400 + water} mixes (m = 0.0–1.0)
m a b R2 Overall RMSD (%)
0.0 0.56420 –3500.7 0.9960
0.1 1.4354 –3551.4 0.9962
0.2 2.4772 –3659.2 0.9979
0.3 3.6274 –3793.4 0.9962
0.4 4.3474 –3804.5 0.9988
0.5 5.3891 –3911.6 0.9994 1.29
0.6 7.1531 –4232.6 0.9994
0.7 7.3994 –4100.0 0.9998
0.8 8.3941 –4193.8 0.9998
0.9 9.7891 –4404.4 0.9991
1.0 10.339 –4369.0 0.9998



Page 8 of 13Shakeel et al. BMC Chemistry           (2025) 19:79 

Furthermore, the “apparent standard Gibbs energy 
(ΔsolG0)” for RCB in varied cosolvent compositions and 
pure solvents at Thm = 306 K was estimated by Krug et al. 
approach using Eq. (14) [47].

 ∆ solG
0 = −RThm × intercept  (14)

In which the RCB intercept values in varied cosolvent 
compositions and neat solvents were determined by the 
“van’t Hoff plots” shown in Fig. 2.

Equation  (15) was used to get the “apparent standard 
entropies (ΔsolS0)” for RCB in varied cosolvent composi-
tions and pure solvents [37, 47, 48]:

 
∆ solS

0 = ∆ solH
0 − ∆ solG

0

Thm
 (15)

Results and discussion
Solid state characterization of RCB
In order to evaluate the polymorph/solvates/hydrates of 
the RCB, PXRD analyses were used to characterize the 
solid states of RCB in pure and equilibrated samples. 
Figure  3 depicts the PXRD spectra of pure and equili-
brated RCB (recovered from water). The PXRD spectra 
of pure RCB indicated multiple crystalline peaks of RCB 
at varied 2θ angles, indicating that pure RCB is crystal-
line (Fig.  3A). The PXRD spectra of equilibrated RCB 

Fig. 6 A graph illustrating the relationship between RCB xe values and the “Apelblat model” for a variety of {PEG 400 + water} compositions (m = 0.0–1.0) 
plotted against 1/T. Solid lines indicate the RCB xe values, while symbols represent the RCB solubility values from the “Apelblat model.”

 



Page 9 of 13Shakeel et al. BMC Chemistry           (2025) 19:79 

also showed identical peaks of RCB at different 2θ angles 
(Fig. 3B), indicating that equilibrated RCB is also crystal-
line. Overall, the PXRD spectra indicated that following 
equilibrium, RCB was not transformed into polymorphs/
solvates/hydrates.

Comparing literature and RCB measured solubility data
The measured RCB solubility values at 293.2–313.2  K 
and 101.1 kPa are summarized in Table 2 for both pure 
solvents and binary {PEG 400 + water} compositions.

There is no information available on the solubility of 
RCB in binary {PEG 400 + water} combinations at vary-
ing temperatures. However, solubility statistics have been 
reported for RCB in mole fraction in water and pure PEG 
400 at 293.2–313.2  K [19]. The solubility values of RCB 
in pure PEG 400 and water at 293.2–313.2  K are com-
pared to the reported values shown in Fig. 4. The solubil-
ity values of RCB in pure water and PEG 400, as acquired 
by experimentation, show a strong consistency with the 
reported data presented in Fig.  4 [19]. These findings 
showed that the solubility statistics from RCB that were 
measured experimentally corresponded well with previ-
ously published information [19]. It was commonly esti-
mated that the RCB solubilities were greatest in pure 
PEG 400 and least in water. The reason RCB dissolves 
more completely in pure PEG 400 could be due to PEG 
400’s weaker polarity than water [24–26]. The reason for 
RCB’s higher solubility in PEG 400 could potentially be 
attributed to intermolecular interactions between the 
C = O and -NH groups of RCB (Fig.  1A) and the many 
-OH groups of PEG 400 (Fig.  1B). In binary mixes of 
PEG 400 and water, the solubility of RCB was increased 
with temperature and PEG 400 mass fraction. The solu-
bility of RCB in logarithmic mole fractions at five differ-
ent temperatures was also examined in connection to 
the PEG 400 mass fraction. The results are summarized 
in Fig. 5. In all cosolvent solutions and at all investigated 

temperatures, RCB solubility rose linearly with the PEG 
400 mass fraction.

The results of effect of temperature and PEG 400 mass 
fraction on RCB solubility were in accordance with those 
reported for several hydrophobic compounds such as, 
emtricitabine, celecoxib, mesalazine, pyridazinone deriv-
atives, pterostilbene, febuxostat, tadalafil, and cyclospo-
rine [20–27]. These results imply that RCB is soluble in 
PEG 400 and slightly soluble in water. Consequently, PEG 
400 was determined to be the optimal solvent for RCB 
and water to be the antisolvent. Compared to pure water, 
the solubility of RCB in mole fractions increased signifi-
cantly to neat PEG 400. As a result, PEG 400 can be used 
as a cosolvent to dissolve RCB in an aqueous media such 
as water. All things considered, PEG 400 can be used as 
a cosolvent in pre-formulation studies and dosage form 
development for RCB, particularly when it comes to liq-
uid dosage forms.

Prediction of HSPs
HSPs provide a quantitative assessment of the degree 
of interaction between the solute and the solvent, mak-
ing them an effective tool for determining miscibility or 
solubility [33]. Solutes and solvents are likely to dissolve 
in one another, according to similar HSPs [34]. The sol-
vent and the solute share the same polarity, as further 
demonstrated by the identical HSPs. Thus, the HSPs of 
RCB, neat PEG 400, and water were calculated in this 
study. The HSPs estimation has multiple applications 
across multiple research disciplines [33, 34]. The pri-
mary goal of the current experiment was to collect data 
on the solvent and solute’s solubility. The δ value for RCB 
was derived to be 25.10 MPa1/2 by using reference [19], 
which suggests low polarity. HSP values of 18.90 MPa1/2 
and 47.80 MPa1/2, respectively, were derived for neat 
PEG 400 (δ1) and water (δ2). The HSP range for binary 
{PEG 400 + water} compositions without RCB (δmix) was 
determined to be 21.79–44.91 MPa1/2. It was found that 
the δmix values in the {PEG 400 + water} compositions 
declined as the mass fraction of PEG 400 rose. Conse-
quently, m = 0.1 and m = 0.9 yielded the highest and low-
est δmix values, respectively. However, it was discovered 
that the RCB solubility values were enhanced by lowering 
the δmix values. The HSPs of RCB (δ = 25.10 MPa1/2) and 
pure PEG 400 (δ1 = 18.90 MPa1/2) were in close proximity 
to one another. The investigations also revealed that RCB 
dissolves more easily in pure PEG 400. Consequently, 
these outcomes agreed well with the RCB solubility 
data obtained from experiments using mixtures of {PEG 
400 + water}.

Molecular interactions based on xidl and γi
The RCB xidl values are listed in Table  2. At 293.2–
313.2  K, the obtained values for RCB’s xidl varied from 

Table 5 Results of the “apelblat model” with model parameters 
(A, B, and C), R2, and RMSD for RCB in varied {PEG 400 + water} 
mixes (m = 0.0–1.0)
m A B C R2 Overall RMSD (%)
0.0 96.527 –7835.1 –14.290 0.9961
0.1 101.30 –8061.9 –14.871 0.9963
0.2 63.105 –6398.4 –9.0282 0.9978
0.3 271.45 –15,887 –39.886 0.9978
0.4 90.516 –7697.1 –12.832 0.9989
0.5 68.847 –6778.8 –9.4496 0.9994 0.99
0.6 –39.451 –2130.5 6.9421 0.9993
0.7 –37.164 –2090.1 6.6382 0.9997
0.8 8.1430 –4184.7 0.03873 0.9997
0.9 –75.752 –544.43 12.741 0.9989
1.0 –21.506 –2933.2 4.7456 0.9997
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2.86 × 10− 1 to 3.41 × 10− 1. The xe values in neat water 
were significantly lower than the xidl levels of RCB. The 
xe values of RCB in pure PEG 400 were nearly equal to 
the xidl values of RCB at all tested temperatures. Pure 
PEG 400 dissolves RCB more easily, hence this cosolvent 
is suitable for RCB solubilization. The γi values for RCB at 
293.2–313.2 K are shown in Table 3 for a range of {PEG 
400 + water} mixes, and pure solvents. The RCB’s γi value 
in pure water reached its maximum value at every tem-
perature that was tested. At every temperature examined, 
the pure PEG 400 had the lowest RCB γi. The γi results for 
RCB in neat PEG 400 were significantly lower than those 
for pure water. The highest γi for RCB in pure water could 
potentially be explained by its lowest water solubility. 
These findings suggest that the RCB-PEG 400 combina-
tion exhibits more molecular solute-solvent interactions 
than the RCB-water combination.

Computational predictions
Six different computational models, such as, the “van’t 
Hoff, Apelblat, Buchowski-Ksiazczak λh, Yalkowsky-
Roseman, Jouyban-Acree, and Jouyban-Acree-van’t Hoff 
models” [25, 40–45], were used to validate the RCB solu-
bility data.

Van’t Hoff model
The model fitting results utilizing the “van’t Hoff model” 
are shown in Table 4. This model’s overall RMSD was cal-
culated to be 1.29%. The findings demonstrated that all 
cosolvent compositions and pure solvents had RCB coef-
ficients of determination (R2) that ranged from 0.9960 to 
0.9998. In a variety of cosolvent compositions, includ-
ing neat solvents, there were strong correlations seen 
between the predictions of the “van’t Hoff model” and the 
experimental solubility data obtained for the RCB. The 
correlation results of this model were in accordance with 
those reported for emtricitabine, pyridazinone deriva-
tives, pterostilbene, and febuxostat [20, 23–25].

Apelblat model
The experimental and Apelblat solubility data for RCB 
in a range of cosolvent compositions, including neat sol-
vents, are graphically compared in Fig.  6. The findings 
shown in Fig.  6 showed a robust connection between 
the experimentally acquired solubility data of RCB and 
the “Apelblat model.” These correlation results were in 
accordance with those reported for emtricitabine, pyr-
idazinone derivatives, pterostilbene, and febuxostat [20, 
23–25]. Table 5 presents the correlation values obtained 
with the “Apelblat model”. This model’s calculated over-
all RMSD was 0.99%. The results demonstrated that all 
cosolvent compositions and pure solvents had RCB R2 
values between 0.9961 and 0.9997. The RCB’s experi-
mental solubility data showed a good agreement with the 
“Apelblat model” predictions across a range of cosolvent 
compositions and neat solvents.

Buchowski-Ksiazaczak λh model
Table  6 displays the correlation results using the 
“Buchowski-Ksiazaczak λh” model. This model’s calcu-
lated overall RMSD was 2.78%. The results showed that 
the range of RCB R2 was 0.9960 to 0.9998 for all cosolvent 
compositions and pure solvents. In a range of cosolvent 
compositions and pure solvents, the experimental solu-
bility data from the RCB demonstrated a strong connec-
tion with the predictions of the “Buchowski-Ksiazaczak 
λh” model.

Yalkowsky-Roseman model
Table  7 displays the correlation results using the 
“Yalkowsky-Roseman model”. The overall RMSD of this 
model was estimated to be 1.52%. In every cosolvent 
composition, a significant correlation was seen between 
the experimental solubility data obtained from the RCB 
and the predictions of the “Yalkowsky-Roseman model”. 
The correlation results of “Yalkowsky-Roseman model” 
were in accordance with those reported for emtricitabine, 
pyridazinone derivatives, pterostilbene, and febuxostat 
[20, 23–25].

Jouyban-Acree and Jouyban-Acree-van’t Hoff models
Furthermore, “Jouyban-Acree and Jouyban-Acree-van’t 
Hoff models” were connected to the solubility data of 
RCB in a variety of cosolvent solutions at a range of com-
positions and temperatures [45]. The association between 
the “Jouyban-Acree and Jouyban-Acree-van’t Hoff mod-
els” is seen in Table 8. The overall RMSDs for the “Jouy-
ban-Acree and Jouyban-Acree-van’t Hoff models,” which 
are 0.87% and 0.93%, respectively, show an outstand-
ing association, according to the model’s expectations. 
The correlation results of “Jouyban-Acree and Jouyban-
Acree-van’t Hoff models” were in accordance with those 
reported for emtricitabine, pyridazinone derivatives, 

Table 6 Results of “Buchowski-Ksiazaczak λh model” with 
model parameters (λ and h), R2, and RMSD for RCB in varied {PEG 
400 + water} mixes (m = 0.0–1.0)
m λ h R2 Overall RMSD (%)
0.0 5.89810 593.564 0.9960
0.1 5.13500 691.645 0.9962
0.2 4.32340 846.370 0.9979
0.3 3.45910 1096.64 0.9962
0.4 2.76290 1377.03 0.9988
0.5 1.94950 2006.51 0.9994 2.78
0.6 0.869500 4867.85 0.9994
0.7 0.340700 12033.7 0.9998
0.8 0.454100 9235.41 0.9998
0.9 0.600000 7340.67 0.9991
1.0 0.035300 123,767 0.9998
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pterostilbene, and febuxostat [20, 23–25]. Low RMSD 
values across all models suggested a strong overall cor-
relation. Comparing the error levels of each model to one 
another, however, was not practicable. The error levels of 
all the models under consideration fell between a defined 
range of the experimental uncertainties. This result 
showed that every model tested could reliably reproduce 
the experiment’s solubility data with the least amount of 
error.

Thermodynamic evaluation of RCB dissolution
The ΔsolH° values for RCB in various cosolvent compo-
sitions and pure solvents were computed using the van’t 
Hoff method. Table  9 shows that for the linear van’t 
Hoff curves of RCB in different cosolvent compositions, 

PEG 400, and water (Fig.  2), R2 > 0.99 was expected. 
The outcomes for every thermodynamic parameter are 
also shown in Table 9. The values of RCB ΔsolH° in neat 
solvents and cosolvent mixtures ranged from 29.09 to 
36.61 kJ mol-1. The values of RCB ΔsolG° in neat solvents 
and cosolvent mixtures ranged from 10.25 to 27.68  kJ 
mol-1. The RCB exhibited “endothermic dissolution” in 
a variety of cosolvent compositions, including neat sol-
vents, according to the ΔsolH° and ΔsolG° data [24, 25].

The values of RCB ΔsolS° in neat solvents and different 
cosolvent compositions ranged from 4.67 to 86.01 J mol-1 
K-1. The RCB’s ΔsolS° measurements showed that it dis-
solved “entropy-driven” in a variety of cosolvent com-
positions, including neat solvents [24]. It has since been 
found that RCB dissolved in a variety of cosolvent com-
positions, including neat solvents, in a “endothermic and 
entropy-driven” manner [24, 25].

Conclusions
RCB’s solubility statistics in any of the {PEG 400 + water} 
combinations are unknown as of yet. RCB’s solubility was 
examined in this work at fixed pressures and different 
temperatures in a variety of PEG 400 aqueous solutions, 
including pure solvents. Across all cosolvent combina-
tions, including pure solvents, the temperature and PEG 
400 mass fractions increased the RCB solubility val-
ues. The solubilities of RCB were found to be maximum 
in pure PEG 400 and minimum in pure water for each 
temperature under examination. Good agreement was 
observed between six different computational models 
and experimentally measured RCB solubility data for all 
compositions of {PEG 400 + water}, and neat solvents. In 
both neat solvents and varied mixes of {PEG 400 + water}, 
all thermodynamic data, including ΔsolH°, ΔsolG°, and 
ΔsolS°, were demonstrated to be positive, indicating 
“endothermic and entropy-driven” RCB dissolution. The 
information gained from this study may help in dosage 
form design, purification, recrystallization, and pre-for-
mulation evaluation for the RCB.

Table 7 Results of “Yalkowsky-Roseman model” for RCB in varied {PEG 400 + water} mixtures (m = 0.1–0.9) at 293.2 K to 313.2 K
m Log xYal Overall RMSD (%)

T = 293.2 K T = 298.2 K T = 303.2 K T = 308.2 K T = 313.2 K
0.1 -4.64 -4.55 -4.47 -4.37 -4.31
0.2 -4.34 -4.25 -4.17 -4.07 -4.04
0.3 -4.05 -3.95 -3.86 -3.77 -3.70
0.4 -3.75 -3.65 -3.56 -3.47 -3.39
0.5 -3.45 -3.36 -3.26 -3.16 -3.09 1.52
0.6 -3.16 -3.06 -2.96 -2.86 -2.78
0.7 -2.86 -2.76 -2.66 -2.56 -2.47
0.8 -2.56 -2.46 -2.36 -2.26 -2.17
0.9 -2.27 -2.16 -2.06 -1.96 -1.86

Table 8 Results of “Jouyban-Acree” and “Jouyban-Acree-van’t 
Hoff” models for RCB in different {PEG 400 + water} compositions
System Jouyban-Acree Jouyban-Acree-van’t Hoff

A1 10.349
B1 − 4369.0
A2 0.56420
B2 − 3500.7
Ji 60,876
0.93

{PEG 400 + water} Ji 62,335
RMSD (%) 0.87

Table 9 Apparent thermodynamic parameters (ΔsolH
0, ΔsolG

0, 
and ΔsolS

0) along with R2 for RCB in varied {PEG 400 + water} 
compositions (m = 0.0–1.0)c

m ΔsolH
0/kJ mol− 1 ΔsolG

0/kJ mol− 1 ΔsolS
0/J mol− 1 K− 1 R2

0.0 29.09 27.68 4.67 0.9960
0.1 29.52 25.90 11.91 0.9962
0.2 30.41 24.18 20.57 0.9979
0.3 31.53 22.39 30.13 0.9962
0.4 31.62 20.67 36.12 0.9988
0.5 32.51 18.94 44.78 0.9994
0.6 35.18 17.16 59.44 0.9994
0.7 34.08 15.44 61.49 0.9998
0.8 34.86 13.71 69.76 0.9998
0.9 36.61 11.95 81.36 0.9990
1.0 36.31 10.25 86.01 0.9998
cThe relative uncertainties are u(ΔsolH

0) = 0.008, u(ΔsolG
0) = 0.030, and 

u(ΔsolS
0) = 0.060
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