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ABSTRACT 

A crucial factor in the development of sustainable crystallization processes is the use of biobased 

solvents, which, in turn, necessitates a comprehensive understanding of the solubility profiles of solid 

compounds in biobased solvents. The solubility of timolol maleate (TIM), used to treat glaucoma, was 

measured in commercial biobased solvents at temperatures ranging from 278.15 to 333.15 K using the 

polythermal method. Its solubility was determined in eight neat biobased solvents (acetone, 1-

butanol, Cyrene, dimethyl isosorbide (DMI), ethanol, 2-methyltetrahydrofuran (2-MeTHF), 2-propanol, 

and water) and three binary solvent mixtures (ethanol + 2-propanol, ethanol + 2- MeTHF, and ethanol 

+ DMI). It was demonstrated that the solubility of TIM increases with temperature in the pure solvents 
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and solvent mixtures. Furthermore, the solubility of TIM decreases in ethanol with increasing 2-

propanol, 2-MeTHF, or DMI content, which may act as antisolvents. The experimental solubility data of 

TIM in the pure solvents and binary solvent mixtures were correlated using the modified Apelblat, Yaws, 

and λh equations. The correlated solubility data agree well with the experimental results, indicated by 

the small relative deviation and average relative deviation (ARD %) values. The correlated and 

experimentally determined solubility data provide crucial information for the design of sustainable 

crystallization processes for TIM. 
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Introduction 

Solvents are key elements of chemical processes that provide a suitable medium for synthetic 

reactions,1 liquid–liquid extraction,2 chromatography,3 and crystallization for separation and 

purification of compounds.1,4−6 For chemical manufacturing, including active pharmaceutical 

ingredients (APIs), solvents constitute about 80% of the total chemicals used.7 Therefore, using 

biobased solvents, derived from biorenewable resources or extracted from biomass, is recognized as 

one of the key opportunities toward sustainability.5 Driven by global initiatives to stimulate sustainable 

manufacturing toward a bioeconomy,8−10 the principles of green chemistry11 and green engineering12 

are gaining more attention to minimize the dependence on fossil fuels and improve the environmental 

and health impacts of chemical manufacturing.12,13 As a result, there is a growing demand for the 

development of sustainable manufacturing of high-value-added chemicals from biobased and 

renewable feedstocks, including APIs.13−15 To achieve truly sustainable pharmaceutical manufacturing, 

the processes for molecule generation (synthesis) and separation/purification (crystallization) need to 

be integrated into an uninterrupted processing network.16,17 For the development of crystallization 

processes, solubility data play an essential role because about 90% of all APIs require at least one 

crystallization step.18 To advance the sustainability of pharmaceutical manufacturing, the availability 

of solubility data of APIs in biobased solvents is becoming increasingly important. To date, published 

solubility data of APIs in biobased solvents is scarce. Only a few reports on phase equilibria studies 

have been documented for extraction 19,20 and carbon capture processes.21 Thus, there is a need to 

report and document solubility data of biobased solvents in academia and industry to promote 

sustainable process development with reduced environmental impact. Additionally, the reporting of 

any form of solubility data is sustainable in itself as it reduces the resource input required for solubility 

determination by other research groups working on the same compound. 

First approved in 1978, timolol maleate (TIM) is an essential medicine to treat glaucoma.22,23 The S-

enantiomer of TIM (Figure 1) is pharmacologically active as a nonspecific β-adrenergic blocker, while 

the R-enantiomer is almost inactive.24 Though the free base form timolol hemihydrate (trade name 

Betimol) possesses similar biological activities compared to its salt form timolol maleate (TIM),25,26 

generally, the salt form of APIs have enhanced aqueous solubility and stability desired for the 

commercial formulations27,28 and is assumed to be true for TIM under the trade names Istalol and 

Timoptic. To the best of our knowledge, the only reported crystal structures of TIM to date are the 

commercially enantiopure (S)-TIM and the racemic (R,S)TIM (CSD codes: TIMOLM01 and FALPEP, 

respectively).29 
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Figure 1.  

 

Molecular structure of S-timolol maleate (TIM) 

Upon reviewing the available literature, the information available on reported solubility data for TIM is 

very limited.30,31 Therefore, the present study focuses on the determination of the solubility of TIM in 

eight commercially available biobased neat solvents (acetone, 1-butanol, Cyrene, dimethyl isosorbide 

(DMI), ethanol, 2-methyltetrahydrofuran (2-MeTHF), 2-propanol, and water), and three binary solvent 

mixtures (ethanol +2-propanol, ethanol + 2-MeTHF, and ethanol + DMI) at temperatures ranging from 

278.15 to 333.15 K using the polythermal method in a Crystal16 parallel crystallization system.32−37 All 

solvents are biobased and classified by the Food & Drug Administration as Class 3 solvents38 or 

recommended to be listed as Class 3 (Table 1).39−41 Class 3 solvents are less toxic and of lower risk to 

human health.38 Moreover, the solvents listed in Table 1 are, to our knowledge, the only biobased 

solvents commercially available from common vendors. 

The experimentally determined solubility data for TIM were correlated employing the modified 

Apelblat, Yaws, and λh equations to enable both interpolation and extrapolation of these data to 

understand the physicochemical properties.42−45 Thus, the solubility data presented in this study offer 

pathways to engineering sustainable crystallization processes for TIM for advanced and greener 

pharmaceutical manufacturing. 

Experimental Section 

MATERIALS.  

Table 1 summarizes the CAS number, supplier, purity (as provided by the vendor), and analytical 

method for the solute and solvents used in this study. All solvents used for the solubility measurements 

were from biorenewable sources as certified by the vendor. They are all categorized as Class 3 

solvents38 or are recommended to be listed as Class 3.39−41 In addition, diethylamine, hexane, methylene 

chloride, 2-propanol (all HPLC-grade), and a certified reference material of Timolol-related compound 

A [(R)-TIM] were used for the analysis of the enantiomeric purity of TIM.46 Micropurified water was 

obtained using a Barnstead MicroPure UV/UF purification system (Thermo Scientific, 18.20 MΩ/cm, pH 

= 7.03, mV = −42.0). All materials were used “as received” without further purification. 
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Table 1. Mass Fraction Purities of the Solutes and Solvents Used in This Study with the Corresponding Analytical 

Methods and Suppliers 

chemical name CAS number supplier purity 

(%)a 

purification 

method 

analysis 

method 

solvent 

classification38,41 

timolol maleate (TIM) 26921-17-5 RIA International 99.8 none HPLCd  

timolol-related compound 

A 

26839-77-0 Sigma-Aldrich 95.4 none HPLC  

acetoneb 67-64-1 Sigma-Aldrich ≥99.5 none GCe class 3 

1-butanolc 71-36-3 Sigma-Aldrich ≥99.7 none GCe class 3 

cyreneb 53716-82-8 Sigma-Aldrich 98.7 none GCe class 3g 

diethylamine 109-89-7 Sigma-Aldrich ≥99.5 none GCe/MSf  

dimethyl isosorbide (DMI)b 5306-85-4 Sigma-Aldrich ≥99.0 none GCe class 3g 

ethanol (200 proof)b 64-17-5 Sigma-Aldrich ≥99.5 none GCe class 3 

hexane 110-54-3 Sigma-Aldrich ≥95.0 none HPLCd class 2 

methylene chloride 75-09-2 Supelco ≥99.9 none GCe class 2 

2-methyltetrahydrofuran 

(2-MeTHF)b 

96-47-9 Sigma-Aldrich ≥99.0 none GCe class 3g 

2-propanolb 67-63-0 Sigma-Aldrich ≥99.5 none GCe class 3 

aProvided by suppliers. bVendor-certified biobased solvents. cCommercially available biobased solvent but back-ordered by 
all known vendors. Therefore, a petro-based solvent was used instead. dHigh-performance liquid chromatography. eGas 
chromatography. fMass spectroscopy. gThis solvent has been recommended to be listed as Class 3.41 

SOLUBILITY MEASUREMENTS.  

The polythermal method was used to determine the solubility of TIM (1) in all neat solvents (acetone, 

1-butanol, Cyrene, DMI, ethanol, 2-propanol, and water), except 2-MeTHF, and all three binary solvent 

mixtures [ethanol (2) + 2-propanol (3), ethanol (2) + 2-MeTHF (3), and ethanol (2) + DMI (3)]. The 

polythermal method is a proven and validated approach that determines the temperature at which a 

solute is dissolved with a known concentration at a constant heating rate using an automated multiple 

reactor system (Crystal16, Technobis Crystallization Systems).34−37,47 Suspensions were prepared by 

precisely weighing the solute TIM and one of the solvents or solvent mixtures for predetermined 

concentrations into 2 mL sealed glass vials (Agilent Technologies) using two analytical balances with a 

precision of ±0.1 mg (XS104 and MS104S, Mettler Toledo). The suspensions were stirred using magnetic 

stir bars (rare earth, 8 × 3 mm2, Fisherbrand) at 700 rpm while heating from 278.15 to 333.15 at 0.3 

K/min. For acetone, the temperature range was adjusted to 278.15−323.15 K because of its low boiling 

point at 329.15 K.48 Assuming that dissolution kinetics can be neglected,49 the temperature at which a 
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solution is free of crystals and thus saturated was determined as a clear point or saturated temperature 

upon heating by monitoring the transmission of light through the suspensions from the Crystallization 

Systems software (version 2.0.3.2860).33 An isothermal method was used to determine the solubility of 

TIM in 2-MeTHF via the gravimetric approach in at least quintuplicate (n ≥ 5).50,51 Briefly, excess solids of 

TIM were suspended in 3 mL of 2-MeTHF in 8 mL sealed glass vials (Chemglass Life Sciences) maintained 

at predefined temperatures between 293.15 and 333.15 K under stirring at 700 rpm for ≥72 h using an 

automated multiple reactor system (Crystalline, Technobis Crystallization Systems). Thereafter, the 

stirring was halted to allow the solids to settle before withdrawing 0.6 mL of the supernatant quickly 

filtered with 25 mm PTFE syringe filters (0.2 μm pore size, VWR International) into preweighed vials. The 

total weight of the vials kept at 60 °C under reduced pressure (ADP31, Yamato Scientific American Inc.) 

was frequently measured using an analytical balance (XS104, Mettler Toledo) until their weight 

remained unchanged. The uncertainty of the saturation temperature measurements is within ±0.1 K. 

The mole fraction solubility (xi) of TIM was calculated using eq 1. 

 ��
��/��

∑ ��/����	

 (1) 

In eq 1, mi and Mi, respectively, represent the mass (g) and molecular weight (g/mol) of component i, 

which is the solute TIM, neat solvents, or solvent mixtures in this study. The molecular weight of TIM is 

432.49 g/mol,31 and the ones used for the neat solvents are obtained as provided by suppliers. 

POWDER X-RAY DIFFRACTION (PXRD).  

PXRD was performed using a PANalytical X’Pert Pro MPD diffractometer equipped with a Cu Kα source 

(λ = 1.5419 Å) and a nickel filter, operated at a voltage of 45 kV and a current of 20 mA with an X’Celerator 

RTMS detector in scanning mode. Diffractograms were collected over the 2θ range 4−41° at a step size 

of 0.0167° with a rate of 59.69 s/step. The solid form of “as received” TIM was determined prior to the 

solubility measurements (Figure S12). The resulting suspensions after the completed solubility 

experiments were filtered by using a polyethylene-frit filter funnel with a pore size of 10 μm (OptiCHEM) 

to collect solids for the determination of their solid phase. 

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC).  

To determine the enantiomeric purity of TIM, an HPLC method was adopted from the US Pharmacopeia 

(USP) with a slight modification in the mobile phase.46 Briefly, the HPLC analysis was performed by 

injecting 5 μL into an Agilent 1260 Infinity system equipped with a chiral column (Chiralcel ODH, 4.6 × 

250 mm2, 5 μm), kept at room temperature, and a UV detector (297 nm). The mobile phase composed 

of diethylamine, 2-propanol, and hexane (0.5:40:960 v/v/v) was pumped at a constant flow rate of 1 

mL/min. While a higher diethylamine content (2:40:960 v/v/v) was reported in the USP monograph,46 

the adjustment was needed to minimize the fluctuations in the pressure and UV baselines at the higher 

content observed in the HPLC system used in this study. Preliminary tests have shown that in the 
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modified method, both TIM enantiomers can still be resolved with retention times matching the ones 

reported in the USP (Figure S11).46 TIM “as received” and the solid materials collected after the 

completed solubility experiments were dissolved in a diluent that was made of methylene chloride and 

2-propanol (25:75 v/ v) to achieve a target concentration of 1 mg/mL.46 

DIFFERENTIAL SCANNING CALORIMETRY (DSC).  

A DSC (Q2000, TA Instruments) equipped with an RC40 singlestage refrigeration unit was used to 

determine the onset melting temperature (Tm, onset) of “as received” TIM. The instrument was calibrated 

using indium as a standard (Tm = 429.62 K and ΔHfus = 28.8 J/g). Samples (∼0.9 ± 0.1 mg) of TIM were 

weighed using an analytical balance (XS104, Mettler Toledo) and placed on a Tzero aluminum pan (TA 

Instruments) that was then hermetically sealed. The samples were equilibrated at 313.15 K for 10 min 

before heating to 523.15 K at a rate of 10 K/min (temperature accuracy of 0.1 K) under a nitrogen purge 

(50 mL/min). DSC measurements were conducted five times (n = 5) and analyzed employing TA 

Universal Analysis 2000 software (version 4.5A) to obtain an accurate average Tm, onset. 

THERMOGRAVIMETRIC ANALYSIS (TGA).  

TGA (Q5000, TA Instruments) was used to record the change in the weight of TIM as a function of 

temperature. The instrument was calibrated by using calcium oxalate monohydrate as a standard. 

Samples (∼6 ± 0.5 mg) were equilibrated at 313.15 K for 10 min before heating to 523.15 K at a rate of 

10 K/min (temperature accuracy of 0.1 K) under a nitrogen purge of 50 mL/min. The TGA thermograms 

of five samples (n = 5) were analyzed using TA Universal Analysis 2000 software (version 4.5A). 

Thermodynamic Models 

The experimentally determined solubility data were correlated with three frequently employed 

thermodynamic models, namely, the modified Apelblat, Yaws, and λh equations, to describe 

solid−liquid equilibrium relationships or solubility behavior of solutes in both neat solvents and solvent 

mixtures.42−45 These correlations allow us to interpolate and extrapolate the solubility data of TIM over 

a broad range of temperatures and provide a better understanding and interpretation of the solution 

behavior of TIM in the biobased solvents and solvent mixtures.36,43−45 

MODIFIED APELBLAT EQUATION.  

The modified Apelblat equation (eq 2) is a widely used semiempirical model to correlate the solubility 

of a solute as a function of temperature.34,36,42,43,52,53 

 ln �� � �� � �

� � �� ln � (2) 
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In eq 2, x1 is the mole fraction solubility of TIM, T is the absolute temperature in Kelvin (K), and A1, B1, 

and C1 are the empirical model parameters. The values of A1 and B1 represent the variations in the 

solubility activity coefficient, whereas the value of C1 reflects the effect of temperature, T, on the 

enthalpy of fusion.42,54 The Apelblat equation parameters are given a subscript 1 to distinguish them 

from Yaws’ equation parameters (eq 3). 

YAWS EQUATION.  

The semiempirical Yaws equation (eq 3), first proposed by Yaws55 to correlate the solubility of 

hydrocarbons in water, has been widely applied to correlate the solubility of various solutes in 

monosolvents56−59 and binary solvent mixtures.60 

 ln �� � �� � ��
� � ��

�� (3) 

Similar to eq 2, in eq 3, x1 represents the mole fraction solubility of TIM, T is the absolute temperature 

in Kelvin (K), and A2, B2, and C2 are the empirical model parameters. The Yaws equation parameters are 

given a subscript 2 to distinguish them from the modified Apelblat equation parameters in eq 2. 

λh EQUATION.  

The λh equation (eq 4), first proposed by Buchowski et al.,61 is frequently used to correlate the mole 

fraction solubility, x1, of a solute with temperature in a solid− liquid equilibrium system.34,42,43,52,53 It can 

be expressed as59 

 ln �1 � � ���

�


� � �ℎ  �
� ! �

�"
# (4) 

where x1 represents the mole fraction solubility of TIM and T and Tm are the experimental and normal 

melting temperatures of TIM in Kelvin (K), respectively. The model parameters, λ and h, are associated 

with the nonideal properties of the solution and the excess mixture enthalpy of the solution, 

respectively. 

Data correlations utilizing the modified Apelblat, Yaws, and λh equations were performed by using the 

software OriginPro 2023b (OriginLab Corporation, version 10.0.5.157). The Levenberg−Marquardt 

Algorithm was applied to solve the fitting problem for nonlinear curves. The correlations between the 

experimental and calculated solubility data were evaluated by calculating the relative deviation (RD) 

and the percent average relative deviation (ARD %) based on eqs 5 and 6, respectively. 

 $%� � �
,�
'()��
,�*+,

�
,�
'()  (5) 

 �$%% � �..
/   ∑ 1�
,�

'()��
,�*+,

�
,�
'() 123�1  (6) 

In eqs 5 and 6, N is the total number of experiments, while xexp
1, i and xcal

1, i are the ith experimental and 

calculated mole fraction solubility, respectively. 
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RESULTS AND DISCUSSION 

VALIDATION OF THE HEATING RATE EMPLOYED IN THE POLYTHERMAL METHOD.  

To ensure that the experimentally determined solubility data was measured accurately, the solubility 

of TIM in ethanol was measured at different heating rates of 0.1, 0.2, and 0.3 K/min in the temperature 

range from 279.1 to 329.8 K (Figure 2).34,36 Since explicit solubility data of TIM are not reported in the 

literature (only one vague value at “room temperature” without providing a quantifiable 

temperature),30 it was decided to utilize the solubility measured in ethanol at 0.1 K/min as the reference 

(RD0.1 K/min = 0) for the calculation of the average RD of the experimentally determined saturation 

temperatures at the faster heating rates. The average RD was used to maintain a positive or negative 

impact compared to ARD %.34−37 Figure 2 shows that the average RDs of the saturated temperature for 

each concentration data point negligibly deviate around the null value (Table S2). Specifically, the 

average RDs for 0.2 and 0.3 K/min are RD0.2 K/min = 0.034 and RD0.3 K/min = 0.194, respectively, indicating that 

the measurements using both heating rates have reached quasi-solid−liquid equilibrium conditions.34 

Consequently, the heating rate of 0.3 K/min was used for all further experiments because similar 

accuracy could be achieved in a shorter time compared to the measurements using the heating rates 

of 0.1 and 0.2 K/min.34,36,37,62,63 

To further evaluate the accuracy of the applied polythermal method, the solubility of TIM in the neat 

solvent water was compared with the only available data point documented in the literature using an 

isothermal method (Table S3). Unfortunately, the reported solubility for TIM is not clearly stated with 

regard to the temperature. Specifically, Gaikwad et al.30 reported the solubility at rather vaguely “room 

temperature”, without providing an exact temperature value. Thus, it was assumed that the room 

temperature was between 288.15 and 298.15 K according to the definition of the European 

Pharmacopeia,64 when TIM was dissolved in water with occasional shaking of the vial for 24 h.30 In 

addition, the supernatant was analyzed by offline UV spectrophotometry without detailed information 

on sample preparation.30 This leaves room for various uncertainties regarding the assessment of the 

reported solubility. Yet, the solubility of TIM in water determined in this study (x1 = 0.00255 at 288.15 K 

and x1 = 0.00299 at 298.15 K), calculated using the modified Apelblat equation, are in a similar order of 

magnitude compared with the one reported in the literature (x1 = 0.00363 at room temperature).30 
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Figure 2.  

 

Experimental and correlated solubility of TIM in ethanol at different heating rates: blue square solid, 0.1 K/min; blue diamond 
open, 0.2 K/min; and blue square open, 0.3 K/min. The trendlines are calculated using the modified Apelblat equation. 

THERMAL ANALYSIS OF TIM.  

Thermodynamic data for TIM were not available in the literature. Thus, the ΔHfus and Tm, onset values of 

TIM were determined experimentally in this study. DSC and TGA data and their representative 

thermographs are provided in Table S1 and Figure S1, respectively. The average onset melting 

temperature, Tm, onset, was 476.79 ± 0.10 K, while the average ΔHfus value was 57.7 ± 4.0 kJ/mol. To convert 

the unit from J/g to kJ/mol for ΔHfus, the measured enthalpy of fusion was multiplied by the molecular 

weight (MW) of TIM (MW = 432.49 g/mol) and then divided by 1000 (see the Supporting Information). 

The TGA thermographs reveal that the decomposition of TIM starts at 470.25 K, which is below the 

average Tm, onset of 476.79 K, as determined by DSC. Though the average decomposition of TIM at the 

heating rate of 10 K/min is ≤7.1%, it makes the determination of thermodynamic properties, e.g., 

melting temperature, inaccurate or even impossible.65 The melting temperature of TIM is a parameter 

in the λh equation (eq 4).61 Though it is generally preferred to measure melting temperatures at slow 

heating rates for accuracy,65 the use of faster rates is an acceptable method to avoid decomposition 

during melting point determination.66 In an attempt to identify a heating rate that would result in Tm, 

onset of TIM before its decomposition temperature (Tdecomp, onset), different heating rates were tested 

(Figure S2). An exponential regression (best possible fit) of the data reveals that the use of a heating 

rate of >62 K/min would be theoretically necessary to achieve a complete melting of TIM before Tdecomp, 

onset. The achievable heating rate for the conventional DSC employed in this study is ≤50 K/min.67,68 

Therefore, the Tm, onset for TIM could not reliably be determined in this study, impacting the calculation 

of x1
cal using the λh equation. Though it was not accessible for this study, a fast-scan DSC might be 

utilized to determine the melting point of TIM without thermal decomposition occurring before and 

during the melting.65 The fast-scanning rates (several hundred K/min) of samples ≤100 μg in such a DSC 

would effectively push possible decomposition to higher temperatures and away from, e.g., melting, 

sublimation, and evaporation.66 



Published in : Journal of Chemical & Engineering Data (2024), vol. 69, n°6, pp. 2369–2379 

DOI: 10.1021/acs.jced.4c00060 
Status : Postprint (Author’s version)  

 

 

 

Table 2. Experimental and Correlated Mole Fraction Solubility (x1) of TIM (1) in Neat Solvents at Different 

Temperatures (T) and at Ambient Pressure p = 101.3 kPaa 

  Apelblat Yaws   Apelblat Yaws 

T (K) 103 x1
exp 103 x1

cal 102 RD 103 x1
cal 102 RD T (K) 103 x1

exp 103 x1
caI 102 RD 103 x1

caI 102 RD 

  Acetone     1-Butanolb   
281.1 0.48 0.47 2.21 0.47 2.08 278.3 0.28 0.30 -7.03 0.30 -7.68 

288.3 0.56 0.58 -2.70 0.58 -2.65 281.7 0.34 0.33 1.61 0.34 1.41 
292.8 0.65 0.66 -1.37 0.66 -1.30 284.8 0.38 0.38 1.62 0.38 1.66 
301.9 0.89 0.87 2.46 0.87 2.48 289.6 0.49 0.45 7.40 0.45 7.64 
313.3 1.21 1.22 -0.86 1.23 -0.91 303.2 0.75 0.79 -6.61 0.79 -6.40 
323.1 1.66 1.65 0.13 1.65 0.14 305.1 0.87 0.86 0.43 0.86 0.58 

      309.1 1.02 1.03 -0.47 1.03 -0.42 
      316.3 1.44 1.42 2.03 1.42 1.94 
      321.4 1.78 1.79 -0.17 1.79 -0.28 
      328.7 2.51 2.51 -0.16 2.51 -0.12 
  Cyrene     DMI   

284.0 0.47 0.56 -18.58 0.560 -18.24 282.6 0.22 0.27 -20.27 0.26 -15.57 
286.1 0.54 0.63 -16.03 0.63 -15.76 289.1 0.34 0.34 0.65 0.34 2.13 
289.8 0.75 0.77 -1.63 0.77 -1.48 297.5 0.52 0.46 10.43 0.47 9.90 
292.4 1.00 0.88 11.91 0.88 12.00 309.7 0.72 0.71 1.50 0.72 -0.19 
301.1 1.46 1.36 6.39 1.36 6.37 325.9 1.17 1.24 -6.05 1.24 -6.45 
312.2 2.30 2.31 -0.60 2.32 -0.69 330.9 1.51 1.47 3.01 1.46 3.53 
323.7 3.79 3.86 -1.78 3.86 -1.84       

332.0 5.50 5.47 0.58 5.47 0.61       
  Ethanol     2-MeTHF   

280.1 1.05 1.06 -0.53 1.06 -1.02 293.2 0.10 0.09 10.79 0.10 1.92 
285.0 1.20 1.21 -1.09 1.21 -1.05 303.2 0.17 0.18 -6.73 0.18 -9.85 
290.8 1.45 1.45 -0.10 1.44 0.23 313.2 0.38 0.36 5.97 0.35 6.39 
302.3 2.17 2.14 1.51 2.13 1.76 323.2 0.67 0.69 -3.09 0.68 -1.92 
312.8 3.19 3.17 0.38 3.18 0.32 333.2 1.30 1.30 0.27 1.30 0.27 
322.7 4.71 4.76 -0.94 4.76 -1.09       

329.8 6.48 6.46 0.30 6.45 0.36       

  2-Propanol     Water   

279.5 0.13 0.12 1.74 0.12 1.29 286.0 2.45 2.50 -1.93 2.50 -2.16 
282.9 0.14 0.15 -2.88 0.15 -3.06 293.1 2.77 2.73 1.31 2.72 1.56 
290.9 0.18 0.21 -20.93 0.21 -20.72 300.5 3.19 3.14 1.34 3.14 1.56 
293.6 0.25 0.24 1.08 0.24 1.28 305.0 3.52 3.50 0.64 3.50 0.73 
298.8 0.37 0.31 15.87 0.31 16.05 313.9 4.49 4.53 -0.96 4.54 -1.14 
313.7 0.60 0.64 -7.30 0.64 -7.33 320.8 5.72 5.75 -0.50 5.76 -0.69 

321.7 0.97 0.95 2.40 0.95 2.32 325.8 6.94 6.96 -0.29 6.96 -0.28 
330.1 1.43 1.43 -0.24 1.43 -0.21 327.2 7.40 7.36 0.56 7.35 0.67 

aStandard uncertainties, u, are u(T) = 2 K. Relative uncertainties, ur, are ur(p) = 0.1, ur(x1) = 0.04. xexp
1 refers to the experimental 

mole fraction solubility. xcal
1 refers to the calculated solubility data applying the modified Apelblat and Yaws equations. RD 

represents the respective relative deviation. bPetro-based 1-butanol is used because the biobased solvent is back-ordered by 
all known vendors. 

SOLUBILITY DATA.  

Tables 2, 3, 4, and 5 summarize the experimentally measured and correlated mole fraction solubility 

(x1) of TIM (1) in both the biobased neat and binary solvents, together with the RD. The solubility of TIM 

(1) in the eight neat solvents (acetone, 1-butanol, Cyrene, DMI, ethanol, 2-MeTHF, 2-propanol, and 
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water), correlated using the modified Apelblat and Yaws equations, is given in Table 2. The solubility of 

TIM (1) in the binary solvent mixtures ethanol (2) + 2-propanol (3), ethanol (2) + 2MeTHF (3), and ethanol 

(2) + DMI (3), correlated using the modified Apelblat and Yaws equations, is given in Tables 3, 4, and 5, 

respectively. Considering the decomposition of TIM (≤7.1%) at Tm, onset, the correlated solubility of TIM 

in the neat solvent and binary solvent mixtures employing the λh equation are presented in Tables 

S4−S7 for comparison. 

Table 3. Experimental and Correlated Mole Fraction Solubility of TIM (x 1) in Ethanol (2) + 2-Propanol (3) at Different 

Temperatures (T) and at Ambient Pressure p = 101.3 kPaa 

  Apelblat Yaws   Apelblat Yaws 

T (K) 103 x1
exp 103 x1

cal 102 RD 103 x1
cal 102 RD T (K) 103 x1

exp 103 x1
caI 102 RD 103 x1

caI 102 RD 

  W3=0.20     W3=0.40   

280.4 0.75 0.76 -1.17 0.77 -1.60 282.4 0.55 0.55 -0.95 -1.42 0.55 
284.1 0.85 0.85 -0.03 0.85 -0.08 288.8 0.66 0.68 -2.56 -2.44 0.68 
289.1 1.01 1.00 0.53 1.00 0.76 299.3 1.00 0.99 1.43 1.72 0.99 
300.3 1.47 1.48 -0.84 1.48 -0.60 304.6 1.23 1.21 1.33 1.52 1.21 
304.7 1.77 1.74 1.48 1.74 1.61 314.7 1.84 1.83 0.52 0.44 1.83 
314.1 2.52 2.52 -0.04 2.52 -0.14 324.7 2.79 2.82 -1.20 -1.35 2.82 
323.3 3.66 3.68 -0.51 3.69 -0.64 331.7 3.88 3.87 0.38 0.44 3.86 
329.7 4.86 4.85 0.19 4.85 0.26       

  W3=0.60     W3=0.80   

281.2 0.34 0.34 0.34 0.35 -0.08 283.6 0.20 0.22 -6.63 -6.97 0.22 
285.1 0.41 0.40 2.11 0.40 2.01 286.7 0.24 0.25 -5.37 -5.44 0.25 
291.5 0.49 0.51 -5.79 0.51 -5.61 288.5 0.28 0.27 4.98 5.03 0.27 
296.3 0.61 0.63 -2.21 0.62 -1.99 294.8 0.36 0.35 2.28 2.53 0.35 
303.0 0.86 0.83 4.42 0.82 4.56 305.8 0.60 0.58 2.53 2.70 0.58 
313.8 1.32 1.31 0.75 1.31 0.70 315.4 0.89 0.91 -1.51 -1.54 0.91 
323.4 1.96 1.99 -1.46 1.99 -1.56 324.9 1.43 1.43 -0.09 -0.19 1.43 
330.5 2.74 2.73 0.42 2.73 0.47 332.2 2.04 2.03 0.11 0.15 2.03 

aStandard uncertainties, u, are u(T) = 2 K. Relative uncertainties, ur, are ur(p) = 0.1, ur(x1) = 0.04, ur(w3) = 0.00003. x1
exp refers to 

the experimental mole fraction solubility. x1
cal refers to the calculated solubility data applying the modified Apelblat and Yaws 

equations. RD represents the respective relative deviation. w3 reflects the mass fraction of 2-propanol (3) in the binary ethanol 
(2) + 2-propanol (3) solvent mixture. 
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Table 4. Experimental and Correlated Mole Fraction Solubility of TIM (x1) in Ethanol (2) + 2-MeTHF (3) at Different 

Temperatures (T) and at Ambient Pressure p = 101.3 kPaa 

  Apelblat Yaws   Apelblat Yaws 

T (K) 103 x1
exp 103 x1

cal 102 RD 103 x1
cal 102 RD T (K) 103 x1

exp 103 x1
caI 102 RD 103 x1

caI 102 RD 

  W3=0.22     W3=0.42   

283.6 1.24 1.23 0.39 1.23 0.09 284.6 1.21 1.23 -1.63 -1.81 1.23 
289.4 1.44 1.45 -1.01 1.45 -0.93 295.5 1.69 1.66 2.32 2.49 1.65 
294.4 1.68 1.69 -0.52 1.69 -0.32 302.5 2.02 2.04 -0.78 -0.67 2.04 
304.4 2.39 2.35 1.51 2.35 1.62 312.0 2.76 2.76 0.06 0.01 2.76 
314.1 3.30 3.31 -0.35 3.31 -0.42 322.6 3.94 3.96 -0.35 -0.45 3.96 
322.8 4.57 4.59 -0.35 4.59 -0.44 328.5 4.89 4.89 0.17 0.23 4.88 
328.6 5.75 5.75 0.17 5.74 0.22       

  W3=0.62     W3=0.81   

280.0 0.81 0.79 1.95 0.80 1.68 283.4 0.44 0.44 -0.19 0.44 -0.45 
285.2 0.88 0.90 -2.37 0.90 -2.33 289.7 0.50 0.50 -0.70 0.50 -0.65 
291.7 1.05 1.06 -0.57 1.06 -0.39 292.4 0.53 0.53 0.61 0.53 0.72 
299.8 1.33 1.31 1.15 1.31 1.28 296.9 0.59 0.59 0.69 0.59 0.83 
307.8 1.65 1.65 -0.20 1.65 -0.21 305.6 0.73 0.73 0.32 0.73 0.37 
317.3 2.19 2.20 -0.06 2.20 -0.18 314.4 0.91 0.92 -1.61 0.92 -1.68 
327.7 3.04 3.04 0.01 3.04 0.04 323.5 1.21 1.19 1.20 1.19 1.13 

      329.7 1.42 1.43 -0.37 1.43 -0.32 
aStandard uncertainties, u, are u(T) = 2 K. Relative uncertainties, ur are ur(p) = 0.1, ur(x1) = 0.04, ur(w3) = 0.00003. x1

exp refers to 
the experimental mole fraction solubility. x1

cal refers to the calculated solubility data applying the modified Apelblat and Yaws 
equations. RD represents the respective relative deviation. w3 reflects the mass fraction of 2-MeTHF (3) in the binary ethanol 
(2) + 2-MeTHF (3) solvent mixture. 

Table 5. Experimental and Correlated Mole Fraction Solubility of TIM (x1) in Ethanol (2) + DMI (3) at Different 

Temperatures (T) and at Ambient Pressure p = 101.3 kPaa 

  Apelblat Yaws   Apelblat Yaws 

T (K) 103 x1
exp 103 x1

cal 102 RD 103 x1
cal 102 RD T (K) 103 x1

exp 103 x1
caI 102 RD 103 x1

caI 102 RD 

  W3=0.27     W3=0.49   

284.0 2.05 2.00 2.37 2.01 2.10 286.2 2.53 2.56 -1.13 2.57 -1.34 
289.2 2.28 2.33 -1.87 2.33 -1.85 295.4 3.39 3.34 1.32 3.34 1.42 
299.8 3.20 3.21 -0.49 3.21 -0.33 301.0 4.00 3.96 1.01 3.96 1.12 
304.6 3.74 3.74 -0.01 3.74 0.09 308.2 4.90 4.96 -1.34 4.96 -1.30 
312.8 4.88 4.91 -0.50 4.91 -0.52 320.4 7.33 7.38 -0.66 7.38 -0.73 
319.5 6.22 6.16 0.84 6.17 0.77 326.6 9.20 9.08 1.29 9.09 1.26 
328.7 8.50 8.51 -0.21 8.51 -0.19 330.3 10.24 10.30 -0.60 10.30 -0.56 

  W3=0.70     W3=0.86   

281.7 2.1 2.10 -0.24 2.11 -0.47 290.0 1.37 1.40 -2.37 1.40 -2.35 
286.9 2.36 2.37 -0.25 2.37 -0.20 302.8 2.06 1.99 3.45 1.99 3.50 
290.9 2.63 2.61 0.60 2.61 0.74 310.9 2.50 2.48 0.62 2.48 0.61 
300.9 3.39 3.38 0.16 3.38 0.28 316.6 2.82 2.91 -3.14 2.91 -3.18 
308.8 4.19 4.21 -0.44 4.21 -0.45 325.1 3.72 3.68 1.05 3.68 1.02 
319.0 5.69 5.68 0.18 5.69 0.07 330.1 4.23 4.23 -0.11 4.23 -0.08 
328.3 7.56 7.56 -0.03 7.56 0.01       

aStandard uncertainties, u, are u(T) = 2 K. Relative uncertainties, ur, are ur(p) = 0.1, ur(x1) = 0.04, ur(w3) = 0.00003. x1
exp refers to 

the experimental mole fraction solubility. x1
cal refers to the calculated solubility data applying the modified Apelblat and Yaws 

equations. RD represents the respective relative deviation. w3 reflects the mass fraction of DMI (3) in the binary ethanol (2) + 
DMI (3) solvent mixture. 
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Table 6. Optimized Correlation Parameters of the Modified Apelblat and Yaws Equations Used to Correlate the Mole 

Fraction Solubility of TIM (1) in all Neat and Binary Solvent Mixtures and Their ARD % 

 Apelblat Yaws 

 model 
solvent A1 B1 C1 ARD % a A2 B2 C2 ARD % a 

acetone -142.8206 3771.4206 21.5897 0.0220 12.9953 -9348.5913 995 401.9989 0.0251 

1-butanol -300.4316 9893.1201 45.6158 0.1343 29.2709 -18 118.5791 216 452.3969 0.1682 

cyrene -3.0677 -3958.0087 1.6852 2.4689 8.7568 -4769.3777 44 313.7223 2.3793 

DMI -95.5939 1215.4990 14.7191 1.7893 9.6018 -7084.6760 578 499.9009 1.6681 

ethanol -357.6178 13 029.5131 53.9917 0.0661 32.6862 -20 163.0138 2 546 232.0322 0.0685 

2-MeTHF -92.0784 -1710.6764 15.5918 1.4405 32.5285 -18 942.5460 1 962 933.4958 0.6401 

2-propanol -207.9785 5243.1233 31.9942 1.2829 23.4216 -14497.6109 1519 948.2952 1.2981 

water -582.1048 24 121.0503 86.9474 0.0217 46.2526 -29 232.8811 4 087 410.5450 0.0309 

   Ethanol (2) + 2-Propanol (3)b    

w3 = 0.20 -324.3405 11 424.8528 49.0432 0.0822 30.1445 -18 697.4656 2 308 691.3492 0.0979 

w3 = 0.40 -338.7216 11 948.6612 51.1947 0.1507 31.6664 -19 712.6884 2 443 539.8803 0.1551 

w3 = 0.60 -247.7363 7583.7680 37.7353 0.1773 25.1821 -15 697.3819 1792 569.1114 0.1884 

w3 = 0.80 -268.2378 8198.3892 40.8843 0.4606 27.7158 -17 185.6948 1 966 726.0549 0.4659 

   Ethanol (2) + 2-MeTHF (3)c    

w3 = 0.22 -298.2544 10 568.3465 45.1152 0.0222 27.4637 -17 222.6260 2 136 934.5395 0.0231 

w3 = 0.42 -279.7530 9938.6708 42.1394 0.0342 24.8620 -15 966.1578 1 987 848.5321 0.0336 

w3 = 0.62 -227.7724 7769.2643 34.2313 0.0127 19.4915 -13 158.3039 1596 710.1616 0.0161 

w3 = 0.81 -230.7580 8112.9706 34.4249 0.0056 18.1666 -13 096.0387 1 631 062.2530 0.0062 

   Ethanol (2) + DMI (3)d    

w3 = 0.27 -232.5574 7735.8596 35.2465 0.0190 22.4109 -14 043.1964 1 679 873.9495 0.0090 

w3 = 0.49 -212.5045 6918.6045 32.2387 0.0146 20.7928 -13 056.7703 1 545 169.3519 0.0181 

w3 = 0.70 -229.0476 7943.5641 34.5135 0.0019 20.3519 -13 216.7862 1619 203.5195 0.0029 

w3 = 0.86 -127.1874 3320.3952 19.2546 0.0854 12.0652 -8557.0639 914 591.3597 0.0794 
aARD % is the percentage average relative deviation between experimental and calculated values. bw3 reflects the mass 
fraction of 2-propanol (3) in the binary ethanol (2) + 2-propanol (3) solvent mixture. cw3 reflects the mass fraction of 2-MeTHF 
(3) in the binary ethanol (2) + 2-MeTHF (3) solvent mixture.dw3 reflects the mass fraction of DMI (3) in the binary ethanol (2) + 
DMI (3) solvent mixture. 

The correlation parameters and the ARD % of the modified Apelblat and Yaws equations in all biobased 

neat solvents and solvent mixtures are detailed in Table 6. The correlation parameters of the λh 

equation can be found in Table S8. The knowledge of these parameters allows the calculation of the 

TIM solubility at a specified temperature (T) in the studied neat and binary solvent mixtures. The low 

ARD % for the modified Apelblat (≤2.4689), Yaws (≤2.3793), and λh equations (≤4.7420) demonstrate 

that the experimentally determined solubility data correlated well using these model equations. The 

results for the correlations using the λh equation seem surprising considering the decomposition of 

TIM before the melting and, therefore, need to be assessed more carefully. The good correlations may 

indicate a minor effect of Tm of TIM on the accuracy of the λh model. This aspect could be proven by 
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calculating xcal
1 of TIM at theoretical Tm, onset ± 20 K and measured ΔHfus = 476.79 K. The comparison of the 

ARD % values resulted in nearly identical results (Figures S3 and S4 and Table S9). 

Further comparing the data in Table 6 shows that the ARD % for the modified Apelblat and Yaws 

equations are very similar, with the modified Apelblat equation having slightly better correlations. The 

exceptions are Cyrene, DMI, 2MeTHF, and the binary solvent mixture ethanol (2) + 2- MeTHF (3) for w3 = 

0.27 and w3 = 0.86. 

Figures 2 and 3 show the experimental and correlated mole fraction solubility of TIM (x1) in the biobased 

neat solvents and binary solvent mixtures using the modified Apelblat equation. Diagrams illustrating 

the correlated solubility using the Yaws and λh models are displayed in Figures S5−S8. From Figures 2 

and 3, it can be seen that the solubility of TIM increases with temperature (T) in all neat solvents and 

solvent mixtures. Moreover, Figure 3 shows that the temperaturedependent solubility of TIM in the 

biobased neat solvents decreases in the order: water > ethanol > Cyrene > acetone > 1-butanol > DMI > 

2-propanol >2-MeTHF below 312 K. At temperatures above 312 K, the solubility order of TIM changes to 

water > ethanol > Cyrene > 1-butanol > acetone > DMI > 2-propanol > 2-MeTHF, representing a change 

of the solubility order for acetone and 1-butanol. 

Figure 3. 

Experimental and correlated solubility data of TIM in biobased neat solvents: indigo tilted square solid, water; pink circle solid, 
ethanol; brown square solid, Cyrene; red square open, 1-butanol; △, acetone; green circle open, DMI; yellow +, 2-propanol; 
and purple ×, 2-MeTHF. The trendlines are calculated using the modified Apelblat equation. x1 is the mole fraction solubility 
of TIM, while T is the temperature in Kelvin (K). 

Since 2-propanol, 2-MeTHF, and DMI present low TIM solubility (Figure 3), they were chosen as 

potential antisolvents for the determination of TIM solubility in binary solvent mixtures with ethanol. 

Ethanol was chosen for the determination of solubility in binary solvent mixtures rather than water 

because it shows a stronger dependency of temperature on the solubility of TIM. 

The surface plots in Figure 4 present the experimental and correlated mole fraction solubility (x1) of TIM 

(1) using the modified Apelblat equation in the three binary solvent mixtures of ethanol (2) + 2-propanol 

(3), ethanol (2) + 2-MeTHF (3), and ethanol (2) + DMI (3). The surface plots generated by correlating the 

experimentally determined mole fraction solubility using the Yaws and λh equations can be found in 
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Figures S9 and S10, respectively. In Figure 4, the solubility of TIM in the binary solvent mixtures 

increases with increasing temperature. Additionally, the solubility of TIM decreases with increasing 

mass fraction of the antisolvent in the ethanol (2) + 2-propanol (3) and ethanol (2) + 2-MeTHF binary 

systems shown in Figure 4a,b, respectively. However, when 2-MeTHF is used as the antisolvent (Figure 

4b), the solubility of TIM at lower temperatures (≤300 K) is not greatly altered by the antisolvent content 

below w3 = 0.42. However, the impact increases with temperatures >300 K. Unlike 2-propanol and 

2MeTHF, the presence of DMI in a binary solvent mixture with ethanol enhances the solubility of TIM 

(Figure 4c). 

Specifically, the solubility of TIM in the binary solvent mixture of ethanol (2) + DMI (3) exceeds its 

solubility in either of the neat solvents, ethanol, and DMI for the temperature range studied. This 

demonstrates that DMI can act as a cosolvent for w3 ≤ 0.70. Studying the root cause of the cosolvency 

effect of DMI goes beyond the scope of the study. Generally, cosolvency might be a result of the 

similarity between the solute and solvent molecules or preferential solvation of one of the solvents that 

leads to variations in solute−solvent interactions.6,69,70 

Based on the data presented in Figure 4, it can be concluded that 2-propanol is superior as an 

antisolvent compared to 2MeTHF and DMI due to its enhanced impact on the solubility of TIM at all 

temperatures without cosolvency effects. 
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Figure 4. 

 

Surface plots showing the solubility of TIM (1) in binary solvent mixtures: (a) ethanol (2) + 2-propanol (3), (b) ethanol (2) + 2-
MeTHF (3), and (c) ethanol (2) + DMI (3) correlated using the modified Apelblat equation. x1 represents the mole fraction 
solubility of TIM, and T denotes the temperature in Kelvin (K). 

ENANTIOMERIC PURITY ANALYSIS.  

The enantiomeric purity of “as received” TIM and the solid material harvested after the completion of 

the solubility experiments by filtration were analyzed by HPLC (Figure S11 and Table S10).46 The 

analysis reveals that the “as received” TIM is the pure S-enantiomer, (S)-TIM, with trace amounts 

(<0.1%) of the R-enantiomer, (R)-TIM, also known as the related compound A. The retention time for 

(R)- and (S)-TIM are about 9.5 and 13 min, respectively, demonstrating that they can be resolved 
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without any interference using the modified USP HPLC method in this study.46 Moreover, Table S10 

confirmed that all solids recovered from the suspensions via filtration for all neat and binary solvent 

mixtures were the commercial (S)-TIM with an enantiomeric purity of >99.7%.46 

PXRD ANALYSIS.  

TIM “as received” was analyzed prior to the solubility measurements, and the solid state was confirmed 

as the desired form of TIM (Figure S12).29 After completion of the solubility measurements, all materials 

recovered from the suspensions via filtration were also characterized by PXRD. The PXRD analysis 

confirmed that the recrystallized material from all neat and binary solvent mixtures was the desired 

form of TIM (Figures S13−S16).29 

Conclusions 

The solubility data for TIM in eight biobased neat solvents and three binary biobased solvent mixtures 

was experimentally measured for the first time at temperatures between 278.15 and 333.15 K, except 

for acetone, which was between 278.15 and 323.15 K due to its low boiling point. All solubility data were 

determined using the polythermal method, with the exception of 2-MeTHF (the isothermal method was 

used). The experimental solubility data were correlated using the modified Apelblat, Yaws, and λh 

equations to provide a general quantification of the solubility curves for the estimation of TIM solubility 

at different temperatures in various neat solvents and solvent mixtures. The modified Apelblat and 

Yaws equations correlated well with the experimental solubility data demonstrated by the low ARD % 

values. The λh equation had higher ARD % values compared to the other two models, likely caused by 

the decomposition of TIM during melting, which alters the accuracy of the experimentally determined 

Tm, onset, needed in the equation. The experimental and correlated solubility data for biobased neat 

solvent and binary solvent mixtures presented in this study offer pathways for the development of 

more sustainable crystallization processes for TIM using renewable solvents. 
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NOMENCLATURE 

Ai, Bi, Ci  empirical parameters for the modified Apelblat and Yaws equations 

ARD % average relative deviation 
DMI dimethyl isosorbide 
DSC differential scanning calorimeter 
h model parameter for the λh equation 
HPLC high-performance liquid chromatography 
m mass (g) 
M molecular mass (g·mol−1) 
PXRD powder X-ray diffraction 
RD relative deviation 
T absolute temperature (K) 
Tdecomp decomposition temperature of the solute (K) 
Tm melting temperature of the solute (K) 
TGA thermogravimetric analysis 
2-MeTHF 2-methyltetrahydrofuran 
TIM timolol maleate 
u standard uncertainty 
w mass fraction 
xi mole fraction solubility of the solute (mol) 

GREEK SYMBOLS 

λ  parameter for the λh equation denoting the nonideal properties of the system 
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