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Abstract 

Vanillin and vanillate esters are widely used as flavourings in the food industry and the vanillin 

derivative zingerone is one of the compounds found in the spice ginger. Neither the growth of single 

crystals of zingerone, methyl or ethyl vanillate nor their crystal structures or the crystal structures of 

their hydrates have been reported. In this paper a detailed study of the crystallization of methyl 

vanillate, ethyl vanillate and zingerone is described and the relationship between crystal growth, habit 

and intermolecular interactions in the crystal lattice is discussed. Adventitious or deliberately added 

water suppressed the crystal nucleation and growth of zingerone from cyclohexane solution. Good 

quality single crystals of zingerone can be grown from cyclohexane solution in closed vials if water is 

excluded. It was not possible to isolate a hydrate of zingerone. In contrast the crystallization of methyl 

and ethyl vanillate from cyclohexane is not affected by adventitious water from the air and mono 

hydrates are easily isolated. The crystal structures of zingerone, methyl and ethyl vanillate and the 

mono-hydrates of the vanillates have been determined and analysed using the PIXEL program. 

Observed crystal morphologies have been rationalized using intermolecular interaction energies and 

slice attachment energy calculations. 
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Abstract 

Vanillin and vanillate esters are widely used as flavourings in the food industry and the vanillin 

derivative zingerone is one of the compounds found in the spice ginger. Neither the growth of single 

crystals of zingerone, methyl or ethyl vanillate nor their crystal structures or the crystal structures of 

their hydrates have been reported. In this paper a detailed study of the crystallization of methyl 

vanillate, ethyl vanillate and zingerone is described and the relationship between crystal growth, habit 

and intermolecular interactions in the crystal lattice is discussed. Adventitious or deliberately added 

water suppressed the crystal nucleation and growth of zingerone from cyclohexane solution. Good 

quality single crystals of zingerone can be grown from cyclohexane solution in closed vials if water is 

excluded. It was not possible to isolate a hydrate of zingerone. In contrast the crystallization of methyl 

and ethyl vanillate from cyclohexane is not affected by adventitious water from the air and mono 

hydrates are easily isolated. The crystal structures of zingerone, methyl and ethyl vanillate and the 

mono-hydrates of the vanillates have been determined and analysed using the PIXEL program. 

Observed crystal morphologies have been rationalized using intermolecular interaction energies and 

slice attachment energy calculations. 

 

Introduction 

Crystal nucleation is an important and fundamental part of the crystallization process that is still not 

fully understood. In classical nucleation theory each crystal nucleus that is formed in solution has the 

same structure as the final crystal product and in “nonclassical” two step nucleation initially formed 

liquid like disordered clusters later transform to crystalline nuclei.1, 2 Two step nucleation has been 

observed during protein and small molecule crystallization.3, 4 Additives and impurities can have a 

profound effect on the crystallization process.5 While it has been suggested that theoretically, the 

inhibition of nucleation by low concentrations of additives should not take place it has been observed 

that low concentrations of a weakly binding additive inhibit the nucleation of 3-nitrophenol. 1, 6 
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Vanillin (4-hydroxy-3-methoxy benzaldehyde, Scheme 1) is an organic compound frequently used in 

the food, liquor, pharmaceutical, agrochemical, non-linear opticals and galvano metallic industries.7–9 

Vanillin crystallization is an essential unit of operation in many of these industries, with crystal 

quality playing a key role.10 Bulk growth of single vanillin crystals from mixtures of chloroform-

methanol, chloroform-acetone and chloroform using melt growth processes have been reported by 

several authors.11–14  The polymorphism of vanillin was first described by McCrone in 1950 12 and the 

first crystal structure was determined in 199515 with a second polymorph being reported more recently.16 

The crystal structure of ethyl vanillin consisting of layers of planar molecules linked into one-

dimensional chains was also reported.17 

 

 Scheme 1 

 

In 1945, Cotton patented a manufacturing process for the synthesis of zingerone.18 Zingerone, also 

called vanillyl acetone, is a member of the phenolic alkanone group, Scheme 1. Its pharmacological 

properties include antioxidant, anti-inflammatory, anticancer and antimicrobial activity.15,19   

In view of the high level of interest in vanillin and related compounds it is surprising that neither 

crystallization studies nor crystal structures have been reported for zingerone, and methyl and ethyl 

vanillate. In this paper we discuss the factors that control the nucleation, crystallization of and hydrate 

formation by these important food additives. 

Materials and Methods 

Materials 

Zingerone (4-(4-hydroxy-3-methoxyphenyl)-2-butanone), methyl vanillate (methyl 4-hydroxy-3-

methoxybenzoate) and ethyl vanillate (ethyl 4-hydroxy-3-methoxybenzoate) were purchased from 

TCI Europe. 

Solution crystallization of ethyl and methyl vanillate 

50 mg of ethyl or methyl vanillate were dissolved in 5 mL of cyclohexane. Single crystals of the 

respective anhydrous vanillate ester were obtained by slow evaporation at room temperature within a 

week. 
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Solution crystallization of zingerone 

50 mg of zingerone was dissolved in 5 mL of cyclohexane. Then the solution was allowed to slowly 

evaporate at room temperature. Crystals were not formed as nearly the entire amount of solvent 

evaporated, with only small spots remaining. However, heated supersaturated solutions of zingerone 

in cyclohexane that were left to cool at room temperature in a closed vial produced single crystals of 

zingerone after a few days. 

50 mg of zingerone was dissolved in 5 mL of water. Crystallization experiments were carried out at 

room temperature and under cooling conditions, but neither process resulted in crystal growth. 

Solution crystallization of zingerone in the presence of ciprofloxacin and norfloxacin 

50 mg of ciprofloxacin or norfloxacin were weighed and added to 5 mL of solvent (acetonitrile, 

ethanol, methanol, ethyl acetate, isopropanol, toluene, cyclohexane and DMF). The solutions were 

heated in an oven at 60 °C for 3 hours and then filtered as soon as they were removed from the oven 

before they had cooled to room temperature. In separate vials, an equimolar quantity of zingerone was 

dissolved in minimum amounts of solvent and added to the filtered solutions and left to slowly 

evaporate at room temperature. Crystals of zingerone were obtained after a week from only the 

cyclohexane and ethylacetate solutions. 

Crystallization of methyl and ethyl vanillate hydrates 

50 mg of methyl or ethyl vanillate was dissolved in 5 mL of water with gentle heating. Single crystals 

of the hydrates were obtained after a few days at room temperature. 

Sublimation  

Sublimation experiments were carried out in a vacuum oven as previously described.20 The 

temperatures at the top and bottom of the Petri dish were 80 and 49 and 43 and 23 C respectively for 

methyl vanillate and zingerone. In the case of zingerone a water cooler was used to hold the top of the 

Petri dish at 23 C. 

Conversion of methyl vanillate to methyl vanillate hydrate  

Methyl vanillate was ground to a fine powder using mortar and pestle and stored at 20 C and 98 % 

relative humidity (generated using a solution of K2SO4
21). After one day the sample was analysed by 

X-ray powder diffraction.  

Stability of ethyl vanillate hydrate 

Crystals of ethyl vanillate hydrate were isolated and exposed to 40 % RH, 20 C for 30 sec. The 

sample was immediately analysed by X-ray powder diffraction. 
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X-ray powder diffraction 

X-ray powder patterns of gently ground samples were recorded on an Inel Equinox 3000 powder 

diffractometer between 5 and 90  (2θ) using Cu Kα radiation ( = 1.54178 Å, 35 kV, 25 mA). 

Theoretical powder patterns were calculated using the Oscail software package.22 

Crystal structure determination and refinement  

An Oxford Diffraction Xcalibur system was used to collect X-ray diffraction data at room 

temperature. The crystal structures were solved using ShelxT and refined using Shelxl within the 

Oscail package.22,23 The Oscail software was also used to obtain the drawings and generate BFDH and 

slice attachment energy crystal shapes. CIF files can be obtained free of charge at 

www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge Crystallographic Data Centre, 

Cambridge, UK with the REF codes 1941210 (zingerone), 1941211 (methyl vanillate), 1941212 

(ethyl vanillate), 1941213 (methyl vanillate hydrate), and 1941214 (ethyl vanillate hydrate). 

PIXEL calculations 

The Pixel program (June 2018 version)24 was used to calculate intermolecular energies. Pixel 

operations and the operation of Gaussian16w25 for electron density calculations were automated 

within the Oscail software.22 C-H bond lengths were set to 1.08 Å and N-H and O-H bond lengths to 

1.0 Å. 

 

RESULTS AND DISCUSSION 

Solution crystallization of zingerone, ethyl and methyl vanillate 

Zingerone: Zingerone was dissolved in cyclohexane with heating to give an 0.05 molar solution 

which was allowed to cool and then to slowly evaporate in an open vial at room temperature. No 

crystals were formed and only spots of oil were observed. However, when the heated solutions of 

zingerone in cyclohexane were left to cool to room temperature in a closed vial single crystals of 

zingerone were observed after a few days. When the crystallization was repeated with a 1:1 mole ratio 

of water added to the cyclohexane solution prior to heating no crystals were observed when the closed 

vial was left at room temperature for one week. 

Failed attempts to obtain cocrystals of zingerone with ciprofloxacin and norafloxacin by slow 

evaporation in open vials from a range of solvents only gave crystals of zingerone from cyclohexane 

and ethylacetate solutions. The role of the floxacins is not clear but it is possible that their filtered 

solutions could contain small particles which function as efficient nucleation sites even in the 

presence of the small amounts of water which inhibit zingerone crystallization in their absence. 
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Several attempts to obtain zingerone crystals by cooling crystallization from water did not yield any 

crystals. 

Methyl and ethyl vanillate: Good quality single crystals of methyl and ethyl vanillate were readily 

obtained from cyclohexane solution and their mono-hydrates were also easily obtained from aqueous 

solution. 

Inhibition of zingerone crystallization by water 

The role of adventitious or deliberately added water in suppressing zingerone crystal growth in 

cyclohexane is interesting and contrasts with crystallization of the vanillate esters which is not 

affected by the presence of the same amounts of water in the solvent. An initial assumption was that 

zingerone might be more hydrophobic than the vanillate esters. The solubilities of zingerone and 

methyl vanillate in water were measured spectrophotometrically (details are in the Supporting 

Information) and the measured solubilities of 2.1  10-4 and 5.5  10-5 mol/L respectively were the 

reverse of what was assumed. Calculated logP values of 1.91 and 2.12 also suggest that zingerone has 

higher hydrophilicity than methyl vanillate.26 Cyclohexane solutions of zingerone which yield crystals 

become cloudy before crystals are observed and those which do not yield crystals remained clear. 

Thus it is likely that nucleation rather than crystal growth is being suppressed when water is present. 

It is possible that the initial liquid like disordered clusters in a two step nucleation process may 

contain some H-bonded water which blocks the formation of the more structured second step 

nucleation clusters and subsequent crystal growth as has been suggested for the nucleation inhibition 

of 3-nitrophenol by 0.25 mol% of 3-aminobenzoic acid, Figure 1. 6 The presence of H-bonded water 

molecules in initial prenucleation clusters could, due to the greater ability of O-H to H-bond to 

zingerone oxygen atoms than C-H, hinder incipient formation of the stacks shown in Figure 3 below.  

 

Figure 1. Two step nucleation of zingerone, (a) liquid like clusters with H-bonded water, (b) liquid 

like clusters without water and (c) nuclei with crystal structure of zingerone. 
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Crystal structure of zingerone 

Zingerone crystallizes as needle shaped crystals, Figure 2(a). The crystal data for zingerone are given 

in Table 1 and the crystal structure is shown in Figure 2(b). A face indexed crystal shows that needle 

growth is along the c axis, Figure 2(c).  

 

Figure 2. Crystals of zingerone grown from (a) cyclohexane, (b) crystal structure of zingerone and 

crystals indexed on the diffractometer from (c) cyclohexane and (d) sublimation. 

 

There is an intermolecular O-H…O=C H-bond which generates a 1D chain along the ac diagonal, 

Figure 2(b). This H-bond is unlikely to be a driver of needle growth along c. In an effort to understand 

the origin of the extended growth the intermolecular energies were calculated using the PIXEL 

program. The six largest energies, the mass weighted centroid distances and the symmetry operations 

are listed in Table 2. 

  

(a)                                              (b) 

(c)                                            (d) 
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Table 1. Crystallographic data 

 zingerone methyl vanillate ethyl vanillate methyl vanillate 

hydrate 

ethyl vanillate 

hydrate 

formula  C11 H14 O3 C9 H10 O4 C10 H12 O4 C9 H12 O5 C10 H14 O5 

weight 194.22 182.17 196.20 200.19 214.21 

temperature 297.6(5)  296.8(6)  297.9(3)  297.0(1)  150.0(1)  

wavelength 0.71073 0.71073 0.71073  0.71073  0.71073  

crystal system Orthorhombic  Monoclinic Monoclinic Orthorhombic Triclinic 

space group Pna21 P21/n P21/c Pna21 P -1 

unit cell dimensions      

a [Å] 12.5473(15) 8.1339(12) 8.2087(8) 7.1034(11) 6.8954(15) 

b [Å] 11.8648(17)  9.4729(14)  11.9180(10)  16.4613(18) 8.930(2) 

c [Å] 7.1478(8)  11.0271(19) 10.5811(12) 8.3353(9) 9.673(2) 

 [°]     75.63(2)  

 [°]  92.046(16) 104.578(11)  84.005(19) 

 [°]     70.29(2) 

Volume/ Å3 1064.1(2) 849.1(2)  1001.84(18) 974.7(2)  543.1(3)  

Z 4 4 4 4 2 

Density (calculated)/ 

Mg/m3 

1.212 1.425 1.301 1.364 1.310 

Goodness-of-fit on F2 1.019 0.942 0.920 0.977 0.807 

R1 (obs. reflections)  0.0446 0.0605 0.0499 0.0397 0.0685 

wR2 (obs. reflections) 0.0931 0.1054 0.1323 0.1027 0.1677 

Reflections collected 2783 3392 4351 2566 4016 

Independent 

reflections 

1925 1948 2297 1448 4016 

R (int) 0.0119 0.0389 0.0287 0.0169 0.0664 

 

 

Table 2. Zingerone intermolecular energies (kJ mol-1) calculated using Pixel  

distance Coulomb polarization dispersion repulsion Pixel energy symmop 

4.943 -22.2 -7.8 -38 27.3 -40.6 1-x,1-y, ½+z 

4.943 -22.2 -7.8 -38 27.3 -40.6 1-x,1-y,- ½+z 

6.824 -14.5 -5.9 -31.7 20.1 -32 ½+x, ½-y,z 

6.824 -14.5 -5.9 -31.7 20.1 -32 -½+x, ½-y,z 

9.882 -48.1 -20.5 -13.8 53.8 -28.6 ½+x, ½-y,1+z 

9.882 -48.1 -20.5 -13.8 53.9 -28.6 ½+x, ½-y,-1+z 

 

 

file:///C:/Users/13239015/Desktop/ctz_bzm%20_space_group_crystal_system
file:///E:/My%20computar/ctz_intam%20_space_group_name_H-M_alt
file:///E:/My%20computar/ctz_intam%20_space_group_name_H-M_alt
file:///E:/My%20computar/ctz_intam%20_space_group_name_H-M_alt
file:///E:/My%20computar/ctz_intam%20_space_group_name_H-M_alt
file:///E:/My%20computar/ctz_intam%20_space_group_name_H-M_alt
file:///E:/My%20computar/ctz_hmt%20_space_group_name_H-M_alt
file:///E:/My%20computar/ctz_hmt%20_space_group_name_H-M_alt
file:///E:/My%20computar/ctz_hmt%20_space_group_name_H-M_alt
file:///E:/My%20computar/ctz_hmt%20_space_group_name_H-M_alt
file:///E:/My%20computar/ctz_hmt%20_space_group_name_H-M_alt
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The two largest interactions are dominated by dispersion energy and are between molecules related by 

a 21 screw along the c axis, Figure 3. 

 

Figure 3. Zingerone molecules related by a 21 screw axis along c. 

 

We have shown previously that crystal structures containing molecular stacks where the stacked 

molecules have intermolecular interactions where dispersion energy is dominant exhibit needle 

growth for kinetic reasons. 27 The modest Coulombic portion of the interaction energy is probably 

associated with the C9-H9A…O2 H-bond. This H-bond (with the C-H bond length set to 1.08) has a 

H…A distance of 2.44 Å which would place it on the strong side of a scatterplot of C-H…O 

interactions. 28 When crystal growth is controlled by thermodynamic rather than kinetic factors the 

observed crystal shape is expected to be close to crystal shape predictions based on BFDH or slice 

attachment energy, SAE, calculations.29-31 Crystal shape predictions for zingerone based on BFDH 

and SAE are shown in Figure 4. 

 (a) (b) 

Figure 4. Crystal shape predicted for zingerone by (a) BFDH and (b) SAE. 
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The melting point of zingerone is quite low, 40 °C, however, good quality crystals can be grown by 

sublimation if the desublimation surface is held at 20 °C. Crystals grown by sublimation are more 

equant in shape than the crystals grown from cyclohexane, Figure 2(d). It is also clear that the 

predicted shapes are similar to and have the same dominant face as the crystal grown by sublimation. 

Why then are the crystals grown from cyclohexane solution so different? The mechanism suggested 

above for needle growth is based on the action of an efficient mechanism for selective growth along 

the c axis. It is possible that the sublimation process which required less than 2 hours, in contrast to 

the several days which are required for crystal growth from cyclohexane, swamped the direction 

selective mechanism which may be only operative at the much slower crystal growth rates observed in 

cyclohexane. The possibility that cyclohexane might bind preferentially to some crystal faces and 

change their growth rate cannot be ruled out. However, cyclohexane interactions with the crystal 

surface would be difficult to evaluate as they would be dominated by dispersion force interactions. 

Zingerone crystals grown from ethylacetate solution also have a block like shape, Figure S1, and this 

could be due to the interaction of zingerone with the H-bond acceptors in the ethylacetate molecule 

having a disruptive effect on the needle growth mechanism which is operative in cyclohexane.  

Methyl vanillate and methyl vanillate hydrate  

The single crystal data for methyl vanillate are given in Table 1 and the crystal structure is shown in 

Figure 5(a). There is an intramolecular H-bond and no intermolecular H-bond in the structure. 

 (a) (b) 

 
Figure 5. Crystal structure of methyl vanillate (a) and a crystal face indexed on the diffractometer. 

 

The methyl vanillate crystals grow as plates from both cyclohexane solution and by sublimation. The 

face indexed crystals showed no axial faces and 1 0-1 was the dominant face, Figure 6(b). The 

relationship of the 1 0-1 plane to the unit cell packing is shown in Figure 6(a). While the molecules 
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are quite flat they are not aligned parallel to any unit cell axis and it is likely that the slow growth of 

the dominant face is due to the fact that molecules must be added to that face end on. 

   (a)              (b) 

 

Figure 6. (a) Methyl vanillate unit cell packing and the 1 0-1 plane and (b) the three largest 

intermolecular interactions. 

 

Table 3. Methyl vanillate intermolecular energies (kJ mol-1) calculated using Pixel 

distance/Å Coulomb polarization dispersion repulsion Pixel energy symmop No. 

3.502 -9.3 -5.1 -45.6 27.9 -32.1 1-x,1,y,1-z 1 

5.821 -13.2 -4.2 -29.3 19.4 -27.2 ½-x, ½+y, ½-z 2 

5.821 -13.2 -4.2 -29.3 19.4 -27.2 ½-x, -½+y, ½-z 3 

9.217 -11.9 -3 -10 9.9 -14.9 1-x, 2-y, 1-z  

8.003 -9.7 -3.7 -12 10.5 -14.9 3/2-x, ½+y, ½-z   

8.003 -9.7 -3.7 -12 10.5 -14.9 3/2-x, -½+y, ½-z  

 

The six largest intermolecular interaction energies calculated using Pixel are shown in Table 3. Since 

the only H-bond in the structure is intramolecular there is no dominant Coulombic contribution to any 

of the intermolecular interactions. The three strongest intermolecular interactions are to the molecules 

labelled 1, 2 and 3 in Figure 6(b). There is no basis in these interactions for a stacking mechanism 

which might give extended growth in any direction. 

The crystal data for methyl vanillate hydrate are in Table 1 and the crystal structure is shown in 

Figure 7(a). The crystals grew as needles from aqueous solution and showed extended growth along 

the a axis, Figure 7(b). It was also found that anhydrous methyl vanillate converted to the hydrate in 

98% relativity humidity. A comparison of the simulated PXRD patterns of the single crystals with the 

PXRD patterns of the powder samples produced in the humid atmosphere showed a good match, 
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Figure S3. Figure 8 shows the crystal shape superposed on the lattice packing. The methyl vanillate 

molecules and the H-bonded water molecules are stacked along the needle growth direction with 76% 

of the atoms in a methyl vanillate molecule in vdW contact with their neighbours above and below 

them in the stacks.  

 (a) (b) 

 

Figure 7. (a) Crystal structure of methyl vanillate hydrate and (b) crystal indexed on the 

diffractometer. 

 

 
Figure 8. Indexed crystal shape superposed on the lattice packing of methyl vanillate hydrate. 

 

The five largest intermolecular energies calculated using Pixel are in Table 4. The first three which 

have dominant Coulomb contributions and involve H-bonding to the three water molecules are shown 

in Figure 7(a). The remaining interactions with mass weighted centroid distances of 3.601 Å are 

between methyl vanillate molecules and their stack neighbors. These interactions are dominated by 

dispersion energy and they drive growth along the a axis.  
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Table 4. Methyl vanillate hydrate intermolecular energies (kJmol-1) calculated using Pixel 

distance/Å Coulomb polarization dispersion repulsion  Pixel No. 

5.555 -77.4 -38.6 -12.6 91 -37.5 1 

5.412 -33.8 -11.2 -13 29.1 -28.8 2 

5.73 -37 -13.7 -9.8 36.1 -24.4 3 

3.601 -8.4 -5.6 -46.1 33.9 -26.2 

 
3.601 -8.4 -5.6 -46.1 33.9 -26.2 

 
 

Ethyl vanillate and ethyl vanillate hydrate 

The crystal data for ethyl vanillate are in Table 1 and the crystal structure is shown in Figure 9(a). In 

the crystal structure the molecules have an intramolecular H-bond and a bifurcated H-bonding 

interaction which forms a chain which runs along the b axis. The crystals grew as plates by slow 

evaporation from cyclohexane solution. A face indexed crystal is shown in Figure 9(b). 

 

 

 (a) (b) 

Figure 9. (a) Crystal structure of ethyl vanillate and (b) a crystal indexed on the diffractometer. 
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 (a) (b) 

Figure 10. (a) The number of atoms in 0.5 Å slices along the a axis and (b) crystal shape of ethyl 

vanillate predicted by slice attachment energy. 

 

Examination of the unit cell packing suggests that the 1 0 0 plane is a slip plane. This can be 

quantified by plotting the number of atoms in 1.0 Å slices through the structure as shown in Figure 

10(a). It is only methyl hydrogens which cross this plane. It is likely that crystal growth across the slip 

plane is slow due to the very small number of atom contacts across the plane.  

In an examination of fourteen crystal structures it was found that slip planes could be predicted by 

slice attachment energies with a 50% success rate.32 The crystal shape calculated from slice 

attachment energies for ethyl vanillate is shown in Figure 10(b). The slip plane described here is not 

predicted by this calculation as the 1 0 0 face is predicted to have a significant growth rate. 

The crystal data for ethyl vanillate hydrate are in Table 1 and the crystal structure is shown in Figure 

11(a). The ethyl vanillate hydrate crystals grew from water as needles and an indexed crystal is shown 

in Figure 11(b). 

 (a) (b) 

Figure 11. (a) Crystal structure of ethyl vanillate hydrate and (b) a crystal indexed on the 

diffractometer. 
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The intermolecular energies were calculated using Pixel and the five strongest interactions are listed 

in Table 5. The three H-bonds to water can be identified by their large Coulombic content and the 

water molecules can be identified in Figure 11(a) by numbers on the water molecules in the diagram. 

The H-bonding network generates sheets which are stacked along a as shown in Figure 12. 

 

 
Figure 12. H-bonded sheet stacking along a in the structure of ethylate vanillate hydrate. 

 

The two strongest intermolecular interactions are dominated by the dispersion force and are between 

an ethyl vanillate molecule and its neighbours above and below it in the stacks, Figure 12. It is this 

interaction with 77% of the atoms in each ethyl vanillate molecule in vdW contact which is 

responsible for the observed needle growth. 

In contrast to methyl vanillate, ethyl vanillate is stable for at least one month and will not absorb 

water from a humid atmosphere (98 % RH and 20 C), when ground to a fine powder using mortar 

and pestle. The hydrate when crystallized from water is unstable and rapidly (< 1 min.) loses water 

under ambient conditions (40 % RH, 20 C). 

 

Table 5. Ethyl vanillate hydrate intermolecular energies (kJmol-1) calculated using Pixel 

distance/Å Coulomb polarization dispersion repulsion Pixel No. 

3.583 -12.6 -7.1 -51.9 32.3 -39.3 

 
3.475 -15.7 -8.4 -58.6 43.7 -38.9 

 
5.996 -65.6 -31.3 -11.2 74.4 -33.6 3 
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5.047 -45.8 -16.1 -11.4 46.1 -27.3 2 

5.576 -33.8 -13.7 -14.2 35.6 -26.2 1 

 

The greater stability of the methyl vanillate hydrate is reflected in its calculated density and packing 

index of 1.36 Mg/m3 and 69.3 that are higher than those of the ethyl hydrate of 1.31 Mg/m3 and 68.1. 

This density difference and implied lattice energy difference is understated as the crystal structure of 

the ethyl hydrate was determined at a temperature 147 ° below that of the methyl derivative. In 

contrast to the vanillate esters all attempts to obtain hydrate crystals of zingerone by crystallization 

from water and a range of solvents were not successful. While zingerone and the methyl and ethyl 

vanillate esters contain the same numbers of H-bond donors and acceptors it is clear that hydrate 

stability in these systems is strongly affected by small differences as the extra CH2 in ethyl vanillate 

makes its hydrate quite unstable. It is also possible that a zingerone hydrate may be just too unstable 

to isolate. 

Inter- and intramolecular H-bonds 

When Etter’s rules for H-bonding were developed it was clear that six-membered intramolecular H-

bonds were formed in preference to intermolecular H-bonds.33 At the time there was insufficient data 

on five and seven membered intramolecular H-bonds to include them in the preference rules. It is 

interesting that the zingerone structure does not contain a five-membered intramolecular H-bond in 

contrast to the methyl and ethyl vanillate structures which do. It is possible that this is due to the 

stronger H-bond acceptor properties of the ketone in zingerone compared to the esters in the vanillate 

structures.34 It is also clear that the water molecules in the hydrate structures are able to provide a 

better alternative to the same five membered intramolecular H-bond by forming bifurcated H-bond 

donor interactions. 

 

Conclusions 

The important food additives zingerone, methyl and ethyl vanillate show surprising differences in 

their interaction with water despite their similar chemical structures:     

• Zingerone despite its higher solubility in water does not form a hydrate and the presence of 

water blocks its crystallization from cyclohexane. 

• Methyl and ethyl vanillate give anhydrous crystals from cyclohexane and both form hydrates 

when crystallized from water. The anhydrous crystals have contrasting properties. Anhydrous 

methyl vanillate crystals are hygroscopic and convert to the hydrate in 98 % RH. Anhydrous 
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ethyl vanillate is not hygroscopic and its hydrate is unstable and converts back to the 

anhydrous form under ambient conditions. 

• Analysis of the crystal structures using the Pixel program shows that dispersive interactions 

are dominant and control crystal growth. H-bonding does not play a decisive role. 

Supporting Information 

Tables of the hydrogen bonds; XRPD patterns; solubility curves and zingerone crystals from ethyl 

acetate solution. 
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