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Abstract 

Experimental and computational techniques have been used in combination, to monitor the 
dehydration process of fluconazole monohydrate (MH), this unveiling the dehydration 
mechanism at the molecular level. Experimentally, dehydration was observed to start at 
around 55 °C and complete around 100 °C, with metastable Pbca, Z’=1 polymorph (AH-C) 
as the sole product of dehydration (as determined by in-situ hot stage PXRD). 
Conformational and structural changes were identified as key in the initiation and progression 
of the dehydration process. Thermal expansion is most significant along the c-axis, with 
molecular dynamic (MD) simulations and experimental observations identifying that water 
migrates through the MH crystal lattice within the plane perpendicular to that direction. 
Water was found to migrate within the (001) plane along both the a and b-axis directions. The 
MD simulations revealed that water was not able to migrate within the lattice at room 
temperature. Migration at 70°C (342K) was plausible, but only after the hydroxyl group 
undergoes conformational change. The conformational change, around the hydroxyl group, is 
key to both the weakening of the fluconazole-water hydrogen bonding, found in the MH 
structure, and the promotion of the fluconazole-fluconazole hydrogen bonding, required for 
the formation of polymorph AH-C.  

 

1 Introduction 

Organic molecules can crystallise in multiple forms such as polymorphs, hydrates or solvates. 
The term “solvate” is used when a solvent molecule becomes a constituent part of the crystal 
lattice.1-2 For the specific case where water is incorporated then the term “hydrate” is used. 
Due to water being ubiquitous in our atmosphere, and being a small molecule with an ability 
to form multi-directional hydrogen bonding, water is easily incorporated into a crystal 
structure, representing by far the most common type of solvate.3 A commonly adopted 
classification is to describe a hydrate as either an isolated site (“pocket”) or channel hydrate.4-

5 For isolated site hydrates the water is present within a lattice pocket, separated from direct 



interaction with the water molecules residing within an adjacent pocket. For channel hydrates 
water resides within a distinct channel running through the structure. 

Approximately one in three pharmaceutical compounds form crystalline hydrates.6 Hydrates 
can be problematic to the pharmaceutical industry, with compounds exposed to multiple 
sources of water during product development and manufacture. Understanding the 
polymorph, solvate and hydrate landscape of the Active Pharmaceutical Ingredient (API) is 
particularly important, as changes in the crystal structure can impact the physicochemical 
properties of a material, so potentially influencing the manufacturability, compaction 
properties7 and chemical stability,8-9of the API or drug product.5, 10 The formation of a 
hydrate, in general, lowers solubility11 therefore the conversion of the anhydrate to the 
hydrate, in the formulation or GI tract, could impact bioavailability.12 For nitrofurantoin this 
behaviour has been harnessed to provide an extended release formulation (MacroBID®) for 
this important antibiotic, reducing the dosing regimen. MacroBID contains both monohydrate 
(75% w/w) and anhydrous nitrofurantoin (25% w/w). Conversion of the anhydrous 
component to the hydrate within the GI tract slows the dissolution rate and therefore 
absorption of the drug (label claim). 

The hydration state of a material is influenced by temperature, pressure and water activity, 
therefore any process that influences these, has the potential to impact the hydration state. 
API isolation, milling and micronization processes all subject the API to a dry nitrogen purge 
gas, used to provide an inert atmosphere, so mitigating the risk of explosion. Subjecting a 
hydrate to such a process would result in some level of dehydration, unless the hydrate had a 
very high level of kinetic stability. In addition, processes such as wet granulation and 
lyophilisation subject a material to an aqueous rich environment followed by drying, this 
potentially resulting in variable solid form output. Wet granulation was found to change 
chlorpromazine hydrochloride13 and carbamazepine14 from one anhydrous form to another, 
the mechanism for this form conversion was identified to be via an intermediate hydrated 
state, only present during the wet granulation stage. During the lyophilisation of pentamidine 
isethionate (PI), both the freezing rate and the solution concentration were found to influence 
the anhydrous form present in the final product.15 PI, can form a trihydrate, Form B is only 
accessed through dehydration of this trihydrate form. Applying slow cool rates to high 
concentration solutions allowed for partial formation of the trihydrate during processing. As a 
result, a mixed Form A and B product was produced. 

Dehydration behaviour can be classified into three main types:16 i) the anhydrous and hydrate 
forms are isostructural, with water diffusion through lattice pores and channels;17 ii) a new 
crystal lattice is formed upon dehydration giving rise to either a polycrystalline material 
within the original particle,18 growth from the surface,19 particle disintegration or cracking;20 
iii) dehydration results in a poorly crystalline or an amorphous form, which may then 
crystallise.17, 21 Many of the hydrates studied in the literature are channel structures18, 22-25 
which exhibit type i behaviour, with the dehydration process being completely reversible.26-32 
Because of the significant structural changes involved, the dehydration behaviour of pocket 
hydrates4 is more complex, following type ii) and iii) behaviour, and thus has been studied to 
a much lesser extent.33-34  



In this context, gaining a better understanding of hydration and dehydration mechanisms in 
molecular solids would allow for better control during the processing of these materials. In a 
previous contribution, we studied the differing hydration kinetics of fluconazole 
polymorphs35 whilst in this contribution we study the dehydration kinetics of the 
monohydrate, and the molecular mechanisms driving this process. Fluconazole [2-(2,4-
difluorophenyl)-1,3-bis (1H-1,2,4-triazol-1-yl)-propan-2-ol] is a flexible drug compound 
(Figure 1) used in the systemic treatment of fungal infections. Multiple polymorphic forms of 
fluconazole have been reported in the literature,36-41 as well as various solvates42 and a 
monohydrate.43 Fluconazole monohydrate (MH) falls into the class of hydrates termed as a 
pocket hydrate,4 and therefore some level of structural change is required for dehydration to 
occur.  

 

 
Figure 1 Structure of fluconazole with atom numbering and a definition of its six rotatable bonds.35 

Partial atomic numbering provided to define the torsion angles ( τOH =34-13-12-1). 

 

The monohydrate (MH) crystallises in the triclinic 𝑃1# space group with one fluconazole 
molecule in the asymmetric unit. These molecules hydrogen bond via two water molecules to 
form an extended hydrogen bonded dimer 𝑅!!(18).44 Dimers form an infinite hydrogen 
bonded chain, C(12), connecting adjacent fluconazole molecules via water fluconazole 
hydrogen bonding. The water is found in environment 5,45 bonded with three strong hydrogen 
bonds, donating twice and accepting once (Figure 2). 
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Figure 2 Fluconazole monohydrate hydrogen bonding a) motif, including hydrogen bond lengths and b) 

network (viewed down the b-axis). CSD refcode IVUQIZ.42 

 

2 Methods 

2.1 Materials 

Fluconazole was gifted by Pfizer Global Supply, Ringaskiddy, Ireland. Firstly, a small scale 
(600 mg) seed batch of the monohydrate (MH) was produced, this then being used in the 
crystallisation of a larger, seeded batch (9 g). For the synthesis of the seed: Fluconazole (200 
mg/mL) was dissolved in ethanol: water (3:1 v/v) at 70 °C and the solution was then cooled 
to 10 °C at 2 °C/min. For the larger scale batch, fluconazole (200 mg/mL) was dissolved in 
ethanol: water (1:1 v/v) at 70 °C, the solution was cooled to 50 °C at 1 °C/min and seeded 
with MH (1 % w/w); cooling then continued at 5 °C/min to 20 °C. The resultant powder was 
isolated (filtration) and dried under ambient conditions for 1 week, i.e., not subject to heat or 
low humidity. The seed, and larger scale batch were confirmed to be phase pure through 
comparison with the simulated powder X-ray diffraction pattern of the MH (see section 2 of 
the Supporting Information). 

 

2.2 Thermal analysis 

Differential Scanning Calorimetry (DSC) was performed with a TA Instruments Discovery 
DSC (heat-flux system). A sample (2 mg) was heated from 20 to 200 °C, in an aluminium T0 
sample pan (crimped lid), at a rate of 10 °C/min.  

The dehydration behaviour of the monohydrate was assessed using thermogravimetric 
analysis (TGA) using a TA Instruments Discovery TGA, with an auto-sampler. Samples (8 
mg) were sealed inside a vented (two pre-drilled 0.1 mm diameter holes) aluminium sample 
pan. This pan selection allowing for a reproducible sample presentation whilst limiting the 
sample contact with the dry equipment purge gas. For calculation of the activation energy, 
data sets were acquired isothermally at 5 °C intervals across the temperature range 50 to 70 
°C. The run time was automated using an “abort weight” setting of < 94.5 %, this 
representing a dehydration of 97%. (Full dehydration was taken as a weight loss equivalent to 



one mole of water; 5.56 % w/w.) Replicate tests were performed at each temperature. A 
sample was also heated at 10 °C/min to 200 °C to provide complimentary data to the DSC 
analysis. Data was collected and analysis performed using TA Instruments TRIOS software.46  

 

2.3 Hot stage microscopy 

Hot stage microscopy (HSM) was performed using a Linkam T96-S controller connected to a 
Linkam THMS600 stage. The stage was placed on a Nikon LV100 polarising light 
microscope, fitted with a range of objective lenses and a camera. The dehydration behaviour 
of the MH was observed with crystals immersed in a drop of silicone oil (325 cSt). Samples 
were heated at 20 °C/min. The hot stage was controlled and images captured (1 per second) 
using Linkam Scientific LINK software v1.0.5.8.47  

 

2.4 Hot stage PXRD 

The fluconazole MH dehydration product was confirmed using hot stage powder X-ray 
diffraction. A Bruker AXS Ltd., D8 Discover, powder X-ray diffractometer fitted with an 
environmental stage, a theta-theta goniometer and a LynxEye XE detector was used. Samples 
were presented for analysis as a thin layer on a zero background silicon wafer sample mount. 
An initial analysis was performed at 25 °C prior to heating. Data sets were collected at 30, 
40, 60 and 80 °C, finally cooling the sample for analysis at 25 °C. The sample was held at 
temperature for a period of 20 min prior to collecting the powder pattern. The sample was 
irradiated with copper Kα X-rays (wavelength = 1.5406 Å) with the X-ray tube operated at 
40kV/40mA. The analysis was performed with the goniometer running in continuous mode 
from 2 – 40° 2q, step size 0.018° 2q, step time 0.20 seconds. Data was collected using 
DIFRAC Measurement Centre v7.5.05 and analysed using Bruker AXS DIFFRAC.Suite 
EVA.v5.0.0.22.48 

 

2.5 Face Identification 

A combination of data acquired using single crystal and powder X-ray diffraction techniques 
was used to identify the faces found on the surface of the fluconazole crystals studied here. A 
single crystal of fluconazole monohydrate was grown using an evaporative method and the 
structure of this crystal solved (see section 3 of the Supporting Information). The crystal was 
indexed using CrysAlisPro software.49 Faces were assigned using a series of images taken of 
the crystal as it was rotated. The dominant face was found to be the (010) face with the a-axis 
running along the length of the crystal (Figure 3).  
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Figure 3 Axis and face assignment for fluconazole monohydrate a) single crystal compared to b) BFDH 

morphology (calculated using Mercury).  

Fluconazole monohydrate has a preference to grow as rods and elongated plates, and so the 
powder X-ray diffraction pattern, for samples prepared on a zero background, cut Si, 
specimen mount, is subject to preferred orientation. This behaviour was used to identify the 
dominant faces on the fluconazole crystals studied here. From a comparison of the peak 
height for each reflection found in capillary and zero background powder X-ray diffraction 
patterns, the preferred orientation was identified. The relative peak intensities found for the 
capillary data were in good agreement to the pattern simulated from the single crystal 
structure. For the zero background preparation peak intensities for the {001}, {100}, {101}, 
{111} and {110} planes were significantly lower than found in the capillary data, indicating 
that these faces lie perpendicular to the background. The peak intensity for the{010} and 
{011} planes were greater than found for the capillary data, indicating that these faces sit 
parallel to the background and will be dominant on the surface (see section 4 of the 
Supporting Information). 

 

2.6 Calculation of Activation Energy; Isoconversional Method 

Kinetics relates to the rate of a process and is dependent on environmental parameters, for 
example, dehydration could be expected as a result of exposing a hydrate to a dry 
atmosphere, increased temperature (T), reduced pressure (P) or a combination of these. Rate 
is defined as in equation 1, with h(P) only being relevant if a pressure change occurs during 
the process. The dependence of a process on temperature is represented by the rate constant 
k(T) and the dependence on the extent of conversion (a) (range 0 to 1) is represented by a 
kinetic reaction model (f(a)). The Arrhenius equation (2) is used to describe the temperature 
dependence of reaction rates. A is the pre-exponential factor, Ea the activation energy and R 
the Gas Constant (8.314 J K−1 mol−1) 

 
𝒅𝜶
𝒅𝒕 = 𝒌(𝑻)𝒇(𝜶)𝒉(𝑷) 1 

 𝒌(𝑻) = 𝑨	𝒆!
"𝑬𝒂
𝑹𝑻 ' 

2 
 

 



Taking the logarithmic derivative of the reaction rate (equation 1), for a reaction at a constant 
pressure, gives equation 3. At any given constant value of α, then f(α) is also a constant, 
therefore the final term in equation 3 equates to zero. Combining equations 2 and 3 provides 
equation 4. 

 
((
𝒅𝒍𝒏(𝒅𝜶/𝒅𝒕)

𝒅𝑻−𝟏
))∝

	 = ((
𝒅𝒍𝒏𝒌(𝑻)

𝒅𝑻−𝟏
))∝

+	((
𝒅𝒍𝒏𝒇(𝜶)

𝒅𝑻−𝟏
))∝

	 3 

 𝒅𝒍𝒏	(𝒅𝜶 𝒅𝒕)⁄
𝒅𝑻"𝟏 = −

𝑬𝜶
𝑹  4 

 

The activation energies (Ea) for the dehydration of the MH was calculated using a “model-
free” isoconversional approach.50 This is based on the principal that the reaction rate, at a 
defined conversion fraction (α), is only a function of the temperature (at constant pressure). 
The activation energy is calculated using the rates, at defined α, from a series of 
measurements conducted at differing temperature (Eα), therefore, the dependence of Ea on α 
is established. A significant variation of Eα may indicate that a kinetically complex process is 
in play, such that a single model would not be applicable throughout the conversion. The 
isoconversional method applied here is that of Friedman51 and can be applied to any 
temperature program based on equation 4. 

Dehydration rates across a conversion fraction range of 0.1 – 0.9 were taken at 0.1 intervals 
through linear regression analysis of portions of the data set, the sampled region was highly 
dependent of both the extent of conversion and the temperature, but in general between 1 and 
5 minutes of data were considered at each conversion fraction (see section 5 of the 
Supporting Information).  

The rate data was compiled into an Arrhenius plot, the slope for the data and 95% confidence 
intervals at each conversion fraction were calculated using full regression analysis. The 
derived rate data was used to calculate the activation energy values for each conversion 
fraction (equation 4) and the confidence intervals applied to calculate the upper and lower 
limits for the activation energy error.  

 

2.7 Molecular Dynamics Method 

Molecular Dynamics were carried out using the Forcite Module as implemented in Materials 
Studio. The low temperature (100K) crystal structure of fluconazole monohydrate (MH) was 
retrieved from the CSD (IVUQIZ02). The COMPASS-II (with its own charges) forcefield 
was chosen for all simulations since it was specifically designed to be generally suitable for 
application to condensed phases52 and has been shown to be one of the best off-the shelf 
forcefields for the simulation of molecular crystals.53-54,55,56 A number of other forcefield 
models available in Materials Studio were also tested but COMPASS and COMPASS-II 
provided the best results (ESI). 
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Next, a 4 x 2 x 2 supercell was generated. This results in a periodic cell of 22.3 Å x 23.3 Å x 
24.3 Å containing 64 molecules in total (32 fluconazole and 32 water molecules, Figure 4). 
Molecular dynamic simulations were carried out at six different temperatures (100K, 200K, 
249K, 298K, 347K, 396K). The procedure applied for each temperature was the following: a) 
the system was equilibrated for 50 ps in the NVT ensemble, b) this was followed by a 50 ps 
equilibration in the NPT ensemble and c) a production run of 500 ps in the NPT ensemble. 
The initial structure for step a) was taken from the equilibrated simulation at the previous 
temperature (i.e. for the simulation at 249K, the equilibrated cell at 200 K from step c) was 
taken as the starting point). 

A time step of 1 fs was used in all simulations. For the NVT simulations the Nose thermostat 
was used whilst for the NPT the Nose thermostat in combination with the Berendsen barostat 
were applied. Electrostatic non-bonded terms were evaluated using the Ewald summation, 
whilst a cut-off of 9.5 Å was used for the evaluation of the van der Waal terms. For 298K and 
347K, an additional production run of 10 ns in the NPT ensemble was produced. Derivation 
of average system properties was done for the production runs only. Diffusion coefficients for 
water were derived by calculating the slope of the mean squared displacements (MSD) as a 
function of the simulation time and applying the Einstein relation where D=(MSD)/6Δt. 

 
Figure 4 Simulation box for the fluconazole MH containing 32 water molecules and 32 fluconazole molecules. 

 

3 Results 

3.1 Characterisation of dehydration upon heating 

The monohydrate dehydration process was monitored using a number of thermal 
characterisation techniques: DSC, TGA, hot stage pXRD and HSM. 

Dehydration of the monohydrate occurs on heating. The first endotherm seen in the DSC 
thermogram corresponds to the dehydration of the monohydrate, with a threshold temperature 
of 60 °C (333K), the event completing just above 100 °C. In the TGA thermogram a single 
weight loss event is observed across the same temperature range (Figure 5), this equating to a 
loss of one mole of water (Fluconazole MH MW = 324.3). This is in line with the water 
being present in a single environment, environment 5.45 
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The dehydration endotherm is initially broad followed by a sharper event with a peak 
maximum at 101.8 °C. This may not necessarily imply that fluconazole dehydration occurs as 
a twofold event, the dehydration behaviour may have changed on exceeding the peritectic 
dissociation temperature of the hydrate. Characterisation using a vented sample pan and a 
slower heating rate (5 °C/min) virtually eliminates the presence of this sharp event however  
the enthalpy of the endotherm remaining the same (see ESI). The enthalpy of dehydration 
(DHd; 159.3 J/g) can be related to the specific enthalpy of sublimation of ice (DHs; 2830 J/g 
of water); the molar loss of water can be calculated according to equation 5.57 (MWs 
fluconazole anhydrate = 306.3 g/mol and water MWw = 18.0 g/mol). The enthalpy of 
dehydration equates to the loss of one mole of water, in line with the TGA data. 

 

 𝒏 =
∆𝑯𝒅 ×𝑴𝑾𝒔

(∆𝑯𝒔 − ∆𝑯𝒅) ×𝑴𝑾𝒘
 5 

 

 
Figure 5 Overlay of DSC (black) and TGA (blue) thermograms for fluconazole monohydrate, obtained at 
a heating rate of 10 °C/min. Melting point at 140 °C is consistent with a melt of anhydrous polymorph 
AH-C. 

 

As the temperature is increased, hot stage powder XRD data shows a direct conversion of the 
MH into the Pbca, Z’=1 polymorph, CSD refcode IVUQOF02, described in our previous 
paper as AH-C35 (Figure 6). At 60 °C (333K) peaks representative of both the MH and AH-C 
forms are present, with no evidence for intermediate forms. At 80 °C only peaks for AH-C 
were identified. The temperature for the dehydration process is in line with the datasets 
collected using both DSC and TGA, with dehydration completing at a lower temperature due 
to holding the samples at temperature (20 min) prior to pXRD analysis. The dehydration 
product, on holding a MH sample at 0 %RH and 30 °C, was also found to be AH-C (see 
section 8 of the Supporting Information) confirming AH-C as the dehydration product 
regardless of the mechanism applied to remove the water. 
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Figure 6 Hot Stage pXRD patterns showing thermal dehydration of fluconazole monohydrate. 

Experimental patterns overlaid with MH (293K) and AH-C (293K)35 simulated patterns. 

 

Hot Stage Microscopy: On heating fluconazole monohydrate within oil (Figure 7), crystals 
were observed to grow off the surface of the visible, (011) and (010) crystal faces. This was 
first observed at ~75 °C (348K) and continued up to ~85 °C, with the crystals darkening in 
appearance. Above 80 °C small bubbles can be seen to travel along the a-axis. Above 100 °C 
visible water droplets emerge from defects on the dominant, visible crystal faces. If the 
crystals are heated in air, there being no oil present, surface crystal growth is not seen. A 
change in the birefringence pattern is found, progressing along the a-axis, suggesting this as 
the direction of dehydration (see section 9 of the Supporting Information). The localised 
water activity for the two sample preparations is likely to be different. For the crystals heated 
in air the water can escape however for the crystals heated in the oil the water is potentially 
retained, enabling a higher local water activity, so influencing the dehydration behaviour.  
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Figure 7 Dehydration of fluconazole MH crystals (immersed in silicone oil) as a function of temperature, 
showing the evolution of water droplets (arrows) from the visible, dominant, crystal faces (011) and (010). 
Viewed between partially crossed polarising filters. Crystal indexing indicating that the a-axis runs 
parallel to the length of the crystal (top morphology left is a diagrammatic representation of the 
experimental morphology). 

 

Impact of Temperature on lattice parameters. In order to compare the influence of 
temperature on the crystal structure of fluconazole MH, we compared the lattice parameters 
of the single crystal structures solved at 100K (IVUQIZ0258) and 293K (IVUQIZ42) in Table 
1. The comparison reveals that the lattice expands more significantly along the c-axis (0.157 
Å) than the a or b-axis (0.055 and 0.050 Å respectively). Expansion along the c-axis was also 
found to be more significant on heating the MH above RT, as found from the displacement of 
the relevant peaks in the hot stage pXRD patterns (see section 10 of the Supporting 
Information). 

Table 1 Lattice parameters for the fluconazole MH structure, comparing low (100K) and room 
temperature (293K) structures. 

CSD Refcode IVUQIZ02 IVUQIZ Δ 
(293K-100K) Temperature 100K 293K 

a (Å) 5.571 5.626 0.055 
b (Å) 11.687 11.737 0.050 
c (Å) 12.149 12.306 0.157 
α (°) 70.99 71.24 0.25 
β (°) 78.91 79.87 0.96 
γ (°) 84.63 84.38 -0.24 
volume (Å3) 733.48 756.68 23.20 
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3.2 Activation Energies of the Dehydration Process 

Dehydration of the MH was studied isothermally. From the data, activation energies (Ea) are 
derived as a function of the dehydration conversion fraction (α). We observe a marked drop 
in Ea with respect to conversion fraction (α) from 77 kJ/mol at α=0.1 down to 38 kJ/mol for 
α=0.9 (Figure 8) suggesting that dehydration becomes easier as the conversion progresses. 
The initial Ea measured here is in good agreement with previous values calculated for 
fluconazole monohydrate (90 ± 11 kJ/mol)43 using the three-dimensional phase boundary 
model. 

 
Figure 8 Activation energy (Ea) for dehydration of fluconazole monohydrate showing 95 % confidence 
intervals from replicate analysis (n=5). 

The initial value seen for fluconazole is in line with the Ea found for dehydration of other 
organic hydrates: nedocromil Mg pentahydrate (70 kJ/mol59), beclomethasone dipropionate 
monohydrate (70 kJ/mol60), cefadroxil monohydrate (63 kJ/mol60), indinavir monohydrate 
(70 kJ/mol60), neotame monohydrate (79 kJ/mol60), ampicillin trihydrate (72 kJ/mol60), 
4-hydroxynicotinic acid hemihydrate (85 kJ/mol61) and neotame monohydrate (75 kJ/mol62). 
However values as high as 199 kJ/mol and as low as 30 kJ/mol have been reported for 
piroxicam monohydrate63 and eprosartan mesylate dihydrate19 respectively (see section 5 of 
the supporting information). There is limited data for the influence of conversion fraction on 
Ea, however a decrease in Ea, with an increase in conversion fraction, was found for 
nedocromil Na trihydrate (80 to 60 kJ/mol)64 and mildronate dihydrate (105 to 75 kJ/mol).23  

Since the activation energies measured for the fluconazole MH at the beginning of the 
process are similar in magnitude to those reported for various other crystal growth and 
nucleation processes,65-71 it is reasonable to assume that nucleation and growth of the 
anhydrous form, AH-C, is the dominant process controlling the kinetics of fluconazole MH 
dehydration at the beginning of the process. As dehydration progresses, the activation energy 
decreases to 38 kJ/mol which is in line with the strength of approximately two hydrogen 
bonds.  
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3.3 Molecular Dynamics Simulations 

500 ps NPT simulations at various temperatures 

When analysing average cell volume and density, derived from our MD simulations at 
various temperatures, (Figure 9) it is found that, for an increase in temperature, the unit cell 
density decreases and the volume increases. The obtained values are in good agreement with 
those known from the X-ray single crystal data at 100K and 298K. Our simulations, however, 
slightly overestimate the volume and underestimate the density. This may be interpreted that 
our simulation temperatures correspond with slightly higher “real” temperatures. This can 
often be the case since forcefields are usually fitted to real non 0K structural data. Thus, these 
forcefields have some thermal “contamination” which may result in the simulation 
temperatures corresponding to higher real temperatures. 

The temperature shift was estimated to be ~44K by matching our predicted unit cell volumes 
with the single crystal experimental volumes. Thus, our simulations at 200K correspond to a 
244K real temperature (rT). The simulations were carried out at 100K, 200K, 249K, 298K, 
347K and 396K. Thus, the real temperatures of our simulations correspond to 144*K, 244*K, 
293*K, 342*K, 391*K and 440*K; with the asterisk symbolizing that these are the real 
temperatures, rather than the simulation values. To enable a more direct comparison with the 
experimental outcome, we will refer to the real temperatures for our simulations from now 
on. 

At 440*K (rT, Figure 9 right) we see big changes in density and volume driven mostly by a 
significant loss of crystal structure and an increase in mobility of the waters in the simulation 
box. This is expected, as we are over 60K above the dehydration temperature. 

 

    

Figure 9 Unit cell volume (black) and density (green) of fluconazole MH as a function of simulation 
temperature (left). Right plot applies a 44K correction to the simulation temperature to provide the 
“real” temperature. Experimental values are given as crosses. 
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An analysis of the radial distribution functions (rdfs) of fluconazole-fluconazole (Of…Of) 
and water-water (Ow…Ow) oxygen atom pairs (Figure 10), allowed for the evolution of the 
MH structure to be monitored as a function of temperature. For simplicity, we show three 
temperatures in Figure 10. The lowest temperature rdfs, 144*K, have well-defined sharp 
peaks for both the fluconazole Of…Of and the water Ow…Ow. The most characteristic peaks 
for the Of…Of and Ow…Ow rdfs are both located at ~5.6 Å respectively. This value 
corresponds with the stacking (by translation) of the fluconazole molecules along the a-axis 
(5.5 and 5.6 Å in the 100K and 298K structures). At 342*K this peak is clearly shifted to 
higher values for the Of…Of and becomes very wide in the Ow…Ow. This indicates that 
water has a higher mobility at this intermediate temperature. At 440*K, the structure of the 
fluconazole (Of…Of) is considerably disordered, and the structure of water changes 
completely. For the Ow…Ow rdf we observe a very large peak at 2.65 Å. This is 
representative of water-water hydrogen bonding. Whilst at lower temperatures the waters 
remain in pockets and are not able to interact with each other, at 440*K they have enough 
mobility to migrate in the lattice and start forming water clusters. 

 

    

Figure 10 Radial distribution functions for O…O pairs typical of the fluconazole (left, Of…Of) and water 
(right, Ow…Ow) structures at three different simulation temperatures. 

 

We analysed the conformational changes occurring in the fluconazole molecule as the 
temperature was increased and the cell progressively expands. At 293*K and above, the 
torsions of fluconazole become fairly mobile, and librate more significantly around the 
preferred torsion values (peak maxima in the distributions). An analysis of the distribution of 
all fluconazole torsions reveals an important shift in conformation of fluconazole around the 
OH torsion (τOH, Figure 11). At low temperature, 144*K, 100% of fluconazole molecules 
have a τOH ≈ ±180°, with no other OH conformations present. Rotation of the OH is possible 
within the hydrate structure and conformations with τOH values between -100° to 100° start to 
appear at intermediate temperatures, these dominate at the high 440*K temperature. In the 
hydrate lattice, when τOH stays around ±180°, the fluconazole molecule is able to form a 
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hydrogen bond with the water molecule in the lattice (Figure 12). Upon rotation of the OH to 
τOH ≈ ±60°, the fluconazole-water hydrogen bond breaks. This has two consequences: i) a 
strengthening of the fluconazole-fluconazole interaction, and ii) a weakening of the 
fluconazole-water interactions, thus increasing the mobility of the water molecules. The 
rotation of the OH functionality now provides an orientation found in the dehydration product 
(AH-C with τOH = 54°) and enables it to hydrogen bond to a N atom in the triazole ring of an 
adjacent fluconazole (originally not involved in hydrogen bonding), promoting the hydrogen 
bonding found in AH-C.  

 

 
Figure 11 Distribution of τOH various simulation temperatures. 

 

 
Figure 12 Dominant fluconazole conformation at low temperature (τOH ≈ ±180°) allows for a fluconazole-

water hydrogen bond, this breaks upon OH rotation to τOH ≈ 60°. Including cell axis directions. 

 

To illustrate this further, we plotted the average fraction of MH OH conformations 
(conformations with τOH around ±160°±40°) and the derived water diffusion coefficient as a 
function of temperature in Figure 13. As the temperature is increased, the OH groups change 
conformation away from that in the monohydrate. When less than 50% of the fluconazole 
molecules have changed conformation, the water molecules are able to diffuse, this starting 
above 342*K, as we approach the experimental dehydration temperature. 
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Figure 13. Fraction of MH OH conformations (black) and water 

diffusion coefficient (blue) as a function of temperature. 

 

10 ns NPT simulations at 293*K and 342*K 

In order to further understand the behaviour of the system at temperatures close to 
dehydration (340-380K), 10 ns NPT simulations were carried out at two temperatures: 293*K 
and 342*K. In Figure 14, we monitor the evolution of the fraction of MH OH conformations 
as a function of time as well as density. Both properties remain fairly constant for the 
simulation at 293*K. The correlation between the local fluctuations in OH conformations and 
the density, is quite striking. At 293*K the water is not able to diffuse in the lattice during the 
entire simulation time (the mean squared displacement of water molecules is practically 0).  

 

 
Figure 14 Time evolution of the fraction of MH OH conformation and density at two temperatures. 
Values for the simulation are shown in coloured lines; to aid visualisation the moving average of 50 data 
points is given in black.  
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For the simulation time at 342*K, we observe no water diffusion during the first 500 ps of the 
simulation. During this time, conformational change along the OH group takes place and the 
fraction of MH OH conformations goes down significantly from around 0.65 to a plateau at 
around 0.40. When the MH OH fraction is below ~0.5, water molecules are able to diffuse in 
the lattice from one pocket to another. The process is not frequent at first but becomes more 
frequent when the simulation reaches the 0.4 fraction plateau. An analysis of the mean 
squared displacement of the water molecules (Figure 15) in the unit cell, along the three 
different cell dimensions, reveals that diffusion along the a and b directions is much more 
prevalent than the c direction of the lattice.  

 

 
Figure 15 Mean squared displacements of water molecules along the three 

different cell dimensions in the 342*K simulation. 

 

4 Discussion 

The thermodynamic stability of a hydrate is governed by temperature, pressure and water 
activity; hence it would be expected that heat, low water activity (relative humidity) or a 
combination of these could result in dehydration. Fluconazole monohydrate (MH) was shown 
to dehydrate at lower temperatures (30 °C), only on exposure at 0 %RH. On heating the 
dehydration threshold was observed in the range 50-75 °C, dependent on experimental 
conditions. Dehydration involved the loss of one mole of water as a single event, with 
anhydrous, metastable polymorph, AH-C as the product.  

There is evidence that water can migrate along the a and b-axis. Upon dehydration, changes 
in the birefringence pattern progress along the a-axis, suggesting this as the direction of 
dehydration for a sample heated in air. For a sample heated in silicone oil, however, water is 
observed to diffuse along the a-axis prior to the appearance of water droplets on the surface 
of the dominant crystallographic faces, (010) and (011), this requiring water to migrate along 
the b-axis. Thermal expansion was found to be dominant in the direction of the c-axis. The 
experimentally observed dehydration behaviour mirrors that revealed through the molecular 
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dynamics simulations, where water diffusion is much more prevalent along the a and b-axis 
than the c-axis of the lattice. 

Molecular dynamics simulations, at different temperatures, revealed changes to the radial 
distribution functions (rdfs) of fluconazole-fluconazole (Of…Of) and water-water (Ow…Ow) 
oxygen atom pairs, and allowed us to explore the mobility of water in the MH structure as a 
function of temperature. At lower temperatures the waters remain in pockets and are not able 
to interact with each other, at 342*K (69 °C) water mobility increases, with a further increase 
in temperature providing enough mobility to allow water to migrate within the lattice and 
start forming water clusters. We note, however, that this might be an artefact of the 
simulations since surfaces have not been modelled so the water was not able to leave the 
system but just diffuse within the lattice. 

The key step required to initiate the dehydration mechanism is a change in the molecular 
conformation of fluconazole, through the rotation of the OH functionality. As the temperature 
is increased, the OH groups change conformation away from that found in the monohydrate 
(τOH ≈ ±180°) to that found in AH-C (τOH ≈ ±60°). At lower temperatures, the majority of 
molecules adopt the MH OH conformation, whilst the proportion of molecules in the 
simulation cell adopting the AH-C OH conformation increases steadily as the temperature 
increases. When approximately half of the fluconazole molecules have adopted AH-C OH 
conformations, we observe a noticeable increase in water diffusion; this occurs at a 
simulation temperature close to that observed experimentally. The conformational change 
orients the OH group such that it is able to donate to a nitrogen atom in the triazole ring of an 
adjacent fluconazole. Water exists in environment 5,45 forming three hydrogen bonds, 
breaking of the OH to water hydrogen bond through the conformational change weakens the 
fluconazole-water interactions. This temperature dependant conformational change, found in 
the conformation of the OH group, appears to be a key initiation factor in the disruption of 
the hydrogen bond network in the MH structure. 

Simulating fluctuations in the OH group conformation over time (10 ns) suggests that both 
conformation and density remain fairly constant for the simulation at 293*K, whereas 
conformational change is seen for simulations at the dehydration threshold temperature 
(342*K). During the simulations, conformational change of the OH group takes place with 
the fraction of MH OH conformations decreasing from around 0.65 to 0.40. At 293*K water 
is not able to diffuse in the lattice. At 342*K, for the first 500 ps of the simulation, an 
increasing number of fluconazole molecules changes their OH conformation yet there was no 
water diffusion observed. However, when the MH OH fraction is below ~0.5, water 
molecules are able to diffuse in the lattice from one pocket to another, this process becoming 
more frequent when the simulation reaches the 0.4 fraction plateau. The conformational 
change can act to initiate the destabilisation of the MH hydrogen bonding however, the water 
is not free to migrate through the lattice until a significant fraction of the OH groups have 
changed conformation.  

Experimentally a decrease in the dehydration activation energy is found, dropping from a 
value of 77 kJ/mol at a conversion fraction of α = 0.1 to 38 kJ/mol at α = 0.9, this implies that 
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there is a decrease in the barrier as dehydration progresses. Changes in the conformation 
destabilise the hydrogen bonding network for the MH and promote the network for the 
anhydrous form. Initially nucleation of AH-C is the dominant factor influencing the 
dehydration activation energy, with growth of AH-C progressing through the MH crystal as 
water is lost. Interestingly, at higher conversion fractions, the activation energy for the 
dehydration is ~38 kJ/mol, which approximately equates to two water-fluconazole hydrogen 
bonds. This is revealing since it indicates that after enough anhydrous form has nucleated and 
grown, the diffusion of water within the MH lattice (for which two hydrogen bonds need to 
be broken) becomes the rate controlling mechanism. Water clusters may disrupt the particle, 
thus creating a path for continued dehydration. A change in birefringence, observed during 
dehydration (hot stage microscopy), suggests that a single crystal of MH dehydrates to a 
polycrystalline particle of AH-C. As a result, voids are likely to exist between AH-C crystals, 
allowing for water movement through the particle.  

MH dehydrates to AH-C rather than the thermodynamically stable polymorph (AH-B35) or 
metastable polymorph (AH-A35). It may be expected that dehydration products would 
represent the energetically favoured kinetic outcome and not necessarily the 
thermodynamically stable anhydrous form. AH-C does not represent the stable anhydrous 
form of fluconazole at room temperature and is extremely challenging to crystallise from 
solution,35 yet readily forms as the MH dehydration product regardless of the conditions used. 
We notice two important factors here which help rationalise why MH dehydrates towards the 
AH-C: i) the conformational similarity and ii) the crystal structure similarity between the MH 
and the AH-C. 

With regards to the conformation, we studied this in detail in our previous work.35 The 
conformation in AH-C is extremely similar to the MH conformation: it only requires rotation 
of the OH from τOH ≈ ±100° (in the MH) to τOH ≈ ±60° (in AH-C). We have shown that such 
conformational change already occurs within the MH crystal structure before dehydration 
commences. When the dehydration starts, over 50% of the fluconazole molecules already 
have the conformation found for AH-C. The conformation is identical to the AH-A 
polymorph but very different to the AH-B polymorph.35 

With regards to the similarity in the crystal structures, Figure 16 compares the structures of 
the MH and AH-C. The (011#) plane in MH can be aligned with the (200) plane in the AH-C 
structure, likewise the (011) plane in the MH can be aligned with the (002) plane in the AH-C 
structure. Comparing the position of the fluconazole molecules in the MH structure to those 
found in the AH-C structure the differences reflect the expansion required to incorporate a 
water molecule in the structure, there being very small changes in the angle of adjacent 
molecules (Table 2). Comparing (100) in the MH to (020) for AH-C, formation of the AH-C 
structure requires the rotation of alternate fluconazole molecules. The OH group 
conformational change potentially acting to initiate this process, with the empty water pocket 
providing molecular space for movement of the triazole rings.  
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Figure 16 Structural similarity found between the MH (a,b,c) and AH-C (d,e,f) relative to the (200), (002) 
and (020) planes in AH-C. Lengths AB and BC and angles ABC and BCD were measured from the 
central carbon atom of the fluconazole molecules. 

 

Table 2 Change in the distance and relative angles between adjacent fluconazole molecules comparing the 
AH-C and MH structures. 

plane in MH vs AH-C Δ length 
AB (Å) 

Δ length 
BC (Å ) 

Δ angle 
ABC (°) 

Δ angle 
BCD(°) 

(011#) vs (200) -0.49 0.51 5.3 -5.3 
(011) vs (020) 1.18 -0.39 -0.6 0.6 
(100) vs (020) 1.08 1.48 -6 6 
Lengths and angles were measured from the central carbon atom of the fluconazole molecule to the two adjacent 
molecules found perpendicular to the plane as depicted in Figure 16 The difference is taken as the values 
measured for AH-C subtracted from values measured for the MH. 

 

5 Conclusions 

We have studied the dehydration behaviour of fluconazole monohydrate, combining 
experimental analytical techniques with molecular dynamics simulations. Molecular 
dynamics simulations revealed a possible initiating mechanism for dehydration: as the 
temperature is increased, a significant proportion of molecules change conformation around 
the OH group, this weakening the water-fluconazole hydrogen bonding. This conformational 
change, combined with lattice expansion of the c-axis, allows for greater mobility of the 
water to migrate along the a and b-axis during the dehydration process. Conformational 
change also promotes formation of the anhydrous product, metastable polymorph AH-C, 
since the OH rotation allows for the formation of a fluconazole-fluconazole hydrogen bond. 
Comparing the crystal structures of AH-C with MH, striking conformational and structural 
similarities are found, therefore AH-C is expected as the dehydration product. Our work 
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reveals that conformational change, instigated by thermal motion, may be a key factor in 
understanding the thermal stability of organic hydrates. 
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Conformational change has been revealed as the initiating step in the dehydration mechanism 
of fluconazole monohydrate. Rotational change to the hydroxyl group, as the temperature is 
increased, destabilises the monohydrate structure, whereby water gains enough mobility to 
migrate within the lattice.   
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