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ABSTRACT 

Many crystallization processes of great significance in nature and technology occur in small 

volumes rather than in bulk solution.  This article describes an investigation into the effects of 

nanoscale confinement on the crystallization of the inorganic compound potassium 

ferrocyanide, K4Fe(CN)6 (KFC).  Selected for study due to its high solubility, rich 

polymorphism and interesting physical properties, K4Fe(CN)6 was precipitated within 

controlled pore glasses (CPG) with pore diameters of 8, 48 and 362 nm.  Remarkable effects 

were seen, such that although anhydrous potassium ferrocyanide was never observed on 

precipitation in bulk aqueous solution, it was the first phase to crystallize within the CPGs 

and was present for at least 1 day in all three pore sizes.  Slow transformation to the 

metastable tetragonal polymorph of the trihydrate K4Fe(CN)6∙3H2O (KFCT) then occurred, 

where this polymorph was stable for a month in 8 nm pores.  Finally, conversion to the 

thermodynamically stable monoclinic polymorph of KFCT was observed, where this phase 

always found after a few minutes in bulk solution.  As far as we are aware these retardation 

effects – by up to five orders of magnitude in the 8 nm pores – are far greater than any seen 

previously in inorganic systems, and provide strong evidence for the universal effects of 

confinement on crystallization. 
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INTRODUCTION 

A range of common approaches exist to control crystallization processes in bulk solution, 

including definition of the solution composition and temperature, and the use of soluble 

additives.1,2  Soluble additives can be particularly effective in defining crystal sizes, 

morphologies and polymorphs,3 delivering for example, crystalline particles with complex 

hierarchical structures.4-8  The encapsulation of additives within the crystal lattice can also 

change the textures,9 mechanical properties,10-12 and optical properties13,14 of crystals.  As an 

alternative to additive-directed crystallization, it is also becoming increasingly evident that 

the micro-environments in which crystals form can themselves define crystallization 

pathways and products.15-19  Not only is this of particular importance to processes that 

naturally occur in confinement such as weathering, biomineralization and the manufacture of 

nanomaterials, but confinement can potentially provide a stand-alone means of controlling 

crystallization. 

Recent studies by us and others have shown that confinement can have multiple effects on 

crystallization.  A number of studies have focused on organic compounds, where these have 

shown effects such as the stabilization of amorphous and metastable phases, and preferred 

orientation.18,20,21  Looking then at biologically-relevant solids such as calcium carbonate and 

calcium sulfate, confined volumes can provide environments that can control the formation of 

single crystals with complex morphologies.7,22-24  Using systems including a crossed-

cylinders apparatus,19,25,26 arrays of picolitre droplets,27 vesicles that offer confinement in the 

general range 50 nm – 50 m,28-30 and the pores of track-etched membranes,31-33 it has also 

been demonstrated that the lifetimes of amorphous precursor phases and metastable 

crystalline polymorphs of calcium carbonate, calcium phosphate, calcium sulfate and calcium 

oxalate can be significantly extended, even in micron-scale environments.  While this length 

scale is relevant to many biomineralization processes, crystallization in the environment (eg. 
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in porous solids) and materials synthesis, there are many crystallization processes which 

occur in the nanoscale, such as the mineralization of collagen or the formation of 

nanoparticles.31,34,35 

This article describes initial studies of the effects of nanoscale confinement on the 

precipitation of the inorganic compound potassium ferrocyanide (K4Fe(CN)6), (potassium 

hexacyanoferrate (II), KFC), using porous glasses with three different mean pore diameters 

(8, 48 and 362 nm) as the crystallization environment.  Controlled pore glasses (CPGs) are a 

silica material of a refractory nature containing random and tortuous pores which are 

available with mean pore diameters from 3 to hundreds of nanometers.  They have been 

frequently used to confine substances like hydrogen and helium, inert gases, water and 

organic liquids as well as metals for studies of melting and freezing point depression,36 and 

the properties of confined liquids and solids in general.  Recently, CPGs have been used to 

study the polymorphism of organic crystals such as pimelic acid, glutaric acid and 

coumarin,20 and certain pharmaceuticals,37,38 and in common with the precursor phases of 

biominerals,19,25,26  the metastable phases of organic crystals also increased in stability when 

confined in 7.5 nm CPGs.39,40 CaCO3 has also been precipitated in association with 

functionalized CPGs,41 although crystallization occurred both within the CPGs and on their 

surfaces, making differentiation between the two environments challenging. 

Through the use of controlled pore glasses, our study provides a first investigation of the 

effects of nanoscale confinement on the precipitation of an inorganic solid.  Our results show 

that the smallest pores of the CPGs have extremely strong effects on crystallization such that 

anhydrous potassium ferrocyanide – which is never observed on precipitation from bulk 

aqueous solutions – is precipitated as the first phase, and is stable for significant periods of 

time.  A clear pathway of transformation between polymorphs is also observed in the CPGs, 

providing a clarification of the crystallization mechanism of this material.  These results are 
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of significance to the many crystallization processes that occur within constrained volumes, 

and the demonstration that the crystallization of inorganic solids can be performed within 

CPGs opens up new possibilities for performing in situ studies of crystallization in 

confinement.  

 

MATERIALS AND METHODS 

Potassium ferrocyanide was precipitated within particles of controlled pore glasses (CPGs) 

with pore diameters of 362 nm, 48 nm and 8 nm to determine the effect of confinements on 

the polymorphs generated.  These are denoted as CPG-8, CPG-48 and CPG-362 respectively.  

The results were compared with control experiments performed in bulk solutions. 

Materials and General Methods.  Potassium ferrocyanide trihydrate (KFCT) was obtained 

from Sigma-Aldrich, while the controlled pore glasses were obtained from Millipore as 

particles of diameter 10-100 m in the case of CPG-48 and CPG-8, and of diameter 1-3 mm 

in the case of CPG-362.  The CPGs were cleaned in 20% nitric acid at 100 °C for 2 h, and 

were then washed with water followed by ethanol (99% VWR Chemicals), in which they 

were left overnight before drying under vacuum for 5 h. All glassware including microscope 

slides for the crystal growth were cleaned overnight in "piranha solution" (30% H2O2 and 

70% H2SO4), then rinsed with Milli-Q water and stored under Milli-Q water until required. 

Crystallization in Bulk Solution.  Two different methods were used to crystallize KFCT in 

bulk solution at ambient conditions. Slow crystallization was achieved by allowing 10 mL of 

concentrated KFCT solution (~20 w/v % - the solubility limit is 29 g/100 ml water) to 

evaporate in droplets on a glass slide under ambient conditions.  Crystals were checked on the 

glass slides after 3, 5, 10 and 30 min and after complete evaporation of the solution (about 24 

h). More rapid crystallization (less than 1 minute) was achieved using ethanol as a 

precipitant.  50 mL of ethanol were added to 10 mL of KFCT solution (~2 w/v %) and the 
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crystals were then collected prior to examination using optical microscopy.  Unless otherwise 

stated, ambient conditions are T = 20 ± 2 °C and a relative humidity (r.h.) of 40 ± 5 %.   

Crystallization in Controlled Pore Glasses (CPGs).  Crystallization in the CPGs was 

carried out by suspending the porous glass particles in a 20 w/v% solution of KFCT and 

applying vacuum to remove the gas present within the pores.  Sequences of 5-10 mins of 

pumping were repeated until no more bubbles were observed, and the bulk KFCT solution 

was then removed by filtration.  The particles were then dried by placing them under vacuum 

for 5 h (rapid drying), or maintaining them under ambient conditions in the laboratory (slow 

drying).  In both cases, crystallization occurs due to evaporation of water from the pores of 

the CPGs in less than 5 h.  

Characterization Methods.  The CPG particles were imaged prior and subsequent to 

crystallization using a FEI Nova NanoSEM 450 scanning electron microscope operating at 1-

5 kV.  Samples for scanning electron microscopy (SEM) were mounted on SEM stubs using 

conductive carbon tapes and coated with 2 nm of Ir using a Cressington 208HR high 

resolution sputter coater. Samples of the crystals precipitated in bulk were investigated with 

high transmission electron microscopy (TEM) and they were prepared by placing a droplet of 

the ethanol suspension containing the KFCT crystals on a carbon-covered Cu TEM grid, then 

analyzed with FEI Tecnai TF20 FEGTEM operating at 200 kV. The presence of crystals in 

the CPGs was demonstrated by BET surface area analysis using an ASAP 2020 (Accelerated 

Surface Area and Porosimetry System) with 100 mg of CPG samples analyzed before and 

after crystallization. 

The polymorphs of the crystals precipitated in bulk and within the CPG particles were 

characterized using a Nikkon eclipse LV100 optical microscope (where applicable), Raman 

microscopy, infrared spectroscopy (IR), powder X-ray diffraction (XRD) and electron 

diffraction.  Raman measurements were carried out at 20-22 °C in the region 2000-2200 cm-1, 
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where the CN stretching modes are located, using a Renishaw 2000 Raman microscope with 

a 785 nm diode laser.  The IR analysis was performed using a Perkin Elmer Spectrum 100 

FTIR with diamond ATR, and the samples were scanned 5 times at a 4 cm-1 spectral 

resolution.  Powder X-ray diffraction was carried out with an X’Pert Phillips XRD 

diffractometer with spinner configuration.  Samples were placed in a sample holder and data 

were collected at 2θ between 10° and 60° in intervals of 0.033° at a scan rate of 0.119o min-1. 

Electron diffraction of the crystals in bulk was recorded using selected-area electron 

diffraction (SAED) using 1 um aperture.  Electron diffraction and PXRD diffraction of the 

crystals were simulated using CrystalMarker software.  

 

RESULTS 

Potassium ferrocyanide was selected as the focus of this study due to its high solubility 

(which facilitates significant pore-filling and removal of surface crystals from the CPGs) and 

its rich polymorphism; it crystallizes at room temperature as an anhydrous form (KFC), and 

as hydrated polymorphs of potassium ferrocyanide trihydrate (KFCT), as summarized in 

Table 1.  KFCT has a metastable tetragonal form and a thermodynamically stable monoclinic 

polymorph, and also exhibits a number of twinned crystals.42,43 Potassium ferrocyanide is 

used in the food industry to prevent the caking of table salt and to precipitate heavy metals 

from wine,44  and has applications as a catalyst, an ion exchanger, photosensitizer and a 

supramolecular magnetic material.45,46 KFCT also exhibits a number of unusual solid-state 

transitions, which have elicited considerable interest from a fundamental point of view.47-49   

Crystallization in Bulk Solution. Two precipitation methods were employed; evaporation of 

aqueous solutions or precipitation from aqueous solution by ethanol addition. When 

potassium ferrocyanide solutions (2-20 w/v %) were allowed to evaporate under ambient (T = 

20-22 °C, relative humidity 35±5%) conditions two types of crystals with distinct 
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morphologies precipitated.  The first crystals formed after 3 min were hexagonal in shape 

(Figure 1a), while a mixture of hexagonal-shaped and rectangular prismatic crystals was 

observed after 10 min (Figure 1b).  The proportion of rectangular crystals increased with time 

(although a mixture of both crystal shapes was typically found), where these were stable at 

room temperature and grew to millimeter sizes upon complete evaporation.   

As an alternative precipitation method, 50 mL of ethanol was added to 10 mL dilute (2 

w/v%) solutions of KFCT, which resulted in immediate formation of white, needle-shaped 

crystals (Figure 1c).  These crystals were unstable in solution and redissolved within 5 min, 

being replaced with crystals that grew into irregular, octagonal prisms (Figure 1d).  These 

subsequently either transformed directly into rectangular prisms or dissolved and then 

reprecipitated as the rectangular prisms or hexagons seen on evaporation of aqueous solutions 

over  10 min.  Figure 2 shows a sequence of images that illustrates the morphological 

evolution of crystals formed by ethanol precipitation.  This progression in crystal 

morphologies is consistent with descriptions of crystals of KFCT in the literature, which 

assigns the rectangular prismatic crystals to the monoclinic polymorph.50  

The crystal structures of the different morphological forms of KFCT were then investigated 

using Raman microscopy and infrared spectroscopy (IR), powder X-ray diffraction (PXRD) 

and TEM selective area electron diffraction (SAED) to determine their polymorphs, where 

the assignments are summarized in Table 1.  Samples for IR and PXRD analyses were 

recovered by filtration, where this was carried out 1 min after initiation of the reaction in the 

ethanol precipitation, and after 3 min from the evaporating solutions.  The samples obtained 

from ethanol precipitation principally comprised needle-shaped crystals, together with minor 

amounts of hexagonal and rectangular crystals, while those from the evaporating solutions 

were principally hexagonal crystals, together with some rectangular crystals.  The proportion 

of rectangular crystals could be increased by isolating the crystals after longer reaction times.   
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As the samples for IR and PXRD invariably comprised mixtures of the two polymorphs, 

these techniques could not be used to assign polymorph to a precise crystal morphology. 

Crystals precipitated by evaporation exhibited the same IR spectra at long or short reaction 

times (Figure 3a), where the bands at 3587, 3518, 3375, 1647 and 1614 cm-1 derive from O-H 

bond stretching of the water molecules, and the band at 2035 cm-1 derives from the 

symmetric stretching of the CN-group.50  The IR spectrum of the ethanol-precipitated 

samples containing needle-shaped crystals was distinctly different (Figure 3b).  The major 

OH-bands in a range 3300- 3600 cm-1 were very weak, the 1614 cm-1 OH bands were 

significantly reduced in intensity and new peaks in the CN-region at 2093, 2072, 2017 and 

2041 cm-1 were observed.  These data demonstrate that the needle-shaped crystals correspond 

to the anhydrous phase (potassium ferrocyanide, KFC), where this was confirmed by PXRD. 

Ethanol-precipitated samples, where needle-shaped crystals were present, gave powder 

diffraction peaks corresponding to anhydrous KFC and KFCT (Figure 4a).  That the peaks 

are more intense for KFCT can be attributed to the fact that although there are fewer crystals, 

they are larger in size and similarly oriented due to their plate-like shape.  PXRD analysis of 

the samples isolated from the evaporation reactions after 3 min demonstrated that the crystals 

were hydrated KFCT (monoclinic or tetragonal) (Figure 4b); no peaks corresponding to KFC 

were observed.  Analysis of samples prepared at longer times yielded very similar diffraction 

patterns (Fig S1).  It is noted that the PXRD spectra of the tetragonal and monoclinic 

polymorphs are very similar, making it very difficult to determine the proportions of each of 

these forms in a mixed powder as shown in simulated patterns (Figure S2) 

Raman analysis was performed of individual crystals, and showed that all of the 

morphological forms have a main peak at 2090 - 2093 cm-1.  The rectangular and octagonal 

crystals showed Raman peaks at 2064 cm-1 and 2093 cm-1 (Figures 5a and 5b), where these 



9 
 

correspond to the ѵ1 and ѵ3 bands of monoclinic KFCT crystals.50  These data therefore 

suggest the rectangular and octagonal crystals have identical structures, and are simply 

different morphological forms of the monoclinic polymorph. This is also supported by in situ 

observation of their crystallization by optical microscopy, which revealed that the diagonal 

edge of the octagonal crystals often grew faster than the other edges, transforming the shape 

into a rectangular one (Figure 2).  The hexagonal crystals showed two additional peaks at 

approximately 2023 cm-1 and 2039 cm-1, and the peak at 2064 cm-1 appeared to have split 

into two, at 2023 cm-1 and 2039 cm-1 (Figures 5c), as is consistent with the reported Raman 

spectrum of the hexagonal crystals.51  The Raman spectrum of the ethanol-precipitated 

needle-shaped crystals was very similar to that of the tetragonal form (Figure 5d), but 

measurements on the anhydrous phase obtained by heating the supplied bulk KFCT 

confirmed this similarity (Figure 5e). 

Selected-area electron diffraction (SAED) was used to provide further confirmation of the 

polymorph assignments, where this can again be used to analyze individual crystals.  A 

summary of the diffraction pattern assignments and comparison with the monoclinic and 

tetragonal crystal systems is provided in the supplementary information (text and Table S1 

and Figure S3).  The SAED data demonstrated that the rectangular and octagonal crystals 

both correspond to the monoclinic form of KFCT42 (Figures 6a, 6b and 6c and 6d)., while the 

hexagonal-shaped crystals are tetragonal (Figure 6e and 6f).52   

Effects of Humidity on Crystals Precipitated in Bulk.  The stabilities of the different 

crystal polymorphs in humid air ( 100% humidity) were investigated due to their relevance 

to the long-term incubation of the CPG/KFC particles in air.  Under these conditions, the 

hexagonal-shaped crystals of the tetragonal polymorph transformed to the monoclinic 

polymorph (rectangular crystals) in 15 mins, as shown by optical microscopy and Raman 

spectroscopy.  The effects of humidity on the orthorhombic KFC phase (needle-shaped 
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crystals) obtained by ethanol precipitation were also studied at close to 100 % humidity.  

KFC redissolved in under 5 min as observed by optical microscopy after which time a 

mixture of monoclinic and tetragonal KFCT crystals precipitated.  After a further 15 min only 

the stable monoclinic polymorph was evident (Figure S4).  Notably, neither the anhydrous 

KFC nor the tetragonal polymorph converted into the monoclinic form under ambient 

conditions (of humidity 40 ± 5 %) over a time span of 1 month.  

Crystallization in Controlled Pore Glasses (CPGs).  Crystallization of KFC within the 

CPGs was achieved by infiltrating the CPGs with a solution of KFC, filtering off the bulk 

solution, and then allowing the CPG particles to either dry slowly in air under laboratory 

conditions, or rapidly under vacuum.  This procedure ensured that bulk KFCT crystals did not 

precipitate on the surfaces of the CPGs, or between particles of CPGs, where this was 

confirmed using scanning electron microscopy (SEM) (Figure S5). BET analysis showed a 

marked decrease of surface area in CPG-48 and CPG-8 after crystallization (Table S2), 

whereas the decrease with CPG-362 was insignificant.  Although the results are only 

qualitative, they do suggest a considerable incorporation of crystals in to the CPGs, at least 

for the two smaller pore sizes.   

The crystals formed inside the CPG particles were studied at different times using PXRD, 

Raman and IR spectroscopy.  Markedly different results were obtained compared to the bulk 

crystallization experiments, where a summary is presented in Table 2.  In all of the pores 

sizes, and under all experimental conditions, crystals of the anhydrous KFC invariably 

precipitated first, as confirmed by PXRD.  Within vacuum-dried CPGs, the KFC crystals 

remained unchanged for after 1 month in ambient conditions (Figure S6) and conversion to 

KFCT with time was not observed (for at least 1 year).  By contrast, air-dried CPGs samples 

of all pore sizes showed differences in polymorph conversion with time.  After initial 

formation of KFC crystals, the hydrated KFCT crystals began to appear with time, which was 
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confirmed by IR (Figure S7), XRD (Figures 7, 8 and 9) and Raman (Figure S8).  KFC 

persisted in the CPG-362 and the CPG-48 for one day, while it was still found after a month 

in the CPG-8 according to PXRD analysis (Figure 9). Note that the background intensity 

from the glass varies considerably between samples, and that the CPG-362 particles are much 

bigger than the other two, which makes any quantification based on relative peak heights or 

areas difficult.    

After complete transformation from anhydrous KFC to tetragonal or monoclinic KFCT, as 

confirmed by XRD, Raman analysis was carried out to estimate the proportions of the 

monoclinic and tetragonal forms in the CPGs.  After two days, Raman spectra of at least 20 

particles of the three different CPGs were recorded, showing that the KFCT crystals in CPG-

362 and CPG-48 consisted of  70% of the monoclinic polymorph and 30% of the tetragonal 

form (Figure S9). Particles with peaks overlapping were not included in the percentages. In 

contrast, in CPG-8, only the tetragonal polymorph was present for up to one month.  

Incubation times over a month eventually led to further transformation, and the presence of a 

mixture of the monoclinic and tetragonal polymorphs in all three pore sizes.  It was also 

noted that the CPG vacuum-dried particles remained white for one year, while the air-dried 

samples turned from white to yellow with time, reflecting the color change undergone by the 

anhydrous KFC as it transforms into KFCT crystals. 

Effect of Humidity on the Transformation of Crystals in CPGs. The influence of 

humidity on crystal transformation was studied by storing the CPG/KFC samples at 100 % 

humidity and monitoring them using IR analysis.  Anhydrous KFC crystals in vacuum-dried 

CPGs took 2 days before fully transforming to a mixture of KFCT phases within the CPG-48 

and CPG-362 (Figure S10), while in the CPG-8 the IR absorption bands corresponding to 

KFCT only became apparent after 2 weeks (Figure S11).  In the air-dried CPG-8 the 

tetragonal KFCT crystals remained stable for up to 1 h before transforming to monoclinic 
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crystals under humid conditions (Figure S12).  For comparison, this process took 15 min 

under same conditions in bulk.  These observations are summarized in Figure 10.  

 

DISCUSSION 

Our results describing the precipitation of KFC in bulk are in good agreement with the 

literature.  In 1869, Wyrouboff managed to identify likely monoclinic and tetragonal 

polymorphs by light microscopy alone,53 while in 1911 Briggs presented micrographs of 

crystals with rectangular, hexagonal and octagonal prismatic habits.54,55 More recent studies 

have revealed the complexity of the KFCT system, and have shown that it comprises a 

number of polymorphs which are very close in free energy.42,43,47,49,51  The five different 

forms include a monoclinic and a tetragonal polymorph and three different twinned crystals.  

The stable monoclinic crystals of KFCT have been isolated and characterized by a range of 

techniques,50 but to the best of our knowledge, no Raman or IR data of tetragonal KFCT have 

been reported in the literature.  A mixture of these two polymorphs is also typically 

precipitated in bulk solution, which has limited the characterization of the tetragonal 

polymorph.42 

The experiments carried out in this study have shown the existence of four crystal-types with 

clearly distinguishable morphologies (irregular, octagonal, rectangular and hexagonal) on 

crystallization of KFCT from aqueous solution at room temperature. The needle-shaped 

crystals observed on ethanol precipitation correspond to anhydrous KFC, whereas if 

anhydrous KFC forms on evaporation of aqueous solution it is too short-lived to be detected 

visually.  The rectangular form corresponds to the monoclinic polymorph of KFCT,50 while 

our observations that the octagonal crystals exhibit identical Raman and IR spectra and 

electron diffraction patterns to their rectangular counterparts suggest that they are just an 

early stage of growth of the monoclinic polymorph.  Finally, the crystals with hexagonal 
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shape that are observed at short crystallization times, are shown to be tetragonal KFCT by 

Raman and electron diffraction data. 

Markedly different results were obtained on precipitation of KFC in confinement. That 

crystallization proceeds more slowly in the CPG pores enabled the transformation pathway to 

be more clearly resolved, and a more orderly progression from anhydrous crystal to 

tetragonal trihydrate to monoclinic trihydrate was observed.  As highlighted above, a mixture 

of the tetragonal and monoclinic polymorphs (including twinned forms) are invariably 

present in bulk solution, from the moment that crystals first appear until at least six months 

later.  In stark contrast, anhydrous KFC was the first phase formed in confinement under all 

experimental conditions, and was never observed on precipitation of KFC from bulk aqueous 

solution.  This cannot be due to a lack of available water – at the solubility limit there are 68 

moles of water available for every mole of K4Fe(CN)6, or more than 20 times the amount 

needed to form the hydrated salt.  An effect of confinement on the nucleation of the trihydrate 

also appears unlikely, as even the smallest pore diameter of 8 nm is likely to be much larger 

than the size of a critical nucleus for any reasonable supersaturation. 

Having formed, the anhydrous KFC crystals can be stable for long periods in the CPGs.  On 

drying the CPGs rapidly (under vacuum) anhydrous KFC was stable for at least 1 year in all 

pore sizes, as compared with a few days for air-dried samples.  It is likely that drying under 

vacuum removes all water from the porous glass, and that the complete absence of water is 

responsible for the long-term stability of KFC in the pores, since the ambient humidity 

diffusing in from the environment is insufficient to convert the anhydrous salt to the 

trihydrate. A similar effect has been observed with β-glycine stabilized in the nanopores of 

anodic aluminum oxide (AAO).56 By contrast, when the porous glass is dried under ambient 

conditions, enough water must be left in the pores to be able to slowly hydrate the anhydrous 

crystals over days to months.  This comparatively slow rate of hydration must be due at least 
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partly to a reduced rate of diffusion of water, whether liquid or in the form of vapor, through 

the pores.  In addition to the reduced diffusion rate there must also be a blocking effect of 

existing crystals in the pores, as they will cut off many available pathways of diffusion.  

Finally, as our observations of the transformation of the bulk crystals between polymorphs 

suggests that hydration occurs by a dissolution/ reprecipitation mechanism, the process will 

also depend on the requirement for nucleation events in what may be a very limited volume 

of solution. 

A much slower transformation from the metastable tetragonal polymorph to the stable 

monoclinic form was also observed in the CPGs as compared with bulk solution.  While the 

water contents of the tetragonal and monoclinic polymorphs are the same, it is known that the 

presence of water is necessary for the transformation in bulk. Finally, the lifetime of the 

metastable tetragonal polymorph was greatest in the smallest pores, showing that this 

polymorph is more stable in small volumes than in larger pores or bulk, where conversion to 

the monoclinic polymorph was more rapid.    

Our samples are such that the mean pore diameter may be considered large as compared to 

the diameters of the diffusing species; water, potassium ions and ferrocyanide ions.57  

Experimentally, a hindrance factor, or reduction in the diffusion coefficient, of some 5 times 

has been found for water diffusing in sol-gel glass of mean pore diameter 3.5 nm.  As another 

example, the effective diffusion coefficient for cyclohexane was found to vary between 0.37 

and 0.91 of the bulk value for pore diameters of 6 to 49 nm.58  Since the time t taken to 

diffuse a certain distance is inversely proportional to the diffusion coefficient D, it follows 

that the effect of confinement on the diffusion rate even in the smallest pores is at most a 

factor of 5, and would be hardly noticeable in the largest pores.  There are other effects which 

might act to slow down the diffusion further, such as adsorption to the pore walls, 

electrostatic interactions between the ions and the silica surfaces, and the tortuosity of the 
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pores,59 but these are again unlikely to be significant in the pore sizes employed here.  

Hindered diffusion is hence very unlikely to be the major factor in the confinement effects 

seen. Alternative possibilities include a decrease in convective transport of material, which 

has been shown to dominate over diffusive transport in bulk crystal growth,60 and the likely 

requirement for a large number of nucleation events to convert a significant fraction of highly 

dispersed metastable phase to a more stable polymorph. 

The much longer time taken for the stable monoclinic polymorph to appear in the smallest 

pores is consistent with other studies of crystallization in confinement, which have also 

shown that metastable phases are stabilized in confined volumes.19,25,28,61 Focusing in 

particular on inorganic solids, the crossed cylinder apparatus has been particularly valuable in 

studying crystals formed between surfaces separated by distances as small as 200 nm. 

Crystallization through a sequence of metastable polymorphs was observed in the calcium 

carbonate,25 calcium phosphate19 and calcium sulfate systems,26 where factors such as the 

difficulty of dehydration of hydrated amorphous calcium carbonate particles,25 and the 

hindered aggregation of precursor particles of calcium sulfate26 between two closely apposed 

surfaces may have contributed to these effects.  However, that significant confinement effects 

have been observed in every inorganic crystal system that we have examined suggests that 

this phenomenon has a common underlying physical mechanism.  Further, that these effects 

can operate even on the micron-scale shows that this does not originate from the pore-size 

dependent stabilization of critical nuclei, as is often suggested for organic compounds39,40,62. 

Our demonstration that it is possible to crystallize inorganic crystals within controlled pore 

glasses now opens the door to in situ studies of crystallization in constrained volumes, where 

these are expected to provide new understanding of these confinement effects. 
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CONCLUSIONS 

This study has demonstrated that controlled pore glasses (CPGs) can be used as an effective 

means of studying the effects of nanoscale confinement on the crystallization of inorganic 

compounds.  Focusing on the precipitation of potassium ferrocyanide K4Fe(CN)6 from 

aqueous solution within CPGs with pore diameters of 8, 48 and 362 nm, we observed a 

different crystallization pathway to that seen in bulk solution.  The first phase to crystallize 

within the CPGs was the anhydrous salt of potassium ferrocyanide (KFC), which was not 

observed when precipitating by evaporation of a bulk aqueous solution.  The KFC confined 

to the pores transforms slowly over days to the trihydrate (KFCT) in the presence of water in 

the pores, whereas the conversion in a humid environment in bulk takes less than 5 min.  The 

metastable tetragonal polymorph of KFCT persists for only 15 minutes in humid conditions 

or as a mixture with the monoclinic polymorph at ambient conditions whereas it is possible to 

detect it in 8 nm pores for a month.  In the smallest pores the thermodynamically stable 

monoclinic polymorph of KFCT only appears after 2 months, compared to the minutes it 

takes in bulk solution. The effect of confinement is hence to slow down significantly – by 4 

to 5 orders of magnitude in the 8 nm pores – the sequential crystallization of polymorphs of 

potassium ferrocyanide.  This strongly suggests that this is a universal effect of confinement 

on crystallization, regardless of details of the structure and nature of the polymorphs 

involved.  Once again it has been shown that crystallization in confinement is a useful means 

of observing polymorphs that have only transient existence in bulk solution. 
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Morphology Assignment Crystal System Crystallographic parameters 

Needle-like 
crystals 

Anhydrous 
KFC 

Orthorhombic 
Cmcm 

Alpha = beta = 
gamma = 90 ° 

a (Å): 4.18 

b (Å): 14.01 

c (Å): 21.04 

Rectangular 
prism 

KFCT Monoclinic C2/c Alpha = gamma 
= 90 ° 

Beta = 90.69- 
90.096 ° 

a (Å): 9.38-9.40 

b (Å): 16.84-16.88 

c (Å): 9.39-9.41 

Octagonal prism KFCT Monoclinic C2/c Alpha = gamma 
= 90 ° 

Beta = 90.69- 
90.096 ° 

a (Å): 9.38-9.40 

b (Å): 16.84-16.88 

c (Å): 9.39-9.41 

Hexagonal 
crystal 

KFCT Tetragonal I41/a Alpha = beta = 
gamma = 90 ° 

a (Å): 9.39-9.41 

b (Å): 9.39- 0.41 

c (Å): 33.67-33.72 

 

Table 1.  Summary of the crystals precipitated from bulk solutions of potassium 

ferrocyanide, where KFC corresponds to the anhydrous form, K4Fe(CN)6, and KFCT to the 

trihydrate. Needle-like crystals (yellow) are assigned to orthorhombic KFC, rectangular and 

octagonal prisms (turquoise) are the monoclinic polymorph of KFCT and hexagonal-shaped 

crystals (pink) are the tetragonal polymorph of KFCT.42,49,52,64    
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Table 2.  Summary of data obtained on precipitating a KFC within CPG particles of the 

indicated pore sizes, and then drying the CPG/KFC particles in air or under vacuum.  The 

yellow color corresponds to orthorhombic KFC, the turquoise to monoclinic KFCT and pink 

to tetragonal KFCT.  The anhydrous KFC precipitated first in the CPGs and transformed into 

KFCT with time. After a month, a mixture of polymorphs (typically ca. 70% monoclinic and 

ca. 30% of the tetragonal) was found in all three pore sizes.  In the vacuum-dried pores the 

initially precipitated KFC remained stable for at least 1 year. The table also provides a 

comparison with crystals precipitated on evaporation of a bulk solution, where a mixture of 

KFCT polymorphs is always observed and the proportion of monoclinic crystals increased 

with time. 
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Figure 1.  Optical micrographs of KFCT crystals precipitated on evaporation of aqueous 

solutions of KFCT (a-b) and by ethanol precipitation of KFCT (c-d).  (a) Hexagonal crystals 

observed within 3 min in KFCT solution, (b) after 10 min, rectangular crystals appeared, (c) 

immediate formation of needle-shaped crystals within 1 min (d) octagonal crystals  formed 

after dissolution of the needle-like crystals.
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Figure 2.  Typical optical microscopy images recorded during the transformation of KFCT 

crystals obtained by ethanol precipitation after, (a) 1 minute, when only needle-shaped 

crystals are observed, (b) 3 min, when the needles start to dissolve and are replaced by 

prismatic crystals with different shapes (an octagonal crystal is circled in red), (c) 5 min, 

when the needles have dissolved and the octagonal crystal in (b) has become more 

rectangular, (d) 10 min, when most crystals appear to be dissolving, (e) 11 min, when the 

octagonal crystal in (b) has transformed into a stable rectangular crystal, and (f) 12 min, when 

further new crystals have appeared (in green). 
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Figure 3.  IR spectra of KFCT and KFC crystals, (a) precipitated by evaporation and isolated 

after short reaction times such that the sample was principally hexagonal-shaped crystals, (b) 

isolated after 1 min after ethanol precipitation, where the sample principally contains needle-

like crystals, together with some hexagonal and rectangular crystals.  
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Figure 4. PXRD patterns of (a) samples taken 1 min after ethanol precipitation, where these 

contain many needle-like crystals. The peaks labelled with a blue star correspond to 

anhydrous KFC (orthorhombic) and black labelled peaks correspond to the trihydrate, KFCT 

(monoclinic or tetragonal), without preferred orientation  (b) PXRD pattern of a sample taken 

3 min after ethanol precipitation, comprising a mixture of hexagonal (higher proportion) and 

rectangular crystals with preferred orientation (060) due to platy shape of crystals.  
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Figure 5.  Raman spectra of the (a) rectangular, (b) octagonal and (c) hexagonal-shaped 

crystals of KFCT, and (d) the needle-shaped crystals in solution or (e) after heating KFCT at 

200° for 2h which correspond to anhydrous KFC.  
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Figure 6. TEM images and corresponding selective area electron diffraction patterns of 

KFCT crystals. (a) A rectangular prism showing a monoclinic diffraction pattern (b), (c) an 

octagonal crystal showing a monoclinic diffraction pattern (d) and (e) a hexagonal crystal 

with a tetragonal diffraction pattern (f). 
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Figure 7. XRD patterns of crystals precipitated within CPG-362 particles after different 

evaporation times.  Peaks from the anhydrous KFC are indicated in blue, while the KFCT 

peaks are labelled in black. (a) At t < 24 h only KFC was observed, (b) at 24 – 48 h, mixtures 

of KFC and KFCT crystals were found (we could not distinguish between polymorphs by 

PXRD) and (c) after 1 month, the pores contained KFCT only.  
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Figure 8.  PXRD patterns of crystals precipitated within CPG-48 particles after different 

evaporation times. Peaks from the anhydrous KFC are labelled in blue while KFCT peaks are 

labelled in black.  (a) At times < 24 h only KFC was observed, (b) at 24 – 48 h, mixtures of 

KFC and KFCT were found and (c) after 1 month, the pores contained KFCT only. 
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Figure 9  PXRD patterns of crystals precipitated within CPG-8 particles after different 

evaporation times. Peaks from the anhydrous KFC are labelled in blue, while KFCT peaks 

are labelled in black. (a) At times < 24 h only KFC was observed, (b) at 24 – 48 h, mixtures 

of KFC and KFCT crystals were found and (c) after 1 month, the pores still contained a 

mixture of KFC and KFCT. 
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Figure 10.  Crystal transformations that occur in bulk and in the CPGs under humid 

conditions. (a) KFC crystals precipitated in CPGs by vacuum drying transformed to a mixture 

of polymorphs of KFCT after 2 days in CPG-362 and CPG-48 nm and after 2 weeks in CPG-

8 nm.  By comparison, KFC crystals collected from bulk transformed in under 5 min.  (b) 

KFCT tetragonal crystals isolated from bulk solution transformed into the stable monoclinic 

polymorph after 15 min, but in CPG-8 did not transform for 1 h.  
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SYNOPSIS 

Remarkable effects of confinement are seen on crystallizing potassium ferrocyanide in 
nanoporous glasses. The anhydrous salt, which is not observed in bulk, precipitates in the 
pores despite a large excess of water, and a metastable trihydrate persists »100 times longer 
than in bulk. Confinement clearly has a very general and significant effect on precipitation 
pathways and polymorph selection of crystals. 
 

 

 


