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Abstract 

Organic additives play key roles in controlling the precipitation of calcium carbonate in biology, 

the environment and industry, where they can direct polymorphism, alter crystal morphologies 

and sometimes even become occluded, modifying bulk properties.  However, significant 

questions remain regarding the pathway from adsorption on the crystal surface to occlusion.  

Here, the optical properties of calcite crystals grown in the presence of the dye Congo red are 

used to characterize the organization of the additives within the crystal.  Complemented by 
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analysis of surface adsorption through in situ atomic force microscopy, molecular simulations and 

changes in crystal morphologies, we show that the occluded dye molecules are randomly 

oriented under fast growth conditions, but that slow growth engenders ordering of the dye within 

islands, whose orientation is determined by the dye/terrace interaction free energy. The islands 

are subsequently overgrown such that their internal structure is preserved. These results reveal 

that the occlusion of organic macromolecules into calcite can be understood by thermodynamics 

operating at the adsorption stage. This new insight will ultimately enable the design of additives 

to give specific material properties. 

 

1. Introduction 

Soluble additives are widely used to control crystallization, where their ability to produce particles 

with specific morphologies, sizes and polymorphs is well-documented.1-3  The mechanisms by 

which these additives interact with growing crystals have therefore attracted considerable 

attention,4-7 where changes in crystal morphology can provide a signature of the interaction 

between an additive and the crystal surface.  When a crystal displays a number of symmetry-

independent faces, additives will bind selectively to these, changing the relative sizes of these 

faces in the product crystal morphology.8  Calcite (CaCO3) crystals grown in solution, on the other 

hand, only express {104} faces in solution.  However, additives can still alter the crystal 

morphology by binding selectively to the acute or obtuse steps on the {104} faces,9-13 leading to 

the formation of new, rough pseudo-faces. 
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Additive-binding to a crystal surface is a dynamic process, where adsorbed additives can either 

desorb or become incorporated within the crystal if they are engulfed by the advancing steps.14  

For instance, the incorporation of proteins within single crystals of calcite, which is a crucial 

process in biomineralization, endow structures with enhanced mechanical properties.15, 16  

Substitution of calcium ions by trace elements of identical charge leads to the formation of a 

traditional solid solution,17-19 while small molecules such as amino acids20-22 can also behave as 

solutes, replacing both calcium and carbonate ions in the crystal structure.21  In contrast, larger 

additives such as protein aggregates,23-25 copolymer micelles,15 polymer-functionalized inorganic 

nanoparticles,26-28 latex particles29 and vesicles30, 31 are incorporated as second-phase particles.  

This incorporation of additives is also known as occlusion. 

 

Understanding how occlusion occurs is challenging.  The locations of individual particulate 

additives can be readily determined using electron microscopy,15, 29, 32, 33 tomography 

techniques,28, 34, 35 and even super-resolution microscopy.35  Molecular-scale additives, however, 

are far harder to characterize.  Techniques such as Raman microscopy,36 confocal fluorescence 

microscopy,37-40 and cathodoluminescence17, 18 provide information on the global locations of 

occluded additives, but can only be applied to species with suitable signatures.  Single crystal and 

powder X-ray diffraction (XRD) analysis can be applied to any crystal where occlusion is 

accompanied by lattice distortions that may reflect the location of the additive.25, 41-43   

 

Much of our knowledge about the incorporation of molecular additives within single crystals has 

therefore come from the use of colored or fluorescent dyes, where these are easily visualized 
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within individual crystals.40, 44  Many locate within specific zones, giving information about 

crystal/additive interactions and the local environments of the dyes.45, 46  Furthermore, some 

colored dye molecules impart anisotropic optical properties to the crystals in which they are 

incorporated.  If molecules of a suitable dye are oriented into growth sectors into which they have 

been overgrow in non-random orientations – such that the crystal exhibits orientation-dependent 

optical properties when viewed with polarized light – it is possible to determine the orientations 

of the individual molecules with respect to the crystal structure.40 

 

This article describes a study of calcite growth in the presence of the colored dye Congo red.  

Congo red was selected for the study as it is one of the few colored dyes reported to occlude 

within calcite, and AFM studies of binding to calcite {104} faces have indicted preferred 

orientation on the terraces.  The product crystals are dichroic and have optical properties that 

vary with the polarization plane of the probing light.  This dichroism provides key insight into the 

orientation of the dye molecules occluded within the crystal, while the dye interactions with the 

calcite surface were revealed by a combination of atomic force microscopy (AFM), an analysis of 

crystal morphology, and molecular simulations. Taken together, a comprehensive picture emerges 

of how Congo red molecules interact with and occlude within calcite crystals. 
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Figure 1. Overgrowth of calcite crystals in the presence of Congo red. (a) Optical micrographs of 

overgrown CaCO3 seeds grown in solution containing [Ca2+] = [HCO3-] = 5 mM taken at different 

angles with respect to the plane of polarized light. (b) Absorbance spectra obtained from calcite 

at different rotations with respect to the plane of polarized light, where 0° = [010] and polarized 

light are parallel and perpendicular. (c) Absorbance values at 500 nm vs angle. These values are 

also plotted as An, and reveal a dichroic ratio, R, of 1.97 (top of the peak).  
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2. Results 

2.1 Influence of Congo red on Calcite Growth 

Congo red can alter the morphology of calcite, roughen its surface and incorporate into the bulk. 

All three of these effects were exhibited by calcite single crystals generated by a seeded growth 

method, where a glass slide supporting 50-100 μm calcite seeds was immersed in an aqueous 

solution of composition [CaCl2] = [NaHCO3] = 5 mM and [Congo red] = 20 μM, and growth was 

allowed to proceed for 16 h (Figure S1).  20 mM was selected as lower concentrations led to poor 

incorporation while higher concentrations inhibited growth and significantly altered the crystal 

morphologies. 

 

Figure 2. Morphological effects of Congo red on calcite. SEM micrographs of overgrown calcite 

crystals in (001)-up (a) and (104)-up (b) orientation. Higher magnification micrographs showing 

overexpressed (001) facets (red box, a); and surface striations oriented with calcite’s <010> axes 

(green box, b) are shown. 



7 

 

 

The overgrowth was confirmed as calcite with Raman spectroscopy (Figure S2); and the product 

crystals were orange/red in color (Figure 1a). Confocal laser fluorescence microscopic (CLFM) 

analysis showed that the Congo red was incorporated into the overgrown section, and not simply 

adsorbed onto the calcite surface (Figure S3).  The color was somewhat more intense in the outer 

part of the crystal, where this may derive from the higher dye/Ca2+ ratio that occurs before growth 

terminates, or a combination of these effects. 

 

The morphology gave way to a (001) facet and flattened obtuse edges (Figure 2a). This 

morphology change provides information about the interaction of the additives with the crystal 

surface.  Due to the trigonal symmetry of the calcite crystal, the steps lie at either an acute or 

obtuse angle to the crystal faces (see Figure 6).  Many additives bind selectively to one step 

geometry, which gives rise to characteristic changes in the crystal morphology.47  The 

morphological changes induced by Congo red are indicative of preferential binding to the obtuse 

over the acute steps.48  Furthermore, pronounced surface striations ran parallel to <010> (Figure 

2b), indicating a substantial binding of Congo red to the terraces along that direction that impedes 

crystal overgrowth and results in a step pile-up.  

 

2.2 Optical Properties of Dyed Calcite Crystals 

The Congo red-dyed crystals were dichroic in polarized light. The optical density of the mixed 

crystals varied with respect to the plane of polarized light normally incident on {104} (Figure 1a). 

Images of the crystal at different degrees of orientation were recorded. The orientation with the 
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smallest optical density was defined as 0o, corresponding to the <42–1> axis.  Mean RGB values 

were obtained from each optical micrograph. The proportional change in the intensity of the red 

component was small as compared to those of the green and blue components over a full rotation 

(Figure S4).  This was further demonstrated by plotting the relative red intensity, obtained by 

dividing the red value by the sum of all RGB values, as a function of the rotation angle (Figure S4).  

These data were also verified against absorbance spectra (Figure 1b), where the absorbance at 

500 nm was plotted as a function of the crystal orientation.  An oscillatory variation is observed, 

where the highest absorbance at 500 nm corresponds to the strongest red color (Figure 1c).  

 

This linear dichroism exhibited by calcite/Congo red crystals demonstrates that the occluded dye 

molecules have an anisotropic orientation with respect to the calcite crystal structure.  The Congo 

red chromophore absorbs light most strongly at 500 nm when the plane of polarized light is 

parallel to the molecular long axis.49  The most intense color was observed when the plane of 

polarized light was parallel to the <010> axis of the crystal, which was identified based on the 

external morphology of the macroscopic crystal sample.  The variation in absorbance upon 

rotation of the dyed crystal can be quantified by the dichroic ratio, R, which is the ratio of the 

maximum absorbance to the minimum absorbance at 500 nm.  If the dyes were oriented 

isotropically within the crystal then R would be unity, whereas R would be infinite if each dye 

molecule was perfectly collinear with either the <010> or <42–1> axes.  R peaked at 1.97 when the 

electric field of the polarized light input was parallel to <010>.  If all the incorporated dye 

molecules share the same orientation, the R value measured corresponds to orientations of ± 35° 

to <010>. 
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2.3 In Situ Atomic Force Microscopy 

 

Figure 3: AFM analysis of Congo red-modified calcite growth. AFM micrographs of calcite 

surfaces before (a) and after (b, c and d) the addition of Congo red during growth. Under slow 

AFM growth conditions, calcite grows as hillocks, which are composed of acute and obtuse steps 

(a). Deflection image taken within 2 minutes of dye addition, and with a relatively high contact 

force, showing that after the addition of Congo red, obtuse steps disappear, replaced by a new 

step edge co-directional with calcite’s <010> axis (b). Deflection image taken 6 minutes after dye 

addition with a lower contact force, showing tape-like Congo red “islands” formed behind new 

step edges (c). Height image taken 39 minutes after dye addition, showing that the surface is 

covered in parallel steps, aligned with calcite’s <010> axis (d). The dye islands are observed at the 

step edges. 
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The interaction of Congo red with the growing calcite surface was studied using in situ AFM.  

Growth solutions were selected to provide stable, slow growth conditions that can be studied on 

an AFM time-scale.  Calcite grows via a step growth mechanism under these conditions, with 

steps emanating from screw dislocations present on the {104} faces (Figure 3a).  Contact mode 

AFM was performed while flowing supersaturated calcium carbonate solutions over seed crystals 

at 0.3 mL min-1.  Addition of Congo red transformed the obtuse steps into [010] steps but had no 

apparent effect on the acute steps (Figure 3b), providing conclusive evidence that Congo red 

binds preferentially to the obtuse steps.50  Over a period of minutes, 20-30 nm wide and 1-4.5 nm 

high tape-like islands of Congo red formed on the terraces (Figure 3c), leading to a pile-up of steps 

parallel to [010] (Figure 3d). 

 

2.4 Influence of Crystal Growth Conditions 

Experiments were conducted to explore the influence of the crystallization conditions on the 

formation of dichroic calcite/Congo red crystals. The dyed calcite crystals were precipitated using 

experimental conditions that generate different initial supersaturation values, S: (1) the 

ammonium diffusion method (ADM), in which a 10 mM calcium chloride solution was exposed to 

ammonium carbonate vapor (S ≈ 35),51 (2) the direct method (DM) in which a 5 mM 

supersaturated solution was prepared by mixing calcium chloride and sodium carbonate solutions 

(S ≈ 21), and (3) the Kitano method, in which calcium carbonate precipitates on release of CO2 

from a supersaturated solution of calcium bicarbonate52 (S ≈ 10).  In all cases, the Congo red 

concentration was fixed at 20 μM. 
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Figure 4: The coincidence of dichroism and surface roughening. (a) Scanning electron 

micrographs of calcite/Congo red crystals grown by 10 mM overgrowth (i), Kitano (ii), DM (iii), 

and ADM (iv). (b) An vs angle plots prepared from absorbance spectroscopy data obtained from 

calcite crystals prepared under the same conditions as those stated in a. (c) The dichroic ratio as 

a function of supersaturation, where the black squares are experimental measurements and the 

blue curve is a theoretical fit.  

 

Calcite/Congo red crystals precipitated using the ADM and DM methods were principally 

unmodified rhombohedra with minimal surface roughness, while the Kitano method yielded 

crystals with weakly modified rhombohedral morphologies and some surface roughening (Figure 

4a).  All were red/orange, indicating occlusion of the dye. There was no evidence of sectoral 

zoning which could be expected from step-specific interactions (Figure S5).45  Confocal laser 

fluorescence microscopy (CLFM) data suggested that Congo red was incorporated 

homogeneously in the outermost regions of calcite, leaving a less-occupied core (Figure S6). This 
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indicates that occlusion and shape modification was most significant during latter-stage, slow 

growth.53  

 

No dichroism was observed in any of these crystals when they were viewed down the <001> axis, 

but weak dichroism was recorded perpendicular to the {104} faces (Figures S4 and S5).  Dichroic 

ratios (R) of 1.08, 1.10 and 1.20 were obtained from absorbance spectroscopy data for the ADM, 

DM and Kitano samples, respectively, which suggests that dichroism increases as the 

supersaturation decreases (Figure 4b and 4c).  This trend was also true in overgrowth 

experiments, where greater surface roughness (Figure 2 versus Figure 4a), but weaker dichroism, 

was observed when crystals were precipitated from 10 mM (S ≈ 6) rather than 5 mM (S ≈ 4) 

solutions, yielding R = 1.45 and 1.97, respectively.  Reducing the supersaturation further with a 4 

mM (S ≈ 3) solution produced no further increase in R, suggesting that 1.97 is the maximum 

attainable value by solution precipitation (Figure 4c).   

 

At much higher Congo red concentrations (100 μM), calcite precipitated under DM conditions 

became so disrupted that large plate-like calcite structures formed due to the over-expression of 

the (001) face (Figure S7). Likewise, de novo calcite/Congo red crystals precipitated from low 

supersaturation overgrowth experiments were so morphologically disrupted that it was 

impossible to analyze them for their dichroic behavior. Therefore, to investigate such low 

supersaturations, a seeded method was used to ensure that a distinct crystal morphology was 

obtained.  
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We propose that the dichroism diminishes with increasing supersaturation because faster crystal 

growth traps dyes molecules within the crystals in metastable orientations.  A simplified 

theoretical model was developed on this basis whereby an ensemble of incorporating dyes is 

assumed to adsorb onto a step with an initially isotropic distribution.  This isotropic orientation 

distribution then decays toward a preferred orientation with a characteristic timescale while the 

local step advances at a speed dependent on the supersaturation.  Once the step has advanced 

by a predefined molecular length-scale, the dyes become kinetically trapped with their 

orientation distribution preserved.  This model predicts a sigmoidal dependence of dichroic ratio 

on the log-supersaturation and has two free parameters: one that determines the maximum R, 

and another that offsets the curve along the S-axis.  While the model is agnostic about the 

processes responsible for organizing the dyes, fitting it to the experimental data (Figure 4c) 

produces a reasonable fit and reveals that the organization occurs over a timescale of 

approximately milliseconds. 

 

2.5 Molecular Simulations 

In an effort to identify the significance of the preferred dye orientation, molecular dynamics 

simulations of a single Congo red molecule adsorbed at the calcite (104)/water interface were 

performed.  The molecule lies in the plane of the calcite terrace but separated by two hydration 

layers (Figure S8), consistent with simulations of the similarly-structured dye benzopurpurine 

4B.54  The free energy as a function of dye orientation was computed using umbrella sampling, 

and the resulting Boltzmann probability distribution shows a clear preference to lie at 28° to the 

[010] direction (Figure 5), with a free energy that varies by 3.3 kcal/mol with respect to 
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orientation. The presence of water layers between the dye and calcite surface suggests that the 

dye aligns so as to minimize hydrophobic interactions. 

 

 

Figure 5: Molecular simulation of Congo red at the calcite (104)/ water interface.  (a) 

Canonical probability density for the orientation of the long axis of Congo red with respect to 

the calcite surface, computed using molecular simulation. Red arrows highlight the peaks at 34° 

to [010]. (b) A simulation snapshot of Congo red adsorbed at the interface (water not rendered 

for clarity) and aligned at ~34°. Atoms shown are Ca (green), O (red), S (yellow), C (grey), H 

(white). 
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3. Discussion 

The influence of organic additives on calcite morphology has been extensively studied.1, 2  While 

the more exotic morphologies, such as fibers and thin films, form via an amorphous precursor 

phase,55, 56 the less remarkable morphology changes seen in single crystals can usually be directly 

linked to the molecular-scale interactions of the additives with the crystal surfaces.47  These 

morphological changes are often accompanied by incorporation of the additives within the 

crystal,21, 29, 45 but the mechanism of incorporation and location of the additives within the 

resulting composite can be challenging to study.  For calcite, much information about the 

occlusion of small molecules and organic macromolecules has come from high resolution single-

crystal and powder X-ray diffraction studies of biominerals and synthetic crystals.  Anisotropic 

lattice distortions are typically observed, which can be attributed to the occluded additives.25, 41-

43  However, as calcite is itself anisotropic and most easily distorted along the c-axis,57 it can be 

difficult to use these distortions to determine the placement of an additive within the crystal 

structure.  A notable exception is a study where simulations of amino acids incorporated within 

calcite correctly predicted the lattice strains obtained by powder XRD.21  Large additives, however, 

are not suitable for such analyses. 



16 

 

 



17 

 

Figure 6: Origins of growth condition-dependent observations of dichroism. (a) Schematic 

representation of a calcite seed labelled with the (104) facet, [010], or b, zone axis; and 

corresponding acute (-) and obtuse (+) edge morphology. A schematic representation of an 

idealized two-dimensional growth island (red box) is shown in top-down and side-on views. (b 

and c) Schematic representations of a calcite surface - corresponding to the black dashed box in 

a - after overgrowth in the presence of Congo red at high S (b) and low S (c). The surface 

interaction and incorporated state of Congo red (red ovals) on two-dimensional growth islands 

under high S (blue box, b) and low S (green box, c) overgrowth conditions is shown. Congo red 

binds preferentially with obtuse steps in both configurations, but as single molecules with a 

random orientation at high S (b), and as aggregates oriented along [010] at low S (c). Step pinning 

by kink site binding at high S (b) is contrasted by macroscopic step pile-up caused by Congo red 

aggregates at low S (c). The orientation in both configurations is preserved upon incorporated. 

Note: in both b and c, the unrestricted propagation of acute steps is assumed, and therefore only 

slow growing obtuse steps are shown. 

 

Dye molecules therefore provide a unique opportunity to study additive/crystal interactions. 

Upon incorporation, their distribution within the crystal is readily observable, and the optical 

properties of the resulting composite can reveal orientations.40  By combining this information 

with an understanding of adsorption at the surface—e.g., obtained from AFM, an analysis of 

morphology and surface topography, molecular simulation, and other methods—the sequence 

of events from adsorption to occlusion can potentially be reconstructed. 

 

The effects of Congo red on the gross morphology of calcite are consistent with preferential 

binding to the obtuse over the acute steps, akin to the modification produced by poly(styrene 

sulfonate).48  The pronounced striations on the crystal surfaces (Figure 2) are then indicative of 

substantial binding of Congo red to the terraces along <010>, inhibiting overgrowth and 
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producing the pile-up of steps responsible for the striations.  Both features were confirmed by in 

situ AFM.  The Congo red aggregated on the {104} terraces to form tape-like islands.  The 

orientation of these tapes parallel to the [010] ultimately causes the obtuse steps to be replaced 

with striations parallel to the [010] (Figure 3c).  These supramolecular aggregates were previously 

shown by Momper et al.58 to be organized with a periodic internal structure.  One of the basis 

vectors was found at approximately 33° to [010], the relevance of which will be discussed below. 

The linear dichroism was correlated with the roughening of the crystal surface (Figure 4), as it 

presumably arises from Congo red aggregates.  The significance of growth conditions in both 

cases, therefore, is that the rate of crystal growth limits the time available for dye aggregation at 

the steps, which then limits the degree of surface roughening and the collinear organization of 

the dyes (Figure 6). This account inspired a simple mathematical model in which the orientation 

of an occluding dye is assumed isotropic unless some stochastic event (aggregation) occurs before 

the local step advances far enough to preserve the prevailing orientation of the dye. The model 

predicts a sigmoidal dependence of the dichroic ratio on the log-supersaturation and provided a 

reasonably good fit to the experimental data (blue curve in Figure 4c). 

 

The plateau in dichroic ratio at low supersaturation indicates that the dyes are maximally co-

aligned. It can then be computed from the saturated dichroic ratio (R=1.97) that the overgrown 

dyes are aligned at approximately 35° to the [010] axis. This striking similarity to the 33° angle 

reported by Momper et al.58 not only substantiates our explanation but reveals that the 

orientation adopted by the dyes on the surface is preserved upon occlusion. To identify the 

significance of the 33-35° inclination, molecular simulations of a single Congo red molecule 
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adsorbed at the calcite (104)/water interface were performed, where the free energy as a 

function of the dye’s orientation was computed with an enhanced sampling method.  The 

simulations produced a canonical probability distribution that singled out an orientation of the 

Congo red biphenyl axis at 28° to [010] (Figure 5a).  This is close enough to the orientations 

predicted by the AFM and optical analyses to strongly suggest that the Congo red dyes aggregate 

in a way that minimizes their free energy interaction with the underlying terrace. 

 

In summary, the absence of dichroism at high supersaturation reveals that Congo red is 

overgrown with a random orientation during fast crystal growth (Figure 6b).  This is likely because 

the steps are rough, and the dye orientation is influenced by the local kink configuration.  Slower 

crystal growth allows the Congo red sufficient time to aggregate, yielding islands and the resultant 

surface striations (Figure 6c).  The dye molecules organize within the islands, seemingly to 

minimize the dye-terrace free energy, and the crystal engulfs them so as to preserve that 

orientation.  The structure of the occluded dye molecules can thus be rationalized by 

thermodynamics operating at the adsorption stage. 

 

4. Conclusions 

Soluble dye molecules provide a unique opportunity to investigate additive incorporation into 

crystals, where simple, non-destructive optical microscopy can reveal the direction of alignment 

of oriented dyes with respect to the crystal lattice.  We have here applied this strategy to the 

growth of calcite, where despite being one of the most-studied crystals, there are few reports of 

its growth in the presence of dyes.59, 60  The dichroism introduced by Congo red into calcite, when 
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combined with an analysis of surface adsorption, provided a novel means of following the entire 

process from adsorption to occlusion.  Our results show that the adsorbed dyes have time to 

explore configuration space and achieve a local equilibrium prior to incorporation, upon which 

their orientation is preserved.  This is important as it justifies the use of equilibrium models to 

study surface adsorption even under growth conditions and reveals that the incorporated state 

of macromolecules can be understood via thermodynamics at the surface.  We suggest that dyes, 

and their associated dichroism in crystals, can play a significant role in elucidating additive/calcite 

interactions, where occlusion can be used to introduce new properties to the host crystal 

including color,26 luminescence,38, 39, 61 enhanced mechanical properties15, 21 and stability,32 and 

even changing the band-gap of semiconductor materials.62 

 

5. Methods Section 

A brief summary of key methods is provided here, and a detailed description is given in the 

Supporting Information. 

 

Overgrowth of Seed Crystals. Overgrowth of calcite seeds with calcite/Congo red was conducted 

by placing calcite seeds in a supersaturated solution comprising [CaCl2] = [NaHCO3] = 4 mM, 5 

mM or 10 mM and Congo red (20 μM).  50-100 μm-sized synthetic calcite crystals supported on 

glass cover slips were used as seeds.  The overgrown crystals were then rinsed with water, 

bleached with NaOCl solution (11-14%)  for 5 min, and washed again with DI water and ethanol.  

No amorphous calcium carbonate (ACC) precursor phase is produced and little de novo crystal 

precipitation occurs.  
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De Novo Precipitation of Calcite/Congo Red Crystals. Crystals were precipitated using the 

ammonia diffusion method (ADM),51 the Kitano method52 or by a direct mixing method.  The ADM 

method was carried out by incubating a Petri dish containing cleaned glass cover slips and an 

aqueous solution of CaCl2 (10 mM) and Congo red (20 μM) in a desiccator with a Petri dish filled 

with solid ammonium carbonate.  The reaction was allowed to proceed for 3 days.  Association 

of Ca2+ ions with the Congo red molecules is apparent in a color change in a solution of Congo 

Red from X to Y on addition of Ca2+ ions.   The Kitano method was conducted by precipitating 

calcite from a filtered Ca(HCO3)2 solution, where enough volume of Congo red stock solution was 

added to yield a dye concentration of 20 μM. The Petri dish was then sealed and punctured once 

to allow the effusion of gas over 16 h. The direct mixing method was conducted by precipitating 

crystals from an aqueous solution of [CaCl2] = [Na2CO3] = 5 mM and Congo red (20 μM), and 

isolating the glass cover slips supporting the crystals after 16 h. In all cases, once the reaction was 

complete the calcite-loaded glass substrates were rinsed with water, bleached with NaOCl 

solution (11-14%) for 5 min, and then washed again with DI water and ethanol.  

 

Image Analysis. Analysis was conducted using ImageJ on a uniform region of interest within each 

crystal. For each micrograph and color, the mean value was determined, and plotted against the 

angle from which the micrograph was obtained.  The relative red intensity, I, was calculated using 

Equation 1: 𝐼 = 𝐼𝑟𝑒𝑑𝐼𝑟𝑒𝑑+𝐼𝑔𝑟𝑒𝑒𝑛+𝐼𝑏𝑙𝑢𝑒   Equation 1 

where 𝐼𝑟𝑒𝑑, 𝐼𝑔𝑟𝑒𝑒𝑛 and 𝐼𝑏𝑙𝑢𝑒 are RGB values (mean) obtained for red, green and blue, respectively.  
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Optical Spectroscopy. Absorbance spectra of calcite/Congo red crystals were obtained using a 

Nikon Eclipse LV100 microscope, where the camera was replaced by a single fiber optic leading 

to an Avantes spectrometer. The microscope was set to transmission mode with a 100 oil-

immersion objective and a linear Nikon polarizer placed over the light source.  Absorbance values 

at the absorbance maximum at 500 nm were used to calculate a dichroic ratio, R, using Equation 

2: 

𝑅 = 𝐴∥500𝐴⊥500      Equation 2 

Dichroic ratio, R, represents a maximum change in the absorbance, where 𝐴∥500 is the absorbance 

when the plane of polarised light is parallel to calcite’s [010] axis, and therefore at a maximum; 

and 𝐴⊥500 is the absorbance when the plane of polarized light is perpendicular to calcite’s [010] 

axis, and therefore at a minimum. However, a ratio, An, can be calculated at any angle, n, giving a 

value 1 < An < R, using Equation 3. 

𝐴𝑛 = 𝐴𝑛500𝐴⊥500    Equation 3 

Here, An is the relative absorbance at 500 nm at any angle, n, compared to the absorbance when 

the plane of polarized light is perpendicular to calcite’s [010] axis, 𝐴⊥500.  

 

Molecular Simulation.  The free energy as a function of the orientation of a single Congo red 

molecule adsorbed at the calcite (104)/water interface was obtained using umbrella sampling. 

The dye was initiated in direct contact with the calcite surface but was promptly displaced by the 

water, thus binding to the surface via shared solvent. This indirect binding eliminated the need to 

explicitly drive surface dehydration. The vector that connects the ipso N atoms of two azo groups 
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attached to the biaryl linker in the dye was projected onto the (104) surface and the subtended 

angle was taken as the collective variable. The umbrella sampling involved tethering the 

orientation of the dye with a harmonic potential (k = 3,923 kcal mol-1 rad-2) to a series of windows 

separated by 2° spanning the entire 360° range, then repeating with the dye adsorbed on its other 

face and combining the two free energy curves via an average of the Boltzmann probabilities. 

Note that, in practice, the symmetry of the system was exploited such that only a 180° range had 

to be sampled with the dye lying on a single face.  The slow rotational kinetics meant that the 

configuration space had to be explored for a total of ~40 ns per window to ensure convergence. 

The free energy itself was then constructed using the weighted histogram analysis method.63 The 

histogram for each simulation window, as well as the resulting free energy curve, can both be 

seen in Figure S9. The canonical probability density exp(-G/kT) shown in Figure 5a was computed 

from this free energy curve. 

 

The molecular dynamics simulations were performed using LAMMPS modified with an in-house 

code for the umbrella sampling. The force fields were as described in Nalbach et al, 54 except a C-

C-N=N dihedral of the CHARMM form64 with an energy parameter of 2 kcal/mol was added to 

keep the azo groups in-plane. Integration was performed in the canonical ensemble using velocity 

Verlet with a 1 fs timestep. A Nosé-Hoover thermostat with a damping parameter of 100 fs was 

used to maintain a 300 K temperature. Long-range electrostatics were evaluated using PPPM with 

a tolerance of 10-4. A pair of sodium counterions were included to neutralize the charge of the 

dye. 
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Computing Dye Orientation from Dichroic Ratio.  If the probability distribution 𝑝(𝜃) is known for 

the orientation 𝜃 of dyes occluded within the crystal then a dimensionless absorbance can be 

computed as a function of the orientation 𝜙 of the optical polarization plane as follows, 𝐴(𝜙) = ∫02𝜋𝑝(𝜃)𝑐𝑜𝑠2(𝜃 − 𝜙)𝑑𝜃  Equation 4 

which follows from Malus’s law. Since the dichroic ratio is also dimensionless, it can be recovered 

immediately from the dimensionless absorbance, 

𝑅 = 𝑚𝑎𝑥𝜙𝐴(𝜙)𝑚𝑖𝑛𝜙𝐴(𝜙)     Equation 5 

If all of the dyes are aligned along the same (or symmetrically equivalent) direction 𝜃0 then the 

probability density will take the form of a Dirac delta function 𝑝(𝜃) = 𝛿(𝜃 − 𝜃0). Utilizing 

equations 4 and 5 as well as the combined symmetry of the calcite/Congo red system, the dye 

orientation can be recovered from the dichroic ratio as follows 𝜃0 = 12 𝑎𝑟𝑐𝑐𝑜𝑠 (𝑅−1𝑅+1)   Equation 6 

where 𝜃0 is measured with respect to the <010> axis. 

 

Dichroic Ratio Dependence on Supersaturation.  Consider a simple model where dye molecules 

adsorb to a crystal step but cannot dissolve, i.e. occlusion is inevitable, where occlusion is 

characterized by the step advancing a certain distance 𝑥 and engulfing the dye. In the time 

interval between adsorption and occlusion, a second dye may adsorb next to the first, forming an 

aggregate. This event is assumed to be Poissonian with a characteristic timescale 𝜏.  Upon 

occlusion, the molecules will have a uniformly random orientation unless it belongs to an 
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aggregate, in which case it will adopt a preferred orientation 𝜃0. The probability distribution of 

the orientation of the dye at the moment of occlusion will then be 

𝑝(𝜃) = 𝑒𝑥𝑝 (− 𝑥𝑣𝜏) 12𝜋 + [1 − 𝑒𝑥𝑝 (− 𝑥𝑣𝜏)] 𝛿(𝜃 − 𝜃0) 
Equation 7 

where 𝑣(𝑆) = 𝑘(𝑆 − 1)√𝑆 is the step velocity, for a constant 𝑘 and where the square-root term 

accounts for kink density.65 Combining this with equations 4 and 5, the dichroic ratio takes the 

form 𝑅(𝑆) = 1+𝑟(𝑆)1−𝑟(𝑆)    Equation 8 

where 𝑟(𝑆) = [1 − 𝑒𝑥𝑝 (− 𝑏(𝑆−1)√𝑆)] 𝑐𝑜𝑠(2𝜃0) Equation 9 

and 𝑏 = 𝑥/(𝑘𝜏) is a dimensionless parameter. Taking 𝜃0 = 35∘, a fit to experimental data gives 𝑏 = 14.  Approximating 𝑥 ∼ 1𝑛𝑚 and 𝑘 ∼ 10𝑛𝑚/𝑠,66 it follows that the aggregation time-scale 

is on the order of several milliseconds. 
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Growth of calcite in the presence of Congo red yields unusual dichroic crystals whose optical 

properties reveal the organization of these organic additives within the crystal.  In combination 

with information about additive binding obtained from in situ atomic force microscopy, molecular 

simulations and changes in crystal morphologies, new insight is obtained into the pathway from 

additive binding to occlusion. 

 

 


