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a b s t r a c t

A detailed analysis of the crystal morphology of triclinic n-docosane (C22H46) is presented together with
a preliminary assessment of the supersaturation-dependence of the growth rates for the predicted hklð Þ
faces. A methodology to index the experimentally observed crystal faces, based on a combined BFDH and
zone axis methodology is defined. Analysis using this methodology yields the morphological indexation
of n-docosane to be (001), (112), (102), (010), and (1�33) or (130) based on the expected triclinic crystal
structure. Crystals of n-docosane growing from supersaturated n-dodecane (C12H26) solutions, as studied
using in-situ optical microscopy, at three different supersaturation (σ) levels 0.01, 0.02 and 0.05, reveal
that the crystal morphology changes with increasing in supersaturation, evolving from a habit consistent
with a triclinic crystal system to a habit that is perhaps more representative of an orthorhombic
structure. Growth rates determined for the (112) and (102) faces as well as for those less dominant faces
range between 0.51 and 9.85 mm/s, in good agreement with previously reported data for other organic
molecules including n-alkanes.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The crystallisation behaviour of n-alkanes (CnH2nþ2) has been
the subject of numerous studies due to its importance in practical
applications, especially in terms of understanding their role with
respect to the cold flow behaviour of fuels. Previous work using
single crystal and powder X-ray diffraction have characterised
the solid-state properties for some of these compounds, suggesting
they follow an overall scheme, in terms of the expected crys-
tal structures as a function of the parity (n) of the number of carbon
atoms within the molecule to be as follows: – triclinic, for n-alkanes
with even carbon number 6rnr26; –monoclinic, for 26rnr36;
and – orthorhombic for nZ36, and also for n odd 11rnr39 [1].

In this respect, n-docosane crystallises in a triclinic structure,
Z¼1, P1, with unit cell parameters a¼4.289, b¼4.823, c¼29.544,

α¼86.237, β¼70.661 and γ¼72.097 [2] in good agreement with
the predictions of Nyburg and Potworowski [3].

Most single long-chain n-alkanes with carbon chain lengths
426, generally grow from solutions as rhombic-shaped thin
platelets with large and well-developed (001) faces together with
much smaller (110) side faces. Polygonized growth spirals [4,5]
have been observed on the (001) faces when grown from n-alkane
solutions (hexane and heptane) [6]. This is consistent with n-
alkane solvent molecules incorporating as impurities. Growth
from more complex solvents (cyclohexane) was found to result
in no observable growth defects (spirals) [7]. Although, these
particular crystals are typically bounded by (110) faces some
additional small faces can occur for orthorhombic and for mono-
clinic phases for growth near equilibrium and this often results in
a crystal morphology with a more “hexagonal” habit [7].

Although the bulk crystallisation of n-alkanes has been studied
extensively [2,8–14], the dynamics of this process and the complex
nature of their crystal morphology have not so far allowed an
extensive investigation to be made into their growth kinetics.
Single long-chain n-alkane solutions systems crystallise compara-
tively easily and are characterised by small metastable zone
widths (MSZW). This is associated with very fast lateral growth
in which fully faceted crystals can be difficult to observe. Addi-
tionally, both the small thickness of the crystals together with the
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– very low birefringence in the direction normal to the dominant
morphological form add to the difficulty of their observation using
polarised light microscopy.

In spite of this, some studies have been carried out to measure
the growth rates of individual faces. For instance, in the case of n-
octacosane (C28H38) and n-hexatriacontane (C36H74), the observed
crystals displayed a thin-lozenge plate-like morphology with well-
developed (001) faces together with smaller (110) faces. Analysis of
the growth rate kinetics measurements of the (110) faces was
consistent with a dislocations-mediated [15] or two dimensional
nucleation [16] growth mechanism for n-octacosane and n-
hexatriacontane crystals, respectively. The observed crystal growth
rates for these systems were found to be below 14 mm/s for
supersaturations σ in the range of 0.007–0.15. The dominant (001)
faces in the case of n-hexatriacontane crystals was found to develop
by the slow incorporation of growth units by surface diffusion at the
surface steps defined by the growth spirals [17,18].

In the case of the lower chain length n-alkane crystals, whose
morphology is determined by crystallisation into the triclinic struc-
ture, such studies are scarcer due, in part, to the greater complexity in
terms of preparing single crystals, controlling their growth and
determining their corresponding crystal morphology. Some observa-
tions on the morphology of n-tetracosane (C24H50) crystallising from
both n-hexane and n-octane solutions have been presented in Liu X-Y
and Bennema P [19], together with the prediction of their morphol-
ogies using different models. However, the determination of the face-
specific growth kinetics of these crystals has not as of yet been
reported. Previous studies have been limited to only the development
of instrumentation for collection of experimental data, e.g. associated
with attempts to study the kinetics of n-eicosane (C20H42) crystallising
from n-dodecane solutions [20].

This paper builds on this previous body of work and addresses
both the assessment of the crystal morphology and the measurement
of the growth rates of the individual faces, for the lower chain
length n-alkane crystals. For this purpose n-docosane crystals
growing from n-dodecane were studied as a function of solution
supersaturation.

2. Materials and methods

2.1. Materials

Both n-docosane C22H46, the solute, and n-dodecane C12H26,
the solvent, were purchased from Sigma-Aldrich. The purity of
both materials was higher than 99% and no further purification
was carried out.

2.2. Experimental apparatus for crystal growth measurements

In-situ crystal growth studies were carried out using an
experimental set-up described earlier [21]. This comprised an
inverted optical polarising microscope (Olympus Optical IMT-2),
operated in bright field transmission mode, which was integrated
with a Lumenera Infinity 3.3 megapixel CCD camera which
captured crystal images as a function of time. The images were
then analysed using the INFINITY ANALYSE software (http://www.
lumenera.com/support/downloads/microscopy-downloads.php).
The associated growth cell comprised a simple temperature-con-
trolled annular tank (diameter 11 cm, depth 3.5 cm) sealed with
two removable circular glass plates. The solution was secured
within a 0.5 ml sealed UV glass cuvette with a path length of 1 mm
which was placed within the cell as close to the objective lens of
the microscope as feasible. The temperature within the cell was
measured using a PT100 temperature probe and controlled using a
Haake F3 circulating water bath that circulates water through the
growth cell. The overall system is shown in Fig. 1.

2.3. Experimental procedure

The solubility and MSZW for n-docosane in n-dodecane solutions
was measured using turbidimetric methods [22]. The solubility was
modelled according to the van't Hoff equation:

ln x¼ �ΔHd

RT
þΔSd

R
ð1Þ

List of symbols

dhkl Inter-planar distances within morphological
hklð Þ forms

MSZW Metastable zone width
R Single face growth rate μm s�1

� �
T Solution temperature Kð Þ

Td Equilibrium dissolution temperature Kð Þ
Tc Crystallisation temperature Kð Þ
x Mole fraction of solute in solution
σ Relative supersaturation
ΔHd Molal enthalpy of dissolution J mol�1

� �
ΔSd Molal entropy of dissolution J mol�1 K�1

� �

Fig. 1. Experimental set up for crystal growth rates measurements, after [21]. (a) Olympus IMT-2 inverted optical polarising microscope integrated with Lumenera Infinity
3.3 megapixel CCD camera. (b) Enlarged picture of the crystal growth cell.
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where x is the mole fraction of the solute in the solution, T Kð Þ is the
solution temperature, ΔHd J=mol

� �
is the molal enthalpy of dissolu-

tion, ΔSd J=mol K
� �

is the molal entropy of dissolution and
R 8:314ðJ=mol KÞ� �

is the gas constant.
The fitted parameters obtained were ΔHd¼63135.97617.6 J/

mol and ΔSd¼198.8472.19 (J/mol K).
The examination of the crystal growth rates was carried out by

crystallising n-docosane from a supersaturated n-dodecane
solution at a concentration of 350 g/l, for which the measured
MSZW was found to be 1.9 1C corresponding to equilibrium
dissolution Td and crystallisation Tc temperatures of 24.7 and
22.8 1C, respectively.

The supersaturation required for crystallisation was created by
decreasing the solution's temperature from Td to three different
temperatures within the metastable zone; 24.6, 24.5 and 24.1 1C
corresponding to supersaturations σ of 0.01, 0.02 and 0.05 resp-
ectively. Although the supersaturation was set by decreasing the
solution's temperature by circulating water through the cell, the
growth of the crystals was only measured after the targeted temp-
erature had been established as shown in Fig. 2. The supersatura-
tion level at each temperature is calculated using expression (2)

σ ¼ x
xe
�1 ð2Þ

where xe is the molar fraction of the solute in the solution at
equilibrium, obtained from the van't Hoff equation at the tem-
perature of measurement.

The crystal morphology and subsequent growth of the obs-
erved crystals were followed by recording images at equal time-
intervals, every 30 s for the two lowest σ and every 20 s for the
highest s. The growth rates of the individual faces Rð Þ were
obtained by following the increase with time of the normal
distance from the centre of the projected two dimensional 2Dð Þ
crystal to the faces as shown in Fig. 3. This is a good approximation
of the advancement of the corresponding ðhk0Þ faces as the growth
rate of the expected dominant (001) face can be of around two
orders of magnitude lower. As the micrographs were collected
using the microscope in brightfield mode, the contrast of the
image edges was found to be very low in terms of their reproduc-
tion here. Therefore, as an aid to presentation, a perimeter to the
crystals was drawn by visual examination using the tools in the
image analysis software, in order to delimit the morphology of the
crystals and facilitate the subsequent analysis of their respective
growth rates. The crystals' centre was further defined drawing
lines that connected the crystals' corners defined by the two most
important observed faces.

For the most dominant faces ten to thirteen measurements of
the normal distance increase were obtained, while for occasional

faces appearing with the crystal growth two to seven measure-
ments were recorded.

2.4. Crystal growth mechanism

The crystal growth mechanism was investigated by fitting R σð Þ
dependence to models representing different interfacial crystal
growth mechanisms, in particular:

� The Burton–Cabrera–Frank (BCF) model [23] which follows a
parabolic tendency with growth being mediated by presence of
screw dislocations on the crystal surface:

R¼ Aσ2 tanh
B
σ

� �
ð3Þ

� The birth and spread (B&S) model [24] which follows an expo-
nential tendency with growth mediated by two-dimensional
ð2DÞ nucleation:

R¼ Aσ5=6exp
B
σ

� �
ð4Þ

� The rough interface (RIG) model [25] which follows a linear ten-
dency as the growth occurs on a molecularly roughened surface:

R¼ Aσ ð5Þ
where A and B are system-related constants.

2.5. Morphological analysis

The assessment of the n-docosane crystal morphologies was
carried out using modelling routines available in both Material
Studio (http://accelrys.com/products/materials-studio/) and Mer-
cury 3.1. (http://www.ccdc.cam.ac.uk/Solutions/CSDSystem/Pages/
Mercury.aspx). The former was used to initially obtain an estima-
tion of the likely crystal morphology by applying the Bravais [26],
Friedel [27], Donnay and Harker [28] (BFDH) model, including a
consideration of all possible Miller indices for comparison with the
observed morphologies. This approach relates the external shape
of a crystal to the internal crystallographic lattice dimensions and
symmetry and states that:

“After allowing for the reduction of the growth slide thickness from
space group symmetry considerations, the most morphologically

Fig. 2. Description of the methodology used to reach the temperature at which the
growth rate are measured. Typical values of the temperature profile for each
segment are: AB (120 s), BC (27–80 s), CD (70–300 s).

113.89 µm

52.33 µm

Fig. 3. Example of measurement of normal distances from the centre of the
projected 2Dð Þ crystal to the faces. The distances were obtained using the INFINITY
ANALYSE software by drawing a perpendicular line to each face from the centre of
the crystal.
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important forms hklð Þ, and hence those with the lowest growth rates,
are those having the greatest inter-planar distance dhkl”.

Using the known triclinic unit cell parameters for n-docosane, a
crystallographic information file (cif) was produced which provided
a list of the most likely crystallographic planes, with the likelihood
of their occurrence determined by the in ranking with respect to the
highest dhkl spacings. Using the BFDH approach, dhkl spacings can be
taken as being inversely proportional to the perpendicular distance
from the centre of the crystals to the corresponding face, which in
turn can be considered as a measure of the relative growth rate for
the simulation of the crystal morphology.

The list of Miller indices obtained was subsequently re-arran-
ged by grouping the lattice planes with respect to those having
a common zone axis uvw½ �, – defined – as a crystallographic
axis perpendicular to the set of two dimensional (2D) planes hklð Þ
satisfying the relationship

uhþvkþwl¼ 0 ð6Þ

The indices of the zone axis uvw½ � are defined with respect to
two of its constituent lattices planes ðh1k1l1Þ, h2k2l2ð Þ by:

u
k1 l1
k2 l2

" #¼ v
l1 h1
l2 h2

" #¼ w
h1 k1
h2 k2

" # ð7Þ

The planes with the lowest order of their Miller indices within
each group were then examined in pairs, by modifying the corre-
sponding cif. file in Mercury 3.1., to iteratively obtain morphology
predictions onto the basal (001) plane, i.e. the most representat-
ive plane of the observed plate-like crystals. These projections were
segmentally compared with the micrographs of the crystals obta-
ined experimentally. Essentially the law of rational indices was
used, to define possible indices for the pairs of faces whose mutual
orientation was consistent with the predictions. The results obtained
were then combined and ranked in terms of the coincidental indices
present in each pair, in order to generate putative crystal morphol-
ogies that satisfied the various pair-wise simulations.

4. Potential unique solutions for the crystal morphology

From previous analysis obtain a list of Miller indices combinations that would likely match crystal morphology    

Assess different potential combinations to detect specific correlations that would likely reduce number of 
solutions

Predict crystal morphology iteratively using final potential solutions defined previously and compare these 
predictions with crystals’ micrographs until obtaining ones that matches observed crystal morphology 

3. Inter-planar angles correlations for planes pairs

Predict BFDH morphology using iteratively in pairs all possible combinations of the planes with lowest Miller 
indices within each group

Compare internal angles of each of the predictions projection onto plane of observation, with internal angles 
formed by pairs of planes observed in the experimental crystals’ micrographs

Obtain list of potential different pairs of Miller indices for each pair of planes observed experimentally

Using different pairs of potential Miller indices to the pair of most dominant faces observed, determine if either 
of these Millers indices is present in pairs that show a match for one of these dominant faces and either of less 

dominant ones

2. Zone analysis 

Define groups of planes with a common zone axis

1. Likely morphological planes

Obtain entire list of possible habit planes from BFDH morphology prediction using crystal unit cell 
parameters

5. Optimising perpendicular distances crystal centre to face

For each of the Miller indices contained in final solutions, verify if any other Miller index within its 
corresponding group has lower perpendicular distance allocated

In case that Miller index with lower perpendicular distance are found in previous analysis, change indexation of 
corresponding plane in final solution to one with lowest perpendicular distance

If lengths proportions of predicted morphology using final solutions do not match those of experimental crystals, 
modify corresponding cif file changing perpendicular distances until obtaining desired proportions

Fig. 4. Flow chart describing the procedure to follow for the morphology indexation of observed n-docosane crystals, using iterative predictions of the BFDH morphology.
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Finally, once acceptable matches between the predicted and
observed crystal edge orientations had been identified, the respec-
tive lengths of the projected edges in the predicted morphologies
were adjusted in order to match their respective proportions as
observed in the experimental observations. The latter was facili-
tated by varying the centre to face normal distances provided in
the corresponding cif file. A schematic diagram summarising this
overall methodology is given in Fig. 4.

3. Results and discussion

3.1. Crystal growth and morphological observations

Due to the very small MSZW of the system studied, i.e. ca. 2 1C,
which is typical for n-alkanes systems [8,9,29,30], the growth and
development of individual n-docosane crystals could only be followed
within this limited temperature region resulting in only three diff-
erent solution supersaturations being practical for this study. Alth-

ough the value of the highest relative supersaturation σ at which the
observations were done only reached 5%, kinetic roughening of the
side faces was already found to manifest itself at this point, thus
further limiting the range for kinetic measurements even more. Add-
itionally, the difficulty of growing faceted crystals only allowed single
measurements to be obtained for the crystal growth at each super-
saturation value and even within this limited range of measurements
a significant amount of time (ca. a month) was required to carry out
the experimental work.

Due to the very thin plate-like crystals observed, also typical of
n-alkanes, the quality of the microscopy images obtained using
brightfield illumination did not allow easy reproduction of the
data obtained. Nonetheless, these observations were found to be
sufficient to assess both the crystal morphology and growth rates
for the individual habit faces. A representative sequence of these
micrographs for the growth of the crystals observed at each sup-
ersaturation is shown in Fig. 5.

An assessment of these morphologies reveals that the crystal
habit of the n-docosane crystals changed with increasing

Fig. 5. Optical micrographs showing the evolution of the growth of n-docosane crystals growing from a supersaturated n-dodecane solution for three different solution
supersaturations (σ). The micrograph shown are a representative sequence of the crystal growth process at (a) 24.6 1C (σ¼0.01); (b) 24.5 1C (σ¼0.02); (c) 24.1 1C (σ¼0.05).
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supersaturation from an irregular polygon towards a more regular –
shape. The regular quadrilateral shape of the crystals at higher
supersaturation could suggest a new molecular arrangement in the
crystal structure changing from the triclinic form expected to an
orthorhombic structure more typical of even parity n-alkanes growth
in the presence of a homologous impurity [8,9]. The latter might be
consistent with solvent incorporating at the higher supersaturations.
In n-alkane crystallisation, is well known that the incorporation of
lower carbon chain length n-alkanes into the lattices of crystals of
even higher carbon chain lengths, can influence the arrangement of
the molecules into the crystal structure. However, even if this was
the case the morphology observed at the highest supersaturation is
not genuinely in agreement with that expected from a crystal
structure based on an orthorhombic crystal system, where a lozenge
shaped morphology dominated by four symmetrically equivalent
110f g faces has been previously observed [16,31].

Although the micrographs obtained at the two lowest super-
saturations seemed to be associated with different crystal's mor-
phology a close comparisons of them revealed three coincidental
internal angles that would allow the same indexation for three of
the crystal faces. A fourth face in each case, however, was not
found to be equivalent and would thus need independent indexa-
tion. In the case of the crystals obtained at the highest super-
saturation, the indexation of the faces was not carried out as its
morphology was not consistent with that associated with the
same triclinic crystal structure.

3.2. Morphological indexing

The prediction for the morphology observed at the two lowest
supersaturations was carried out following the procedure pre-
sented in Fig. 4. Mindful of the anisotropy of the known unit cell
parameters for n-docosane with the magnitude of c 44 a, b the
indexation for the large crystal face was taken to be {001}. BFDH
analysis revealed 104 predicted crystal habit planes, including the
dominant (001) plane, and 103 other possible indexations for the
other four planes observed in the experimental morphology. In
this case many of the dhkl spacings were found to be very close and
therefore, according to the methodology, these results were
arranged by grouping the lattice planes into thirteen zones. These,
together with the corresponding zone axis indexation, including
the complete set of planes delivered by the BFDH prediction is
given in the Supplementary material (SM) to this paper. Table 1.
shows a summary of this information including the different
calculated zone axis and some representative planes featuring
the range of d spacing values observed within each group.

The inter-planar angle correlation for the planes pairs using the
annotation shown in Fig. 6, revealed a set of matches for the pairs
of Miller indices as presented in Table 2.

Even though in this case only one solution is possible for BC
pairs, to facilitate the visualisation of the solution for the entire
morphology, a general cross-checking of the pairs was carried out.
This, because in each pair combination, each Miller index can be
allocated to either of the faces represented by that pair. Thus,
starting with the AB pairs in Table 2. and cross-checking these
with the other pairs' combinations yielded the likely Miller indices
for the four crystal faces observed in the micrographs as shown in
Table 3.

Looking at the results in Table 3, for instance, if (230) and (010)
are the most likely Miller indices for faces A and B, then the C face
could take one of either three Miller indices (1�31), (110) or (100).
Likewise the D face could take one of either four Miller indices
(1�10), (2�10), (210) or (320). However, in this case as observed
in Table 2, only one combination is possible for BC pairs (100)
(010) and two combinations are possible for CD pairs (010) (1�10)
or (010) (1,�3,1). Therefore, only those set of planes in the possible

solutions containing the (010) (100) and either (1–10) or (1,�3,1)
indices, would be likely to deliver the prediction for the entire
crystal indexation. This is the case of the set of planes in rows one,
nine and twelve of Table 3.

Arrangements of these indices considering all possible combi-
nations among them are presented in Table 4. The comparison of
the micrographs obtained at the lowest supersaturation, with the
prediction of the corresponding BFDH morphology using these
indices, showed that only the set of planes presented in rows one
and thirteen in Table 4. would deliver a full match to the entire
experimental morphology. Using these indices, further modifica-
tion of the perpendicular distances from the centre of the crystal
to the faces, in the corresponding cif files, gave a morphology

Table 1
List of the predicted zone axis defining the different zone groups, representative
hklð Þ planes and dhkl spacing within each group.

Group Zone axis uvw½ � Representative plane hklð Þ Inter-planar distance dhkl

1 [100] (010) 4.59
(021) 2.28
(031) 1.52

2 [010] (100) 3.86
(201) 1.97
(301) 1.30

3 [1�10] (110) 3.52
(221) 1.79

4 [2�10] (120) 2.30
5 [3�10] (130) 1.60
6 [110] (1�10) 2.59

(2�21) 1.31
7 [210] (1�20) 1.75
8 [310] (1�31) 1.30
9 [1�20] (210) 2.01

10 [3�20] (230) 1.43
11 [120] (2�10) 1.61
12 [1�30] (310) 1.35
13 [2�30] (320) 1.30

Fig. 6. Example of initial designation of crystal's faces for the morphology as
observed for the lowest supersaturation (σ¼0.01).
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prediction with lengths proportional to those observed expe-
rimentally.

As the planes used to carry out the analysis of the morphology
were selected to represent a group of different planes with a common
zone axis, then a ranking based on their respective d-spacing within
these groups was done by using the BFDH method. (See SM).

The analysis indicated the combination (230), (010), (100),
(1�10) to be more likely than (233), (010), (102), (1�13). Likewise
the combination (110), (100), (010), (1�31) was found to be more
likely than (112), (102), (010), (1�33). However, the later predic-
tion is more likely to occur due to its lower indexation. As the d-
spacing of many of the planes within each group were so close in
magnitude a more detailed analysis would be required to valid-
ate these findings. It should be noted that the calculation of the
attachment energy ðEattÞ could be used for this purpose; but this

information requires the optimised ð3DÞ crystal structure of n-
docosane which is not currently available. Fig. 7. compares the
most likely morphology prediction with a micrograph taken from
one of the experimental crystals as observed at the σ¼0.01.
Likewise it presents the indexation for the morphology observed
at the second supersaturation studied σ¼0.02, for which the same
methodology was applied. The final prediction delivers the Miller
indices (112), (102), (010) for the most dominant faces and (1�33)
and (130) for the un-coincidental less dominant faces at σ¼0.01
and σ¼0.02 respectively.

3.3. Crystal growth rates as a function of supersaturation

The growth rates for the individual faces of n-docosane crystals
as measured at each supersaturation are presented in Fig. 8.

The growth rates for the (112) and (010) faces were found to
increase as a function of supersaturation increase by 1%, while the
growth of the (102) face decreases giving more importance to this
face in the observed crystal morphology at σ¼0.02. The higher
growth rates observed at the two lower supersaturation are for the
less dominant non-coincidental (1�33) and (130) faces. However
the growth rate of the (130) face observed at σ¼0.02 was found to
be closer to the order of those rates observed for the (112) and
(010) faces, which has an influence on the crystal morphology
displayed, with the three faces having similar importance.

At the highest supersaturation σ¼0.05 the morphology obs-
erved was found to have changed considerably being defined by
only two faces where growth rates are significantly higher than
those measured for the crystal faces at lower supersaturation.
Due to the high rates of these faces, the crystal morphology disp-
layed curvatures especially along the vertical faces (see label V in
Fig. 8.), which could be consistent with the early stages of kinetic
roughening. Similar findings have been reported for other organic

Table 2
Representative pairs of planes matching the inter-planar angles of pairs of faces for the morphology observed at the lowest supersaturation σ¼0.01. Planes designated
according to Fig. 6.

AB BC CD AC AD BD

(010) (230) (100) (010) (1�10) (010) (010) (110) (010) (210) (120) (320)
(010) (2�10) (1�31) (010) (1�20) (310) (010) (320) (100) (1�10)
(1�20) (100) (1�10) (320) (1�20) (110) (100) (1�31)
(1�20) (130) (130) (210) (1�20) (320) (1�10) (210)
(120) (1�31) (1�31) (230) (120) (2�10)
(120) (210) (100) (130)
(100) (110) (110) (1�10)

(1�10) (310) (110) (1�31)
(130) (320) (1�10) (230)
(230) (310) (1�31) (210)
(2�10) (210) (1�31) (320)
(2�10) (320) (230) (2�10)

Table 3
Likely combinations of Miller indices for the four faces of the experimental crystals observed at the lowest supersaturation σ¼0.01. Planes designated according to Fig. 6.

A B C D

1 (230) (010) (1�31) (110) (100) (1�10) (2�10) (210) (320)
2 (230) (310) (1�31) (1�20) (1�10) (2�10)
3 (1�10) (310) (320) (1�20) (100) (110) (210)
4 (2�10) (010) (110) (100) (120) (210) (320)
5 (2�10) (210) (130) (120) (1�10) (1�31)
6 (2�10) (320) (1�10) (120) (1�20) (1�31) (120)
7 (120) (210) (130) (1�10) (1�31)
8 (120) (1�31) (100) (110)
9 (1�20) (100) (010) (110) (1�10) (130) (1�31)

10 (1�20) (130) (210) (110) (100)
11 (320) (130) (1�10) (210) (1�20) (1�31) (120) (100)
12 (110) (100) (010) (1�10) (130) (1�31) (1�20)

Table 4
Potential unique solutions of the n-docosane crystals morphology observed at the
lowest supersatuarion σ¼0.01. Rows one and thirteen highlighted in the Table,
represent the final unique solutions that match the entire crystal morphology.
Planes designated according to Fig. 6.

1 (230)A (100)C (010)B (1�10)D
2 (2�10) (100) (010) (1�10)
3 (210) (100) (010) (1�10)
4 (320) (100) (010) (1�10)
5 (230) (100) (010) (1�31)
6 (2�10) (100) (010) (1�31)
7 (210) (100) (010) (1�31)
8 (320) (100) (010) (1�31)
9 (1�20) (100) (010) (1�10)

10 (110) (100) (010) (1�10)
11 (130) (100) (010) (1�10)
12 (1�20) (100) (010) (1�31)
13 (110)A (100)B (010)C (1�31)D
14 (130) (100) (010) (1�31)
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materials such as biphenyl and naphthalene crystallising from
toluene in which the roughening transition was observed at
relative supersaturations between 1.2 and 1.5% [32]. Likewise, in
the case of n-eicosane (C21H44) crystallising from n-hexane,
observations of the growth morphology revealed roughening
transitions to occur at relative supersaturations of around 3% [33].

A comparison of the growth rates values obtained with pre-
viously published data is shown in Table 5. These values which
include those measured for similar organic systems are within the
same order of magnitude of those presented in the present work.

Although the amount of experimental data collected is not
sufficient at this stage to accurately assess the mechanistic regime

Fig. 7. Predicted BFDH morphology of n-docosane crystals using the Miller indices in the obtained unique solutions and comparison with the crystals' micrograph at two
different supersaturation (a) σ¼0.01 or T¼24.6 1C and (b) σ¼0.02 or T¼24.5 1C.
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of crystal growth based on R (σ) models, a tentative assessment can
still to be done. From Fig. 8. it is clear that the data points do not
follow a linear relationship whilst attempts to fit the data using the
B & S model does not achieve convergence. However, the data seem
to follow a parabolic rate dependence and fit well to the BCF type
model which would be in agreement with growth via screw
dislocations. In addition to this, the growth could be limited by
volume diffusion as the experiments were carried out in stagnant
solutions. However, the models used here to assess the growth
mechanism only consider the interaction of molecules at the crystal
surface. For a more accurate assessment of crystal growth, the
combination of effects of both mass transfer and the molecular
structure of the interface should be considered. These conclusions
should be treated with caution not only due to the lack of sufficient
experimental data but also because the data collected at the higher
supersaturation studied seem to be related to a different crystal
polymorphic form.

4. Conclusions

The crystal morphology and growth rates for n-docosane have
been characterised for the first time. The work provides a new
methodology for indexing the crystal faces of these low symmetry
materials and tentative evidence is provided for solvent-induced
polymorphic behaviour and kinetic roughening at higher super-
saturations.

Typical growth rates were found to be in the region 0.51–
9.85 μm/s over the relative supersaturation range of 0.01–0.05.
The kinetic data was found to be consistent with the BCF inter-
facial growth mechanism.

The use of polarised optical microscopy was found to be
challenging for studying this kind of materials and more suitable
microscopy techniques, such as differential interference contrast
(DIC), which might be expected to enhance the image contrast of
such thin crystals, will be considered for future studies.

Fig. 8. Comparative growth rates of individual faces of n-docosane crystals growing from n-dodecane at three different solution's supersaturations σ¼0.01, 0.02 and 0.05.
Each of the colours assigned both to the symbol and R values represent each of the different crystal faces observed. The line represents the best fit of the data points through
the BCF model.

Table 5
Comparative values of published growth rates values for individual faces of crystals
of some inorganic and organic systems.

Compounds T (1C) σ Range of
growth rates

(μm/s)

References

Potash alum (111) 32 0.01–0.18 [34]
L-Glutamic acid
Length of needle-like
crystals

0.47–0.5 0.025–0–0.032 [35]

Width of needle-like
crystals

0.47–0.5 0.005–0–0.006

Tripalmitin (melt) 47–52–52 0.20–0–0.45 [36]
Paracetamol in 60%
methanol and 40%
water

0.25 0.30 [37]

Paracetamol in the
[110], [010] and [001]
direction

0.06–0.26 0.020–0–0.160 [38]

Ibuprofen (001) and
(011) faces in ethanol/
water, ethyl acetate,
acetonitrile and
toluene

0.55–1.3 0.035–2.02 [21]

Hexatriacontane
C36H74 in petroleum
ether (110) face

17–22 0.22–0.7 0–2 [16]

Octacosane C28H58 in
petroleum ether (110)
face

12–22.75 0.007–0.15 0–14 [15]

Dotriacontane C32H66

in m-xylene
14.5 1–1.5 1–3 [39]

B and C polymorphs
of stearic acid in
butanone (110) face

16–25 0.012–0.3 0–2.8 [40]

B polymorph of
stearic acid in decane
(110) face

0.012–0.4 0–0.4 [41]

n-docosane in
n-dodecane (010)
(112) (102) and other
not indexed faces

24.1–24.6 0.01–0.05 0.51–9.85 This work
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