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COMPUTATIONAL MODELLING STUDY OF THE GROWTH
MORPHOLOGY OF THE NORMAL ALKANE DOCOSANE AND ITS
MEDIATION BY "TAILOR-MADE" ADDITIVES.

G CLYDESDALE AND K J ROBERTS*
Department of Pure and Applied Chemistry,
University of Strathclyde, Glasgow, G1 1XL, Scotland, UK.

K. LEWTAS,
Exxon Chemical Ltd, Milton Hill, Abingdon, Oxfordshire OX13 6BB, England,
UK.

* also at SERC Laboratory, Daresbury, Warrington, WA4 4AD, UK

Abtract A generalised approach for modelling the morphology of molecular
crystals in the presence of "tailor-made” additives of both the disruptor and
blocker types is presented and demonstrated by a consideration of the effects of
a series of eight "tailor-made” additives on the morphology of the long chain
normal alkane docosane (CyoHgg). The additives considered include n-alkane
homologues of different chain lengths (both longer and shorter than the host)
along with methyl- substituted n-alkanes.

Considering other n-alkane homologues as additives demonstrates the ability
of these materials to incorporate easily into docosane crystals although the habit-
modifying properties are not great due to the similarity with the host sytem and
the anisotropic nature of the bonding. The predicted crystals are thinner along
the c-direction compared to the pure system, although they increase in thickness
with chain length from n=20-24. It is shown that addition of methyl groups to n-
alkanes can have a significant effect on their morphology forming more equant
crystals as the number of methyl groups is increased. The asymmetry of the
additives greatly affects the relative growth rates of pairs of faces (hkl) and (-h-
k-1) leading to a polar morphology.

INTRODUCTION

The ability to predict crystal morphology with and without the presence of habit-
modifying additives is of great use in allowing the optimisation of growth conditions
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modifying additives is of great use in allowing the optimisation of growth conditions
to produce a required crystal habit. Early studiesl-3 demonstrated that crystal
morphology is related to crystal lattice symmetry, whilst later work4-6 showed how
the overall crystal morphology could be related to the interaction energies between
crystallising units. Additive molecules affect the growth rate of crystal surfaces either
by blocking the movement of surface step/kink terraces (referred to as blocking
modifiers) or by incorporating in the solid-state and disrupting the intermolecular
bonding networks (disrupting modifiers).

In previous papers’-8 we described computational approaches that we have
developed for the simulation of the crystal morphology of molecular materials when
mediated by the presence of disruptor and blocking "tailor-made" additives. These
approaches are utilised in this paper to study the habit modification of a model
system based on the long chain normal alkane docosane (CppHyg; hereafter, for
convenience, n-alkanes (C,Hpp172) are referred to by the carbon number C,, only).
Such materials impact on many areas of science and technology (e.g. polymer
technology, food science, petrochemicals, biological interfaces, colloids) and
crystallise with a simple plate- like morphology due to strong interchain interactions
along the a and b directions leading to fast growth, with weak head-to-tail
interactions in the ¢ direction (parallel to the long axis) resulting in slow growth (see
Figure 1). Such a morphology makes the effect of any habit modification clear.

C Slow
T Growth

b Q
Fast
Growth
Growth

FIGURE 1  Schematic showing the growth of an n-alkane crystal. Close
packed chains in the ab-plane lead to rapid growth in these directions, whilst
weak head-to-tail interactions along the c-directions cause slow growth leading

to a plate-like morphology dominated by {001) forms.
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Firstly, other n-alkane homologues were considered as additives: two disruptor-
type additives with smaller chain lengths (Cp¢ and Cp1) and two blocker-type
additives with longer chain lengths (Co3 and Cp4). In each case there is an even
numbered n-alkane homologue and an odd numbered homologue. The crystallisation
of mixtures of n-alkanes is of importance as the close homologues are known to
significantly incorporate on crystallisationgalo forming a solid- solution of even and
odd chain lengths. The pure even and odd homologues crystallise in quite different
systems (typically, triclinic and orthorhombic, respectivelyll) but both were chosen
as additives to see if the even homologues would incorporate easier than the odd
homologues due to the host system being that of an even homologue.

Secondly, simple methyl-substituted n-alkanes were considered as blocker-type
additives to assess the effect of blocking certain crystal directions on morphology.

BACKGROUND THEORY AND COMPUTATIONAL TECHNIQUES

Modelling Crystal Morphology in the Absence of Growth Modifier

Morphological modelling techniques are based upon correlating the bulk structure in
some way with the crystal morphology. Solid-state calculations are used to determine
the structural preference, in terms of (hkl), of a crystal growth layer (thickness dpky)
to adsorb upon a growing crystal surface.

The geometrically-based Bravais-Friedel-Donnay-Harker (BFDH) approach1'3 is
used to identify likely growth forms while the energetic parameters defined by
Hartman and Perdok%3 are used to allow morphological predictions. They defined
the surface attachment energy (E,¢¢) as the energy released on the addition of a
growth slice to the surface of a growing crysta.l6’12 and which is related to the
crystallisation energy or lattice energy (E) by:

Ecr =Eg + Eat M

where Eg is the intermolecular bonding energy contained within the surface growth
slice. The growth rate of a given crystal face (hkl) is proportional to E,¢¢ and hence
inversely so to the morphological importance and Esllz. The latter is thus a useful
measure of the growth stability of a given crystal face. The assumption of the
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proportionality of the growth rate and Egy; is only strictly valid for faces growing by
a layer mechanism whereas we use it for all faces; such an approach, however, has
been applied successfully to a variety of materialsb, 13-15,

Providing we assume that the relative intermolecular bond strengths as a function
of (hkl) do not change significantly upon crystallisation we can calculate the lattice,
slice and attachment energies from the bulk crystal structure® using the atom-atom
method16. This is achieved by summing interactions between a central molecule and
all the surrounding molecules (see Figure 2), where each intermolecular interaction is
considered to be the sum of the constituent atom- atom interactions. For the work in
this paper we use a Buckingham!7 potential with atom- atom parameters from
Williams!8 to calculate the van der Waals interatomic energies. We omit the
electrostatic contribution on the basis of previous work on long chain n-alkanesl?

which indicated it to be negligible.

Adjust slice
boundaries d A
to maximise hkt

Eslice

Lattice
planes (hkl)

—
i
1
1
|

0

Limiting radius
for summation

Z ot —
'

FIGURE 2 Basic approach for calculation of intermolecular interactions using
the atom-atom method showing how the lattice energy is partitioned between
the slice and attachment energies within a limiting sphere. A is the central
molecule, B is a molecule outside the slice, D is a molecule inside the slice, Nt
is the growth normal to the planes (h k 1), N~ is the growth normal to the planes
(-h-k-1), AB and AD are bonding vectors, dy) is the interplanar spacing, 0 is
the angle between the growth normal and the bonding vector and AC is the
component of the vector AB parallel to N the growth normal. Note that the
slice-boundaries defined by dyk] may be shifted along the growth normal to
obtain the energetically most stable slice.
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We can relate the lattice energy to the sublimation enthalpy to obtain an
“experimental” lattice energy (Vexp) where:

Vexp = AHgyp, - 2RT @

For our work we use the computer programs MORANG20, HABIT2! and
CERIUS?22 to respectively determine the symmetry reduced growth slices according
to BFDH rules, calculate E,q; using the atom-atormn method and to plot the resulting
crystal morphology using Wulff's method23.

A in f f Tailor-Made Additiv

Tailor-made additives24 are "designer" impurities which have enough molecular
compatibility with the host system to be able to incorporate onto the surface of the
growing crystal and modify the energetics by preventing oncoming molecules getting
into their rightful positions at the surface. In order to model the change of growth rate
as a function of additive we need to modify Hartman and Perdok's classical definition
of attachment energy and introduce some new terms.

In a previous paper’/ we noted that the nature of the intermolecular potential
calculation for a crystal lattice without additive ensures that the growth slice is apolar
and that therefore Eggy(4) is equal to Egay(.) (see Figure 2). However, the
incorporation of an additive violates the local crystal symmetry and we have to
calculate the modified values of these separately. Thus in order to fully assess the
structural ramifications of the additive adsorption we need to calculate five additional
terms in all: Egp, Eagt(+), Eatt(-)» Eatt(+)" and Egy(-y". These are illustrated in
Figure 3. Eg) is the slice energy calculated with an additive at the centre of the
slice24; Eqp is the attachment energy of a growth slice containing an additive onto a
pure surface24 and Egttn is the attachment energy of a pure growth slice onto a
surface containing an additive. The computer program HABIT2] has been
extended2 to allow calculation of these modified energy terms associated with the
additive adsorption process. The computational procedure employed is given in detail
elsewhere’.

We can assess how easily an additve will adsorb onto a given crystal surface (hkl)
by calculating the relative "binding or incorporation energy” (Ab), defined6.24 as the
difference between the incorporation energy of the additive (Ep) and the pure
material (Ep) where:
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material (Ey,) where:

Ab=Ep - Ep = (Egl' + Eg') - (Eg] + Eatt ) (3)
which we expand to give:

Ab= Ey' - Ep = (Eg]' + Eatt(+) + Eatt(-) ) - (Esl * Eatt(+) * Eatt(-)) C))

From this equation we can see that crystal faces where there is minimum
change in the incorporation energy are where the additives are likely to incorporate.
If Ab is strongly dependant upon crystal orientation then the incorporation will be

specific to one crystal face and vice-versa.

GROWTH WITH GROWTH WITH
NO ADDITIVES l TAILOR - MADE ADDITIVES
Additive
! Molecules \
DD — ! L i 1 Molecules in
D ] a8 D Liquid Phase
# l:ll { |
Estice T T 1T CT Ml T Eslice’ C MM T—] | Growth Stice
l + Adsorption
Eatt ' Eatt’ '

(a)
CTT1T 71 717
Growth E " Growth
Disruption — i aff < Blocking

(b) (c)

FIGURE 3 Schematic showing the definition of the energy terms Egt, Egte,
Eatt", Eg] and Eg)r used in morphological modelling for (a) pure systems and
systems having (b) disruptive-type and (c) blocker-type tailor-made additives.
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In our approach we propose the use of the further parameter E,¢n which reflects
the energy released on the addition of a pure growth slice onto a surface on which an
additive has adsorbed. This additional parameter can be used as a direct measure of
the growth rate of a crystal face "poisoned" with a tailor-made additive molecule thus
enabling calculation of the crystal morphology with an additive present.

In earlier work on the blocker type of additives, Dochc:rty26 commented on the
need for an improved approach to obtain meaningful values for E4¢. Previously (e.g.
refs. 24,26,27), blockers have been considered in the same way as disruptors thus
giving rise to large, positive Eyy values for faces where the blocking part of the
additive hinders adsorbing molecules. These attachment energies with additive present
cannot be utilised to produce a morphology but serve only as a guide of the
"blocking ability” of the additive at each face.

Later8 we improved our calculation of Egtt" by introducing vacancies in cases
where the intermolecular interactions are unfavourable for steric reasons. This is
achieved by calculating each intermolecular interaction and omitting its contribution
to the energy terms if it is considered to result from the blocking nature of the
additive25 (for an illustration of this procedure see Figure 4). The steric repulsions
are a result of atoms of the blocker residing close to, or actually in, the same physical
space in the crystal as atoms of the adjacent host molecules. Effectively, then,
removing an intermolecular interaction's contribution to the lattice energy is the same
as omitting the molecule. This vacancy concept exhibits some of the main effects of
blocker-type additives: a lowering in E4 (and hence an increase in morphological
importance) and the loss of host molecules from adsorbing due to additive molecules
blocking surface sites.

The modified Egy parameter may now be used to obtain a morphological
representation of the effects of a blocker additive which was not previously possible.
When there is a noticeable difference between Eggy(4y and Eqyy(-y» the former values
should be used for faces (hkl) and the latter values used for faces (-h-k-1). In this way
the polar effect of the additive may be modelled. Such a morphology is indicated
below as "model 2": "model 1" refers to morphologies predicted using Egyv as a
measure of growth rate for all faces; "model 3" is computed using a combination of
Egatt and Egqy values if this is thought more appropriate (such cases are detailed in the
accompanying text).

"In the examples given below, for both types of additive, the change in
incorporation energy (Ab) is given for each form along with the host and additive
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attachment energies. The host attachment energy (Egtt) is the sum of Eatt(+) and
Eatt(-) (which are essentially of equal magnitude), whilst Eggyv is the sum of Eatt(+)"
and Egyy(-y" (Which may differ in magnitude due to the asymmetry introduced by the
additive). It may be noted that the E ¢ values are averaged over all symmetry-
independent sites in the unit cell, whereas the Ab values are site-specific. Note also
that in all our definitions we halve all atom-atom interactions compared to refs. 6,24
(see Appendix A in ref. 7).
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FIGURE 4 Example showing the blocking nature of a biphenyl additive
molecule in a naphthalene crystal: (a) showing biphenyl blocking adjacent
naphthalene molecules; (b) showing the inclusion of vacancies for unfavourable

steric intermolecular interactions.
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As part of this procedure we also estimate the un-relaxed vacancy formation
energy (Ey):

Nm Z
Ey=Eg-( = 2 EyacliVZNpy) (5)
i=1 j=1

where Ey4 is the lattice energy calculated with a vacancy placed at the molecular site
(i) within the number of molecules (Ny,,) defined by the van der Waals cut-off radius
(Rljm) of the atom- atom summation and averaged over Ny and all symmetry-
independent sites in the unit cell (j). The number of vacancies (Ny) generated by each
blocking additive is also given here. Both Ey and Ny provide an additional
benchmark as to the likelihood, on an energetic basis, of additive incorporation.

Since the molecular structures for the additive molecules studied here were not
available from the CSSR X-ray database28 they were constructed and minimised
using the molecular graphics packages CHEM-X29 and INTERCHEM30. For
docosane the crystal packing in the triclinic (space group P-1) lattice was then
optimised via the program PCK8316 using the cell parameters predicted by Nyburg
and Potworowski31: a=4.285A, b=4.820A ¢=27.43A; 0=85.66°, p=68.16°, y=72.70°
after fitting the minimised molecular structure to the known isotypic structure of
C1832 to determine the correct orientation. Coordinates for the various additive
molecules in terms of the docosane lattice were obtained by fitting the addditve to the
host at one of the end methyl groups and the new parameters described above for
predicting the morphology with the presence of an additive calculated.

THE MORPHOLOGY OF DOCOSANE

Docosane crystallises in the triclinic space group P-1 with one molecule in the unit
cell. The calculated lattice energy of -41.90 kcal/mol (Rlim=30A, Nm=264) can be
compared to the "experimental” lattice energy for n-octadecane (Cyg) of -37.78
kcal/mol from the known sublimation enthalpy of 36.73 £1.20 kcal/mol33). The
results of the morphological predictions are given in Table 4; the corresponding
attachment energy model of the crystal is shown in Figure 5. The predicted
morphology reflects the expected plate-like habit34:35 and is dominated by {001}
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and bounded by smaller {010}, {102} and {103} faces. (Other possible (hk0) faces
such as (100), (010) and (110) were not included in the energy calculations as the
selection process of the BFDH rules did not indicate them to be significant.)

N

\ A

{o10}

{oo}

.~ {103} A

{102}

pu.

X

FIGURE 5 Attachment energy morphology of docosane (C27).

THE EFFECT OF CLOSE HOMOLOGUES ON THE MORPHOLOGY QF DOCO-
SANE

This section considers the habit-modification of docosane by other similar n-alkane
homologues. These are divided into two types by their chain lengths: those shorter
than docosane (Cop and Cp1) are considered as disruptor-type additives; those with
longer chain lengths (Cp3 and Cp4) are considered as blocker-type additives.
Since the additive molecules are so similar to the host a large change in the
morphology is not likely. Additive molecules have most effect when they interrupt a
chain of strong-bonding e.g. hydrogen-bonds in benzamide/benzoic acid®-8. In the
cases considered in this paper the bonding is anisotropic and the effect of the
additives is likely to be less specific.

Tables 1-3 summarise the morphological impact of the additives (Figures 6-8) by
listing the surface area of the habit faces along with aspect ratios for both the host
system and the habit- modified crystals.
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TABLE 1 Surface areas (as percentage of the total surface area) in unitsZ for
model 1 (standard) morphologies of docosane (Cp7, "host") with eight different
additives. "Total" denotes the total surface area, "A.R." the aspect ratio.

k 1) Host Co0 Cy1 C23 Cra ADDT1 ADDT2 ADDT3 ADDT4
01 78.40 83.91 81.71 81.92 80.14 73.71 73.71 70.90 69.36
10 11.89 8.81 10.05 9.07 7.97 10.22 14.31 i1.70 13.45
11 0.00 0.00 0.00 0.79 2.87 2.12 0.00 4.36 3.48
03 3.62 2.86 3.10 2.22 2.21 3.25 4.20 3,06 3.31
02 6.08 4.42 5.14 6.00 6.81 10.70 7.78 9.97 10.39
al: 7569.13 5820.20 6580.78 7318.69 7837.76 4427.29 4817.69 3538.21 3636.67

12.53 17.93 15.39 15.60 13,98 9.68 9.66 8.53 7.93

TABLE 2 Surface areas (as percentage of the total surface area) in units2 for
model 2 (polar) morphologies of docosane (Cop, "host") with eight different
additives. "Total" denotes the total surface area, "A.R." the aspect ratio. * for
Cp3 and Copy4 this face is (0-11).

k 1} Host C20 Coy C23 C24 ADDT1 ADDT2 ADDT3 ADDT4
01 39.20 41.66 40.81 40.63 39.81 36.96 36.87 35.58 34.90
0-1 3%9.20 42.13 40.86 41.16 40.29 36.74 36.83 35.34 34.45
10 5.95 0.67 4.12 0.74 1.42 6.15 7.16 7.22 8.44
10 5.95 4.43 5.03 4.36 4.86 3.42 7.16 4.47 4.23
11, 0.00 3.84 0.92 4.30 4.07 0.00 0.00 0.78 0.00
1-1 0.00 0.00 0.00 0.60 0.54 2.79 0.00 3.58 4.30
03 1.81 0.90 1.21 0.21 0.19 2.42 1.96 2.28 2.49
0-3 1.81 1.96 1.90 2.02 2.02 0.83 2.25 0.79 0.82
02 3.04 2.74 2.92 3.90 4.31 4.55 4.03 4.23 4.35
0-2 3.04 1.68 2.22 2.09 2.47 6.14 3.74 5.72 6.03
al: 7569.13 1446.53 1643.00 1817.77 1953.52 1105.45 1204.42 884.37 907.66

T ot

12.53 43.97 21.95 20.66 15.26 12.11 12.76 12.33 12.29
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TABLE 3 Surface areas (as percentage of the total surface area) in units2 for
model 3 (additional) morphologies of docosane (Cy9, "host") with Additives 1-
4. "Total" denotes the total surface area, "A.R." the aspect ratio.

(h k 1) Host ADDT1 ADDT2 ADDT3 ADDT4

001 78.40 72.87 78.36 70.07 70.18
010 11.89 10.37 11.91 11.89 13.28
011 0.00 2.36 0.00 4.63 3.20
103 3.62 3.51 3.63 3.29 3.09
102 6.08 10.89 6.09 10.12 10.25

Total: 7569.13 4472.80 7572.84 3575.96 3598.43
A.R. 12.53 9.28 12.50 8.21 8.24
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- ves: W
Firstly, eicosane (Cyp) was introduced as an additive and the modified slice and
attachment energies computed (see Table 4). The effect of the additive on the
morphology is shown in Figure 6(b). The overall morphology is very similar to the
pure system (Figure 6(a)) except that the aspect ratio of the crystals is increased upon
the addition of additive.

(a)

|
\vd
& j/v /

i e 4

Y4

-

X

FIGURE 6 Habit modification of docosane by close n-alkane homologues: (a)
attachment energy morphology of docosane; (b) with eicosane (Cpg) additive
(model 1); (c) with eicosane additive (model 2); (d) with heneicosane (C>})
(model 1) (e) with heneicosane (model 2); (f) with tricosane (C93) (model 1);
(g) with tricosane (model 2); (h) with tetracosane (model 1); (i) with tetracosane
(model 2). Faces additional to those shown in Figure 5 are {011}.
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From the incorporation energy results (see Table 4) it can be seen that eicosane
molecules can fit easily in {001} faces as the interactions at these faces is simply
between end methyl groups - there is little difference here between docosane and
eicosane molecules. There is little loss of incorporation energy for all faces indicating
that eicosane molecules are easily accomodated due to the similarity of the host and
additive molecules, the loss in energy being due to the shorter chain length of the
additive. The increase in the aspect ratio presumably reflects the fact that the shorter
eicosane molecule reduces the (001) attachment energy contribution by reducing the
effect of methyl-methyl interactions across the (001) basal plane. These results are in
good agreement with observations of n-alkane crystallised from solution34-35 which
in general have much larger aspect ratios than those observed when crystallised by
sublimation30.

The intermolecular bonding results given in Table 5 further demonstrate the effect
of the additive in the c-direction: the [00-1] interaction decreases from -0.24 kcal/mol
to only -0.04 with the additive present. This decreases the growth of the (001) face
and increases the aspect ratio.

Since, in this case, the values for Egyy(4) and Eyy(-y are significantly different
(see Table 4) a second model of the morphology was computed, shown in Figure
6(c). This polar crystal contains {011} forms but has no corresponding {0-1-1}
forms.

TABLE 4 Changes in incorporation energy (Ab) and attachment energies for
docosane with eicosane additive (in kcal/mol).

FACE (hkl) Ab Eatt(+)'' Batt(-)'' Eatt' Eact
(00 1) 2.50 -0.48 -1.81 -2.30 -3.63
(01 0) 2.15 -11.21 -10.72 -21.93 -24.04
(01 -1) 1.57 -12.01 -10.78 -22.80 -25.49
(01 1) 2.02 -10.74 -11.44 -22.18 -24.42
(01 -2) 1.50 -12.13 -10.81 -22.94 -25.70
(01 2) 1.53 -10.81 -12.08 -22.89 -25.62
(0 1 -3) 1.49 -12.15 -10.82 -22.97 -25.74
(10 3) 1.46 -12.49 -14.23 -26.72 -29.73
(10 2 1.53 -12.46 -14.10 -26.56 -29.49
(01 3) 1.50 -10.83 -12.14 -22.97 -25.73
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TABLE 5 Intermolecular bonding analysis for docosane with eicosane additive.
Bonds are between a central molecule [000] and a second molecule moved by
[UVW] where U, V, W are multiples of the unit cell along the a, b and c-
directions, respectively; bond energies are in kcal/mol.

Bond U V W Bond Energy

Host Additive
a 1 0 © ~-7.69 ~7.06
b -1 0 0 -7.69 -7.31
c 0 -1 0 -5.87 -5.52
d 0 1 0 -5.87 -5.43
e -1 1 0 -3.24 -3.09
f 1 -1 0 -3.24 -3.00
g 0 0 1 -0.24 -0.04
h 0 0 -1 -0.24 -0.24

Disruptor-Type Additives: Docosane With Heneicosane As An Additive

The odd carbon-numbered n-alkane heneicosane (Cp1) was also considered as a
disruptor additive. This molecule possesses different symmetrical properties from
docosane - it has a mirror plane about the central carbon atom compared to the centre
of inversion possessed by the even- numbered n-alkanes. This may cause it to
incorporate in a different manner from eicosane as the end methyl groups will be in
less energetically favourable packing positions.

The results of the attachment energy calculations with Co1 present are given in
Table 6 and the two computed morphologies (models 1 and 2) in Figures 6(d) and
6(¢) (compare with Figure 6(a) which is the attachment energy model of pure
docosane). The lower incorporation energy values for heneicosane compared to those
obtained for eicosane are probably simply due to the increased intermolecular
interactions contributed by the longer chain. The odd n-alkane seems to accomodate
Just as effectively as the even homologue.

The model 1 morphology (Figure 6(d)) exhibits a very similar habit to the host
system containing the same forms but with a slightly smaller aspect ratio indicating a
thicker crystal. The model 2 morphology (Figure 6(e)) bears a close comparison
with the model 2 morphology of the eicosane/docosane system. The main difference
here relates to the side faces: {011} forms are favoured over the competing {01-1}
forms with Cy1 as the additive. Table 6 demonstrates the expected disparity between
the positive and negative attachment energies with the main difference being along
the c-direction. Here the difference is not as great as with eicosane additive due to
the longer chain of the Cy1 additive. The intermolecular bonding analysis (Table 7)
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provides further evidence for this: the [001] interaction is decreased on addition of
additive showing that the “"gap” is in the positive growth direction, the [00-1]
interaction is identical with additive present - the additive molecule incorporates
perfectly due to its similarity with the host. This is mirrored in the attachment energy
results. For both eicosane and heneicosane additives the attachment energy for (00-1)
was the same, the value for (001) increases with the chain length. Note that the [001]
interaction is -0.15 kcal/mol compared to -0.04 kcal/mol for eicosane (and -0.24
kcal/mol for pure docosane). The additional methylene group in Coq results in an
increase in this value {compared to eicosane) but because it has a shorter chain length
than docosane the value is less than the host-host interaction.

TABLE 6 Changes in incorporation energy (Ab) and attachment energies for
docosane with heneicosane additive (in kcal/mol).

FACE (hkl) Ab Eatt (+) ' Eatt(-)'*  Earer: Estt
(0 0 1) 1.09 -1.00 -1.81 -2.81 -3.63
(01 0) 0.91 -11.78 -11.15 -22.93 -24.04
(01 -1) 0.59 -12.54 -11.52 -24.06 -25.49
(01 1 0.94 -11.62 -11.73 -23.35 -24.42
(01 -2) 0.56 -12.66 -11.59 -24.25 -25.70
(01 2) 0.58 -11.83 -12.36 -24.19 -25.62
(01 -3) 0.55 -12.68 -11.60 -24.28 -25.74
(10 3) 0.64 -13.54 -14.63 -28.17 -29.73
(10 2) 0.68 -13.47 -14.50 -27.98 -29.49
(01 3) 0.55 -11.86 -12.42 -24.28 -25.73

TABLE 7 Intermolecular bonding analysis for docosane with heneicosane
additive. U, V, W are multiples of the unit cell along the a, b and c-directions,
respectively; bond energies are in kcal/mol.

Bond U V W Bond Energy

Host Additive
a 1 0 © -7.69 -7.40
b -1 0 0 ~-7.69 -7.55
c 0 -1 0 -5.87 ~-5.63
a 0 1 0 -5.87 -5.77
e -1 1 0 -3.24 -3.19
f 1 -1 0 -3.24 -3.10
g 0 0 1 -0.24 -0.15
h ¢ ¢ -1 -0.24 -0.24
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Blocker-Type Additives: Docosane With Tricosane As An Additiv

The odd numbered n-alkane tricosane (C23) was considered to act as a blocker-type
additive due to having a longer chain length than the host material. On adsorbing into
the docosane lattice, the additive molecule will initially adsorb easily in the c-direction
in an identical way to the host molecules (as only methyl-methyl interactions
contribute), but the longer chain length will cause large steric interactions on
adsorption of subsequent molecules in this direction as the additive is fitting into a
space designed for shorter docosane molecules. As a result of this, growth in this
direction is expected to be inhibited i.e. the (001) and related faces should have more
importance in the morphology. Morphological predictions were obtained using the
vacancy approach outlined previously.

The results of the theoretical calculations are given in Table 8, the predicted
morphologies in Figures 6(f) and 6(g). It can be seen that the effect of the additive is
to decrease the thickness of the crystal slightly, as expected. The values of the
attachment energies show the largest decrease to be in the c-direction (due to the
vacancy in the [0011] position) and a small increase in the b-direction (due to the
extra energy from the extra atoms), the other faces remain relatively unaffected.

The changes in incorporation energy show that additive adsorption in the (001)
face is very favourable and that additive molecules can incorporate into all faces with
a relatively small degree of energetic loss (all incorporation energy values are less
than 1 kcal/mol). For most faces there is little loss of energy due to the small values of
the vacancies - the effect of these interactions in a real system would be larger due the
accumulative disruption of bonding.

The vacancy energy (E,) was calculated to be 0.05 kcal/mol, with Ny=3. Ey is
constant for all the blocker additive examples in this paper, although Ny can vary.
Table 9 lists the bonds replaced by vacancies along with a detailed intermolecular
analysis. Notice how most of the interactions are stronger with the additive present.
Again, this results from the extra atoms contributing to the intermolecular interaction.
Also note the large blocking effect of the additive along the c-direction (compare this
to the disruptive homologues where this value is less than the host due to a shorter
chain length, here the longer chain length causes blocking) a vacancy is introduced
here as well as in the [-1011] and [0-111] positions: all are adjacent to the central
additive molecule. The model 2 morphology also is similar to the host morphology.
Here, though, additional {011} faces are observed.
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TABLE 8 Changes in incorporation energy (Ab) and attachment energies for
docosane with tricosane additive (in kcal/mol).

(00 1) -0.78 -1.11 -1.82 -2.92 ~-3.63
(01 0) 0.16 -12.44 -12.01 -24.45 -24.04
(¢ 1 -1) -0.61 -13.06 -12.07 -25.12 -25.49
(001 1) -0.33 -11.96 -12.39 -24.34 -24 .42
(0 1 -2) -0.52 ~-13.15 -12.28 -25.43 -25.70
(01 2) -0.53 -12.38 -12.96 -25.34 -25.62
(01 -3) -0.51 -13.17 -12.31 -25.48 -25.74
(r 0 3) -0.49 -14.52 -15.04 -29.56 -29.73
(1 0 2) -0.55 -14.33 -14.93 -29.26 -29.49
(01 3) -0.51 -12.45 -13.02 -25.47 -25.73

TABLE 9 = Intermolecular bonding analysis for docosane with tricosane
additive. U, V, W are multiples of the unit cell along the a, b and c-directions,
respectively; bond energies are in kcal/mol. Bonds [-1011] (strength 10.42), [0-
1117 (strength 2.264) and [0011] (strength 17.28 kcal/mol) were omitted and
replaced by vacancies.

Bond U V W Bond Energy

Host Additive
a 1 0 0 ~-7.69 -7.93
b -1 0 0 -7.69 -7.76
c 0 -1 0 -5.87 -5.92
d 0O 1 0 -5.87 -6.05
e -1 1 0 -3.24 -3.31
£ 1 -1 0 -3.24 -3.30
g 0 0 1 ~0.24 17.28
h 0 0 -1 -0.24 -0.24

Blocker-Type Additives; Docosane With T ne As An Additiv

The results for tetracosane (Cp4), given in Table 10, are very similar to those
obtained for C3 with the following exceptions. Since tetracosane has a longer chain
again the extra atoms cause an increase in any intermolecular interactions unaffected
by steric considerations. The steric effect is even more evident though in the c-
direction as host molecules physically overlay the additive and have to be replaced by
vacancies (Ny=3, see Table 11). The morphologies are shown in Figures 6(h) and
6(i). The large steric effect in the c-direction outweighs any other considerations and
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the crystal becomes slightly thinner than those observed with pure host but slightly
thicker than with Cp3 as additive. The model 2 crystal (Figure 6(i)) is similar although
the {011} and {010} interchange morphological importance.

TABLE 10 Changes in incorporation energy (Ab) and attachment energies for
docosane with tetracosane additive (in kcal/mol).

FACE (hkl) Ab Eatt (+)' ' Eatt(-)'' Eatt': Eatt
(00 1) -1.26 -1.53 -1.82 -3.35 -3.63
(01 0) -0.12 -12.58 -12.53 -25.10 -24.04
(01 -1) -0.88 -13.14 -12.65 -25.78 -25.49
(01 1) -0.76 -12.17 -12.68 -24.85 -24.42
(01 -2) -0.73 -13.23 ~12.92 -26.15 -25.70
(01 2) -0.80 -12.81 -13.20 -26.01 -25.62
(01 -3) -0.72 -13.24 -12.96 -26.20 -25.74
(Lo 3) -0.73 -15.22 -15.11 -30.34 -29.73
(10 2) -0.85 -14.97 -15.01 -29.98 -29.49
(01 3) -0.73 -12.94 -13.25 -26.19 -25.73

Incorporation energy values show that all faces are susceptible to additive
adsorption: all the values are negative with the most likely site being the (001) face
which has the most favourable incorporation energy. The least favourable site is the
(010) face which is closest to the blocker part of the additive (i.e. the additional two
carbons and associated hydrogens). The attachment energy for this face increases on
additive addition indicating a decrease in its morphological importance. In fact,
comparing E,ym (additive) with Eyqq (host) shows that for all faces save (001), Epqy»
is larger than Egq, implying that the (001) face should increase its morphological
importance compared to the pure host system due to the additive blocking oncoming
molecules at this face. All other faces should have increased growth (due to larger
attachment energies) and therefore decrease in size; the energy changes are very small
for the most part so this effect is negligble. These results also indicate that the
vacancies have little effect except for the (001) face. This is borne out by the
calculated morphologies: the crystal is slightly thinner along ¢ and additional {011}
faces appear for the first time in the model 1 morphologies, competing with the now
weakened {010} faces.

Comparing the positive and negative components of the additive attachment
energies it can be seen that the negative component is more negative for (001), (011),
(012), (013) and (102) faces; for the other faces the positive component dominates.
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This can be explained by considering the bonding analysis (Table 11) which shows
that three vacancies were required - the [0-111] interaction being the most affected by
the additive. Note that the c-interaction is only affected in the positive direction - here
a vacancy is introduced. The negative interaction is unaffected by the additive. This
shows that the extra atoms lie in the +c direction, in the -c direction there is no
difference between additive and host molecules. Thus Egy(.y" dominates over
Egaty(+)" for the (001) face. There is very large steric repulsion at the [01-11] site
resulting from the blocker part of the additive overlaying this molecule.

TABLE 11 Intermolecular bonding analysis for docosane with tetracosane
additive. U, V, W are multiples of the unit cell along the a, b and c-directions,
respectively; bond energies are in kcal/mol. Bonds [-1011] (strength 15.62), [0-
111] (strength 138.16) and [0011] (strength 33.40 kcal/mol) were omitted and
replaced by vacancies.

Bond U V W Bond Energy
Host Additive
a 1 0 © -7.69 -8.06
b -1 0 O -7.69 -7.80
c 0 -1 0 -5.87 -5.99
d 0 1 0 -5.87 -6.08
e -1 1 ¢ -3.24 -3.32
f 1 -1 0 -3.24 -3.41
g 0 0 1 -0.24 33.40
h 0 0 -1 -0.24 -0.24

THE EFFECT F__METHYL-SUBSTITUTED DOCOSANE N _THE
MORPHOLOGY OF D ANE

In this section four methyl-substituted docosane derivatives (designated Additives 1-
4) are considered as blocker-type additives. Additives 1 and 2 contain a single methyl
group on either the first or eleventh carbon of the chain (approximately the chain
centre), Additives 3 and 4 have two additional methyl groups placed on the first and
eleventh and the first and last carbons of the chain, respectively.

The Morphol fD ne in the Presence of Additive 1: 2-Methyl D. ne

The effect of this isoparaffin is much more noticeable than the n-alkane additives
considered above. The predicted crystals (Figures 7(b), (c)) are much thicker along
the c-axis, less wide along the a-direction and extended along the b-direction. These
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observations can be accounted for by examining the results of the energy calculations
given in Table 12. Eyq is less than Egy for all faces by around 2 kcal/mol except for
{001} where the difference is only 0.15 kcal/mol and {102} and {103} where the
difference is over 10 kcal/mol. For these last two faces the incorporation values are
similar to the other faces so it can be expected that the additive will incorporate here
but that that the relative morpholgical importance of these faces will increase greatly.
This is seen in the Wulff plots.

TABLE 12 Changes in incorporation energy (Ab) and attachment energies for
docosane with 2-methyl docosane additive (in kcal/mol).

FACE (hkl) Ab Eatt (+)'' Batt(-)'' Eatt': Eatt
(0 0 1) 10.74 -1.82 -1.67 -3.48 -3.63
(01 0) 7.86 -12.25 -8.83 -21.08 -24.04
(01 -1) 7.42 -12.62 -9.47 -22.09 -25.49
(01 1) 7.42 -12.35 -8.67 -21.02 -24.42
(01 -2) 7.50 -12.82 -5.56 -22.38 ~25.70
(01 2) 7.50 -12.94 -9.36 -22.30 -25.62
(01 -3) 7.51 -12.85 -9.58 -22.43 -25.74
(1 0 3) 7.75 -4.05 -14.86 -18.91 ~29.73
(10 2) 7.65 -3.95 -14.63 -18.57 ~29.49
(01 3) 7.51 -12.99 -9.42 -22.42 -25.73

Since the {102} and {103} forms have dramatically lower attachment energies
with additive present they become more morphologically dominant (extending the
crystal along along the b- axis) to the detriment of the {010} forms: thus the crystals
are less wide. However, the {010} forms still have a similar surface area causing the
crystal to become thicker. Note also the considerable difference between the positive
and negative components of the {102} and {103} faces. This is due to the asymmetry
of the additive with respect to the host molecules.

Additional {011} faces are present in both theoretical habits. When faces are
competing in the same zone small changes in growth rates (here represented by
attachment energies) can cause the dominance of one over the other, in this case
{010} and 011} have closer attachment energies with the additive present.

Regarding the positive and negative components of the additive attachment
energies the negative component is always lower (more positive) by around 3-4
kcal/mol except for {001} where the difference is 0.15 kcal/mol and for {102} and
{103} where the order changes and the positive components are lower by over 10



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:15 18 February 2013

MORPHOLOGY OF DOCOSANE MEDIATED BY ADDITIVES [771]1/263

kcal/mol causing the polar crystal to increase the size of (102) and (103) at the
expense of (-1 0-2) and (-1 0-3).

The incorporation values are all reasonably positive: additive incorporation
requires a loss of around 7 kcal/mol for all faces with the (001) face losing around 10
kcal/mol, the least likely surface for adsorption. Therefore a third model of the
morphology (Figure 7(d)) has been computed assuming the additive incorporates on
all faces save (001). This model shows the expected slight increase in thickness i.e.
the {001} forms have increased importance. This is due to the value of E,¢; for (001)
being -3.63 kcal/mol compared to -3.48 kcal/mol for Eg.

TABLE 13  Intermolecular bonding analysis for docosane with 2-methyl
docosane additive along the a, b and c-directions, respectively; bond energies are
in kcal/mol. Bonds [1-101] (strength 3.80), {10-11] (strength 7.97) and [1001]
(strength 0.368 kcal/mol) were omitted and replaced by vacancies.

Bond U V W Bond Energy
Host Additive
a 1 0 0 -7.69 0.37
b -1 0 © -7.69 -7.78
c 0 -1 O -5.87 -5.71
d 6 1 © -5.87 -5.93
e -1 1 o0 -3.24 -3.27
f 1 -1 0 ~-3.24 3.80
g 0 0 1 -0.24 -0.24
h 0 0 -1 -0.24 -0.30

The bonding analysis (Table 13) shows that the strongest host-host interaction
between the central molecule and a second molecule removed one unit cell along the
positive a direction i.e. [1001] is affected strongly by the additive and is replaced by a
vacancy. The corresponding molecule along the negative a direction is not affected
however. The b-direction exhibits a similar effect although to a much lesser degree,
the -b bond being lowered by 0.16 kcal/mol the +b bond being increased by the same
amount due to the contributions of the extra atoms compared to the host molecule.
The c-direction is not adversely affected at all: the +c direction loses no energy, the -c
direction gains 0.006 kcal/mol. This is because the methyl group is not in the c- plane
- it replaces a hydrogen atom in the ab plane. Note how different these results are
from those with a Cp3 additive. Although for both Ny=3, the methyl group is a much
more effective blocker.
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FIGURE 7 Habit modification of docosane by methyl-substituted docosanes:
(a) attachment energy morphology of docosane; (b) with 2-methyl docosane
(model 1); (c) with 2-methyl docosane (model 2); (d) with 2-methyl docosane
(model 3); (¢) with 11-methyl docosane (model 1); (f) with 11-methyl docosane
(model 2); (g) with 11-methy! docosane (model 3). Faces additional to those

shown in Figure 5 are {011}.
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The Morphol f D ne in the Presence of Additive 2: 11-Methyl D n
The effect of this additive is clearly illustrated in Figure 7(e). This model 1 crystal is
thicker again in the c-direction than with Additive 1, although it is not extended along
the b-direction and no {011} forms are predicted. The crystals exhibit the same faces
as docosane but the reduction in growth rate of the a and b-directions is clear from
the aspect ratio of the crystal.

The energy results given in Table 14 show that the attachment energies with
additive present are of much lower magnitude than for docosane, probably due to the
vacancies (Ny=2), except for {001} where Eun is virtually identical to Ey¢4. Since
the other forms have smaller attachment energies than in the host system, they
increase in size relative to the {001} faces which explains the predicted morphology.
Note how the (001) attachment energy is almost unchanged by additive adsorption.
This is a result of the extra methyl group being in the middle of the molecule and no
longer in the c-direction. Here it interacts with the a and b directions whilst the end
chain interactions are almost completely unaffected by its presence. This is also
reflected in the fact that the positive and negative components of Egyt are of equal
magnitude for this face, since there is no difference between chain ends. Contrast this
to the effect of Additive 1 (with the methyl group at the end of the chain) where E,q4
for (001) is lowered by the additive and the positive and negative components were
different due to the additive asymmetry with respect to this face.

The positive and negative components of the additive attachment energies for the
other faces demonstrates the asymmetry of the additive and the polarity it induces.
There is a disparity of about 5 kcal/mol, increasing to 7 kcal/mol for the {102} and
{103} forms. The negative component is consistently the larger (more negative) of
the two, indicating that the methyl group protrudes into the positive growth direction.
Despite this the polar crystal (Figure 7(f)) is almost identical to Figure 7(¢e).

The bonding analysis (Table 15) further demonstrates this effect. Both c-direction
bonds are indentical both to each other and to the pure host-host interaction: only the
end methyl groups are interacting here and they remain unaffected by the methyl on
the middle carbon. Conversely, the asymmetry is shown by all the other
intermolecular interactions. The positive a-direction bond and the positive b-direction
bond interact strongly with the protruding methyl group and require to be replaced by
vacancies confirming the lowering of the positive additive attachment energies.

The incorporation values are uniformly the same with the exceptions of the {103}
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and {102} forms, which are differ only slightly, and of the {001} forms, this time the
most favoured faces for additive adsorption (for Additive 1 they were the least
favoured - this is probably a result of the end methyl interactions being unchanged
with Additive 2 present). This indicates the possibility that the additive adsorbs only
on the {001} faces with all other faces unaffected due to having higher Ab values.
Such an effect was calculated using Eq¢ for {001} and Ey¢¢ (i.e. host) values for the
other faces. This model is shown in Figure 7(g). The morphology is more-or-less
identical to the host crystal since for (001) Eyq is -3.64 kcal/mol and Egyy is -3.63
kcal/mol.

TABLE 14 Changes in incorporation energy (Ab) and attachment energies for
docosane with 11-methyl docosane additive (in kcal/mol).

FACE (hkl) Ab Eatt (+)'' Batt(-)'' Eate': Eart
(00 1) 12.74 -1.82 -1.82 -3.64 -3.63
(01 0) 13.41 -6.63 -12.22 -18.84 -24.04
(01 -1) 13.41 -7.35 -12.94 -20.29 -25.49
(01 1) 13.41 -6.82 -12.41 -19.23 -24.42
(0 1 -2) 13.41 -7.46 -13.05 -20.51 -25.70
(01 2) 13.41 -7.42 -13.01 -20.43 -25.62
(0 1 ~3) 13.41 -7.48 -13.07 -20.55 -25.74
(10 3) 13.48 -7.57 -15.22 -22.79 -29.73
(10 2) 13.48 -7.45 -15.10 -22.55 -29.49
(01 3) 13.41 -7.47 -13.06 -20.54 -25.73

TABLE 15 Intermolecular bonding analysis for docosane with 11-methyl
docosane additive. U, V, W are multiples of the unitcell along the a, b and c-
directions, respectively; bond energies are in kcal/mol. Bonds [0101] (strength
0.232) and [1001] (strength 11.43 kcal/mol) were omitted and replaced by
vacancies.

o]
¢
3
o
(=
<
=

Bond Energy
Host Additive

a 1 0 0O -7.69 11.43
b -1 0 0 -7.69 -7.78
c 0-1 0 -5.87 -5.92
d 0 1 0 ~-5.87 0.23
e -1 1 0 -3.24 ~3.43
£ 1 -1 0 -3.24 ~3.33
g 6 0 1 -0.24 ~0.24
h 0 0 -1 -0.24 ~0.24
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FIGURE 8 Habit modification of docosane by dimethyl-substituted docosanes:
(a) attachment energy morphology of docosane; (b) with 2,11-dimethyl
docosane (model 1); (¢) with 2,11- dimethyl docosane (model 2); (d) with 2,11-
dimethyl docosane (model 3); (¢) with 2,21-dimethyl docosane (model 1); (f)
with 2,21-dimethyl docosane (model 2); (g) with 2,21-dimethyl docosane
(model 3). Faces additional to those shown in Figure 5 are {011}.
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The Morphology of D ne in the Presence of Additive 3: 2. 11-Dimethyl
Docosane

The effect of 2,11-dimethyl docosane as an additive is shown in Figure 8(b). It has a
similar but more pronounced morphological effect than Additive 2. A much thicker
and less platy crystal containing {011} faces is produced. This is due to the additional
methyl groups on the additive causing steric interactions in the a and b-planes (Ny=4)
which in turn result in an inhibition of growth along these directions.

The asymmetry caused by the methyl groups causes the magnitude of Eaty(4)" and
Eatt(-)" to differ and the resulting crystal (Figure 8(c)) to be very polar with respect
to the {011} faces, though less so with the {102} and {103} faces.

On examing the energy results given in Table 16 in detail, it can be seen that the
incorporation values are very positive implying that any additive adsorption is
reasonably hard. The largest value is for the (001) face implying it is the least likely
site for adsorption, the others are all slightly less with the (010), (103) and (102) faces
the next least likely sites as in the previous example. This illustrates the need for a
further morphological prediction (model 3) using E,q» for all faces except for {001}
which is given the host attachment energy value (i.e. assuming no additive
incorporation here). This model (Figure 8(d)) shows a habit very similar to, but
slightly thicker than the model 1 morphology since E4¢ is more negative than the
corresponding value of Eg¢¢ (-3.49 kcal/mol compared to -3.63 kcal/mol).

The Eg¢ values are around 8.5 kcal/mol more positive than the corresponding
Eqtt values except for {102} and {103} which are around 10 kcal/mol more positive
(probably due to vacancies) and {001} which is 0.14 kcal/mol less negative (due to
the methyl group being out of the c- plane, see below).

The negative growth components of the additive attachment energies are larger
than the positive components by around 2.5 kcal/mol except for {001} where the
order reverses and the positive component is 0.15 kcal/mol larger, and for {103},
{102} which are over 11 kcal/mol more negative in favour of the negative
component. The Eyty(-)* values have the larger attachment energies as the methyl
groups protrude into the positive growth direction. This is due to the asymmetry of
the additive with respect to the host molecules (one end of the molecule having no
extra methyl groups) causing the polar crystal to increase the size of (102) and (103)
at the expense of (-1 0-2) and (-1 0-3). The order reverses for {001} as one end has
no additional methyl groups and therefore the attachment energy here is unchanged
compared to the host system (cf. Additive 1), at the other end there are more atoms
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giving rise to a more negative attachment energy.

The bonding analysis (Table 17) shows four vacancies, the most sterically affected
is the positive a-direction bond. This shows that methyl groups in the middle of the
chain have a greater steric effect as here the intermolecular interactions are greater
than in the c-direction (cf. Figure 1). Thus the positive b-bond is also

TABLE 16 Changes in incorporation energy (Ab) and attachment energies for
docosane with 2, 11-dimethyl docosane additive (in kcal/mol).

FACE (hkl) Ab Eatt(+)'' Batt(-)'* Eatcr Eart
(00 1) 15.94 -1.82 ~1.67 -3.49 -3.63
(01 0) 13.64 -6.79 -8.94 -15.73 -24.04
(01 -1) 13.20 -7.16 -9.57 -16.74 -25.49
(01 1) 13.20 -6.89 ~8.78 -15.67 -24.42
(01 -2) 13.28 -7.36 ~9.67 -17.03 -25.70
(01 2) 13.28 -7.49 -9.47 -16.96 -25.62
(01 -3) 13.29 -7.39 -9.69 -17.08 -25.74
(10 3) 13.61 -4.35 -15.22 -19.57 -29.73
(10 2 13.51 -4.25 -14.98 -19.23 -29.49
(01 3) 13.29 -7.54 -9.53 -17.07 -25.73

TABLE 17 Intermolecular bonding analysis for docosane with 2, 11-dimethyl
docosane additive. U, V, W are multiples of the unit cell along the a, b and c-
directions, respectively; bond energies are in kcal/mol. Bonds [0101] (strength
0.172), [1-101] (strength 3.71), [10-11] (strength 7.98) and [1001] (strength
19.49 kcal/mol) were omitted and replaced by vacancies.

Bond U V W Bond Energy
Host Additive

a 1 0 0 ~7.69 19.49
b -1 0 0 -7.69 -7.87
. c 0 -1 0 -5.87 -5.76
d 0 1 0 -5.87 0.17
e -1 1 0 -3.24 -3.46
£ 1-1 0 -3.24 3.71
g 0 0 1 -0.24 -0.24
h 0 0 -1 -0.24 . -0.30
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affected but the c-bonds are not as the methyl groups are not directly in the c-plane as
the extra methyl groups in the Cp3 and Cp4 examples were. In those cases the
appropriate ¢ interaction was replaced by a vacancy due to the steric repulsion,
whereas for methyl groups added to the adjacent carbon (Additives 1 and 2) the [001]
interactions were not affected. The latter effect is also appropriate here.

All the other bonds (save those replaced by vacancies) show the additive values to
be larger than the host except the negative b-bond which is slightly smaller (probably
related to the corresponding positive direction bond being sterically hindered). This
clearly illustrates the polar nature of the bonding with the additive present.

The Morphology of Docosane in the Presence of Additive 4: 2, 21-Dimethyl
Dgcosane

As with all the other methyl-substituted additives the predicted crystals with additive
present (Figures 8(e),(f)) exhibit a different combination of forms than docosane
itself. The predicted crystals are considerably thicker in the c-direction than any of the
previous examples and are also much shortened in the a and b-directions. The overall
effect is to modify the long plate-like crystals of docosane to produce a tabular habit,
in fact, the most block-like of all the examples in this paper. For both di-methyl
docosanes (Additives 3 and 4) Ny=4, for the other examples less vacancies are
formed, showing that Ny is a useful indication of blocking ability.

The energy results are given in Table 18. The incorporation values are similar to
Additive 3: it seems that the di-substituted paraffins are harder to accomodate. {001}
has the largest Ab and is therefore the least likely site for incorporation.
Correspondingly, a third model of the morphology was computed considering the
additive adsorbing onto all faces save (001). The habit (shown in Figure 8§(g)) is
slightly thinner than before because the attachment energy used for (001) is now -3.63
kcal/mol (the value of Egyp) as opposed to -3.77 kcal/mol (the value of Egym) ie. a
lower attachment energy therefore more morphologically important. The other least-
favoured sites are as before: {010}, {102} and {103}.

Eaty is less than Eyyq for all faces by the same amounts as in the previous example
(Additive 3). This indicates that both di-methyl substituted docosanes are of similar
blocking ability.

The values of Egge(+4)" and Eggy(-)" also demonstrate similar results to Additive 3 -
only for {001} is the negative component dominant. Again {102} and {103} exhibit
the greatest disparity. This is because for these faces the asymmetry is the greatest.
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The bonding analysis (Table 19) shows the same vacancy pattern as Additive 3. But
note the values for the c-direction bonds [001] and [00-1]. In this case both additive
bonds are increased on addition of additive whereas only the negative c-bond was
increased for Additive 3. This is due to Additive 4 having methyl groups at both ends
of the molecule: Additive 3 is a very asymmetric molecule; Additive 4 is much more
symmetrical.

TABLE 18 Changes in incorporation energy (Ab) and attachment energies for
docosane with 2, 21-dimethyl docosane additive (in kcal/mot).

FACE (hkl) Ab Eatt(+)'' Batt(-)'* Eatt': Eatt
(00 1) 16.12 -2.10 -1.67 -3.77 -3.63
(01 0) 13.53 -6.74 -8.98 -15.72 -24.04
(01 -1) 13.19 -7.06 -9.77 -16.83 -25.49
(01 1) 13.19 -7.00 -8.76 ~15.76 -24.42
(01 -2) 13.32 -7.25 -9.92 -17.17 -25.70
(01 2) 13.32 -7.65 -9.44 -17.09 -25.62
(0 1 -3) 13.33 -7.28 -9.95 -17.22 -25.74
(10 3) 13.62 -4.60 -15.08 -19.68 -29.73
(10 2) 13.51 -4.48 -14.85 -19.33 -29.49
(01 3) 13.33 -7.71 -9.51 -17.21 -25.73

TABLE 19 Intermolecular bonding analysis for docosane with 2, 21-dimethyl
docosane additive. U, V, W are muitiples of the unit cell along the a, b and c-
directions, respectively; bond energies are in kcal/mol. Bonds [0101] (strength
0.153), [1-101] (strength 3.73), [10-11] (strength 7.97), [1001] (strength 19.39
kcal/mol) were omitted and replaced by vacanies.

Bond U V W Bond Energy
Host Additive

a 1 0 0 -7.69 19.39
b -1 0 0 -7.69 -7.83
c 0 -1 0 -5.87 -5.75
d 6 1 0 -5.87 0.15
e -1 1 0 -3.24 -3.39
f 1-1 0 -3.24 3.73
g 0 o0 1 -0.24 -0.29
h 0 0 -1 -0.24 -0.30

In this example the methyl groups are on the first and last carbons of the docosane
chain. Such an additive has a reasonable effect on the morphology To increase this
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effect a larger side group, perhaps a phenyl ring, could be introduced to produce a
non tailor-made additive of the blocking type. It is important to note that this type of
additive still has to exhibit similar structural features to enable incorporation into the

host lattice.

SUMMARY AND CONCLUSION

We have presented a comprehensive approach for modelling the morphology of
molecular crystal is the presence of tailor-made additives of the disruptor and
blocker types and demonstrated this approach through a detailed study examining
the mediation of the morphlogy of docosane by the presence of with eight tailor-made
additive molecules based on docosane.

The results showed that calculations of the incorporation energy as a function of
additive provides a useful bench-mark for assessing whether an additive will
incorporate on a surface and if so whether it will uniformly incorporate.

The structural parameter E,+ was introduced to enable calculation of the relative
growth rate of the morphological forms as a function of additive incorporation and
hence simulation of the morphology of the habit-modified crystals. It was
successfully modified to enable more meaningful calculations on blocker-type
additives to be obtained by replacing unfavourable steric repulsions encountered as a
result of the blocking nature of the additive with vacancies thus lowering the
attachment energies for faces which are "blocked", simulating the slower growth and
allowing direct prediction of morphologies.

Attention is drawn to the polar effect on introduction of additives which this
approach also models. The polar crystals exhibit certain faces (hkl) without
corresponding (-h-k-1) forms. By breaking the symmetry the additive greatly affects
the relative growth rates of these pairs of faces.

Considering the four n-alkane homologues as additives demonstrates the ability of
these materials to incorporate easily into docosane crystals. The habit-modifying
properties are not great due to the similarity with the host sytem and the anisotropic
nature of the bonding. The predicted crystals are always thinner along the c-direction
than the pure system (the attachment energy for the (001) face is always decreased
compared to docosane), although they increase in thickness with chain length from
n=20-24. Both disruptors and blockers achieve the same morphological result but by
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different mechanisms: the former reduce the (001) attachment energy by by reducing
the effect of methyl-methyl interactions across the (001) basal plane; the latter block
the (001) face causing slower growth in this direction.

Addition of methyl groups to n-alkanes can have a significant effect on their
morphology. The similarity with the host molecules allows them to bind to the surface
where blocking procedures occur due to the methyl groups interacting adversely with
oncoming host molecules. Such effects are most pronounced with di-substituted n-
alkanes. More equant crystals are produced going from 2-methyl to 11-methyl to 2,
11 di-methyl to 2, 21 di-methyl docosane as additives.

The overall schematic presented here in the case of tailor-made additives has also
been applied to the case of polar morphology37 and solvent adsorption38’39. Work is
currently in progress to model the case of additives which are not “tailor-made"; this
work will be presented in a future paper.
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APPENDIX: LIST OF SYMBOLS

(hkl) Miller indices of crystal growth face

{hkl} Miller indices of symmetry-equivalent crystal growth faces

dpk1 interplanar spacing for face (hkl) thus slice thickness of growth slice
(hk)

Ecr lattice (or crystallisation) energy of crystal

Eg slice energy of growth slice (hkl)

Eatt attachment energy of growth slice (hkl), sum of Epgy(4) and Eag(-)

Eatt(+) attachment energy of growth slice (hkl) along the positive growth

direction for pure system (equal to Eagy(-))
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Eatt(-)
UV, W
Z

Egy
Eatr
Eatt(+)'
Eatt(-)
Eay

Eatt(+)"

Ean(-)"

C. CLYDESDALE ET AL.

attachment energy of growth slice (hkl) along the negative growth
direction for pure system (equal to Eqty(4))

multiples of the unit cell along the crystal directions a, b and ¢
position of symmetry-related molecule in the unit cell

slice energy with additive at centre of growth slice (hkl)

attachment energy of growth slice (hkl) containing additive onto pure
surface (sum of E4yy(+y and Eqty(-))

attachment energy of growth slice (hkl) containing additive onto pure
surface in positive growth direction

attachment energy of growth slice (hkl) containing additive onto pure
surface in negative growth direction

attachment energy of pure growth slice (hkl) onto surface containing
additive (sum of Ege(4) and Eqpt(-y)

attachment energy of pure growth slice (hkl) onto surface containing
additive in positive growth direction

attachment energy of pure growth slice (hkl) onto surface containing
additive in negative growth direction

incorporation energy of pure material (equals Eg; + E,¢¢)
incorporation energy of additive (equals Egp + Eq¢y')

difference in incorporation energy (equals Ey - Epp)

un-relaxed vacancy formation energy

lattice energy with vacancy at molecular site i, summation
commencing from central molecule Z=j

number of molecules in atom-atom summation sphere

number of vacancies generated by blocking additive

limiting radius of atom-atom summation sphere
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