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INTRODUCTION 

1. General 

Many materials in our direct environment are in a crystalline state. 
These include frequently used products like salt or sugar, more special 
crystals, like gems and a lot of technologically important crystals, 
like quartz. In the last decades electronic components can, as a result 
of an enormous breakthrough in solid state technology, be added. 

A lot of different techniques have been developed to produce a wide 
range of mono or polycrystalline materials. For example in industrial 
crystallization rough materials like sugar, fertilizers and naphthalene 
are purified. For the growth of well defined monocrystals more con
trollable crystallization techniques have been developed. For example in 
materials for electronic devices, like silicon or gallium arsenide, the 
required quality of the crystals, grown from ultra pure melts, sets high 
demands to the system in which the crystals are grown, so special tech
niques have been developed. 

To gain a better understanding of the factors, which Influence the 
growth of a crystal, the process of crystal growth has been studied both 
by development of accurate experimental measuring techniques and by the 
development of theoretical models. Only in special cases complete agree
ment between experimental results and theoretical models is achieved. 
This implies, that in most cases the growth of crystals of a new materi
al will still be a method of trial and error. In fact it is not yet 
possible to write a handbook : "Crystal Synthesis", in which for each 
type of crystal a succesful recipe for the production is given. This is 
a consequence of the complicated nature of the crystallization process, 
for the growth of a crystal depends both on environmental conditions, 
like temperature, pressure, solvent or impurities and on structural fac
tors, like crystal symmetry, bond strength and dislocations. In this 
thesis the growth of crystals from solution in well defined experimental 
systems is reported and the results are interpreted employing existing 
crystal growth models. It is the aim of this thesis to give a contribu
tion to the understanding of determining processes for crystal growth 
from solution. 

2. Short review of basic concepts in crystal growth 

The fundamental interest in crystals and crystallization processes 
goes back in history a few thousand years. This interest was restricted 
to the development of techniques to produce crystals, i.e. mainly cry
stals of salts. In the seventeenth century a start was made to under-
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stand the habit of a crystal and the way in which a crystal is formed. 
The interest in the crystal growth process was not continued and all at
tention was focussed on the crystal structure. After the understanding 
of the conception "crystal", for which the concept of unit cell by 
Keppler and Hauy, the law of constant angle between two crystal faces of 
Steno, the derivation of the 230 space groups and the diffraction with 
x-rays are important milestones (see Böhm [1]), the investigation of the 
crystal growth process really started in this century. 

Several theoretical models have been developed to describe the growth 
and morphology of crystals. A molecular model, in which individual units 
are considered for growth or dissolution, was founded by Kossel [2] and 
Stranski [3]. This concept was extended in statistical mechanical calcu
lations [4]. In this field Monte Carlo computer simulations have been 
used to study crystal growth kinetics and to calculate the critical tem
perature of a crystal face, above which the face is not flat anymore 
[5,6]. Below this roughening temperature a crystal face will be flat and 
growth will proceed via a step mechanism [7]. Steps can be formed either 
by spirals as described by Burton, Cabrera and Frank [8] or by a two di
mensional nucleation growth mechanism [9], for example the well known 
Birth and Spread mechanism [10]. 

Steps can also be present on the surface of a growing crystal in so 
called step trains, where bunching may occur. This theory is called the 
kinematic wave theory [11,12]. 

Instabilities often can ruin the quality of a growing crystal and 
thus attention has been paid to their development. If growth is limited 
by transport processes, gradients in the supersaturation become impor
tant and may cause severe instabilities [13.11*]. This may result in den
dritic growth [15]. 

An other approximation to describe the growth of a crystal is the 
determination of the equilibrium morphology. A well known method is the 
Wulff construction [16], which is used to derive the equilibrium form of 
a crystal from the surface free energies of the potential faces. Howev
er, as an exact determination of surface energies is quite complicated, 
this method has little practical value on itself. A valuable method to 
obtain the relevant faces and to estimate their surface free energies is 
the PBC-analysis, which has been developed by Hartman [17]. In this 
method the equilibrium form of a crystal can in principle be obtained 
from the crystallographic structure. Combination of this theory with the 
Kossel type of description of a crystal-solution interface gives a good 
method for the determination of the roughening temperature of a crystal 
face [18]. The methods to determine the roughening transition of a cry
stal face are discussed by Bennema [19] in a forthcoming review paper. 
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3. Scope and summary 

In this thesis the growth of crystals from the liquid state is stu

died. Attention is paid to morphology, surface structure and growth 

kinetics. Several experimental methods are described. In all of them 

the observations and the measurements are made using optical microscopy. 

To interprete the experimental results existing theoretical approxima

tions are used, when possible. In some cases the existing theories are 

further developed into formalisms, which are in better agreement with 

the experimental conditions for the growth of crystals from solution. 

This thesis can be divided in two main parts, i.e. the growth of or

ganic crystals and the growth of crystals of potassium hydrogen 

phthalate. The growth of organic crystals is reported In the chapters I 

to IV. In chapter I the growth of biphenyl from several organic solvents 

and the melt is studied. The observed phenomena are interpreted by cal

culation of the α -factors and the α -factors, which provide a measure 

of the transition from a smooth to a rough Interface. In chapter II the 

formalism used is evaluated and a more exact equation is developed for 

the case of a crystal in thermodynamlcal equilibrium with a regular 

solution. This is used for the interpretation of the roughening transi

tion of crystal faces of naphthalene, growing in a toluene solution. In 

chapter III the influence of biphenyl as an impurity on the growth 

kinetics of naphthalene crystals is investigated and the results are in

terpreted by considering a Langmuir type impurity adsorption mechanism. 

In chapter IV the morphology of benzophenone is determined. In this case 

the formalism, which is developed in chapter II, can not be used because 

of the more complicated crystal structure of benzophenone. A recently 

developed formalism, which is based on the calculation of the critical 

temperature in a two dimensional net, gives a good agreement with the 

experimentally determined morphology of benzophenone. 

In the chapters V to IX the growth of potassium hydrogen phthalate 

(КАР) is studied. In chapter V a surface microtopographic study of the 

{010} face of КАР is reported. In chapter VI in situ observations of a 

surface of a crystal growing in a supersaturated solution by the use of 

a video camera are introduced. The movement of steps and other surface 

phenomena on the {010} face of КАР are reported. In chapter VII the 

equilibrium form of КАР is calculated, the growth kinetics of the side 

faces of КАР are measured in a flow system and the surface microtopogra-

phy of several crystal faces of of КАР is studied. After combination of 

these results, the growth behaviour of КАР is discussed. Special atten

tion is paid to the influence of impurities and to their character, e.g. 

strange ions or components, which are in chemical equilibrium with the 

hydrogen phthalate ion. In chapter VIII the step kinetics on the {010} 

face of КАР, which are measured with the video system, are reported. The 

results are interpreted by considering the influence of impurities on 

the movement of spiral steps. In this case the influence of chemical 

equilibria at the surface is again discussed. In chapter IX preliminary 

results, which are produced with recently developed digital video equip-
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CHAPTER I 

ON THE ROUGHENING TRANSITION OF BIPHENYL TRANSITION OF FACETED TO NON-FACETED 

GROWTH OF BIPHENYL FOR GROWTH FROM DIFFERENT ORGANIC SOLVENTS AND THE MELT 

H J HUMAN, J Ρ VAN DER EERDEN, L A M I JETTEN and J GM ODEKERKEN 

RIM Laboratory of Solid Stale Chemistry, Faculty of Science, Catholic University, Nijmegen, The Netherlands 

Received 3 June 1980, manuscript received m final form 24 September 1980 

In this paper the morphology of biphenyl will be derived, using the periodic bond Cham PBC theory From this derivation, the 
surface anuotropy factors thkt for "te different faces are obtained Next the ада factors of the different F faces (At/) for growth 
trom dilterent organic solvents and the melt will be calculated using a new recipe Then the critical values a j ^ of the а^ісі factors 
of the different faces will be calculated Finally the equipment used for all the experiments will be descnbed and the results will 
be discussed m relation to the calculated a^ici factors and the critical values aj*M of the ahk: factors 

1 Introduction 

In the last two decades much work has been pre

sented on computer simulations of crystal growth 

[1,2] The results of these studies were in agreement 

with the results of the already existing theories One 

interesting new result can be observed from these 

studies When the temperature at which the crystal 

is growing, is increased the relation between the 

growth rate and the driving force will change from a 

non linear to a linear dependence From Monte Carlo 

simulations it has become clear, that this change, 

nowadays known as the "roughening transition", can 

be related to a change in the growth mechanism 

When a face on a crystal is growing at a temperature 

above a certain temperature, the roughening tempera

ture Гц, the face is rough on an atomic scale The 

face on the crystal is growing "continuously" and a 

linear dependence of the growth rate on the driving 

force will be found When the face is growing at a 

temperature below TR and below a certain value of 

the driving force, the face is smooth on an atomic 

scale Now the crystal is growing according to a layer 

mechanism and a non-linear relation between the 

growth rate and the driving force will be found How

ever, when the crystal face is growing at a tempera

ture below r R , but at a driving force, which is larger 

than a certain value, it will be rough again on an 

atomic scale and again a linear dependence of the 

growth rate on the driving force will be found This 

phenomenon is known as "kinetical roughening" 

The phenomenon of the "roughening transition" 

was more thoroughly investigated by Van Beyeren 

[3] and he proved, that for a certain solid on solid 

model this transition can be related to a continuous 

order phase transition in the two-dimensional inter

face between crystal and fluid So far only for the 

most simple models of the interface between crystal 

and fluid the problem of surface roughening has been 

clarified [4,5] We may assume, however, that the 

concept of surface roughening is general applicable to 

all those faces, of which the growth layers are 

"coherent" Here with "coherent" we mean, that 

withm a growth layer the growth units are connected 

to each other in at least two different directions, so 

that a growth layer consists out of a "coherent rug" 

of bonds The concept of a "coherent rug" as it is 

used here, is similar to the concept of a F face in the 

periodic bond chain PBC theory [6,7] 

In recent years much attention has been paid to 

the characterization of the roughening transition 

[2,8,9,10], ι e to derive a useful criterion for the 

roughening transition From a theoretical point of 

view the transition is probably the best related to the 

point where the edge free energy becomes zero 

[5,11] Roughening of a face in a real crystal fluid 

system can be regarded as exceeding the critical point 

m a two-dimensional mterface model For this reason 

S89 
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590 H.J. Human etat. /Roughening transition ofbiphenyl 

it seems plausible that TR is approximately equal to 
Tç of the two-dimensional interface model. Also 
from the point of view of crystal growth this transi
tion can be probably the best related to the point 
where the edge free energy becomes zero. When the 
edge free energy becomes zero, the barriers for two 
dimensional nucleation disappear and the creation of 
new steps, due to statistical fluctuations becomes a 
very "cheap" process and the interface between crys
tal and fluid will become more than a few atomic 
layers thick From an experimental point of view the 
roughening transition is probably the best visualized 
with the morphology of a crystal: Below the roughen
ing temperature and at sufficient low driving forces a 
crystal is bounded by low-index areas, which are 
almost flat on atomic scale. Above the roughening 
temperature the surface becomes rough and the 
edges between the original flat regions become 
rounded off [8]. 

Many attempts have been made to give an useful! 
recipe to determine whether a certain face is growing 
above or below the roughening temperature 
[10,12,13]. In this contribution we will use oÄW> a 
factor which is inversely proportional to the tempera
ture, to determine whether a face (hkl) is growing 
above or below the roughening temperature. We will 
give a new recipe to calculate the αι,Μ factors of the 
different faces of biphenyl for growth from meth
anol, toluene and the melt. The results of an experi
mental study will be discussed in relation to the cal
culated ahki factors and the critical values a^k¡ of the 
α Λ ω factors. 

The structure of the paper will be as follows: After 
the introduction in section 1, in section 2.1 the mor
phology of biphenyl will be predicted by means of 
the PBC theory and the surface anisotropy factors 
i-hju for the F faces (hkl) will be calculated. In the 
sections 2.2 and 23 the values of respectively а й ы for 
growth from methanol, toluene and the melt and a£ w 

will be calculated. In section 3 the experimental set 
up and the way in which the experiments are done 
will be described. Finally in section 4 the experi
mental results will be discussed m relation to the cal
culated values of α Λ ω and a¿M. 

2. Theoiy 

2.1 The morphology and the surface anisotropy fac
tors $ш 

In this paper we will not give an extensive PBC 
analysis to predict the morphology. Instead we will 
use an approach used by Hartman [6] for the predic
tion of the morphology of naphthalene. 

Biphenyl crystallizes in the monoclmic spacegroup 
P2Jz with two molecules in the unit cell. The crystal 
structure has been determined by Trotter [14] and 
Hargreaves [15]. The lattice constants are: a = 
8.12 A, 0 = 5.46 А,с = 9.47 A and/3 = 95.4°. 

The energy of the molecular bonds will be calcu
lated quantitatively by means of a computer program 
and realizing that each bond between two molecules 
consists out of a certain number of carbon-carbon, 
carbon—hydrogen and hydrogen-hydrogen contacts. 
The energy of each atom—atom bond is calculated 
according to Williams [16] with. 

£=Л</-6 + Вехр(-СУ), (I) 

where d is the distance between the atoms and A, В 
and С are constants for which the values from param
eter set IV in table II of Williams are used. First the 
total crystallization energy per molecule is calculated 
by summing the energies of all the atom-atom bonds 
within a certain radius around the centre of gravity of 
a biphenyl molecule and this sum is divided by two. 
To check whether the crystallization energy calcu
lated in this way is correct, the convergence of the 
crystallization energy is checked by enlarging the 
above mentioned radius and a good convergence was 
found. The crystallization energy per molecule 
amounts to be: -10.656 kcal/mol. 

Secondly three slice energies and the energies of 
the three bonds in the directions of the axes of the 
unit cell are calculated using the same computer pro
gram, but with respectively one and two edges of the 
unit cell considerably enlarged. 

In this way seven equations between the energies 
of different types of molecular bond can be obtained. 
In order to be able to calculate the energies of the 
molecular bonds we have to make a convenient 
choice of seven different molecular bonds within the 
crystal structure. In this part of the paper we will 
only take into consideration the seven different 
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molecular bonds of which their positions and their them The results of the calculations are summarized 
symbols used throughout this paper are given in in table I. 
Tig. 1. We will assume that for the crystallization As biphenyl crystallizes in the same space group as 
energy per molecule, ι e the potential energy of each naphthalene, the PBC analysis is almost the same as 

molecule, the following equation is valid the PBC analysis given by Hartman [6] for naph

thalene. However, because more bonds are taken into 

Ea = 2d + e + f+2g + a + m + 2k. (2) consideration, more faces must be considered to be F 

faces In order to determine the order of morphologi-

This means that in this structure we will assume that cal importance, we will make use of the fact that the 

each molecule is surrounded by twenty other mole- faster a crystal face is growing, the less is its mor-

cules involving seven different types of bond between phological importance, and of the assumption that 

Fig. 1. The system of bonds in the crystal structure of biphenyl 
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Table 1 
Survey of the bonds in the crystal structure of biphenyl 

Label 

d 
d 
d 
d 
e 
e 
g 
S 
g 
g 

Example 

M(2)-M(l) 
M(2)-M(l,010) 
M(2)-M(l,100) 
M(2)-M(l,110) 
M(2)-M(2,010) 
M(2)-M(2,010) 

маьмадоп 
M(2)-M(l,lll) 
M(2)-M(1.001) 
M(2)-M(l,011) 

Bond energy 
(к cal/mol) 

-3.029 
-3.029 
-3 029 
-3.029 
-1.970 
-1.970 
-0.616 
-0.616 
-0.616 
-0.616 

Label 

ƒ 
ƒ 
a 
a 
m 
m 

к 
к 
к 
к 

Example 

М(2)-М(2,001) 
М(2)-М(2,001) 
М(2)-М(2,100) 
М(2)-М(2,100) 
М(2)-М(2,101) 
М(2)-М(1,101) 
М(2)-М(2>011) 
М(2)-М(2,011) 
М(2)-М(2>011) 
М(2)-М(2,011) 

Bond energy 
(к cal/mol) 

-0.830 
-0.830 
-0.180 
-0.180 
-0.132 
-0.132 
-0.127 
-0.127 
-0.127 
-0.127 

when the attachment energy becomes larger, the 
growth rate will become larger. So, when the attach
ment energy of a face becomes smaller and the slice 
energy becomes larger, the face will become mor
phologically more important. The results are sum
marized m table 2 and the order of morphological 
importance is given in column six. From this table it 
can be seen that biphenyl should crystallize as {001} 
platelets with {110} and {111} and even smaller 
{201} and {200} side faces The faces {10І}, {020}, 
{021}, {011} are the least important among the F 
faces. This is in rather good agreement with the obser
ved morphology of growing biphenyl crystals: {001} 
platelets with mostly {110} and sometimes {201} side 
faces. In this table also the surface amsotropy factors 
ihifi of the different faces are given. 

2.2. The calculation of the аш factors of the five 
most important F faces for growth from methanol, 
toluene and the melt 

In comparison with the preceding part, in this sec
tion the crystal structure will be simplified. Now it 
will be assumed, that each molecule is surrounded by 
twelve other molecules in a distorted cubic closest 
packing, involving four different bonds, named 
according to fig. 1 : d, e, f and g. As a consequence 
the faces {10Î}, {020}, {021} and {011} cannot be 
considered to be F faces anymore. In this approach 
we will neglect the а, к and m bonds. For the calcula
tions of the ahki factors, this is quite acceptable 
because in these bonds only 5% of the total crystalli
zation energy is involved. 

Table 2 
Results of the periodic bond chain analysis 

F faces 
№) 

(001) 
(110) 
(111) 
(201) 
(200) 
(101) 
(020) 
(021) 
(011) 

Ec, 
(kcal/mol) 

-10.656 
-10.656 
-10.656 
-10.656 
-10.656 
-10.656 
-10.656 
-10.656 
-10.656 

Number and 
type of bonds 
in the slice 

2</ + e + a 
d + f + g 
d*g 
e + 2g 
e+f+2k 
e + m 
a+f+m 
a+g 
a + k 

«SS" 
(kcal/mol) 

-8.208 
-4.476 
-3.646 
-3.202 
-3.054 
-2.102 
-1.142 
-0.796 
-0.307 

thKl 

0.770 
0.420 
0.342 
0.300 
0.287 
0.197 
0.107 
0.075 
0.029 

Order of 
morphological 
importance 

8 
9 
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For the calculation of the ahk¡ factor we will use: 

"bki'thkiíWt/kT-inx^). (3) 

Here AHf is the heat of fusion, for which m the 
calculations according to McLaughlin et al [17] the 
value of 4460 cal/mol has been taken. | ш is the sur
face amsotropy factor as defined by Jackson [18] 
and Bennema et al. [19] as the ratio of the energy 
involved in the bonds within the slice of the crystal 
face under consideration to the total crystallization 
energy, i.e.: 

t « i = £ f l H £ « . (4) 

Because of the above mentioned simplification of 
the crystal structure, the total crystallization energy 
must be taken somewhat lower and as a consequence, 
in the calculations the values of £ Λ ω given in column 
four of table 3 must be used instead of the values of 
íhkl l n column five of table 2. The quantity ^ seq is 
defined by Bennema et al. (10) as the ratio of the 
number of solute particles to solid particles present 
per unit volume in respectively the solution and solid 
phase, i.e.: 

The value of x s e q can be obtained from solubility 
data, densities and molecular weights of solvent and 
solute. The mol fractions, 2.28 X 10"2 and 4.28 X 
IO'1 used in our calculation for the solubilities of 
biphenyl at 30oC in respectively methanol and 
toluene, were determined on our laboratory by means 
of a dissolving technique. In the calculation we used 
for the molecular weights for respectively methanol, 
toluene and biphenyl the values: 32.04, 92.15 and 

Table 3 
Results of the calculations of the a/,^/ factors 

F face £•„ f f t f { ш 

(kcal/mol) (kcal/mol) 

(001) -10.091 -8.028 0.796 
(110) -10.091 -4.476 0.444 
(111) -10.091 -3.646 0.361 
(201) -10.091 -3.202 0.317 
(200) -10.091 -2.800 0.277 

154.21 [20] and for the densities the values. 0.7914, 
0.8669 and 0.8660 g/cm3 [20]. 

Formula (3) is the result of the formula of Jackson 
for the аьы factor, i.e.: 

<*hki = ihkiL'lkT, (6) 

in which the relevant "heat of solution £"'· as derived 
by Bennema et al [10] by means of the "chaos 
model", i.e.: 

¿ ^ Щ Д / ^ - І п х ^ ) (7) 

is substituted. However, in this approach it is difficult 
to give a reliable approximation for A/fe. This quan
tity is the change in the internal free energy between 
a particle in the fluid phase and the solid phase. For 
low temperatures and freely moving rigid molecules 
Bennema et al. [10] showed that the value of A/fs is 
between 1.0 and 2.5. Since in our case, this is prob
ably a poor approximation, in this article we will use 
for A/fs the value of AHflkT. This can be justified if 
we realize that dissolution in this case can be 
described as a two step process, which is thermo-
dynamically equivalent to the actual process. In the 
first step the crystal melts and all the changes in the 
internal free energies of the solute particles, i.e. the 
changes in the kinetical, vibrational and rational ener
gies are supposed to take place. In this step an energy 
change equal to AHf/kT is involved. In the second 
step the melt and the solvent form an ideal mixture. 
In this step an entropy change equal to -In xieq is 
involved. 

In the limiting case of growth from the melt, both 
liquid and solid phase have the same composition and 
temperature. Hence, their densities and, therefore, 
the number of molecules per unit volume are approx
imately the same. So xse¡i — 1 and formula (3) 

л, methanol 
"hkl 
at 30° С 

7.8 
4.3 
3.5 
3.1 
2.7 

„toluene 
**'„ 

at 30°C 

6.4 
3.5 
2.9 
2.5 
2.2 

at 70°C 

5.2 
2.9 
2.4 
2.1 
1.8 
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reduces to the classical formula of Jackson [18] for 

the а Л и factor The results of the calculations are 

summarized in table 3 

2 3 The calculation of the critical values а ^ и of the 

ahki factors of the five most important F faces 

The critical values a j w of the ahki factors of the 

five most important F faces can be calculated with 

the equation proposed by Bennema et al 

«&,=«*, W 
where η is the number of nearest neighbours of a 

given molecule within the slice of the crystal face 

under consideration and ώ is the average of the 

strengths of the bonds within the slice at Гц divided 

by JtrR For ώ a value must be taken in which ani-

sotropy of the strengths of the bonds within the slice 

is taken into account This can be done by realizing, 

as already explained in the mtroduction, that the 

roughening temperature for a real crystal-fluid sys

tem approximately equals the critical temperature of 

the two-dimensional model of the interface between 

the crystal and the fluid Hence, we may assume, that 

the ratios of the average bond energies for the aniso

tropic and the isotropic case m a real crystal- fluid 

system and the two dimensional model of the inter

face are the same, ι e 

(9) 
t¿>3R(anisotropic) U]C(anisotropic) 

¿J3R(lS0tr0plc) ¿Ó2c(1Sotr0PIC) 

In formula (8) the value of шзц (anisotropic) must 

be substituted for ω This quantity can be calculated 

by calculating аЗзц (isotropic) and the ratio of aver

age bond energies for the anisotropic and the iso

tropic case of the two-dimensional model of the 

interface ωίν_ (isotropic) can be calculated using 

öjR (isotropic) = 0 / 2 W R , (10) 

with the values of кТ^"Іф given before [8] for the 

different lattices 0 694 for the square (100) fee lat 

tice and 1 182 for the triangular (111) fee lattice The 

ratio of the average bond energies for the anisotropic 

and the isotropic case can be calculated with the 

formulas given by Green et al [21] for the triangular 

lattice by 

1 +xlx1x3 =Xi +ДС2 +Хз +ХіХг + * і * э + - х 2*э . 

01) 

with Χι = tanh ^ω; and ω/ equal to the bond strength 

in the ith direction and for the square lattice by 

(sinh ω Λ ) sinh ωj, = 1 , (12) 

where ωχ and cjj, are the bond energies in respec

tively the x- and .y-direction The necessary data for 

these calculations and their results are summanzed in 

table 4 

3 The experiments 

The observation cell in which the experiments are 

carried out, consists out of a double walled top and 

bottom, both from glass The volume of the space 

between top and bottom is about 50 cm3 Water from 

a circulating thermostat Haake type FE is flowing 

through the double walls of top and bottom of the 

cell The pipes to and from the thermostat are ther 

mally very well isolated In this way the temperature 

Table 4 
Results of the calculation of the critical values а ^ м of the а^ы factors 

F face Number of nearest кТ^'/ф U J R U>2C (anisotropic) шзц (anisotropic) 
(A*/) neighbours m the slice (ref (8], table III) (isotropic) 

U¡2C (isotropic) 

ahkl 

(001) 
(110) 
(111) 
(201) 
(200) 

6 
6 
4 
6 
4 

1 182 
1 182 
0 694 
1 182 
0 694 

0 423 
0 423 
0 720 
0 423 
0 720 

1005 
1093 
1189 
10S8 
1057 

0 425 
0 462 
0 857 
0 448 
0 762 

26 
28 
34 
27 
30 
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of the solution in the space between top and bottom 
of the cell can be kept constant within ±0 03°C The 
temperature of the solution m the cell can be mea
sured with a copper/constantan thermocouple and 
can be registered continuously on a recorder The 
crystal can be observed with a Leitz reversed micro

scope type Diavert, both in bnght-field or with polar
izing and phase contrast techniques The growth of 
the crystal can be followed by means of lime-lapse 
photography with a Leitz automatic camera type 
Orthomat-W, driven by an interval timer From such 
experiments, the growth rate can be obtained when 

U MIN 24U MIN ¿ΘΟ MIN 

1 mm 

720 MIN 960 MIN 1200 MIN 
Fig 2 Growth of biphenyl from methanol Faceted growth of the (001) and (110) faces The face (20Î) is not present T„x = 
22 25°C, Гас, = 20 OS'C, о = 0 89% Bright Field microscopy 
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0 MIN. 
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3 MIN. 7 MIN. 

the negatives from successive exposures are projected 
and the outer contours of the crystal in the projec
tions are copied on one piece of millimeter paper. 
The whole system of microscope, camera and enlarg
ing apparatus can be calibrated with the aid of a 
micrometer object. The growth rate can be calculated 
from the displacements of the faces on the millimeter 
paper and the time between successive exposures. 

22 MIN. 

In all the experiments, commercial grade biphenyl 
(Aldrich, 99.5%), methanol (Merck, 99%) and toluene 
(Merck, 99%) is used without any additional purifica
tion. The solutions are prepared by stirring a solution 
containing a small excess of solute at the desired 
saturation temperature for about a week. Before fill
ing the cell with solution, the solutions are filtrated 
through a double walled glas filter. 

22 



0 MIN 
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111 MIN 

597 

231 MIN 

351 MIN ¿71 MIN. 
(b) 

591 MIN. 

Fig. 3. (a) Growth of biphenyl from toluene at high supersaturation, faceted growth of the (001) face, non-faceted growth of the 
(110) and (201) faces; r s a t = 28.80°C, Тла · 28.50°C, σ • 0.57%; polarizing microscopy, (b) Growth ofbiphenyl from toluene 
at low supersaturation. Same crystal as from (a); faceted growth of the (001) and (110) faces, non-faceted growth of the (20І) 
face; Τ&ΆΙ = 28.80<>C, Tact = 28.650C, а = 0.25%; polarizing microscopy. 

To start the experiments, first the temperature of 

the solution must be lowered to a temperature very 

well below the saturation temperature. When crystals 

have been formed in the cell, the temperature of the 

solution in the cell must be increased to a tempera

ture considerably above the saturation temperature. 

When there is only one small piece of crystal left, the 

temperature of the solution in the cell must be 

П 
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lowered again to a temperature slightly below the 
saturation temperature. If one wants to investigate 
the relation between the growth rate and the driving 
force, the saturation temperature of the solution 
must be determined more accurately. This can be 

done quite simply by an iteration process. However, 
with the interpretation of this relation one must be 
careful. First of all because the concentration of the 
solution in the cell cannot be considered to be con
stant during the experiments: The crystal is consum-

U MÍN. ÌU MIN. ¿U MIN 

îg. 4. Growth of biphenyl from the melt at very low undercooling. Faceted growth of the (001) and (110) faces, non-faceted 
;rowth of the (201) face; rfus • 70.24°C; Гас, • 70.2ГС; ΔΓ = 0.03°C. Polarizing microscopy. 
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mg growth units from the solution during growth and 
therefore the concentration will decrease somewhat. 
Second, because we are dealing with experiments in 
a stagnant solution, considerable concentration gra
dients can be built up and the influence of volume 
diffusion on the crystal growth kinetics is getting 
more important. 

In fig. 2 the result of a typical experiment for 
growth of biphenyl from methanol is given. From this 
experiment we obtained for the (110) face a growth 
rate Λ = 3.5 nm/s at a relative supersaturation σ = 
0.89%. In figs. 3a and 3b the results of typical exper
iments for growth from toluene are given. From the 
experiment of fig. 3a: growth at high relative super-
saturation, we obtained for the (110) face a growth 
rate R = 625 0 nm/s at a relative supersaturation a = 
0.57%, from the experiment of fig. 3b: growth at low 
relative supersaturation, we obtained for the (110) 
face a growth rate R = 250 nm/s at a relative super-
saturation a = 0.25%. In fig. 4 the result of a typical 
experiment for growth from the melt is given. From 
this experiment we obtained for the growth rate of 
the (110) face a value of about 1000 nm/s at an un
dercooling ΔΓ= 0.03oC. 

4. Discussion 

In table 5 once more the results of the calculations 
are summarized without any additional information. 
From this table the following conclusions can be 
drawn: 
(1) For the (001) face the α factors for growth from 
methanol, toluene and the melt are all considerable 
above the critical value a R . For this reason the (001) 
face will grow below the roughening temperature and 

Table 5 
Summary of the results of the calculations οι α/,̂ / and α] 

F face 

(001) 
(110) 
(111) 
(201) 
(200) 

„methanol 

at 30° С 

7.8 
4.3 
3.5 
3.1 
2.7 

«ИГ" 
at 30° С 

6.4 
3.5 
2.9 
75 
2.2 

„melt 
"hkl 
at 70°C 

5.2 
2.9 
2.4 
2.1 
1.8 

«»\ 

2.6 
2.8 
3.4 
2.7 
3.0 

kinetical roughening is not likely to occur. So, it must 
be expected, that the (001) face will grow always 
properly facetted. Indeed, this is confirmed by our 
experiments as can be seen in figs. 2, 3a, 3b and 4. 
(2) For the (110) face again all the α factors are 
above a1*. Hence, the (110) face will grow below the 
roughening temperature and in principal properly 
faceted growth of the (110) face must be expected in 
all the cases. However, for growth from toluene and 
the melt, as compared to growth from methanol, the 
a factors are only slightly above a R and for growth 
from toluene and the melt H can be expected, that 
kinetical roughening might occur, whereas for growth 
from methanol this will not be the case. Again this is 
in rather good agreement with our experimental 
observations. From fig. 2 it can be seen, that for 
growth from methanol, the (110) faces grow properly 
faceted even at rather high supersaturations. In fig. 
3a non-facetted growth of the (110) face due to kine
tical roughening at high supersaturation for growth 
from toluene is shown. Fig. 3b gives an example of 
faceted growth of the (110) face of the same crystal 
as in fig. 3a during growth from toluene at lower 
supersaturation. Fig. 4 shows properly faceted growth 
of the (110) face for growth from the melt at very 
low undercooling. 

(3) For the (111) face all the a factors are belowaR 

and the (111) face will grow above the roughening 
temperature. So, non-faceted growth of the (111) 
face must be expected in all the cases. However, as 
the morphological importance of the (111) face is 
much lower than the morphological importance of 
the (110) face, the (11Ï) faces on biphenyl crystals 
are much smaller than the (110) faces or might even 
not be present. For this reason it was not possible to 
observe the (111) face during growth and is it not 
possible to determme whether this face is growing 
properly faceted or not. 

(4) For the (201) face the a factor for growth from 
methanol is slightly above aR , while the α factors for 
growth from toluene and the melt are just below 
a R . So, when growing from methanol the (20І) face 
will grow below the roughening temperature, whereas 
when growing from toluene and the melt the (20І) 
face will grow above the roughening temperature. As 
a consequence for growth from methanol faceted 
growth of the (20Î) face must be expected at low 
supersaturations and non-faceted growth, due to 
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kinetical roughening can be expected at high super-
saturations. For growth from toluene and the melt 
always non-faceted growth of the (20Ï) face must be 
expected. Again this is in good agreement with our 
experimental observations Sometimes', neatly faceted 
(20Ï) face are present on biphenyl crystals, when 
they start growing from methanol. But because of the 
minor morphological importance of the (20Î) faces, 
they soon disappear. Normally the (201) faces are not 
present on biphenyl crystals, when growing from 
methanol As can be seen from figs. 3a, 3b and 4, the 
(20Í) face does not grow neatly faceted when grow
ing from toluene and the melt An interesting aspect 
of the (20Ï) face is that, in contradiction to growth 
from methanol where the (201) face does tend to dis
appear, for growth from toluene and the melt this is 
not the case. To explain this, one must be aware of 
the fact that the predictions of the morphology of 
crystals by means of the PBC theory probably agree 
best with the observed morphology of growing crys
tals, when the crystals are grown at low supersatura-
tions. Under these circumstances the influence of 
kinetical problems during the crystallization process 
on the morphology of the crystal is probably the 
smallest. Now, as the driving force during the experi
ment for growth from toluene and the melt is very 
small, the mentioned aspect of the (201) face is quite 
understandable. 

(5) For the (200) faces, the a factors for growth from 
methanol, toluene and the melt are all very well 
below a R . So, for this face, in all the cases growth 
above the roughening temperature will occur and 
non-faceted growth must be expected. However, for 
the (200) face almost the same remarks can be made 
as for the (111) face and again we cannot give our 
opinion on the growth characteristics of this face. 

In the near future we will pay more attention to 
the quantitative relation between the growth rate R 
and the relative supersaturation a. Also attention will 
be paid to other systems like naphthalene, phenan-
threne and anthracene growing from the same sol
vents, in order to check the validity of our procedure 
to determine whether a face is growing above or 
below the roughening temperature. For the time 
being we will confine ourselves to the remark that the 

order of the growth rates R Ja
r is as follows 

Ло0оз*с ( m e l t ) ~ 1 0 0 0 n m / s 

> Ло0,°°Сс ( t o 1 · ) ~ 2 0 0 n m / s 

>7?2 0

2 °o c

c (meth)~5nm/s 
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CHAPTER II On the observation of the roughening transition 

of organic crystals, growing from solution 
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1. INTRODUCTION 

The roughening transition of a crystal face is a well known pheno

menon. Theoretically, it has been investigated extensively and recently 

considerable progress has been made in the understanding of this roughe

ning transition. Employing Monte Carlo computer simulations [1,2,3] of 

a multilayer interface model, the physical significance of the roughe

ning transition on an atomistic level has become clearer. The roughe

ning transition can be characterized by the roughening temperature T_. 

Below T
R
 a crystal is limited by low index areas. These faces are almost 

flat on an atomic scale and the crystal grows by attachment of new atoms 

to step edges (i.e. spiral growth or two-dimensional nucleation growth). 

Above T. the surface is rough and the edges between different faces of 

a crystal become rounded off. Steps are hardly recognizable, because 

clusters are present all over the surface and the growth is continuous. 

The concept of surface roughening was first introduced by Burton, 

Cabrera and Frank [ k ] . In their approach an interface is considered as 

a two-dimensional Ising lattice. According to Onsager [5] an order-dis

order phase transition occurs in such a net at a critical temperature, 

which depends on the shape of the net and the ratio of bond energies. 

Van Beijeren [6] has demonstrated for a special case of the SOS 

model, that the roughening transition is a phase transition of infinite 

order in the crystal-vacuum or crystal-solution interphase and he was 

able to calculate T_ exactly. Recently, it has been proved for other 

models [7,8], that the roughening transition is a phase transition of 

infinite order, but with these models it is not possible to calculate T
R 

exactly and from Monte Carlo simulations only values with limited accu

racy can be obtained for T
D
. 

к 
From an experimental point of view, one of the most important re-



suits of the theoretical investigations is, that a face (hkl) of a crys

tal growing at a temperature Τ below T„, has an edge free energy larger 

than zero. If Τ is larger than or equal to T
R
, the edge free energy is 

zero and there is no barrier for two-dimensional nucleation anymore. 

This implies, that the growth rate versus supersaturation curve of a 

crystal face changes from non-linear to linear if Τ becomes larger than 

T
R· 

According to the Gibbs-Thomson relation for the radius of the crit

ical two-dimensional nucleus, this radius is directly proportional to 

the driving force. So, if the relative supersaturation is increased, the 

size of the critical two-dimensional nucleus will decrease. Now, in 

cases where the edge free energy is not too large, the possibility exists, 

that the size of the critical two-dimensional nucleus is reduced to only 

one growth unit, when the relative supersaturation is increased to a cer-

tain critical value o,... In this situation again there is no barrier for 

two-dimensional nucleation and continuous growth will occur. This rough

ening of a crystal face is known as "kinetical roughening". 

The roughening transition can also be described by α factors, which 

method was introduced by Jackson [91. In this paper we will use a.. . and 

a.. . factors to determine the conditions at which the roughening transi

tion of a crystal face (hkl) takes place. The factors a
h k
i and a,, . are 

inversely proportional to Τ and T
0
 respectively. 

R 
In our previous paper a method was developed to calculate a.. . of а 

crystal face (hkl). The method is based on the assumption, that the ratio 

of mean bond energies between an isotropic three-dimensional model and 

an anisotropic real crystal is proportional to this ratio between an iso

tropic and an anisotropic net in a two-dimensional model of the lattice 

[ref. 10, eq. 9 ] . The ratio can be calculated in the two-dimensional 

model from the mean bond energies, calculated with ref. 10, eq. (10) and 

(11). The mean bond energy of an isotropic three-dimensional model is 

calculated from values of T
R
 in an unrestricted model of the interface, 

which have been determined before for different types of nets of F-faces 

[11]. With these results the mean bond energy in a real crystal can be 

calculated and from that result α., . can be calculated. 
hkl 

In this paper a new method is given to calculate a,. .. First a ther

modynamic derivation of the enthalpy of dissolution is given and the 

relation between α, , . and the enthalpy of dissolution is shown in case 
of a simple I sing model. 
28 



Experimentally, the roughening transition of a crystal face (hkl) 

can in principle be observed as a transition from faceted to non-faceted 

growth. Experimental studies on the roughening transition have mainly 

been made on organic crystals. These crystal were growing from the va

pour phase [ΙΣ,ΙΒ,ΐΌ, from the melt [15,16,17] or from solution [17,18]. 

Recently, we have shown [10], that in case of biphenyl the conditions at 

which the transition occurs depend on the solvent. In this paper we will 

concentrate on the kinetical roughening of {110} and {201} faces of naph

thalene growing from toluene. 

2. THEORY 

2.1. General 

The first equation for the calculation of a.., factors has been 

given by Jackson [9] for growth from the melt: 

a h k i = W L / R T <'> 

where L is the molar heat of fusion, R is the universal gas constant and 

Τ the absolute temperature, ξ.. , is the surface anisotropy factor: 

ς „ . = E s , î c e / E (2) 
hkl ss er 

where E is the total energy of the bonds in a slice of the crystal 

face (hkl) and E is the total crystallization energy, according to the 

formalism of the PBC theory of Hartman [19]. 

As shown before [10,18,20,21,22] in case of growth from solution in 

eq. (1) the heat of fusion, L, must be replaced by the enthalpy of disso

lution, ΔΗ(Τ) . In this paper we will use essentially the same method 

as before [10], but a more fundamental derivation for the enthalpy of 

dissolution will be given. 

2.2. Classical thermodynamic derivation of the enthalpy of dissolution 

u
H ( T )

d i s S 

In order to derive an expression for the enthalpy of dissolution, 

ΔΗ(Τ) , we will assume, that for a given system, consisting of a crys

tal and its saturated solution, the solution is regular. In that case the 

enthalpy of mixing, ΔΗ(Τ) , is not equal to zero and the entropy of mix

ing, Δ5(Τ) , is given by the ideal mixing entropy. 
29 



When a crystal is In equi 1¡brium with its saturated solution, the 

chemical potential of the solid particles in the crystal is equal to the 

chemical potential of the solute particles in the solution and consequent

ly the Gibbs free energy for the transformation of solid particles into 

solute particles is equal to zero. 

This gives 

u H ( T )
d Ì S S = Τ A S ( T ) d i s S

 (3) 

where ΔΗ(Τ) and Δ5(Τ) are respectively the enthalpy and the en

tropy of dissolution at the equilibrium temperature T. To estimate 

A S ( T ) it is assumed, that the process of dissolution In the given 

system is thermodynamically equivalent to a proces of melting, followed 

by a proces of mixing the undercooled molten phase with the saturated 

solution. In that case the following equation holds: 

A S ( T ) d Ì S S - Δ 5 ( Τ ) ^ 5
 + Д 5 ( Т Г

Х
 (i.) 

where Δ5(Τ) is the entropy of fusion at the equilibrium temperature 

Τ and Δ5(Τ) is equal to the change in entropy upon mixing pure solute 

with saturated solution at the equilibrium temperature T. 

To calculate Δ5(Τ) , the melting process at Τ must be replaced by 

a reversible three step process. In the first step the solid phase is 

heated from Τ to the temperature of fusion Τ . In the second step the 

solid phase is transformed reversibly to the liquid phase at Τ , and in 

the third step this liquid phase is cooled down to the equilibrium tem

perature T. At constant pressure the relation between entropy and tempe

rature is given by: 

Φ? - VT (5) 

The entropy of fusion at Τ is now given by: 

A S ( T ) f u S = Δ5(Τ ) f u S

 + / m ^ d T (6) 
m τ τ 

where Ac is given by: 
Ρ 

Дс = c
s
 - с

1
 (7) 

Ρ Ρ Ρ 

In eq. (7) с Is the heat capacity in the solid phase and с is the heat 

capacity in the undercooled liquid phase. Since the melting process at 
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Τ takes place at equilibrium conditions, for this process an equation 

similar to eq. (3) is valid: 

A H ( T )
f u S
 = Τ Δ5(Τ )

f u S
 (8) 

m m m 
Combination of eq. (6) and (8) gives: 

- ΔΗ(Τ )
f u S

 Τ Дс 

u
S ( T )

f u s
 = JÜ + /

m ^ E d T (9) 
m Τ 

To calculate the entropy of mixing, Δ5(Τ) , we have to consider 

the fact, that the given system consists of a crystal in equilibrium with 

its saturated solution. In that case a small amount of solid molecules 

will dissolve and a small amount of solute molecules will crystallize to 

keep the equilibrium condition. The concentration of solute molecules in 

the solution will not change. If it is assumed, that the activity of the 

solute is approximately equal to the concentration, the molecular entropy 

of mixing is (as can be proved by statistical thermodynamics, using the 

Stirling approximation) given by: 

A S ( T )
m i x
 = -k In x(T) (10) 

where к is the Boltzman constant and x(T) is the equilibrium concentra

tion of solute at temperature T, expressed as a mole fraction. 

When eq. (3) , ('t), (9) and (10) are combined and all thermodynamic 

quantities are expressed as molar ones, the following expression for cal

culating the enthalpy of dissolution is obtained: 

.ulT,diss ΔΗ(Τ )
f u S

 , Τ Δ
ε 

^Чт й — - inx(T) +І!а^*т (11) 
m Τ 

There are several other methods to determine ΔΗ(Τ) . Watanabe [18] 

obtained ΔΗ(Τ) directly from the solubility curve. The equation, 

which he has used, can be obtained using the Helmholtz relation and is 

given by: 

ixOl . ΔΗίΐ^Ιϋ 
d T
 RT

2 

In an ideal solution the enthalpy of mixing ΔΗ(Τ) is equal to 

zero, so ΔΗ(Τ) is equal to the heat of fusion, ΔΗ(Τ)
 u s
. If Ac is 

neglectably small ΔΗ(Τ) will be constant. In this case ΔΗ(Τ)
 s
 can 

be calculated directly from a plot of In x(T) versus 1/T as has been 

shown by Hildebrand [23] and experimentally by McLaughlin [2*»]. The 
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equation ¡s given by 

, ,T, _AH(T) f u 5 ,1 1 , t„s 
In x(T) = ^ (γ - — ) (13) 

m 

Eq. (13) Is a convenient way to plot solubility data and moreover it 

gives an impression about the ideality of a solution. 

2.3. Statistical thermodynamic derivation of the relation between «ν^ι 

and A H ( T )
d i s S 

Following the tradition founded by Kossel and Stranski [25], employ

ing an Ising like model, where cells are either in the solid (s) or in the 

fluid (f) state a statistical mechanical expression for ΔΗ(Τ) will be 

derived. Employing the same formalism an expression for a.. . will be 

derived and with these expressions the relation between o... and ΔΗ(Τ) 

will be shown. 

As a though experiment a solid molecule will be moved from a kink 

position to the bulk of solution, where the molecule has now become a 

solute molecule. In this model the enthalpy of the bonds is equal to the 

energy of the bonds. Several kinds of bonds must be distinguished. The 

most simple types are the solid-solid bond, with an energy φ , and the 

fluid-fluid bond, with an energy φ . It is assumed, that φ is equal in 

the bulk of the crystal and at the interface and that φ is equal in the 

bulk of solution and at the interface. The energy of a solid-fluid bond 

Is probably different at the interface and in the bulk of solution 

(Boistelle [26]). In this model φ Is the energy of a solid-fluid bond 

at the interface and φ of a solute-solid bond in the bulk of solution. 

The change In enthalpy can be divided in two parts. The first part is the 

change in enthalpy due to the formation of bonds and is given by: 

AH
f
 = 6φ

σ < :
 + 3Φ

5 , :
 + З ф " (ΙΑ) 

The second part is the change in enthalpy due to the breaking of bonds 

and is given by: 

ДН
Ь
 = б ф " + ЗФ

5 < :
 + 3 Φ

5 5
 (15) 

The enthalpy of dissolution, ΔΗ(Τ) , is now given by: 

H ( T )
d i s S

 - б ф ^ - З Ф " - З Ф " (16) 
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Eq. (16) can be generalized to any kind of structure, with η neighbours 

for each growth unit in stead of six in a simple Kossel crystal: 

U H ( T ) d Ì S S - Σ φ. (17) 
i-1 

where 

φ. = i(2taf - φ " - φ"). (18) 

where i corresponds to the i-th interaction between two cells. 
hkl 

Employing the same formation, α of a face (hkl) in equilibrium 
with a saturated solution is given by [27]: 

1
 m 

а.., = г т Σ Φ, (19) hkl kT . , 
ι = 1 

where 

φ. = i(2tsf - φ " - φ " ) . (20) 

and m is the number of nearest neighbours of a growth unit in a slice of 

the F-face (hkl). If equivalent wetting is assumed, i.e. the solid-fluid 

bond in the bulk of solution, φ , is equal to the solid-fluid bond at 

the interface, φ , eq. (18) and eq. (20) are similar: 

ïj = ФІ (21) 

Dividing α from eq. (19) by ΔΗ(Τ) from eq. (17) with use of eq. (21) 

results in: 

m 
Γ Φ. 

a h k 1 = ^ ¡ - 1 ' (22) 
û H ( T )diss kT η « 2 ) 

і = і
Ф і 

If it is assumed, that in each arbitrary direction the energy of a fluid-

fluid or a fluid-solid bond is proportional to the energy of a solid-solid 

bond i.e.: 

фР" : φ?" = φ}
8
 : φ ]

5
 (23) 

where ρ and q refer to solid (s) and fluid (f) molecules and i and j cor

respond to two different arbitrary directions and we keep in mind, that, 

according to ref. [27]: 
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and 

E S , Ì C e = Σ i φ ?
4
 (21.) 

РЧ 1-1 ' 

Ε
η η
 = Σ i фР^ (25) 

pq
 i = 1 

we finally obtain using eq. (23), (2k) and (25): 

m 
Σ φ. -slice 

i = 1
 '

 s s
 (26) 

η E 

' • ' · ' " 

If eq. (26) is combined with eq. (22), substituting eq. (2), and ΔΗ(Τ)
 I S S 

is expressed as a molar quantity, the following expression for a,. . is 

obtained: 

β
 _ ç A H ( T ) d i 5 S

 { ) 

"hkl ^hkl RT U / ; 

If now Is assumed, that the enthalpy of dissolution, resulting from ther

modynamics is the same as ΔΗ(Τ) , resulting from the statistical mecha

nical Ising formalism, finally a general formula for the calculation of 

a... is obtained by substitution of eq. (ll) in eq. (27): 

ΔΗ(Τ )
f u S

 . Τ Лс 

»hki - Shki ( — ¡ f î — - - ln X(T) + 1С У dT) (28) 

m Τ 
3. EVALUATION OF a. , . AND aj, . 

hkl hkl 

3.1. Periodic Bond Chain analysis and the surface anisotropy factor ζ.. . 

As the structure and the system of bonds of naphthalene and biphenyl 

are identical (see ref. [10], fig. 1.), we will not go into the details 

of the PBC analysis of naphthalene and here only the results will be pres

ented. Naphthalene crystallizes in the monoclinic space group P2./a, with 

two molecules in the unit cell. The cell dimensions are a = 9.253A, 

b = 6.ОО38, с = 8.6528 and e = 122
0
55

l
, as has been determined by 

Cruickshank [28]. 

The energies of the different bonds between the molecules within the 

lattice are calculated in the same way as before [10]. There it is as

sumed, that a bond between two molecules includes a number of atom-atom 

bonds. The energies involved in these atom-atom bonds can be calculated, 

upon assuming van der Waals interactions between them. The bond energies 

are given in Table 1. The crystallization energy is equal to 
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E = 2 d + e + f + 2 g + a + m + 2 k (29) 

TABLE 1 

Bond energies of naphthalene 

Label 

d 

e 

f 

9 

a 

m 

к 

example 

M(2) - M(l) 

М(2) - N(2,010) 

М(2) - М(2,001) 

М(2) - Md.lOl) 

М(2) - N(2,100) 

М(2) - М(2,101) 

М(2) - М(2,011) 

Bond energy 

(kcal/mole) 

-3.66 

-ЗЛ7 

-1.03 

-0.82 

-0.1Ί 

-0.25 

-0.10 

In the case of naphthalene E =-14.05 kcal/mole. In the calculation of r
 cr 

the surface anisotropy factors, £..., only the interaction between the 

twelve nearest neighbours i.e. d, e, f and g bonds are taken into ac

count. Then only five different F-faces can be identified for naphtha

lene and E is reduced to -13.'•б kcal/mole. The resulting values of the 

surface anisotropy factors Ç. .. are given in Table 2. From Table 2 an or

der of morphological importance of the F-faces of naphthalene can be de

termined. The most important face is the {001} face, followed by respec

tively the {110} and {201} faces. Less important are the {200} and {111} 

faces. This is in good agreement with the experimentally observed morpho

logy. Naphthalene crystallizes as {001} platelets with {110} faces and 

sometimes also the less important {201} side faces. 

3.2. Solubility curves 

In order to determine the solubility curves of biphenyl and naphtha

lene in toluene, solute i.e. naphthalene or biphenyl and solvent (toluene) 

are weighed into glass ampoules. The ampoules are sealed and rotated 

head-over in a thermostat. When the temperature in the thermostat is close 

to the saturation temperature of the solution in one of the ampoules, the 

temperature is increased in steps of 0.05 С every 2Ц hours. The tempera

ture at which the last crystal disappeared is regarded as the saturation 
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TABLE 2 

Results of the PBC analysis of naphthalene 

F faces 

(001) 

(110) 

(201) 

(200) 

(111) 

Bonds in 

the slice 

2d + e 

d + f + g 

e + 2g 

e + f 

d + g 

Ehkl 

(kcal/mole) 

-10.89 

- 5.50 

- 5.11 

- 4.50 

- It.48 

Çhk1 

0.802 

0.Ί09 

0.380 

0.33Ί 

0.333 

temperature of the solution. In between two steps the temperature in the 

thermostat is kept constant within 0.02 C. With this procedure the satu

ration temperature of a solution of a certain composition, can be obtained 

with an accuracy better than 0.1 С 

In figure 1 the data obtained are given in a plot of In х(Т) versus 

1/T, where x(T) Is expressed as mole fraction and Τ in degrees K. In this 

figure the least square lines according to equation (13) are fitted to 

the experimental points. 

For naphthalene this results in: 

In x(T) = -2332.25/T + 6.590 (30) 

and the value of ûH(Tm)
 us obtained from this relation, using eq. (13): 

4627 cal/mole, is in good agreement with the value of kkSO cal/mole, re

ported by Ward [29]. 

For biphenyl It is found that: 

In x(T) - -2253.З Т + 6.592 (31) 

The value of ¿HtTj us calculated from this relation: '•'•79 cal/mole is 

again in good agreement with the value of 4460 cal/mole, reported by 

Spaght et al. [30]. The differences between the values for the enthalpy 

of fusion obtained from the solubility data and calorimetrie measure-
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Fig. 1. SolvbiZity piota of biphenyl in toluene (1) and naphthalene in 

toluene (2). 

ments [29,30] give an indication of the departure from ideality of the 

solutions and may be explained from the regular solution theory. 

3.3. Heat capacities 

To obtain the difference in the heat capacities of the crystallizing 

compounds in the solid and liquid phase Ac (eq. (7)), the heat capaci

ties are plotted as a function of the temperature Τ in figure 2. For naph

thalene the data of McCullough [31] are used and for biphenyl the data of 

Spaght et al. [30]. To these data the best straight lines (c = a + ЬТ) 

are fitted by means of a least square method. The results for the constants 

a and b are given in Table 3. As we are interested in the differences in 

the heat capacities of the crystallizing compound in the solid phase and 

the undercooled liquid phase, the lines giving the relation between the 

heat capacities of the liquid phase (the melt) and the temperature are ex

trapolated to low values of the temperature. 
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TABLE 3 

Constants of the l i nea r regression f i t s o f molar heat capac i t ies in 

c a l / 0 K 

Compound 

naphthalene 

naphthalene 

bi phenyl 

bi phenyl 

state 

solid 

1¡quid 

solid 

1 ¡quid 

a 

-11.80 

19.21 

-12.01 

-21.52 

b 

0.173 

0.093 

0.196 

0.123 

Range, К 

292 - 3k5 

357 - 371 

303 - 333 

353 - 373 

Fig. 2. Plots of beat c a p a c i t i e s against temperature. 

(1) biphenyl; (2) naphthalene. 
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3.4. Calculation of α. , , and a
L
, , 

nkl hkl 

The α .j factors can be calculated using equation (28). The first 

term on the right hand side of this equation: ΔΗ(Τ )
 U S

/RT can be cai
rn m 

culated using the heats and temperatures of fusion given by McLaughlin 

[2k]. The concentration factor In χ (Τ) can be obtained from the solubi

lity curves given in figure 1. The integral in equation (28) is calcu

lated using the parameters of the linear relations between the heat capa

cities and the temperature given in Table 3- There is a small difference 

with the previous published results in the a... factors of biphenyl [10], 

due to a slight difference in the used formula's, but this does not essen

tially change our conclusions. 

In the calculation of a., ., anisotropy in the bond strengths of the 

bonds within the lattice has to be taken into account. This has been done 

in the same manner as before [10]. The results of the calculations of 

a
h k )

 for biphenyl, growing from a solution saturated at 30
O
C and α . are 

given in Table k. For naphthalene, the results of the calculations of 

a
hkl ^

o r
 9

r o w t
^ from

 solutions in toluene with saturation temperatures of 

about 10
ο
0, 30

O
C, 38

0
C and 50

O
C (x(T ) Is respectively 0.19, 0.33, ΟΛΟ 

R
 s 

and 0.53) and o. , . are given in Table 5. 

TABLE Ί 

Results of the calculation of a., . and a., . for biphenyl in toluene at 

30
o
c 

F face 

(hkl) 

(001) 

(110) 

(11Ï) 

(201) 

(200) 

Chkl 

0.796 

Ο . Ί Ί Ί 

0.361 

0.317 

0.277 

V i 

5 . Ί 

3.0 

a.JfS 

2.15 

1.9 

V ' 

2.6 

2.8 

3 . Ί 

2.7 

3.0 
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TABLE 5 

Results of the calculation of α , . and a.. , of naphthalene In toluene 

Çhkl ahkl ahkl ahkl ahkl ahkl 

at 9.950C at 29.590C at 37.920C at l(9.590C 

(001) 

(110) 

(201) 

(200) 

( i n ) 

0.802 

0.Ί09 

0.380 

0.331" 

0.333 

5.9 

3.03 

2.81 

2.5 

2.5 

5.7 

2.92 

2.71 

2 . 1 | 

2.It 

5.6 

2.87 

2.66 

2.3 

2.3 

5.5 

2.80 

2.60 

2.3 

2.3 

2.5 

2.75 

2.78 

3.2 

з.̂  

Ί. EXPERIMENTS AND DISCUSSION 

4.1. General 

The observation cell and the experimental set up were described be

fore [10]. However, several improvements, especially concerning the con

stancy of temperature, were introduced. The solutions which were used in 

most experiments were prepared from commercial grade chemicals (biphenyl: 

Aldrich 99.5%; naphthalene: Aldrich 98+?; toluene: Merck 99.5?). The lin

ear growth rates of the crystal faces were measured by means of time lapse 

photography. 

We have strong evidence that in our experiments impurities play a 

negligable role. First of all the morphology of the crystals is not in

fluenced by the solvent. So the habit of crystals of biphenyl is identical 

when growing from the melt, toluene, n-hexane or methanol. The same holds 

for naphthalene growing from toluene and n-hexane. Second, the observed 

data can be interpreted in a quantitative way with a theory in which only 

the role of the solvent was taken into account. Third, in order to check 

whether impurities play a role we also have carried out experiments with 

solutions with biphenyl with a purity of 99.98%, purified according to the 

TNO process [32]. No difference could be found in the growth behaviour of 

biphenyl crystals growing from pure or less pure chemicals. 

To determine the saturation temperature Τ of the solution, the same 

procedure was adopted as before. The relative supersaturation σ is de

fined by: 
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Χ (Τ J - x(T J 
σ
 -

 S
 x(T

a
) (32) 

where x(T ) ¡s the actual concentration of the solution, expressed as a 

mole fraction. The value of x(T ) is determined by the saturation tempe

rature of the solution. The concentration x(T ) is the equilibrium con

centration of the solution at the actual working temperature Τ . 

During an experiment the differences between minimum and maximum tem

perature never exceed 0.02 С This implies a nearly constant absolute er

ror in σ, depending on the derivative of the solubility curve at the ac

tual working temperature Τ . 

From an extensive analysis of the errors, involved in the measure

ments of the linear growth rate of a face, R, with this type of measuring 

systems, it has been shown by one of us [33], that a good approximation 

for the error is the standard deviation in the growth rates calculated 

from successive exposures, during one experiment. 

The growth experiments are started by lowering the temperature to a 

temperature below Τ , with only one small crystal in the measuring cell. 
s
 H 

To determine the critical relative supersaturation σ,. ., at which the 

transition from faceted to non-faceted growth of a face (hkl) occurs, the 

temperature is changed in very small intervals (0.01 - 0.03 C) and kept 

constant a few hours to be sure that the morphology of the crystal will 

not change anymore under the existing experimental conditions. 

4.2. Growth rate measurements 

The measurement of growth rates in a stagnant solution is less reli

able. In principle it is always very difficult to measure R,a curves. As 

was shown [ЗЗ], growth dispersion may influence the growth rates of crys

tal lographic equivalent faces in a determining way. This effect may even 

be more important when measurements are made on several crystals, as in 

our case. So from the kinitical data only general conclusions were drawn. 

(i) As can be expected from Arrhenius like expressions (reaction rate 

in dependence of temperature) the growth rate increases, when the satura

tion temperature of the solution and therefore the actual growth tempera

ture is higher. This was indeed found and is demonstrated for the linear 

growth rate of the {110} face of naphthalene growing from toluene at a re

lative supersaturation of about ^%. 

R
9.95 С ^

 3 0 n m / s < R
29.59 С ^

 1 2 5 n m / s < R
37.92 С ^

 8 o o m/s < 

^9.59 С ^
 2 5 0 0 n m / s 

41 



where the in the superscript given temperatures refer to the saturation 

temperature of the solution. 

(ii) At small values of the relative supersaturation, the growth rates 

of the observed faces (both in case of biphenyl and naphthalene) are of 

the following proportion: 

R001 " R110 < R20Ì 

At higher σ values R... is still much smaller than R
l l n

 and R
7 n
T. However 

the growth rates of the {110} and {201} faces are about equal. Since the 

experiments were performed in stagnant solutions, this is likely to be a 

consequence of volume diffusion, which can become rate determining at high 

growth rates. 

(iii) When a crystal is growing without facets (except the {001} face) the 

growth rate is not isotropic. The crystal is elongated in the direction 

of the b-axis. Probably this is also a consequence of volume diffusion, 

since the edges of a crystal along the b-directions survive longest and 

therefore more new molecules can incorporate into a crystal at these spe

cific si tes. 

k.3. Observations on biphenyl 

Crystals of biphenyl are grown from a solution in toluene saturated 

at 28.85 C. As illustrated in figure 3, depending on the value of the rela

tive supersaturation, three different morphologies may be observed. If the 

crystals are grown at values of a below about 0.7%, the {001} platelets 

are bounded either by faceted {110} faces alone (figure 3a) or by faceted 

{110} faces and non-faceted {201} faces (figure 3b). If σ is higher than 

0.7%, the {110} faces are not faceted anymore and the {001} platelets have 

the morphology as shown in figure 3c. 

These observations can be easily understood in terms of the values 

R R 

of a. . . and α given in Table 't. From the values of "
1 ι η

 and α
η η
 it 

can be seen that the {110} faces are growing below the roughening tempera

ture. So at low supersaturations properly faceted growth of the {110} 

faces, can be expected (figures 3a and 3b) and at higher relative super-

saturations non-faceted growth of the {110} faces, can be expected, due 
D 

to kinetical roughening (figure 3c). From the values of a.-r and a - it 

is suggested, that the {201} faces are growing above the roughening tem

perature and never faceted growth is to be expected for the {201} faces 

(figures 3b and 3c) . 
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Fig. S. Biphenyl in toluene; polarizing тіо оваору. 

(a) a = 0.207o; (Ъ) a = 0.27%; (α) σ = 0.99%. 

k.k. Observations on naphthalene 

In order to investigate the transition from faceted to non-faceted 

growth more thoroughly, the growth of crystals of naphthalene growing 

from solutions in toluene with saturation temperatures of 9.95 C, 29.59 C, 

37.92 С and 49.59 С is studied. Four different morphologies of the crys

tals can be observed (figure Ό . 

At low relative supersaturations the {001} platelets are bounded by 

either faceted {110} faces alone (figure ^a) or by faceted {110} and {201} 

faces (figure 'tb) . At moderate values of σ the {201} faces are not faceted 

anymore, when present, while the {110} faces are still faceted (figure Ac). 

At still higher values of σ the {110} faces are also not faceted anymore 

and the {001} faces are the only faceted faces (figure kd). 

This growth behaviour of the side faces can be understood from the 
D 

values of α.. , and оі.
к
і given in Table 5. From the values of a... and 

a... it can be seen, that the {110} faces are growing below the roughe

ning temperature. Hence, at low relative supersaturations properly fa

ceted growth of the {110} faces can be expected (figure ka, hb and he). 

At higher relative supersaturations non-faceted growth of the {110} 

faces can be expected, due to kinetical roughening (figure kd). The {201} 
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αϊ 

4 I 

Fig. 4. Naphthalene in toluene; polarizing miarosoopy. 

(α) σ = 0.05%; (Ъ) a = 0.32%; (a) a = 1.14%; (d) a = 1.47%. 

faces show a similar behaviour. At small relative supersaturations the {201} 

faces are faceted and a transition to a non-faceted growth mode can be ob-
D 

served by raising σ. This is in a good agreement with the values of οι
9η
τ 

and α
7(1
τ in table 5. For the cases of growth in the solutions with higher 

Τ , the results do not fit exactly but it must be realized, that an error 
s
 f̂  

of a few percent is likely in the calculation of both a., , and α., , values. 
' hkl hkl 

Especially the condition of equivalent wetting (eq. (21)), may cause some 

deviation. Indeed in many cases the solute-fluid interaction, φ , will 

sf 'V 

be somewhat stronger than the solid-fluid one, φ , so φ. > φ.. That, in 

turn will lead to an underestimation of α,, , in eq. (28). 

We also determined more exactly the critical value of the relative 

supersaturation at which the transition from faceted to non-faceted growth 

occurs, both for the {110} and the {201} face. Also the reversed process, 

from non-faceted to faceted growth was investigated. The transition from 

44 



Fig. S. Roughening transition of naphthalene in toluene; 

x(T ) - 0.33; polarizing miarosaopy. s 
(a) a - 0.15%; о is raised gradually to 1.46%. 

faceted to поп-faceted growth is illustrated in figure 5. At first the 

{201} face becomes rough and when σ is higher the {110} face also becomes 

rough. However, it is more difficult to see the non-faceting of this face 

because of the high magnification. On these pictures also the déstabili

sation at the edges of the crystal due to volume diffusion can be seen. 

In figure 6 the faceting of a non-faceted crystal is illustrated. A crys

tal originally grown at high σ is forming facets after σ has been lowered 
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to a small value and both faceted {110} and {201} face are formed. The 
1 r

 R 

values of o
h k ]

 were measured for the processes illustrated in figure 5 

and figure 6 and the mean values are given in table 6. The differences of 
the ahk] v a , u e s in t h e f

our solutions of naphthalene in toluene with dif

ferent saturation temperatures are very small. Realizing a small inaccu

racy in the measurements it is concluded, that σ
1
^ and σ^,τ are constant 

and not dependent on the saturation temperature of the solution in the 

temperature range of the experiments. 

TABLE 6 

C r i t i c a l r e l a t i v e supersaturat ions f o r the t r a n s i t i o n from faceted t o 

non-faceted growth o f [110} and {201} faces o f naphthalene in t o l u -

T
s 

in
 0
C 

9.95 

29-59 

37.92 

ЬЭ.5Э 

Face 

ΔΤ 

i n
0
C 

0.12 

0.12 

О.Т» 

0.1Ί 

{201} 

R 
σ
20Ϊ 

in % 

0.35 

0.31 

о.з'» 

0.31 

Face 

ΔΤ 

i n
0
C 

0.Ί3 

0.57 

0.57 

0.63 

{110} 

R 
σ
110 

in * 

1.26 

1.1i6 

1.39 

1.38 

46 



Fig. в. Faceting of naphthalene in toluene; x(T ) = 0.32; polarizing 

miaroscopy. 

(α) σ = 2%; (Ъ3 a, d, e and f) a = 0.15%. 

Time intervals between the photographs (a3 d, e and f) and 

photograph (b) are respectively 0.5, 1, S and 6.5 hours. 
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5. GENERAL CONCLUSIONS 

From this paper the conclusion can be drawn that the calculated re
ft R R 

latióos between a.. , and a. , . (a.. . < a, . . or a. . . > a. . .) are in good 
hkl hkl hkl hkl hkl hkr s 

agreement with the experimental results. 

(i) Upon comparing the differences between α . and Βμ.· 't 's found 

for naphthalene and biphenyl growing from toluene that: 

( α
οοι ' "ooi

5
 ^

 (a
iio " "no*

 > (a
2oi • "гоі

5
· 

It follows from computer simulation studies [3] that the larger this dif-

ference between a., . and a , . . the lower the growth rate at low supersatu

rations. This was indeed found (section k . 2 . part (ii)). 

(¡i) Due to the presuppositions concerning "equivalent wetting" and the 

proportionality between φ or φ bonds and φ bonds, which was intro

duced into our calculation, an "exact agreement" between the calculated 

values of a... and a... and the experimentally observed roughening transi

tion cannot be expected. Taking this into consideration the following 

three cases can be distinguished: 

(a) If a,. 1 < αι. 1 the face (hkl) will grow above the roughening tempera

ture and it will be non-faceted. However, the face may not be present 

on the crystal, especially if a,,. is much smaller than a.... 

(b) If a
h k
i is about equal to a,.. no definitive conclusion about the 

face (hkl) can be drawn. It Is possible, that the face is growing 

just above T
R
 and that it is non-faceted. The face may also grow below 

T., as a faceted face at low relative supersaturation. However, in 

this case a transition from faceted to non-faceted growth is expected 

at some low critical value of the relative supersaturation. 
о 

(c) If α,, . > о . the face (hkl) will grow below T
R
 and it will be face

ted. Especially if <Vi.i is much bigger than a,,., the face (hkl) will 

be very stable, so it will always be present as a faceted face even 

at a very high relative supersaturation. 
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CHAPTER III 

THE INFLUENCE OF BIPHENYL ON THE GROWTH KINETICS OF NAPHTHALENE 
CRYSTALS, GROWING FROM A TOLUENE SOLUTION 

L.A.M.J. Jetten and W.H.P. Derka 

RIM Laboratory of Solid State Chemistry, Faculty of Science, 
University of Nijmegen, Toernooi veld, Nijmegen, The Netherlands 

1. Introduction 

It is well known, that the morphology and the habit of a growing cry
stal can change considerably by changing the external growth conditions, 
for example by changing the solvent, adding impurities or changing the 
supersaturation. These phenomena have been reported many times [I-3]. 
In the case of organic crystals the interest is mainly concentrated on 
growth from the melt [4]. The influence of a second component on habit 
changes and growth kinetics was investigated for crystals of several 
components by Podolinsky [5]. Such a two component system is equivalent 
with a solution. The influence of different solvents on the growth of 
biphenyl crystals was reported by Human [6], and these results are in
terpreted by comparison with the calculated a-factors. This theoretical 
approach was further developed and applied on the habit transitions from 
faceted to non-faceted growth of naphthalene and biphenyl crystals from 
a toluene solution [7]. 

In this paper we concentrate on the influence of biphenyl as a third 
component on the growth of naphthalene crystals from a toluene solution. 
The growth behaviour of naphthalene is investigated in solutions with 
different biphenyl concentrations in the concentration ratio 
naphthalene-biphenyl higher than the ratio of their eutecticum [8]. The 
measured growth rates of the {110} faces of naphthalene are reported and 
the influence of biphenyl on the growth rate is explained using a Lang-
muir absorption formalism [9]. 
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2. Theory 

In this section the theoretical concepts for the representation of 

growth rates, the relation between growth form and growth rate and the 

Influence of impurities are given. 

2.1 Representation of growth rates 

One of the most important parameters of the crystal growth process is 

the normal growth rate of a crystal face (hkl). The external morphology 

of a crystal is determined by the relative growth rates of the faces 

which are present during the growth of the crystal. In principle the 

morphology of a crystal is determined by the faces with the smaller nor

mal growth rates. The main problem is now to understand how the normal 

growth rate of face (hkl) is influenced by external conditions e.g. sol

vent, temperature, impurities, or by structural factors e.g. bond 

strengths and dislocation density, which determine the roughness of a 

face. 

Kinetlcal data can be expressed graphically by a plot of the normal 

growth rate of a face (hkl) versus the driving force. However interpre

tation of these data will often be hindered by growth dispersion as a 

consequence of non-equal external conditions or internal factors for 

crystallographically equivalent faces of the same or of different cry

stals. The driving force can in most cases be expressed as relative su

persaturation, о. The way in which о is calculated can have a severe in

fluence on the numerical value as shown by Mullin [10] and by Cardew et 

al. [11]. This can give rise to problems if experimental data of dif

ferent authors are compared. By fitting a plot of Ft versus o, informa

tion can be derived about the growth mechanism of a face (hkl). However 

this procedure will often be hindered by the fact, that growth disper

sion makes acceptable several fits with theoretically derived expres

sions for different growth mechanisms [12]. These mechanisms were 

presented schematically by Sunagawa [13] (see figure 1). 

If the relative supersaturation о is below a certain critical value 

o**, no kinetical roughening of a crystal face is expected, the inter

face is smooth and the growth rate is determined by a layer growth 

mechanism. In this region two mechanism can be active, i.e. a spiral 

growth mechanism, also called BCF mechanism after Burton, Cabrera and 

Frank [14] and a two dimensional nucleation (2D) mechanism. In the re

gion σ < o* a spiral growth mechanism is more important and in the in

terval o* < о < o** a two dimensional nucleation mechanism is probably 

more important. A transition from a spiral to a 2D growth mechanism Is 

not observed and it seems more likely, that cooperation between these 

two mechanisms can occur [15]. Above a** the interface will become 

rough, which leads to normal growth or the instability of the interface 

will lead to dendritic growth. 
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Figure 1. Possible growth mechanisms in relation to the 

relative supersaturation 

If a BCF mechanism is active , the relation between R and о is given 

by: 

R - ССсГ/о,) tanhCo^o) (1) 

For the definition of the constants С and o. see references [14] and 

[16]. In the case of a 2D nucleation growth mechanism a Birth and 

Spread mechanism may be active. This gives for R: 

R - Ao
5/6
exp(B/o) (2) 

For a discussion of 2D nucleation growth mechanisms and the definition 

of the constants A an В in equation (2) see Ohara and Reid [17]. 

In the case of normal growth the growth rate is proportional to the 

relative supersaturation and this relation is given by : 

R - C' (3) 

2.2 The growth form of a crystal 

In principle a so called Wulff plot [18] can be constructed to deter

mine the equilibrium form of a crystal. In such a plot from a central 

point vectors are drawn in crystallographic directions [hkl] with a 

length proportional to the surface energy of a potential face (hkl). As 

the habit of a crystal is determined by the minimum total surface free 

energy, the equilibrium form can be found from such a "raspberry" shaped 

plot, by drawing lines at the cusps perpendicular to [hkl] and it is 

presented by the inscribed polygonal shape, which is derived. Equili

brium forms, however, may be expected only for very small crystals [19], 

and because of a poor knowledge of surface free energies, this method is 

not applicable in most cases. 
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In an analoguous method the growth form of a crystal can be deter

mined from a plot, where the length of a vector [hkl] Is determined by 

the growth rate of the face (hkl). This is applied for the case of a 

face growing in between two crystallographically equivalent faces. In 

fig.2 the projection of three faces of a crystal is shown and it is as

sumed, that the faces are all parallel to the projection. The growth 

rates of the two faces Al and A2 are equal to Ft. and the growth rate of 

the face В is given by R„. The Interfacial angle between one of the A 

faces and face В is given by φ. It is clear, that R is larger than R,, 

if the face В disappears from the growth form of the crystal. The criti

cal relation beween the growth rates is given by : 

R
B "

 R
A

/ C 0 3 ф ( l t ) 

If ψ is smaller than 90°, which is always true for this example, equa

tion (4) Implies, that В is always present on the growth form when R
R
 is 

smaller than R
A
/cos φ, so even if R

B
 is larger than R. face В can be 

present. 

Figure 2. Schematical presentation of the growth rates 

2.3 Influence of impurities 

In some cases the influence of impurities on the normal growth rate 

of a crystal face (hkl) can be described using a Langmuir adsorption 

mechanism. A derivation of the Langmuir expression is for instance 

given by Moore [8], assuming that : i) the impurity molecules only can 

adsorb on specific sites on the surface ; ii) the adsorbed molecules 

have no mutual interaction. The relation between the fraction of occu

pied surface sites, S, and the concentration of impurities in the solu

tion, x,, can now be presented by : 

x
i
 = K

1
 (S/1-S) (5) 

where K
1
 is the desorption coefficient, giving the ratio between the 

frequencies of desorption and adsorption. If it is assumed that the 

growth rate is proportional to the number of free positions on the sur

face this gives : 

R - K(1-S) (6) 
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This із of course a simplification, which is only valid in the case of 

normal growth, for steps on the surface of a crystal influence the at

tachment of growth units, which implies that the growth rate is not 

directly proportional to the fraction of free surface sites. 

It is also assumed in this case that growth of the crystal does not dis

turb the equilibrium of the impurities between interface and solution. 

If no impurities are present the constant К in equation (6) is equal to 

the normal growth rate of the face without impurities, FL·. Combination 

of the equation (5) and (6) gives : 

R - R
0
[1/(1 + Xj/K^] (7) 

3. Experimental results 

The experimental set up is equal,to that described before [6]. The 

growth rate measurements are performed in double walled thermostated 

glass cells in which the temperature is determined with copper constan-

tan thermocouples. The stability of the temperature during one experi

mental run Is within Q.02aC. The saturation temperature is determined 

with an accuracy of 0.03
o
C from the habit of a crystal in the solution. 

The measurements are performed in stagnant solutions and to give an 

impression about the influence of stirring a series of experiments is 

performed with uncontrolled stirring of the solution with a magnetic 

rod. The magnetic rod is moved by small boring-machine with a flexible 

axis, equipped with a magnet and is placed outside the cell. 

In the observations polarizing microscopy is used to give a sharp 

contrast between the biréfringent crystal and the solution. Commercial 

grade naphthalene (98+Ï) and toluene are used without further purifica

tion. The blphenyl used has been purified by a crystalllzer of the Ark

enbout type [20] and its purity is 99.99%. The growth rates of na

phthalene are measured in a solution of naphthalene in toluene and in 

four solutions to which biphenyl is added as an impurity. The composi

tions and the saturation temperatures of the solutions are given in 

table 1, where concentrations are expressed as molar fractions and the 

ratio naphthalene - blphenyl is given in column 5. In the solution NBeu 

the ratio naphthalene - biphenyl is equal to the composition of the eu-

tectlcum in the binary phase diagram of these two compounds. 

3.1 Determination of the supersaturation 

The relative supersaturation, о, of a two component solution can be 

determined from the solubility data, If the temperature and the composi

tion of a solution are known. When a third component Is added, the in

fluence of this component on the solubility is not considered in most 

cases. Because of the high concentration of impurities in our experi-
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menta, we take them into account. 

A solution of naphthalene in toluene or biphenyl in toluene can be 

considered regular [7]]. Since naphthalene and biphenyl are similar 

molecules from a chemical point of view, we assume, that the three com

ponent solutions are also regular. In that case the solubility of na

phthalene can be estimated by using the molar fraction of naphthalene in 

the three component solutions, where it is assumed that toluene and bi

phenyl are both solvent molecules. 

For the calculation of о the following equation is used: 

о - [х(з) - x(T)] / x(T) (8) 

where x(s) is the molar fraction of naphthalene in the solution and x(T) 

is the molar fraction of naphthalene in a saturated solution at tempera

ture T, in degrees Kelvin, given by : 

in x(T) - -2332/T + 6.59 

The approximation can be tested by comparing the saturation tempera

tures, calculated from the molar fractions of naphthalene, with the ex

perimentally found saturation temperatures, given in table 1 column 6 

and 7. These results justify our approximation, that addition of bi

phenyl to a solution of naphthalene in toluene can be considered as ad

dition of extra solvent in relation to the saturation curve of na

phthalene. The differences in experimental and theoretical saturation 

temperatures of the solutions can originate from changes of the molar 

ratios during the preparation of the solutions, for all compounds are 

fairly volatile. 

Table 1 : Composition of the solutions, with calculated and measured 

saturation temperatures in respectively column 6 and 7 

code 

NT 

NB91 

NB31 

NB6U 

NBeu 

naphthalene 

0.375 

0.36 

0.375 

0.375 

0.375 

biphenyl 

0.04 

0.125 

0.25 

0.ЧЧ5 

toluene 

0.625 

0.6 

0.5 

0.375 

0.18 

ratio 

9-1 

3-1 

6-4 

4.6-5.4 

Τ (th) 

s 

34.87 

33.22 

34.87 

34.87 

-

Τ (exp) 
S 

35.82 

33.35 

34.02 

33.50 

-
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3.2 General growth behaviour of naphthalene crystals 

The measurements are made by observation of the platy crystals per
pendicular to the (001) face. As the space group of naphthalene is 
monoclinic the measured faces {110} and {20Ï} are not parallel to the 
view direction. This deviation, however, is acceptable for it is smaller 
than 0.HÏ for the {20Ï} faces and about 6.5% for the {110} faces. In 
fig.3 some typical growth experiments for growth of the {110} faces in 
solution NT are shown. The growth rate of the faces is determined by a 
linear regression fit of the measured data. In fig.1* the results of the 
measurements in solution NT are shown. As the theoretically derived ex
pressions for the relation between R and о can not be used in this sys
tem where the growth mechanism changes, the experimental data of the 

{110} faces are fitted with the power law : 

а о (9) 

shift 

(vn) 

Figure 3. Determination of the growth r a t e s of the {110} faces of 
naphthalene in s o l u t i o n NT. 1: α-0.19ϊ, R=250 nm/s; 
2: o=0.72%, R-122 nm/s; 3: 0-1 .2Í , R=957 nm/s 
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The dispersion in the measured growth rates of the {2θΤ} faces is too 

high to make an acceptable fit. The growth rates of the {2θΤ} faces are 

higher than those of the {110} faces at low о and consequently they 

disappear from the growth form. These growth rates are about the same 

at high o. 

It was already reported before, that the {20Î} faces disappear during 

a growth experiment if о is low and that they appear again at higher 

values of o, as non-faceted faces. This behaviour is also observed in 

the three component solutions with biphenyl added and is illustrated in 

fig.5. The critical ratio between the growth rates of {110} and {20T} 

can be determined from the interfacial angle between these faces (here 

also values in the projection perpendicular to the (001) face are used). 

This angle is equal to 55°, which gives with equation (4) that {20T} is 

present if R(20T) < 1.74 R(110). At о values between 1? and 1.5Í the 

growth rates of the {110} and {20Î} faces become about equal. The exact 

value of the crossing between the R,o curves can not be determined in 

this dynamic process, as dispersion is found, caused by non-equal exter

nal conditions and by the differences in crystal perfection on different 

faces and different crystals. 

To check the influence of volume diffusion on the growth of na

phthalene crystals a second series of runs is made in solution NB91. The 

result is shown in fig.6, which indicates, that the growth rate is 

raised by uncontrolled stirring. At low supersaturations, however, the 

influence of stirring on the growth rate is less significant, which in

dicates the dominating influence of crystal quality on the growth rate. 

Figure 5. Roughening of a naphthalene crystal and reappearance 

of non-faceted {2θΤ} faces 
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In these experiments It is observed, that the growth forms of na

phthalene crystals, i.e. the habit and the habit changes, are not in

fluenced. Kinetical roughening of the {20T} and {110} faces is observed 

and the forms of the rough crystals are similar in the stirred and the 

non-stirred solutions. 

З.З The influence of biphenyl 

The influence of biphenyl on the growth of naphthalene is determined 

in four different solutions, NB91, NB31, ΝΒ64 and NBeu, with the ratio's 

of naphthalene versus biphenyl given in table 1. In the solution NBeu no 

measurements can be performed, for only spherulites, shown in fig.7, are 

observed. In the other 3 solutions the morphological changes are identi

cal to those observed in the two component system naphthalene toluene. 

The growth rates of the {110} faces of the solutions NT, NB91, NB31 and 

NB64 are shown in the R,o plots in fig.8. The curves are fitted with the 

power law and the values of the parameters a and b are presented in 

table 2. From these parameters no definitive conclusions can be drawn 

and this illustrates the problems of curve fitting. 

Table 2 : Fit parameters of the (110) faces of naphthalene 

solution 

NT 

NB91 

NB31 

ΝΒ64 

a 

25.81 

15.99 

0.6U 

2.65 

b 

1.3 

1.26 

2.49 

1.56 

Figure 7 : Spherulitic crystal in solution NBeu 
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From fig.8 the growth rates of the {110} faces in the 4 solutions are 

determined at о is 0.5$, 0.7%, 1$, 1.2Í and 1.5Ï and the result is plot
ted in fig.9 as growth rate versus impurity concentration, expressed as 
the ratio biphenyl-naphthalene. These curves are in agreement with a 
Langmulr type adsorption mechanism. By fitting these curves the values 
of Kĵ  are determined. This results in 0.5< Kj <10.8, if R0 is also fit
ted and in 5.3< K, <15.7 if the R0 values, which are measured in solu
tion NT are used. It must be concluded, that this result only gives an 
indication about the value of К This may be caused by the fact, that 

equation (6) is is in principle only valid for normal growth, which 

mechanism can not be used to fit the growth rates of the {110} faces of 

naphthalene crystals over the whole range of supersaturations. Neverthe

less it can be concluded from the plots, that a Langmuir type mechanism 

can be used to describe the influence of biphenyl as an impurity on the 

growth of naphthalene crystals from toluene. 

A final check is made by determination of the composition of the cry

stals. One of the presuppositions of growth retardation by a Langmuir 

mechanism is, that there is no mutual interaction between the adsorbed 

impurity molecules on the crystal surface. If there is such an interac

tion the formation of small biphenyl clusters is probable and incorpora

tion of biphenyl in the naphthalene crystals in inevitable. The concen

tration of biphenyl in crystals grown from solutions NB91 and ΝΒδΊ is 

determined in a mass spectrometer. In these crystals no biphenyl is 

detected, which implies, that the concentration of biphenyl is less than 

3.10" weight percent as is calculated from a calibration of the mass 

spectrometer with stearic acid. This result justifies the use of a 

Langmuir adsorption mechanism for the interpretation of the growth rate 

data in this three component system. 

4. Conclusions 

From our observations it has become clear, that purification of a 

mixture of naphthalene and biphenyl can be achieved by crystallization 

of naphthalene crystals from solutions in toluene, if the concentration 

ratio of naphthalene biphenyl is not higher than the ratio at their eu-

tecticum. A Langmuir mechanism can be applied to interpret the influ

ence of biphenyl as a third component on the growth of naphthalene cry

stals from toluene. From the calculated values of the desorption coef

ficient, Kj, the mean value, given by 1^-10, can be used as an approxi

mation. This implies with equation (5), that 1 to И of the surface of 

the {110} faces of naphthalene is covered by biphenyl impurities. So no 

large clusters are formed on the surface, as is confirmed by not detect

ing biphenyl in the naphthalene crystals grown from the solutions NB91 

and NB64. 

It is also shown, that this third component does not influence the 

morphology and the habit changes of naphthalene. This can now be con

sidered as a strong Indication, that the roughening transition of the 

(110) and (201) faces of naphthalene is indeed a process of kinetical 

roughening of these faces [7]. 
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ABSTRACT 

In this paper the morphology of the non-centrosymmetric organic crystal 
benzophenone is derived theoretically. In this determination two methods 
are used, i.e. the PBC theory and the recently developed method to cal
culate the critical bond energy of a connected net. The thus derived 
critical factor φ"^ is presented to describe the roughening transition 

in terms of the normalized critical energy of an Ising net of a periodic 

structure. These results are confronted with experimental data. 
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1. Introduction 

The growth of organic crystals which have a high entropy of fusion, 

ДН
Г и з

, but a melting point below 100
o
C are of considerable interest [1]. 

These crystals grow for the most part below the roughening transition 

[2,3]i exhibit a well defined faceted morphology and are often rather 

perfect crystallographically [4,5]. 

The roughening transition can be described by means of the roughening 

temperature, T
B
, a factor generated from computer simulation studies 

(e.g.[6]). The roughness of a crystal interface can also be described by 

the surface entropy factor a
h k l

, which was first defined by Jackson [7] 

for melt growth. At sorae critical value a? , inversely proportional to 

T
n
, the interface is transformed from macroscopically rough to a rather 

smooth surface. For growth from the melt Jackson gives : 

«hki • W
H f U 3 / k T ( 1 ) 

where ζ. . . is the surface anisotropy factor : 

thkl •
 E
hkl '

 E
cr

 ( 2 ) 

si 
and E is the total energy of bonds contained in the growth layer 

(slice (hkl)), and E is the total crystallization energy. The best 

way to determine the slice energy E^
k l
 is by a PBC (Periodic Bond Chain) 

analysis [8]. 

The concept of a periodic bond chain (PBC), as a stoichiometric unin

terrupted chain of strong bonds, first introduced by Hartman and Perdok 

[9] and developed further by Hartman [8], has proved a useful tool in 

understanding the observed morphologies of single crystals. In this con

cept a face (hkl) will be stable and may belong to the equilibrium form 

of the crystal if it contains 2 (or more) PBC's in its growth layer 

(slice). Such a face is designated an F-face. The likely morphological 

importance (MI) of the F-faces can then be assessed as a function of 

^hkl ' T
11
*

3
 approach, however, considers only the solid-solid bonds and 

neglects the role of the growth medium. To explain the success of this 

model Bennema et al.[10] introduced the concept of proportionality where 

by the ratio of bond energies Is supposed to be independent of the moth

er phase. A similar hypothesis was found to give a rather good agree

ment in the case of the growth of organic crystals [11,12], where all 

the bonding can be expected to be dominated by weak van der Waals in

teractions. 
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In the case of crystal growth from solution equation (1) must be 

modified by replacing ΔΗ
 u s
 by ΔΗ

 1 3 3
, the enthalpy of dissolution 

[3i11-15]. Attemps to apply this approach to the practical case of 

growth of hexamine from aqueous and ethanollc solutions were made by 

Bourne and Davey [ΐΊ,Ιδ]. They were hindered, however, by difficulties 

in estimating ΔΗ
 1 3 3

 for aqueous solutions and more importantly by the 

lack of determination of a".,. More recently a better recipe for the 

R hki. 

determination of °<i. 1 and o
h k l

 was developed and applied to the struc

turally centrosymmetric crystals biphenyl [11] and naphthalene [12]. 

Good agreement was obtained between theory and experiment and the 

roughening transition was observed on certain faces by varying the sol

vents from which the crystals were grown. In this paper we extend this 

previous approach to the case of the more complex molecular crystal ben-

zophenone. 

As the structure of benzophenone is non-centrosymmetric, the approach 

adopted for biphenyl [11] to calculate ο. ,
 Ί
 is not aplicable. However as 

Ft "κΐ 4. 

α is inversely proportional to the roughening temperature T
R f
 the 

roughening transition can also be described in the T, T
R
 terminology. It 

has been shown in an SOS model [16], that TV. is nearly equal to Tp, the 

critical value for a phase transition in a two dimensional Ising net 

[6]. Thus T
c
 values can be used to predict the morphology of a crystal. 

The method to calculate these values for complicated nets has recently 

been developed by Rijpkema et al. [17]. These Τ- values are inversely 

proportional to the critical value of the strongest bond in the crystal 

structure. In practice the critical energy for a two dimensional net is 

calculated and all bond energies are normalized to the energy of the 
nc 

strongest bond. The result is then expressed as the critical value ф.^, , 
which is the energy, φ, of the strongest bond for which the phase tran

sition for the face (hkl) takes place, divided by kT to make this factor 

dimensioni ess. The advantage of this approach over the previous use of 

a. . and a!;̂ , factors is, that having determined φ"
0
., for a given face 

/ PKJ- \ ч hKJ. η ПК1 

(hkl), only one parameter, φ , concerning the experimental growth condi

tions needs to be evaluated. This factor is proportional to the energy 

of the strongest bond in the structure, in analogy with the factor α,. , 

which is proportional to the sum of the energies of the bonds in the 

slice (hkl) (see equations 1 and 2). the factor φ
η
 is given by : 

φ
η
 - (ф/2Е

с г
)ДН

Г и з
/кТ (3) 

By comparing ф"°. and φ
η
 the morphology of the crystal may be under

stood. 

The structure of this paper is as follows: after this, the introduc

tion (section 1),in section 2 we determine the stongest bonds, their en

ergies, the crystallization energy E and the PBC's. In section 3 the 

faces which may have F-character are determined from the stereogram, 

which is constructed from the PBC's. The connected nets of these faces 

are constructed and the surface anisotropy factors are calculated. Using 
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the method of Rijpkeraa et al. for these nets the critical factor <t>
h)<1
 is 

calculated. In section 4 the experimental term φ is calculated in the 

case of crystal growth from the melt and the theoretically derived data 

in section 2 and 3 are confronted with published data on the morphology 

of benzophenone. Finally in section 5 the polar morphology of benzo-

phenone is discussed. 

Bonding analysis 

Benzophenone (CgHç-CO-CgHç) is an aromatic ketone, which exists in 
four polymorphs of which only one is stable under normal conditions 
[18]. This crystallizes in the orthorhombic space group P212121 with 
а-І.Огбпт, b=1.209nm and c-=0.788 nm and 4 molecular units in the unit 
cell [19,20]. According to the class 222, to which the space group be

longs, the crystals can crystallize in two enantiomorphic forms. Vul and 

Lobanova [19] reported, that the crystallographic structure was deter

mined for crystals grown from a water-alcohol solution, in which only 

one of the enantiomorphs is formed. They however have not determined 

which enantiomorph they used. Therefore the relation between the abso

lute directions of the axes in the crystallographic structure and in a 

grown crystal can not be determined. Only the coordinates of С and 0 

atoms are reported by Lobanova [20]. The coordinates of the Η-atoms were 

deduced [21] assuming sp hybridization of the aromatic C-atoms and a 

C-Η bond length of 0.11 nm. The projection of the structure down the a-

axis is shown in fig.1. The labels of the molecules in the unit cell 

correspond to the symmetry operators of the space group, given in table 

1. 

Figure 1. Projection of the benzophenone structure on the (100) plane 
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Table 1 : Symmetry operators 

molecule position symbol 

1(000) x.y.z о 

2(000) 1/2-x,1-y,1/2+z D 

3(000) 1/2+x,1/2-y,1-z · 

4(000) -x,1/2+y,1/2-z • 

2.1 Determination of the bond energies 

The intermolecular bonds in organic crystals, exhibiting only van der 

Waals bonding, can be calculated by summation of atom-atom bonds, using 

either a Lennard-Jones 6-12 potential [22] or a 6-exp potential function 

[23]. Both models have been found to give good agreement between calcu

lated and measured values of the lattice energy, E . In this study we 

use the Lennard-Jones potential given by: 

E - -А/г
6
 + B/r

1 2 W 

where the constants A and В are given by Hopflnger [24]. 

By a detailed inspection of the crystal structure of benzophenone 

the strongest bonds in the unit cell were identified an labeled. A com

puter program was used to calculate the total energy of all van der 

Waals bonds to a molecular unit within a sphere of a defined radius. By 

enlarging one or two of the molecular axes of the unit cell consider

ably, specific molecular bonds were excluded from subsequent summations. 

In addition certain molecular bonds were excluded from other summations 

by reducing the number of molecules in the unit cell. From these calcu

lations a set of equations was derived relating the energies calculated 

to the participating molecular bonds. The solution of this equation set 

yielded the bond energies. These are detailed in table 2, which also 

shows the plotting symbols used in the projections given later in this 

paper. 

2.2 Determination of the lattice energy 

The total crystallization energy is equal to the sum of all bonds 

which are formed from one molecule, divided by two (as all bonds are 

formed between two molecules) thus : 

E._ - 1/2 (2a+2b+2c+2d+2e+2f+2g+2h+2f) (5) 
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Table 2 : Strong bonds in benzophenone 

bonds type energy (kcal/mol) plotting symbol 

1(000) 

1(000) 

2(000) 

2(000) 

1(000) 

1(000) 

2(000) 

2(000) 

1(000) 

1(000) 

2(000) 

2(000) 

1(000) 

1(000) 

2(000) 

2(000) 

1(000) 

1(000) 

3(000) 

3(000) 

1(000) 

1(000) 

3(000) 

3(000) 

1(000) 

1(000) 

3(000) 

3(000) 

1(000) 

1(000) 

- U(000) 

- ч(оТо) 

- 3(000) 

- 3(010) 

- 4(100) 

- 4(1 To) 

- з(Тоо) 

- з(Тіо) 

- 3(000) 

- 3(Too) 

- 4(001) 

- 4(101) 

- 3(ooT) 

- з(ТоТ) 

- 4(000) 

- 4(100) 

- 2(000) 

- 2(ΟθΤ) 

- ч т о ) 
- 11(111) 

- 2(θΤθ) 

- 2(θΤΤ) 

- 4(100) 

- 4(101) 

- 2(ΤΤθ) 

- 2(TTT) 

- 4(000) 

- 4(001) 

- 1(100) 

- 1(001) 

a 

a 

a 

a 

b 

b 

b 

b 

с 

с 

с 

с 

d 

d 

d 

d 

e 

e 

e 

e 

f 

f 

f 

f 

g 

g 

g 

g 

h 

j 

- 3 . 0 

- 3 . 0 

- 3 . 0 

- 3 . 0 

- 1 . 2 

- 1 . 2 

- 1 . 2 

- 1 . 2 

-3-3 

- 3 . 3 

- 3 . 3 

- 3 . 3 

-2.8 

- 2 . 8 

- 2 . 8 

- 2 . 8 

- 0 . 2 

- 0 . 2 

- 0 . 2 

- 0 . 2 

- 5 . 6 

- 5 . 6 

- 5 . 6 

- 5 . 6 

- 0 . 4 

- 0 . 4 

- 0 . 4 

- 0 . 4 

-1.35 

-0.24 



If the data from table 2 are substituted, this gives E - -18.08 

or 
kcal/mol, which can be compared with the experimentally determined sub
limation energy of benzophenone, which is -22.73 kcal/mol [25]. This 
discrepancy presents no problem in this analysis as in the calculations 
only the relative bond energies are important. 

2.3 PBC determination 

All low-index lattice directions were considered as possible PBC's 

and their bond energies evaluated, based on the data given in table 2. 

In these data it can be seen, that some bonds, in particular those which 

are labeled e, g and J, are relatively weak. They thus were not used in 

the Initial construction of PBC's (to avoid an abundance of PBC's). The 

weak bonds however are considered in the final refinement of the bonding 

scheme of the connected nets and in some cases a connected net can only 

be constructed, if these weak bonds are used. In figures 2, 3 and H the 
projections down a, b and с axis respectively are given schematically 

and the standard positions N(000) are marked with an "*". In these fig

ures the most important molecular bonds are also given. These projec

tions were used in the determination of the PBC's. In this analysis 

some problems arose, as in many cases several alternative PBC's can be 

found running in the same direction. For instance a PBC running in the 

direction [001] can be constructed in four alternative ways as shown in 

table 3. In this table the participating molecules are numbered N(pqr), 

where N is the symmetry operator given in table 1 and pqr is the trans

lation from the position in the unit cell. It is not always clear, which 

one of the alternative PBC's is the most important one. In principle the 

importance of a PBC is inversely proportional to the weakest connection 

between two participating molecular units, so this criterium is used in 

the representation of the PBC's. In table 4 the most important PBC's are 

у w 

Figure 2. Pro ject ion down [100] . a) important bonds; 
b) p r o j e c t i o n with the PBC's [010], [011] and [012] 
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Figure 3 . Project ion down [010] . a) important bonds; b) pro jec t ion 
with PBC's in the plane [001] , [101] and [201] and PBC's 
oblique to the plane : [111] , [112] and [211] 

Figure 4. Pro jec t ion down [001] . a) important bonds; 
b) p ro j ec t ion with PBC's [100] , [110] and [210] 
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given and they are shown in figures 2, 3 and 4. It is more difficult to 

give a clear representation of a PBC, running in a direction [uvw], if 

none of these indices is equal to 0. They are shown in figure Ί, the 

projection down the b axis, but they are of course not normal to [010] 

and run in a direction oblique to the plane of projection. The other 

symmetry related PBC's can be derived from the given ones by the sym

metry operations of the space group. 

Table 3 : <100> PBC's 

units in the PBC bonds per unit 

1(000) - 3(000) - 1(100) c+h 

1(000) - 3(00?) - 1(100) d+h 

1(000) - 11(100) - 1(100) a+h+b/2 

1(000) - 4(1 To) - 1(100) a+h+b/2 

Table 4 : Most Important PBC's 

PBC 

100 

010 

001 

110 

101 

011 

201 

012 

210 

111 

112 

211 

u n i t s i 

1(000) 

1(000) 

1(000) 

1(000) 

1(000) 

1(000) 

1(000) 

1(000) 

1(000) 

1(000) 

1(000) 

1(000) 

η t h e PBC 

- 3(000) -

- 4(000) -

- 2(010) -

- 4(100) -

- 3(000) -

- 3(000) -

- 4(100) -

- 3(100) -

- 4(100) -

- 2(010) -

- 3(000) -

- 3(000) -

1(100) 

1(010) 

1(001) 

1(110) 

1(101) 

2(000) 

2(100) 

4(001) 

2(100) 

3(000) 

4(101) 

2(100) 

- 4(101) 

- 3(100) 

- 2(001) 

- 3(110) 

- 4(101) 

- 2(101) 

- 4(201) 

- 1(011) 

- 1(201) 

- 1(012) 

- 1(210) 

- 1(111) 

- 1(112) 

- 1(211) 

bonds per u n i t 

c+h 

a 

f 

b 

(c+d)/2 

(a+b+2c+2f)/4 

(a+b+2c)/4 

( c + d + 2 f ) / 4 

(a+b+c+d)/4 

(2a+c+d+2f)/4 

(c+d+2f)/4 

(b+2c+f)/4 

see f i g . 

4 

2 

3 

4 

3 

2 

3 

2 

4 

3 

3 

3 
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3. Growth slices and connected nets 

3.1 Probable slices from structural considerations 

The simple geometrical rules of Donnay and Marker [26] provide a good 

initial approach [1] to identify the Important forms. This theory gives 

the Mi-factor, the relative statistical measure for the frequency of oc

currence and the size of a crystal form, as a function of 1/dj^ after 

allowing for the extinctions of the space group. For the space group 

P2
1
2

1
2

l
 these are : 

(hOO): h-2n ; (OkO): k-2n ; (001): l-2n 

These extinction conditions thus are effectively lower the MI of the 

primary forms (100),(010) and (001) . For the orthorhombic unit cell the 

slice thickness is given [27] by the following : 

d
hkl

 =
 (

h 2 / a 2 + , < 2 / b 2 +
 l

2
/ c

2
) "

1 / 2
 (6) 

The MI for this model is given in columns 2 and 3 in table 5. 

3.2 Construction of the connected nets 

In fig.5 one quarter of the stereogram of benzophenone is given. The 

dominant PBC's are represented by zones in which F-faces can be found if 

two of these zones cross. In the case of benzophenone only low index 

faces are considered. Occasionally problems arise in this approach and 

alternative PBC's (different from those in Table Ό have to be con

sidered to construct the face. To have a clear insight into the bonding 

within the slice (hkl) stereographlc projections of the slice normals 

are constructed with the aid of a computer. Using these projections the 

connected nets of the slices are made based on the PBC analysis. From 

the construction of these nets it is found that the bonding of the four 

equivalent molecular units is not always the same in every net. In such 

a case a mean value was chosen for the calculation of the slice energy 
si 

E
hkl

 a n d t l l e 3 u r f a c e
 anlsotropy factor CUI-T· Additionally, examination 

of these projections shows that in some cases weak bonds, i.e. type e, g 

or j have to be considered in order to construct a connected net. In the 

absence of such consideration these faces will be S-faces in the termi

nology of Hartman [θ]. 
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(020) 

[011] 

(002) — (102)-(1О1) — (201) [OIO]- (200) 

Figure 5. Stereogram of benzophenone 

The bonding scheme, anisotropy factor, ζ , and MI related to these 

calculations are given in columns ^-6 in table 5. In some cases the 

symmetrically equivalent molecules within the slice (hkl) have a dif

ferent bonding scheme. In such a case the mean bonding scheme is given 

in table 5. For example if a bond is designated x, 1/2(2x) means that 

half of the molecules in each period of the slice have 2 bonds x. Sum

marizing : we investigate possible non-zero roughening temperatures of 

those faces (hkl), which correspond to two dominant PBC directions and 

for which h+k+1 < 5; if no connected net can be constructed from the 

dominant PBC's, the weaker bonds e, g and j are included. 

3.3 Determination of the critical energies of the nets 

The procedures for the transformation of a planar connected net into 

a rectangular Ising net has been rather recently considered by Rijpkema 

et al. [17]. For the purpose of this study it is only useful to consider 

the results. However,it should be noted that this transformation cannot 

be made for a connected net having crossed bonds. In this study in such 
nc 

cases we deduce the minimum and maximum values of φ. . . . The former by 

putting the weakest of the crossing bonds to zero and the latter by con

sidering infinite coupling between the end-points of the stronger of the 

crossing bonds. We now consider some examples of the transformations. 
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α b 

Figure 6. (110) slice, a) connected net¡ b) (M,K) structure 

Figure 7. (011) slice, a) connected net; b) (M.K) structure 

-[010] 

[001] 

f i| e 

j 
f e 

Figure θ. (200) slice, a) connected net; b) (Μ,К) structure 
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- Normal s l i c e s : 
These are the slices (110), (111), (021), (002), (120), (120), (121) 

and (112). As an example the net of the (110) slice without the low 

importance j bonds is shown in fig. 6a. The transformations to the 

planar (Μ,Κ) structure, a periodic two dimensional structure of MxK 

elements (see [17] ), is given in fig.6b. The transformation to the 

planar structure is quite easy in this case. 

- Slices with crossing bonds : 

These are the slices (011), (101) and (020). An example is shown for 

the slice (011) in fig.7a. As a unit for the transformation the part 

between the broader lines is chosen. The bonds marked with a '*' are 

not considered. The influence of the g bonds will be very small and 

the two bonds h* which are not considered will have a small influ

ence. So in principle the value of φ"^ will be smaller as the one 

given in table 5. The same problems arise for the slices (101) and 

(020) . In the case of (101) a crossing between e and g is found, and 

less important bond e is not considered. In the (020) slice h and j 

bonds cross, so in this case the less important j bonds are not con

sidered. 

- Slices with necessary weak bonds : 

These are the slices (200), (201) and (211). An example is shown for 

the slice (200) in fig.8a. In this case the connected net can only be 

constructed if e bonds are used. The transformation into the planar 

(Μ,Κ) structure is shown in fig.8b. A slice in which such weak bonds 

have to be used to construct a connected net is formally an F-face, 

but in practice it is an S-face in the terminology of Hartman [8] if 

the e bonds are not used. A similar problem arose for the slices 

(211) and (201) which also will give S-faces if bonds e are not used. 

In some slices the connected nets are not isotropic, and the importance 

will be lowered by the small interactions between the strong lattice 

directions (PBC's). The advantage of the method of Rijpkema et al. [17] 

is, that this inhomogenity really does influence the ф"
с
 values. 

hkj. no 
The results of the determination of the critical factor φ', , and the 

hkl 
morphological importance derived from it are given in columns 7 and 8 of 

table 5. 
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-J 

00 

Table 5 : Comparison between theoretically deduced data and the observed growth form 

slice Donnay Harker Hartman Perdok Ising nets observation 
nc 

(hkl) d M.I. bonds in the slice E M.I. φ M.I. central distance M.I. 
hkl hkl hkl 

no 

101 

011 

020 

111 

021 

002 

121 

120 

200 

102 

112 

211 

201 

0.78 

0.63 

0.66 

0.61 

0.55 

0.48 

0.39 

0.44 

0.52 

0.51 

0.13 

0.35 

O.HO 

0.43 

1 

3 

2 

4 

5 

8 

13 

9 

6 

7 

10 

14 

12 

10 

a+b+c+d+2f+2J 

2a+c+d+e+f+j 

a+b+2c+e+f+g+2h 

2c+2d+2h+2j 

a+b+c+d+e+f 

2d+f+g+2h 

2a+2b+2h 

f+(a+b+d+g)/2 

c+d+2j+(a+b)/2 

2e+2f+2j 

c+g+(a+b)/2 

a+c+(b+e+f)/2 

a+e+(c+d+f)/2 

e + f + ( c + d ) / 2 

0.61 

0.51 

0.54 

0.43 

0.45 

0.39 

0.31 

0.35 

0.24 

0.35 

0.22 

0.27 

0.25 

0.24 

1 

3 

2 

5 

4 

6 

9 

7/8 

12/13 

7/8 

14 

10 

11 

12/13 

0.44 

0.54 

0.55 

0.63 

0.64 

0.67 

0.86 

1.01 

1.32 

1.39 

1.46 

1.62 

1.98 

2.39 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

19.5 

30.3 

29.3 

27.0 

28.5 

29.0 

32.5 

-

-

-

-

-

-
-



Ч. Compari si on with observed morphologies 

4.1 The experimental energy factor 

The experimental factor ф
п
 Is calculated using equation (4) with φ 

(this is bond f) = -5.6 kcal/mol, E
c r
 - -18.08 kcal/mol (section 2.2) 

and AH
f u a

 - 18.194 kJ/mol [25]. This gives for the melt φ
η
 - 1.05. For 

growth from a regular solution the enthalpy of fusion in equation (4) 

must be replaced by the enthalpy of dissolution, as shown before [12], 

and the с values, which are needed were determined by de Kruif [25]. 

If the value of φ
η
 is compared with the ф"Я, values given in table 5 

column 7, this gives, that the faces (110), (101), (011), (020), (111), 

(021), (002) and (121) may be present, when benzophenone is grown from 

the melt. The faces (120), (200), (201), (112), (211) and (201) are not 

expected on the growth form, for these faces can be expected to grow as 

rough faces, for φ
η
 is greater than φ"° . 

4.2 Observed morphology 

The determination of the stable growth forms above is in good general 

agreement with the observations, which were reported in the literature 

[28-32]. The observed morphological data In table 5 columns 9 and 10 are 

taken from a large crystal grown from the undercooled melt by Becker et 

al. [ЗО] for which the distance fron the centre of the crystal was meas

ured. The order of morphological importance is less definitive in this 

case, for from the data in column 9 it is clear, that the importance of 

all observed faces, except (110) is about the same. By comparison of 

all results, we conclude, that the growth form of benzophenone is 

predicted in the best way by the critical energies of the connected 

nets. The only F-face, which is not observed is the (121) face, but this 

face has the lowest importance of the F-faces which may be present. It 

is clear, that not all F-faces are present on the growth form of a cry

stal grown under non-equilibrium conditions. 

5. Discussion 

Previous studies of the morphology of molecularly bonded crystals 

have shown rather close agreement between observed and predicted mor

phology in the cases of a-sulphur [33], naphthalene [8,12], anthracene 

[ЗЗ-35] and biphenyl [11]. This in general, defines the applicability of 

the PBC approach and the proportionality concept. In this study good 

agreement is also found in the case of benzophenone. However, due to 

this material's non-centrosymmetrlc structure this has polar directions 

along the <111> growth normals and the formation of not both {111} and 

{TTT} forms requires some further discussion. 
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(Ill) 

(111) 

Figure 9. Projection down [10Ï] showing the (111) slice 

Figure 10. The two enantiomorphic forms of benzophenone. 
a) with {111} faces; b) with {TTT} faces 
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Table 6 : Broken bonds and the broken bond energies 

molecule (111) (111) 

nr 

1 

2 

3 

4 

bonds 

b+c+h 

a+c+f+h 

b+d+f+h 

a+d+h 

energy 

-5 .85 

-13.25 

-10.95 

-7 .15 

bonds 

a+d+f+h 

b+d+h 

a+c+h 

b+c+f+h 

energy 

-12.75 

-5 .35 

-7.65 

-11.45 

Naturally a consideration of only E will not give an understanding 
of the inequality of growth on either side of the growth slice. The ori
gin of this effect can result from two effects. Firstly the broken 
bonds of a molecular unit are different for a (hkl) face and for a (hkï) 
face and secondly the proportionality hypothesis breaks down for polar 
faces. 

In fig.9 the (111) slice is shown in a projection down [10Ï"], so that 
the face (111) can be compared with the face (TTT). The attachment ener
gy, which is the energy involved when a crystal is cleaved parallel to 
the (111) face, is equal to -9.3 kcal/mol, when only the 6 most impor
tant bonds are considered. This is however a mean value and it is equal 
for {111} and {fff} faces. However the total broken bond energy for 
molecules with a different symmetry operator can be different. This is 
illustrated in table 6. The broken bonds at one side of the (111) slice 
are the bonds, which are formed when a molecule is adsorbed on a flat 
surface on the other side of the slice. If it is assumed, that adsorp
tion of the molecules is rate determining for the growth rate of these 
faces, the adsorption of the molecule, which forms the bonds with the 
least total bond energy may be rate determining. For adsorption on the 
(111) face this is molecule 2, with a total bond energy of -5.35 
kcal/mol and for the (TÏÏ) face this is molecule 1 with a total bond en
ergy of -5.85 kcal/mol. This would give a lower growth rate for the 
(111) face and consequently, if only {111} or {TTT} faces are present, 
this means that (111) is present. Аз the net energy of adsorption is 
probably lowered by solvation effects, a small energy difference may be 

of determining importance for the growth form of benzophenone crystals. 

A second approach is to consider the breakdown of the proportionality 

concept. As the terminations of polar faces are different the solid-

fluid bonds will also differ in this case. In the co-valently bonded 

GaAs such an approach explains the different etching rates observed dowr 

the polar <111> directions of this material [36,37]. For the case oi 

tetramethylammoniurn iodide Cadoret [38,39] showed, that the dominant 

(OTT) faces of the polar direction had the more polarizable I -ions in 

the outer layers and that an increase in supersaturation reversed this 

effect with the (011) faces becoming dominant. This dependence on the 
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growth conditions has also been observed for the organic crystals of 

resorcinol, where Wells [^О.ЧІ] found, that a polar habit was only prom

inent in some solvents. 

In the case of benzophenone the polar habit may be determined by the 

favoured configuration of the molecules in the mother phase. Lobanova 

[20] reported, that a molecule of benzophenone has a symmetry close to 2 

and that the planes of the 2 benzene rings are rotated over their con

nections with the central C-atom in between with an angle of 55°. This 

implies that a left and right handed configuration of a benzophenone 

molecule is possible and this may influence the solid-fluid bonds of the 

two types of polar faces in a different way. 

These hypotheses can however not be checked with the experimentally 

found growth form of benzophenone crystals, for the relation between the 

absolute directions of the axes in the crystallographic structure and in 

a grown crystal is not known, as reported by Vul and Lobanova [19] (see 

section 2). The two enantiomorphic forms of benzophenone are shown in 

fig.10. The same system of axes was chosen for both crystal forms, which 

were drawn according to the data in table 5 column 9, where we assumed, 

that {111} faces (fig.10a) or {ÏTT} faces (fig.10b) are present. From 
this figures it is clear, that it has to be known which enantiomorph and 
which system of axes was used in the determination of the crystallo
graphic structure to determine whether the observed faces are either 
{111} or (ΐΪΎ) faces. 
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CHAPTER V 

SURFACE MORPHOLOGY OF THE {010} FACES OF POTASSIUM HYDROGEN 
PHTHALATE CRYSTALS 

W J Ρ VAN ENCKEVORT and L A M J JETTEN 

RIM ІлЬогаІогу of Solid Stale Chemistry Faculty of Science Catholic University Toernooiveld 6525 ED Nijmegen The Netherlands 

Received 4 April 1982 manuscnpl received in final form 3 August 1982 

A detailed surface microtopographic study with the aid of highly sensitive differential interferenLe and phase contrast microscopy 

has been carried out for the {010) faces of potassium hydrogen phlhalale single crystals Two types of growth hillocks could be 

identified (i) macroscopic hillocks emitting steps of considerable height (100-2500 A) from their centres and (n) shallow hillocks 

being sources of growth steps of 14 A which corresponds to one unit lattice translation From a relationship between hillock centres 

and dislocation etchpits the macroscopic hillocks were identified as a group of cooperating spirals whereas the shallow hillocks are 

single spirals originating from single dislocations of unit height Several properties of both spiral types are described among \bhich a 

relation between inclusion strings and the occurrence of some of the macroscopic hillocks the phenomenon of bunching of lower steps 

to higher steps the formation of liquid inclusions via macrostep overhangs and the equivalence in advancement rates of steps of 

different heights 

1 Introduction 

During the last three decades numerous kinds 
of crystal surfaces have been investigated by means 
of highly sensitive reflection optical phase (PCM) 
and differential interference (DICM) contrast mi
croscopy In the fifties the main purpose of these 
observations was to give a direct proof for the 
spiral growth theory of Frank [1] and to study the 
"internal" structure of crystals in relation to the 
newly developed dislocation theory, by means of 
etchpit studies [2] About that time the first unit 
lattice height and even lower steps were observed 
and measured by several workers [3-6] Later on a 
lot of additional microtopographic studies on the 
occurrence of both higher and very low steps were 
made by other scientists m order to relate more 
recently developed theories of crystal growth to 
the experiments [7-9] 

Lp to very recently unit lattice height and lower 
steps have only been observed on gas phase grown 
crystals [4 5 7-10], high temperature flux grown 
crystals [11] and minerals [3,6,9], but hardly on 
aqueous solution grown crystals This is attributed 

0O22-0248/82/0OOO-0OO()/$02 IS ù North-Holland 

to the fact that separation of crystals prior to 
surface microlopography, without perturbing the 
monomolecular step pattern on the surfaces is 
much more easy to be carried out for gas phase or 
(low solubility) flux grown crystals, than for 
crystals grown from aqueous solutions [12-14] 
The observation of very low steps on aqueous 
solution grown crystals has only been reported for 
KCl [13], potash alum [12] and NiS04 6 H 2 0 
[14] 

Potassium hydrogen phthalate (КАР) is chosen 
as a model compound because of its well de
veloped surface pattern on the {010} faces consist
ing of high and very low growth steps, which can 
relatively easily be obsened by means of optical 
microscopy, because of their large lateral separa
tion 

The aim of the present study is to make a 
detailed microtopographic investigation of the 
{010} faces of КАР by optical reflection phase 
contrast and differential interference constrast mi
croscopy in order to verify a possible relationship 
between theory and experiment for the very im
portant class of aqueous solution grown crystals 
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2. Experimental 

The platelet-like КАР crystals were grown by a 
conlrolled temperature decrease method. A 
saturated solution of KAP in doubly distilled water 
was allowed to cool down from 30 to 250C in a 
few days, after which period well developed crystals 
could be gathered. 

Prior to observation the crystals were quickly 
picked up from the supersaturated solution and 
dipped for a short moment into n-hexane. After 
this the adhering hexane film was soaked up with 
a paper tissue. This procedure has been carried out 
in order to minimize secondary growth or etching 
during separation of the crystals from the liquid 
phase, which may ruin the original step patterns. 
The merits of this separation method have been 
treated extensively in previous work on KDP [15] 
and potash alum [12]. 

Fig 1 (a) Anisotropic macroscopic growth hillock on (OIO) КАР 
the asymmetric growth hillocks with respect to the external cryst, 

Surface microtopography has been carried out 
by making use of a high quality DICM and PCM 
microscope, the latter in combination with a high 
absorption phase plate [12] and high contrast pho
tographic emulsion. By application of this PCM 
method it is possible to observe height differences 
as low as about 2 À [16]. 

In order to measure height differences and in
clinations, two-beam interferometry, using a 
mercury light source combined with a monochro-
mator filter (λ = 5460 A), was applied. 

3. General features 

In general the {010} faces of the КАР crystals 
show one or a few very extended, dominating, 
growth hillocks, which can even be observed by 
the naked eye in reflected light. A well developed 

(DICM) (b) Schematic representation of the relative orientation of 

i\ morphology. 
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Fig, 2 Shallow growth hillock made up of 14 A steps located between maerosteps. demonstrating the equivalence in adsantement rate 

of lower unit lattice height and maerosteps (PCM) 

example of such a macroscopic hillock is given in 
DICM micrograph la. It can clearly be recognized 
that the two-dimensional point-group of this 
surface pattern is m [17]. This is in accordance 
with the point-group symmetry of the projection 
along the (crystallographic) ft-axis of the three-di
mensional space-group of KAP. Peal,. [18]. which 
also is m. The orientation of the hillocks with 
respect to the external morphology of the crystals 
is presented in fig. lb. From this schematic repre
sentation it can be seen that the hillocks are formed 
by two types of symmetrically non-equivalent 
steps, both running parallel to (101} directions. 
One of the step types (indicated by A in fig. lb) 
has an advancement rate, which is about 10 times 
faster than for the second type (denoted by B). 
Since the absolute configuration of the crystals is 
not known, no absolute indices to the steps could 
be given. 

Aside from these dominating macro-hillocks. 
also numerous very small growth hillocks, only 
visible by DICM and PCM, emerging between the 

maerosteps could be identified. A typical example 
of such a shallow hillock is shown in fig. 2. From 
this PCM micrograph one can deduce that the 
two-dimensional symmetry of these hillocks, as 
well as the occurrence of two step types and their 
orientation with respect to the external crystal 
morphology is exactly the same as for the macro
scopic growth hillocks. The main difference be
tween the macroscopic and the smaller hillocks is 
the considerably lower step height for the latter 
ones. 

3.1. Correspondence Ьеікееп hillock centres and dis
location outcrops at the crvital surface 

"Etch pitting" is a powerful technique to relate 
as-grown surface patterns to defects ¡15,19 21]. To 
correlate growth centres and other surface features 
to dislocation outcrops (which are marked by pits 
after etching) in an easy way an etching agent 
must fulfil two requirements: 
(i) The pits formed after etching must almost 
without any exception correspond to dislocations 
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v«^ 
Fig. 3. Anisotropic etch pits on {010} КАР formed after 10 mjn dissolution in absolute ethanol (DICM) 

and should clearly be visible by optical micros
copy. 
(it) Etching should proceed very slowly, so that 
after a given, empirically found, etching time small 
dislocation pits are formed without serious etching 
of the contours of the original growth patterns. 

After several attempts using various kinds of 
etching agents, absolute ethanol proved to be the 
most suitable agent for correlating surface features 
to defects. A typical etch pit pattern on (010) 
KAP. formed after 10 min dissolution of the 
crystals in alcohol, is given in fig. 3. The etch pits 
show the same asymmetric pattern (two-dimen
sional point-group m) bounded by {101} steps, as 
the hillocks, but now rotated 180°. 

To verify whether the pits are uniquely related 
to dislocations a "cleavage etching-matching" ex
periment was carried out in the same way as for 
instance by Amehnckx for rock salt [22]. This was 
done as follows: Firstly a crystal was cleaved 
along {010>. Then the two crystal halves were 
etched for 10 min in ethanol and finally the pit 
patterns on both parts were compared with each 

other. It was clearly recognized that the etch pit 
patterns on both crystal halves were the same, so 
the pits are related to line defects intersecting the 
cleavage plane, i.e. are dislocation etch pits. 

To relate hillock centres to etch pits, in order to 
prove that the hillocks are growth spirals, several 
crystals with well developed macroscopic and shal
low hillocks were etched for about 10 s in absolute 
ethanol. After etching at all the hillock centres 
one. a few or a localized cluster of tiny etch pits 
could be discerned. 

The macroscopic hillocks always revealed a 
multitude of pits at the summit, which means that 
these elevations are related to dislocation bundles 
and thus are cooperating macrospirals. Fig. 4 pre
sents a group of cooperating macrospirals. where a 
few high steps start from the centre. The starting-
points of these steps are marked by etch pits. 
which means that these starting-points of the co
operating spiral arms are related to dislocation 
outcrops. Aside from the spiral centre also a per
turbation in the step pattern, indicated by A in 
fig. 4. can be seen. The number of steps on the left 
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Fig. 4, Relation between hillocks and dislocations. Group of cooperating 

decorated by etch pits (DICM). 

piráis, the starting-points of which at the centre are 

hand and the right hand side of A do not equal 
each other, which means that one or a group of 
dislocations, with quite a large net screw compo
nent perpendicular to the growth face, ends at the 
crystal surface. The relationship between this per
turbation pattern and the occurrence of disloca
tion outcrops at the surface is confirmed by a 
group of dislocation etch pits at A. 

For the shallow growth hillocks a similar rela
tion between hillock centre and etch pit was found 
as for the macroscopic hillocks: After etching each 
of the shallow hillocks revealed, without any ex
ception one single etch pit at its summit. From this 
correspondence it can be deduced that the shallow 
hillocks very probably are growth spirals related to 
single dislocations, in a similar way as found for 
{111) potash alum [21] and {101} KDP [15], 

From the etching studies it can now be con
cluded that the macroscopic hillocks in fact are a 
group of cooperating spirals, whereas the shallow 
hillocks very probably are single spirals. 

3.2. Several properties of the growth hillocks 

3.2.1. Measurement of the step height 
To get an idea of the heights of the steps 

emitted from the centres of shallow and macro
scopic hillocks two-beam interferometry was ap
plied to the crystal surfaces. The measurement of 
the step height of the spiral steps in the case of a 
shallow hillock is demonstrated with the aid of 
fig. 5. Firstly a well developed specimen of such a 
shallow hillock was selected (fig. 5a) and a two-
beam interferogram was made of this surface re
gion (fig. 5b). 

At the location of the horizontal ridge (denoted 
by arrows in figs. 5a and 5b) a slight bending of 
the interference fringes can be recognized. From 
the magnitude of this bending and the step spac
ing, measured from PCM photograph 5a the step 
height was determined to be 14 ± 0.5 A. This height 
is equivalent to the length of the fe-axis (13.85 Â), 
which is oriented normal to the (010) growth face, 
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Fig. 5. Step height measurement of a shallow growth hillock: (a) phase contrast micrograph of a well developed hillock, revealing 

numerous lower steps <PC"M), (b) two-beam mterferogram of (a). 
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so that for the shallow hillocks the growth steps 
are of unit lattice height. From this observation it 
can be concluded that the Burgers vector of the 
screw component normal to the growth face of the 
dislocation at the centre of the shallow growth 
spirals must correspond to one unit translation. 

Concerning the step heights of the macroscopic 
hillocks, these heights vary from a few tens of 
angstroms to about 1500 A, as was deduced from 
measurements by two-beam interferometry. In 
general, the step height of a given macroscopic 
hillock increases strongly at further distances from 
its centre due to bunching as will be pointed out m 
section 3.3.1. 

Fig, 6 Correspondence between the centre of a well developed 

macroscopic growth hillock and an inclusion string (a) centre 

of macroscopic hillock (DICM): (b) bright field transmission 

micrograph of the inclusion string below the summit of the 

hillock shown in (a). 

3.2.2. Correlation between a string of inclusions and 
a macroscopic growth centre 

For one of the crystals which showed a large 
growth rate of the {010} faces as can be deduced 
from the rather large thickness of the crystal plates 
growing at the bottom of the growth vessel, a 
"gigantic" macroscopic spiral dominating the 
complete surface area was found. The centre of 
this hillock is shown in fig. 6a. Application of 
bright field transmission microscopy to the same 
crystal revealed a. with respect to the growth face 
inclined, string of liquid inclusions as can be seen 
in fig. 6b. Careful examination of fig. 6b shows 
that this inclusion string meets the (010) surface 
exactly at the centre of the macroscopic hillock 
given in fig. 6a. The present inclusion string looks 
very similar to the inclusion strings related to 
"heavy" dislocation bundles in potash alum, which 
were extensively studied using optical transmission 
bright field and polarization microscopy and Lang 
topography [23]. 

3.3. Step configurations 

3.3.1. Bunching 
In the composite DICM micrograph presented 

in fig. 7 an extended step tram originating from a 
growth centre (denoted by C) can be seen. The 
height of the steps just leaving the centre of the 
hillock is quite low. Further the separation be
tween successive steps in this region near the 
growth centre is too low to be resolved by optical 
microscopy at the magnification presented in fig. 7. 
On the other hand, far away from the centre the 
step height (a few hundred to a few thousand 
angstroms) as well as the step spacing ( - 50 to 100 
μηι) are very high. This points to a "bunching" of 
the step train, i.e. during advancing away from the 
centre lower steps accumulate to higher ones until 
steps of extreme heights are formed. 

This bunching has been observed for all the 
growth hillocks (both macroscopic and shallow 
ones) with extended (more than one or a few 
millimeters) step trains. 

3.3.2. Pseudo-interlacing 
Since the formation of macrosteps via bunching 

of lower steps in two adjacent, symmetrically 
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equivalent, spiral sectors (A and В m figs. 7 and 8) 
is not correlated with each other, the macrosteps 
being "member" of step train A and those that 
belong to step train B, which intersect each other 

Fig 7 Bunching of a step Irain originating from a given spiral 
centre Lower steps accumulate to higher ones during running 
away from the growth centre (DICM) 

at the ridge of the hillock do not have the same 
heights. This implies that these macrosteps of dif
ferent height can not annihilate each other at the 
ridge, so that the highest of both steps will con
tinue after the point of intersection up to the step 
ahead, but now having a height equal to the dif
ference in height of the two steps before intersec
tion. This inability of the macrosteps to annihilate 
each other at the ridge of the hillock leads to the 
formation of a "pseudo-interlacing" pattern as 
shown in fig. 8. The origin of this "pseudo-inter
lacing" is completely different from the commonly 
observed interlacing patterns of low steps [4.12.24]. 

3.3.3. Inclusion formalton via macroslep overhangs 
In some areas the macrosteps can reach such an 

extreme height that volume diffusion becomes more 
important, i.e. the supersaturation at the top of the 
macrostep will be higher than near its bottom. 
This can lead to the formation of step overhangs 
[25]. When the overhang again comes in contact 
with the basal plane of the crystal an amount of 
solution is entrapped, which results in the forma
tion of a liquid inclusion. This mechanism is very 
similar to that observed for the formation of inclu
sions m stearic acid [26] and synthetic diamond 
[23]. The occurrence of a reentrant corner in the 
macrosteps reinforces the formation of inclusions 
as can be seen in fig. 9. Reasons for such a prefer
ential inclusion formation at reentrant corners in 
macrostep patterns have been given elsewhere [23]. 

3.3.4. Step acceleration near reentrant corners In the 
step patterns 

Fig. 10 shows 14 A high steps, a large number 
of them having a sharp reentrant corner in their 
patterns. It can clearly be seen that the step sep
aration of step train Τ strongly increases in the 
neighbourhood of these reentrant corners, which 
points to an increase in step advancement velocity 
in this region. Such a step acceleration due to the 
presence of a reentrant corner in the step pattern 
has earlier been observed for. among others, potash 
alum [12] and SiC [7] and is in agreement with the 
step flow model formulated by Burton. Cabrera 
and Frank [27|. In this model it is derived that the 
step velocity strongly depends on the step curva
ture. in such a way that a step with a negative 
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Fip 8 Pseudo-mteriacing of macrosteps at the intersection points of growth steps of different orientations and heights (DICM) 

Fig 9 Formation of liquid inclusions via a step overhang mechanism ai reentrant corners of the rrucrosiep patterns 
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Fig. 10. Increase in advancement rate of steps due to the presence of a reentrant corner in the step pattern (PCM). 

curvature. i.e. concave or bended "inwards", is 
accelerated [28]. Further this step acceleration can 
also be a result of the lateral anisotropy of the step 
advancement rate on {010} KAP. 

3.3.5. Relative advancemenl rates of parallel steps of 
different heights 

To compare the relative advancement rates of 
very low (unit lattice height) steps and macrosteps, 
a shallow hillock, located between very high steps 
was selected and photographed as shown in fig. 2. 
From this and similar micrographs it can be de
duced that the advancement velocities of the low 
and macrosteps are very similar. This is argued as 
follows: 

Each time a macrostep passes a low shallow 
hillock, the surface area1 is cleaned, since the mac
rostep "swallows" the hillock completely. Just after 
the high step has passed the growth centre, this 
dislocation outcrop again starts emitting new unit 
lattice height steps in, among other, the two sym
metrically equivalent directions I and 2, indicated 
by arrows in fig. 2. In this way a new hillock is 

formed. After some more time the situation pre
sented in fig. 2 is attained. Since the distance 
between the hillock centre and the macrostep is 
equal to the distance between the hillock centre 
and the, since the pass by of the macrostep, firstly 
emitted shallow step in the symmetrically equiva
lent direction 2, it can be inferred that the ad
vancement rates of both steps have to be more or 
less equal. 

The fact that the step velocity is not or only 
weakly related to the step height, permits the 
conclusion that the crystal growth process is not 
limited by volume or surface diffusion, otherwise 
higher steps would advance more slowly than the 
lower ones. The only mechanisms that can account 
for the equivalence in advancement rates of low 
and high steps are: 
(i) A direct integration of growth units from the 
liquid phase at the step positions as rate determin
ing step in growth. 
(ii) Step integration via surface diffusion, for which 
the incorporation of the first row of step site 
molecules at the growth steps is rate determining. 
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When the growth units of this row are attached to 
the steps, the other atoms above or below this row 
are incorporated quickly, after which a new "rate 
determining" first row has to be formed for fur
ther step propagation 

4. Conclusions 

From the present detailed microtopographic in
vestigation of the {010} faces of potassium hydro
gen phthalate, the following can be inferred 
(i) On the {010} faces of КАР always two types of 
growth hillocks were found 

{a) "Macroscopic" hillocks, dominating large 
surface areas, which are related to dislocation bun
dle outcrops ι e consist of a group of cooperating 
spirals During running away from the growth 
centre, lower steps pile up to higher ones forming 
very high steps near the periphery of the macro
scopic hillocks 

(b) Shallow hillocks, frequently located between 
macrosteps originating from the macroscopic 
growth hillocks These hillocks, which are related 
to single dislocation outcrops, very probably are 
single growth spirals The step height of the arms 
of these spirals amount to 14 A, which is equiva
lent to one unit lattice height 
(n) The advancement rates of very low and of very 
high steps are more or less equal to each other 
This points to the hypothesis that the rate de
termining step in the growth process is the integra
tion of growth units, directly coming from the 
solution phase, at the step positions or a special 
kind of step integration via surface diffusion 
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IN SITU OBSERVATIONS OF THE GROWTH BEHAVIOUR OF THE {010} FACE OF POTASSIUM 
HYDROGEN PHTHALATE 

L A M J JETTEN, В VAN DER HOEK and W J Ρ VAN bNCKEVORT 

RIM Laboratory of Solid Stale Chemistry, Faculty o/ Silence bniveriity of Nijmegen Toernooweld 6425 ED Ьі;те%еп The Netherlands 

Received 19 January 1983, manuscnpl received in final form β March 1983 

The surface morphologies of the {010) face of potassium hydrogen phthalatc crystals growing in an aqueous solution have been 

studied in situ by means of opinai reflection microscopy The observations have been retorded by means of a vidtosvslem Several 

phenomena have been investigated by this method namely spiral growth via high (10 250 nm) and low steps (2 К 10 nm) step 
acceleration near reentrant corners in step patterns inclusion formation via step overhangs the formation of etch pits and the 
reactivation of the centre of a blocked spiral 

1. Introduction 2. Experimental 

During the last few years, several workers suc
ceeded to observe very low (unit lattice height) 
growth steps on crystals, grown from aqueous 
solution [1,2] These observations are only possible 
when the crystals are separated carefully from the 
solution However, the mam disadvantage of such 
ex situ studies of crystal surfaces is that only the 
step pattern just before removal of the crystal 
from solution can be studied, whereas the observa
tion of the development of step patterns during 
growth can give much more detailed information 

Recently Tsukamoto [3] succeeded in observing 
0 7 nm steps on the {001} faces of Cdl2 crystals 
growing in an aqueous solution, by means of phase 
contrast transmission microscopy After observa
tion of the surface morphology of the {010} face of 
potassium hydrogen phthalate (КАР} [4] It seemed 
possible to do in situ observations on this face In 
the present study reflection microscopy is used 

In this paper the first results are reported on in 
situ observations of step patterns on (010) КАР 

2 ¡ Crystal groH th 

The experiments were carried out in a flow 
system (fig 1) The main part is the observation 
cell (8) Other important parts are the storage 
vessel (11) and the heat exchanger (13) both placd 
in a thermostat, the thermostated flowmeter (14) 
and a centrifugal pump (12) During an experi-

Fig 1 Experimental system (1) microscope (2) objective (3) 
aperture diaphragm (4) video camera (5) analogous contrast 
enhancer (6) video recorder (7) monitor (8) growth cell (9) 
crystal on holder (10) Pt 100 resistance (II) storage vessel 
(12) centrifugal pump (13) heat exchanger (14) flowmeter 

0O22-O248/83/00OO-0O0O/$03 00 r' 1983 North-Holland 
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Fig 2, Rotating spiral with large step height, growing at moderate supersaturation The time interval between successive pictures is 
two seconds, 
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ment the temperature was kept constant within 
0.05°C (recorded with a thermocouple and with a 
Pt-100 resistance). 

The crystals for observation were grown b> a 
temperature decrease method [4]. They were placed 
in the growth cell in such a way that the {010} 
faces are orientated perpendicular to the optical 
axis of the microscope. The cell itself had been 
provided with a window made of coated optical 
glass, to allow for in situ surface microtopography. 
without blurring the image. 

2.2. Observalton method 

The {010} КАР faces, growing in this system. 
were observed by means of an ordinary reflection 
microscope, using bright field illumination. How
ever, the aperture diaphragm was closed as much 
as possible and placed slightly eccentrically with 

Fig 3 Shallow growth hillocks between macrostepv Time mi 

of ¡¡rtmth hehmtour o/ {010) face of КАР 605 

respect to the optical axis. By making use of this 
oblique bright field illumination the contrast of 
the image is strongly increased, so that steps are 
made visible at a light intensity sufficient for the 
use of a video system. The growth process was 
recorded on a video tape by means of a camera, 
which is connected to an analogous contrast en
hancer in order to increase the image contrast. In 
this way weak contrast can be made visible on the 
monitor. 

3. Observations and discussions 

3.1. Grow!h 

Fig. 2 shows a sequence of micrographs of a 
growing macrospiral, with a step height of several 
tens of nanometers. The white spots on the video 

al between successive photographs 4 5 s 
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pictures are images of liquid inclusions just under
neath the crystal surface. Judging from our ob
servation, they do not influence the step move
ment. It can be seen that the development of the 
spiral centre is not stationary. This is caused by a 
large anisotropy in edge free energy and in ad
vance velocity of the spiral steps. 

In fig. 3 macrosteps sweep over a group of 

Fig. 4. Comparison if images obtained by in situ and ex situ 
microtopography. (a) In situ micrograph of a macro spiral (b) 
Ex situ differential interference contrast micrograph of the 
same area. 

shallow hillocks. It has been shown (4) that these 
hilocks are single growth spirals with a step height 
of 1.4 nm. The 1.4 nm high steps cannot be seen 
by the in situ method, but it is possible to discern 
some bunched steps, presumably having double or 
triple height (2.8-4,2 nm). Another interesting 
phenomenon which can be recognized from this 
figure is the fact that each hillock reincarnates 
after having been swallowed by a passing macro-
step (see for instance the hillock indicated by the 
arrows). This reappearance of shallow hillocks can 
be understood from the fact that screw disloca
tions at the crystal surface persist after passing of 
a macrostep, which implies that they can act again 
as step sources, forming new growth hillocks. 

In fig. 4 the one-to-one correspondence between 
the images obtained by in situ video surface topog
raphy (fig. 4a) and by ex situ surface microtopog
raphy, by means of a differential interference con
trast microscope [4] (fig. 4b), can be seen. The step 
heights have been measured by means of two-beam 
interferometry. Comparison of fig. 4a and 4b shows 
that steps of 35 nm and higher give a high contrast 
by the in situ method, whereas the lower 7 nm 
steps are also visible, A similar comparison of 
surface areas confirmed that the unit lattice height 
(1,4 nm) steps are not visible and that steps of 
double and triple unit lattice height can just be 
discerned by in situ surface microtopography, 

In fig, 5 the successive stages of the formation 
of an inclusion via a macrostep overhang mecha
nism are shown. In figs. 5a and 5b a double spiral 
emits steps which bunch on a macrostep (indicated 
by arrow) which becomes higher and higher. At a 
given moment this macrostep gets a height at 
which the lower part of the step has less supply of 
growth units from the solution than the upper 
part. In this case the upper part of the step will 
advance faster than the lower part. This results in 
the formation of an overhang (indicated by an 
arrow in figs. 5c and 5d), which can be recognized 
as a bright area, caused by internal reflections 
between the overhang and the basal plane. After 
some time the overhang comes in contact with the 
basal crystal surface (fig. 5c), so that an amount of 
solution is entrapped and a liquid inclusion is 
formed. Steps run over the inclusion in figs, 5e and 
5f. 
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Fig. 5 Successive stages of inclusion formation via a macrostep overhang mechanism: (a) / = 
(e) ( = 70 s; ( f ) / - 1 2 ü s. 

0 s; (b) í - 4 s; (с) / = 10 s. (d) г - 20 s; 

Fig. 6 clearly demonstrates the occurrence of 
step acceleration due to the presence of a reentrant 
corner in the step pattern. The steps regain rapidly 
their preferred (101) directions. More details on 
this phenomenon have been discussed before [4]. 

3.2. Dissolution 

In the case of undersaturated solutions, etch 
pits and formed. It has been shown [4] that etch 
pits generally are formed in the centra of a spiral 
on raising the temperature of a supersaturated 

solution. This was also confirmed by the in situ 
experiments, but etch pits also appear elsewhere. 
The latter are mainly related to edge-type disloca
tions. This confirms the relation between growth 
hillocks, etch pits and dislocations. 

Another dissolution phenomenon is the forma
tion of numerous smaller, flat-bottomed etch pits, 
probably due to negative nucleation at micro-in
clusions or point defects. The sudden formation 
and extension of two flat-bottomed pits (indicated 
by arrows), can be seen in fig. 7. 

103 



608 l-A M J Jetten et al / ¡η situ obsenations о/ grò* ih behunour of {0W) face of КАР 

^^- 3| 

^ J ^ 50μ 
Нк,, л«Ш, 

щ 
к ЛЛ 
WjWA 

ілн 
Fig. 6 Step acceleration near a reentrant corner Time interval between successive pictures: I s, 

3.3. Blocking of groHlh •steps 

A particularly interesting phenomenon is the 
occurrence of blocking of steps, of which an exam
ple is given in fig. 8. The in situ micrograph 8a 
presents a pair of growing cooperating macro-
scopirals of equal sign, growing at a fairly large 
supersaturatton. During the experiment the super-
saturation was lowered, by increasing the tempera
ture. to about equilibrium, so that steps did not 
advance anymore (fig 8b). Finally the super-
saturation was increased even beyond the original 
level. Even at these circumstances the original step 
pattern did not move anymore: the growth spiral 
was completely arrested in growth On other areas 
of the surface, spiral centres were active and later 
on a step from such an active spiral (indicated by 

an arrow in figs. 8c and d) ran over the "frozen" 
spiral. In the moment the centre was covered by 
the new layer, the centra of the frozen spiral 
became active again and a new growth spiral was 
formed (fig. 8e and 8f). Such a blocking of growth 
has been deduced before for {101} and {100} potash 
alum [6] from growth rate measurements. X-ray 
diffraction topography, stress birefringence mi
croscopy and surface microtopography. In the pre
sent case, however, this phenomenon has been 
observed directly. 

Our interpretation is that the freshly-grown 
layer, originating from the advancing step shown 
in figs. 8c-8f. has cleared a polluted non-growing 
surface. Absorbed impurities ma\ play a role in 
this deactivation activation process 
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Fig. 7. Successive stages of the development of flat bottomed etch pits, nucleated at micro-inclusions or point defects Time interval 4 

4. Conclusions 

From in situ observations of the growth process 
on {010} КАР some conclusions can be drawn: 
(i) Both high (10 250 nm) and low (2.8-10 nm) 
steps can be observed during the growth in a 
supersaturated solution 
(ii) Dislocation outcrops act as spiral sources. 
(iii) An active spiral can be deactivated by de
creasing the supersaturation. When the original 
supersaturation is restored, there is. surprisingly. 
no reactivation of the spiral. Meanwhile, on other 

areas growth might proceed normally. If a new 
layer grows over an inactivated surface, the centre 
of a spiral is activated again, it is likely that 
absorbed impurities which inhibit the growth play 
a role in this process. 
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M *' 

Fig 8 Blocking of steps (a) Rotating double spiral originating from two large dislocations with screw components of equal sign. 
Τ- Τ = 0.7oC' (b) Ai low supersaturation the growth has stopped (c) Supersaturation restored to original level and even higher (d) 

Spiral still immovable, a high step, indicated by arrow, approaches the inactive growth centre (e). <f) New step has sweeped over the 

growth centre old spiral is reactivated 
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CHAPTER VII 

POTASSIUM HYDROGEN PHTHALATE : GROWTH AND MORPHOLOGY 

IN RELATION TO CRYSTALLOGRAPHIC STRUCTURE 

L.A.M.J. Jetten and J.G.E. Gardenlers 

RIM Laboratory of Solid State Chemistry, Faculty of Science, 

University of Nijmegen, Toernooi veld, Nijmegen, The Netherlands 

1. Introduction 

In this paper the growth behaviour of potassium hydrogen (or acid) 

phthalate, КАР, growing from aqueous solution, is discussed. Several 

approaches are presented to reveal the growth characteristics of KAP. 

The growth form of а КАР crystal is calculated from the crystallo-

graphic structure using the PBC theory of Hartman [1] in the search of 

potential F-faces. A face will be considered an F-face, if a connected 

net, without an equally strong alternative, can be constructed. The 

problem of equally strong alternative nets is discussed extensively by 

Bennema [2] in a forthcoming review on the determination of the roughen

ing temperature of crystal faces. These equally strong alternatives may 

change F-faces into S-faces. For the analyzed connected nets the sur

face anisotropy factor is calculated and the morphological Importance of 

the corresponding F-faces is given. The connected nets are also 

transformed to rectangular Ising nets, for which the strength is deter

mined according to the formalism, which was recently developed by 

Rijpkema et al. [3]. The strength of these nets is expressed as фГ *. , 

the critical dimensionless bond energy of a net, normalized to the 

strength of the strongest bond in the structure (see ref. [4]). The sys

tem of bonds of КАР, with a non-centrosymmetric crystal structure, Is 

used to explain the difference between the faces {111} and {11Ï}. 

The growth rates of the side faces of КАР are measured in a flow sys
tem. The results of these measurements are fitted to deduce the growth 

mechanism with expressions, which result from crystal growth theories. 

As these results do not lead to definitive conclusions, the surfaces of 

the faces of КАР are also studied by surface microtopography, using dif

ferential interference contrast and phase contrast microscopy. Anisotro

pic growth spirals are not only found on the {010} face [5], but also on 
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{110} and {111} faces. The anisotropy of the spirals on the {010} face 

is discussed in relation to the system of bonds. This difference is also 

illustrated by the etching behaviour of the face {010}. The difference 

between the growth rates of the {111} and {111} faces can also be tracpd 

back to the polarity of the c-direction. 

In the bonding analysis of КАР the assumption is made that potassium 

and hydrogen phthalate are individual growth units in the growth of KAP. 

It is suggested that the incorporation of potassium ions is rate deter

mining in the growth process and the influence of the addition of potas

sium phthalate or phthalic acid to a solution of KAP in water on the ha

bit of the crystals is investigated. 

2. Determination of connected nets or F-faces 

To reveal the growth form of a crystal a PBC analysis can be used 

[1]. PBC's are uninterrupted chains of bonds with a period [uvw] of the 

lattice and the stoichiometry of the crystal structure. The PBC's, which 

are constructed from the system of bonds, each present a zone to which a 

group of faces belongs. This can be presented In a stereographic projec

tion (see Philips [6]). The faces, where in this projection two zones 

cross are faces with two PBC's and are F-faces, if it is possible to 

construct planar connected nets. In some cases less important S-faces 

may be formed from two neighbouring important F-faces [7]. 

The problem in the analysis is the uncertainty about the exact bond 

energies of the units in the structure, for Coulomb interactions, hydro

gen bondings and van der Waals contacts have to be considered. This 

problem is illustrated using the formalism of Rijpkema et al. [3], where 

the relative importance of Coulomb interactions versus van der Waals 

bonds is varied in the calculation of the critical φ"?, values. 
nkl 

An other interesting problem is the question whether the units do 

crystallize as separate ions or as complete molecules. In the PBC 

analysis and in the construction of connected nets the ions are assumed 

to be build in the crystal separately as the growth medium in which the 

experiments are performed is water, wherein KAP will be dissociated in 

ions. 

2.1 Crystal structure 

Potassium hydrogen phthalate crystallizes in an orthorhombic space 

group. The crystal structure has been determined by Okaya [8]. The re

ported space group is by exchange of the axes converted to the space 

group Pca2
1
. There are 4 units in the unit cell, with a=0.96l run, 

b-l.386 nm and с=0.6Ц7 тт. The equivalent positions are given by the 

symmetry operations in table 1. 
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Table 1 : Symmetry opera tors 

molecule p o s i t i o n 

1(000) x . y . z 

2(000) - x , - y , 1 / 2 + z 

3(000) 1/2-x,y f 1/2+z 

4(000) 1/2+x,-y,z 

Figure 1. Molecular s t r u c t u r e of КАР 

In f ig .1 t h e s t r u c t u r e of the molecule i s shown by means of a b a l l 
and spoke model. In f i g .2 a p r o j e c t i o n down the c-axis i s shown. From 
t h i s p i c t u r e I t can be seen t h a t the s t r u c t u r e of КАР i s layered p a r a l 
l e l to the {010} f a c e . The half l ayer s are bonded by s t rong i o n i c bonds 
or by much weaker van der Waals bonds. This accounts for the easy 
cleavage of КАР with (010} as the cleavage p lane, which i s one of the 
reasons for the use of KAP in spectrometers [ 9 , 1 0 ] . 

Figure 2. Pro ject ion of КАР down the c-axi s . 

Only the ionized carbonyl function i s shown. 
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2.2 Bonds in the crystal 

The bonds In the crystal must be determined to construct PBC's. The 

energies of all possible bonds are calculated and the most Important 

bonds are used to construct the PBC's. In the case of КАР a serious 

problem arises, for three types of bonds can be distinguished. These 

are: 

- Coulomb interactions; attractions between potassium ions and the ion

ized carboxyl function of the hydrogen phthalate ion and repulsions 

between alike ions. 

- hydrogen bonds; intermolecular hydrogen bonding between ionized and 

non-ioni zed carboxyl groups. 

van der Waals bonds; intermolecular bonds between the aromatic rings 

of the hydrogen phthalate ions. 

From these interactions in our calculations only attractive Coulomb in

teractions and van der Waals bonds are used. It is quite complicated 

when repulsive Coulomb interactions have to be taken into account and 

when only first neighbour attractive Coulomb interactions are considered 

the result seems accurate enough for our purpose. 

Calculation of the energies of hydrogen bonds is only possible when 

the charge distribution on the participating atoms is exactly known. The 

order of magnitude of hydrogen bonds can be estimated from littérature 
data. The energy of a hydrogen bond in ice is equal to 6.1 kcal/mol [11] 
and in water tjiis energy is equal to 4 kcal/mol [12]. As can be seen in 
fig.2, hydrogen bonding in КАР is located in the same part of the cry
stal structure where the ionic bonds are located. Therefore the contri

bution of hydrogen bonding to the intermolecular bonds will be small and 

it will have no dramatic consequences, if this influence is not con

sidered. 

The energies of the van der Waals bonds are calculated using the same 

formalism as in the case of aromatic hydrocarbons [13], with the param

eters of table II, section IV of Williams [14]. It is assumed, that this 

method of calculation gives a reasonable estimation of the energies of 

the van der Waals bonds between the aromatic rings of hydrogen phthalate 

Ions. 

An extra problem arises in the calculation of the Coulomb energies, 

as the charge distribution on the ionized carboxyl group is not exactly 

known. It seems a good assumption to center the charge between the two 

oxygen atoms of this group. The bonds between the molecules formed in 

the crystallization process are given in table 2 for the potassium ion, 

K
+
, and the hydrogen phthalate ion, HP , with symmetry operator 1. 

To give an impression about the bonding structure in fig.3 the pro

jections down a, b and с axis are shown. Potassium ions are presented by 

crosses and hydrogen phthalate ions, reduced to centers of gravity, are 

presented by open circles. 
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Figure 3. Bonding scheme's in the p r o j e c t i o n s down the a-axis ( a ) , 
b-axis ( b ) , and c-axis (c) 

2.3 PBC a n a l y s i s 

From the bonds given in tab le 2 and from the bonds, which can be gen
erated from these bonds by the symmetry operat ions of the space group, 
PBC's are c o n s t r u c t e d . If only the i o n i c bonds a, b , с and d are used 
the PBC's which can be constructed are a l l in the s l i c e (010), i . e . the 
PBC's [100], [001] , <101> and <102>. 

If the van der Waals bonds are a l so used, the PBC's tabulated in t a b l e 3 
and t h e i r symmetrical equivalents can be cons t ructed . In f ig .4 the upper 
r i g h t quar ter of the Stereographic p r o j e c t i o n (see [6]) of КАР i s shown. 
In t h i s p r o j e c t i o n the PBC's, which can be constructed from ionic bonds 
only, are given by f u l l l i n e s . The o t h e r , probably weaker PBC's, are 
given by broken l i n e s . The p o t e n t i a l F-faces of КАР can now be found on 
the p o s i t i o n s in t h i s p ro jec t ion, where two PBC's cross each o t h e r . To 
avoid an abundance of F-faces, i t i s assumed, t h a t a l l important F-faces 
a re in one of the zones of the four most important PBC's. A b e t t e r 
s e l e c t i o n i s p o s s i b l e from the p r o j e c t i o n of the s t r u c t u r e of КАР down 
the four most important PBC's, [100], [001] , [ Ï01] and [ Ï 0 2 ] , as i s 
shown in f i g . 5 . In the projec t ion down [ Ï01] ( f ig .5c) two types of 
equivalent [101] PBC's can be chosen. In the pro jec t ion down [ Ϊ02] 
( f ig.Sd) the PBC [102]b i s chosen, for t h i s PBC i s somewhat s t ronger 
than the PBC [102]a, because bond b in [102]b I s s t ronger than bond a in 
[102]a. In the p r o j e c t i o n s the following F-faces are found : 

- {010} in a l l four pro ject ions 

- {110}, {210} and {200} in the pro jec t ion down [001] 

- (012} and {002} in the pro ject ion down [100] 

- {201} and {211} in the pro ject ion down [Τθ2] 

- (111} in the p r o j e c t i o n down [TOI ] 
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Table 2 : Bonds In t h e s t r u c t u r e for ions with p o s i t i o n 1(000) 

bond 

Κ(Ι,ΟΟΟ) 

Κ(Ι,ΟΟΟ) 

HP(1,000) 

κ(ΐ,οοο) 

HP(1,000) 

K(1,000) 

HP(1,000) 

HP(1,000) 

HP(1,000) 

HP(1,000) 

HP(1,000) 

HP(1,000) 

ΗΡ(Ι,ΟΟΟ) 

HP(1,000) 

H P d . o o o ) 

HP(1,000) 

HP(1,000) 

- HP(1,000) 

- ΗΡ(Ι,ΟΟΙ) 

- KCl,001) 

- HP(2,000) 

- Κ(2,ΟθΤ) 

- HPO.OOO) 

- к(з,оо?) 

- HP(2,010) 

- H P ( 2 , 0 1 1 ) 

- HP(4,010) 

- H P O . I I O ) 

- HP(3,000) 

- HP(3,00?) 

- нр(з,Тоо) 

- НРСЗ.ТО?) 

- HPd.OOl) 

- HPd.OOl) 

code 

a 

b 

b 

с 

с 

d 

d 

g 

g 

h 

h 

t 

t 

u 

u 

s 

3 

E in kcal/mol 

-91.83 

-102.64 

-102.64 

-121.17 

-121.17 

-99.17 

-99.17 

-2.12 

-2.12 

-1.28 

-1.28 

-2.79 

-2.79 

-1.05 

-1.05 

-0.66 

-0.66 

Table 3 

PBC 

100 

001 

101 

102a 

102b 

010 

011 

120 

121 

021 

111 

110 

: PBC's in the s t r u c t u 

bonds per molecule 

c+d 

a+b+s 

c+(a+b+d+t+u)/2 

a+(c+d+t)/2 

b+(c+d+t)/2 

c+(a+b+g)/2 

c + (a+b+g)/2 

c+(a+b+h)/2 

c+(a+b+h)/2 

(a+b+c+d+h)/2 

c+(a+b)/2+(d+h+t+u)/4 

c+(a+b)/2+(d+h+t+u)/4 



(010) 

dool 

-(ilD-r' 

JUlir' _ 

CO")-, 
-[021J-_.^_ 

(201) (010)-- ~-(200) 

Figure t. Stereogram of КАР 

For some of the potential F-facea no connected nets can be constructed 

and consequently these are S-faces. This happened for the faces {022} in 

the projection down [100], (221} in the projection down [T02] and 

(121), {202} and {212} in the projection down [Ï01]. Since we observed 

experimentally one of these faces, there is a need to distinguish more 

and less important S-faces. Hartman [7] suggests, that those S-faces may 

have a pseudo F-character, which can be constructed by combination of 

two F-faces. Such faces are called Si-faces. This method is applied to 

КАР, by considering the possible Si-faces formed by combination of the 

by far most important F-face, {010}, with one of the other F-faces. As 

in four cases the combination of F-faces gives faces, which are already 

found to be F-faces, four SI-faces are found in this way. These S1-faces 

are ordered by calculation of the interplanar spacing d.
 k
,, according to 

the law of Donnay and Harker [15]. The resulting faces are : {120} with 

d.^,-0.562 nm, {121} with d
hkl
-0.l424 run, {221} with d

hk;L
=0.337 nm and 

{022} with
 d

h k l
=0.293 nm. The face {120}, which is probably the most im

portant Si-face was not found from the stereographic projection. 

The results of this PBC analysis are given in table t, where also the 

surface amsotropy factor, Çhkl. is given for the F-faces. This factor 

is calculated from the ratio of the mean slice energies of the molecules 

in a slice to the total crystallization energy of a molecular unit E · 

The total crystallization energy is given by : 

E - 1/2 (2a+2b+2c+2d+2g+2h+2s+2t+2u) 
cr 

(1) 

With the bond energies listed in table 2 this gives E - -1)22.71 

kcal/mol. 
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Table Ч : Results of the PBC analysis 

face type bonds per molecule ζ MI 

hkl 

010 

110 

200 

210 

111 

002 

012 

211 

201 

120 

121 

221 

022 

F 

F 

F 

F 

F 

F 

F 

F 

F 

S 

S 

S 

S 

a+b+c+d+t+u 

a+b+d+(c+g+t)/2+h/4 

a+b+c+g 

a+b+c+h/2 

c+t+u+(a+b+d+g+h)/2 

c+d+h 

c+d+g/2 

(a+b+c+d+h+t)/2+g/i) 

(a+b+c+d+g+t)/2 

0.993 

0.846 

0.753 

0.75 

0.647 

0.524 

0.523 

0.497 

0.496 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

2.4 Calculation of critical normalized bond energies 

The factor φ. ° , which was defined before, can be used as a criterium 

for the importance of a crystal face [4]. This factor is Inversely pro

portional to the critical Ising temperature, T
c
, which is supposed to be 

close to the roughening temperature of a face. The value of φ"° is dif

ferent for each crystallographic face. 

The value of φ£° factors is determined by the method of Rijpkema 

[3]. The connected nets of the F-faces of КАР are constructed without 

using the weak bonds s and u, to avoid complications. These nets are 

transformed to rectangular Ising nets for which the critical value of 

the bond energie is calculated from the determined bonding ratio's of 

the bonds. This result Is then expressed In the value of the most im

portant bond in the structure (bond c), where the assumption is made, 

that the ratio's of the bond energies in the structure are constants, 

independent on changes in the total crystallization energy. The method 

of determination of the φ"ί\ values is illustrated in fig.6, where in 

6a, 6b and 6c the connected nets of respectively the very strong (010) 

slice, the (110) slice and the (111) slice are shown. In fig.6d the rec

tangular Ising net of the (111) slice is shown. 

As in the bonding analysis of КАР both Coulomb and van der Waals 

bonds are used, the resulting bond ratio's may be not quite correct. The 

ratio between the Coulomb and the van der Waals bonds may be different 

118 



from the ratio which is based on pure ionic and pure van der Waals bond

ing. We shall discuss two reasons for this. 

Firstly, the energies of the ionic bonds are overestimated, for only 

nearest neighbour attractive interactions are considered. In principle 

the total binding energy of an ion in a crystal lattice due to ionic 

bonnds must be calculated by calculation of the Madelung energy. For in

stance in the сазе of NaCl the Madelung energy is only 30Ï of the energy 

calculated by summation of the energies of the nearest neighbour in

teractions [16]. 

Secondly, in the calculation of the bond energies hydration effects 

are ignored. The Coulomb interactions at the interface are probably 

lower than those in the bulk of the crystal, for at the Interface 

charged groups may have lower charges because of hydration by water 

molecules. A second influence of hydration is the fact, that a potassium 

ion, К , in an aqueous solution is surrounded by 4 water molecules and 

that its enthalpy of solvation is equal to -84 kcal/mol [11]. Hydration 

of the hydrogen phthalate ion, HP
-
, is probably less important, for the 

charge on the carbonyl function is stabilized by charge distribution 

over the ion, i.e. internal stabilization is possible. Therefore only 

the hydration of К -ions will be considered. To give an Impression 

about the influence on фГ^., the energies of the ionic bonds are reduced 

and the critical Ising factors, Ф
а ь к 1

, are recalculated. When only the 

hydration of К is considered, the hydration energy must be subtracted 

from the sum of the ionic bonds of one К -ion. This gives a propor

tionality factor of 0.8 for the ratio of the reduced ionic bonds versus 

the originally used bond energies. Considering the reduction of the 

ionic bond energies, which can be expected, if the Madelung energie is 

calculated, we also used the proportionality factors 0.4 and 0.1. The 
nc 

resulting values of ф. ^. are presented in table 5. 

2.5 The non-centrosymmetry of the crystal structure. 

From the space group symmetry of КАР it follows, that the structure 

of КАР is non-centrosymmetric with the c-axis as a polar direction. 

This implies that a face (hkl) is only equivalent with a face (hkï), if 

either h, к or 1 is equal to 0. This is illustrated for the faces (1ΪΊ) 

and (Tlï), as shown in the projection down [10Ϊ] (fig.7). 

As already mentioned before, the potassium ions, Κ , and the hydrogen 

phthalate ions, HP , are assumed to incorporate into the crystal indivi

dually. The hydration enthalpy of K
+
 is probably higher than that of 

HP , as discussed before and therefore it is assumed that the incorpora

tion of К is rate determining for the growth of KAP. 

In fig.7 the bonds which are formed, when К adsorbs on a flat (1Ϊ1) 

face, are a or (a + d) and when К adsorbs on the (Tlï) face are b or (b 

+ d). As the energy gain for formation of bond b is higher than the en

ergy gain for formation of bond a, this leads to a higher degree of cov

erage by K+-ions on the (Tlï) face than on the (1Ï1) face. Hence prob

ably the growth rate of the (Ï1Ï) face is higher than the growth rate of 

119 



PH i^rPH 
г с с β ς ь I a D t . a 

а (ою) b (по) 

β а / / Ь 

rf-h—#-й—»— е-

С (111) 

а — h — с ~ ~ ч л л і — J — о — с -

d (ш) 

Figure 6. Connected n e t s of the s l i c e s (010), (110) and (111) 
and r e c t a n g u l a r I s ing net of t h e s l i c e (111) 

Table 5 : C r i t i c a l values of the normalized bond energy, with 
MI indexes for the values in column 5 

face 

010 

110 

200 

210 

111 

002 

211 

012 

201 

0.1 

0.47 

0.59 

0.76 

1.00 

0.94 

1.114 

1.1)1 

1.52 

1.H3 

0.4 

0.50 

0.76 

1 .04 

1.31 

1.45 

2.03 

2.06 

2.11 

2.10 

nc 
Φ 

h k l 

0.8 

0.51 

0.84 

1.20 

1.48 

1.75 

2.36 

2.41 

2.45 

2.46 

1.0 

0.51 

0.86 

1.25 

1.53 

1.84 

2.44 

2.51 

2.53 

2.55 

MI 

1 

2 

3 

4 

5 

6 

7 

8 

9 
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Figure 7. Projection down [10Ï], with (lTl) slice 

the (1T1) face. This result can be extended to a more general conclu
sion : the growth rates of (hkï) faces in the direction [00Î] will be 
higher than the growth of (hkl) faces in the direction [001]. 

2.6 Comparison with the experimentally observed morphology 

The results of the PBC analysis and the determination of the 
strengths of the connected nets must be compared with experimentally ob
served growth forms of KAP. Crystals of КАР are grown from stagnant 

aqueous solutions by evaporation at constant temperature. Platy crystals 

are formed with {010} as the basal plane. Three types of side faces are 

found, i.e. {110}, {111} and {121}. From a practical point of view, it 

is not possible to determine the absolute direction of the c-axis for 

each crystal, thus no difference can be made between the positive and 

the negative c-directions. When the crystals are grown at low supersa

turation, like in the flow system (see section 3) also {120} and {210} 

faces are sometimes observed. 

A final check for the determination of the morphology of KAP was made 

by a so called " sphere experiment " [17]. A crystal of KAP was polished 

to a spherical shape and than the crystal was immersed for about one 

hour in a solution of КАР at 30°C with a supersaturation of 0.4%. After 

careful removal of the crystal from the solution the indices of the 

facets were determined with a goniometer. Six groups of reflections were 

identified on the spheres, i.e. {010}, {110}, {111}, {121}, {210} and 

{120}. In table 6 the morphological importances of the faces, given be

fore in table 4 and table 5 and as determined from the frequencies with 

which they are observed on the crystals and from their relative surface 

area are shown. The experimental results are not quite in agreement 

with the theoretically derived expectations. This disagreement is prob

ably due to the fact, that in the applied theoretical methods slices 

(hkl) are considered. They do not account for the non-centrosymmetry of 

the structure of КАР, which leads to different adhesian between the 
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Table 6 : Theoretical versus experimental results 

face type Morphological Importance 

PBC Ising experimental 

010 

110 

200 

210 

111 

002 

012 

211 

201 

120 

121 

221 

022 

F 

F 

F 

F 

F 

F 

F 

F 

F 

SI 

SI 

SI 

SI 

1 

2 

3 

4 

5 

6 

7 

θ 

9 

(10) 

(11) 

(12) 

(13) 

1 

2 

3 

Ц 

5 

6 

8 

7 

9 

-

-

-

-

1 

2-3 

-

5 

2-3 

-

-

-

-

6 

Jt 

-

-

solution and (hkl) and (hkï) faces. An other problem із the fact, that 
In a crystal of КАР different types of bonding are present for which the 

relative importance can not be determined exactly, which makes the cal

culations of the bond energies and the resulting values of ξ,. . and φ!?Ρ, 

less reliable. The most notable difficulty is the fact, that no good 

theoretical justification can be given, for the presence of the observed 

SI-faces, for connected nets can not be constructed for these faces. 

Measurement of growth kinetics 

The growth rates of the side faces of КАР are measured in a flowsys-

tem, introduced by Human [18], who measured the growth kinetics of po

tash alum. The data are presented by plots of the growth rate, R, versus 

the relative supersaturation, о. From these plots information can be 

derived about the growth mechanism by data fitting. The data can be fit

ted with the functions derived for a spiral growth model, also called 

BCF model [19] or for a two dimensional nucleation model, e.g. the Birth 

and Spread model [20]. The BCF fit is given by : 

R - (o
2
/o

1
) tanMc^/o) (2) 
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The derivation of the constants С and o
1
 has been discussed 

and Gilmer [21]. 

The Birth and Spread fit is given by : 

R - A o
5 / 6

 exp(-B/o) 

by Bennema 

(3) 

The derivation of this equation and the definition of the constants is 

discussed by Ohara and Reid [22]. As, however, the experimental situa

tion will be different from the idealized growth mechanisms for which 

the relations between R and α are given above, another useful fitting 

procedure for experimental data is given by the "power law" : 

R =• aa b
 (J)) 

The results of these different fitting procedures are discussed for 

kinetics of the {110} and {210} faces of KAP. 

the 

3.1 Experimental method 

The flowsystem, which is used, was described in length by Human [18]. 

We only replaced the crystal holder by a crystal holder of perspex, 

which can easily be turned by hand. This holder is sealed into the 

growth cell by a double 0-ring system to prevent leakage. The crystals 

are glued on the crystal holder with a cyano-acrylate cement, as shown 

in fig.8. In fig. 8a it is shown how a crystal is glued on the holder, 

when growth rates of the {110} and {210} faces are measured. The view 

direction in this case is down [001]. The flow direction is perpendicu

lar to (010), so the corner between flow direction and (110) respective

ly (210) is equal to 34.3° and 19.2°. 

In fig. 8b the situation is shown, when the growth rates of the faces 

(111) and (TlT) are measured. In this case the view direction is [10Ϊ]. 

The flow direction is again perpendicular to (010) and the corner 

between flow direction and (111) or (Ϊ1Ϊ) is equal to 21.2°. In the 

growth cell the velocity of the solution is about 30 cm/sec. This im

plies, that volume diffusion probably can be excluded, for Sole [23] 

(210) 

(110) 

(01 о 

(111) 

i i 
Figure 8. Orientation of the crystal in the flow system. 

a) measurement of the {110} and {210} faces 

b) measurement of the {111} faces 
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determined for the growth of {111} faces of КАР, that the maximum growth 

rate at a certain value of о is reached, when the flow speed of the 

solution is equal to 16 cm/sec. 

It is not possible to measure the growth rate of the {010} face in 

this flowsystem. As will be shown [24], this face does not grow at all 

when о is lower than 2.78Í. In the flowsystem the maximum attainable 

value of о for КАР is only 2.5%, for at higher undercooling nucleation 

of small crystals starts in the cooler and no reliable experiments can 

be performed. 

3.2 Determination of the relative supersaturation 

When КАР is dissolved in water the molecule is splitted in potassium, 

К , and hydrogen phthalate, HP , ions. As КАР is a double salt HP can 

react with water to form phthallc acid, H-P or the phthalate ion, Ρ . 

These equilibria and their constants are given by : 

HP" + H
2
0 «-» H

2
P + OH 

HP" + H
o
0 «-> P

2
" + H,0

+
 К • 3.9 10~

6 

2 3 a 

From these values and the wellknown pH of а КАР solution, which is a 

standard buffer with pH-4.1, the relative concentrations of phthalate 

containing ions can be calculated [25]. The result of this calculation 

gives the relative concentrations of the phthalates : xCHpP^S.Sï, 

x(HP")=90.U and х(Р2
")=Ч.4$. 

Of these Ions HP will be the most important one for the growth of 

КАР and the other two ions are "intrinsic impurities". In the calcula

tion of о it is assumed that the relative concentrations of the 

phthalates are constant, so the concentrations can be expressed by the 

total amount of phthalate, which is dissolved. For the calculation of 

the equilibrium concentration at a temperature t, expressed in degrees 

Celsius the solubility curve of Sole [23] is used : 

c(t) = 9.283 - 0.059t + 0.0058t
2 

where c(t) is the equilibrium concentration of KAP in water at t
0
C, ex

pressed in gram/100ml water. The saturation temperature of a solution, 

с(э), of КАР can be determined in three ways : 

By observation of the habit of the crystal in solution, i.e. sharp or 

rounded edges. This method has been applied by Human in the case of po

tash alum [18]. For КАР the transition is less clear. 

By an evaporation method. 

By titration of the solution with NaOH and Phenolphthalein as an indica

tor. The relative supersaturation is now calculated by : 

0 - [с(з) - c(t)] / c(t) (5) 

K
b
 = 7.7 10 •12 
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3.3 Growth rate measurements 

Growth rates are measured of {210}, {110} and {111} faces of KAP. The 

growth of the {010} face can not be determined at low о as was mentioned 

before. The measurements of the growth rates of the {111} faces can not 

be used, because of an enormous spread in the growth rate. A probable 

reason for this fact is the non-equivalence of the {111} and the {11Ï} 
faces, caused by the polarity of the c-axis. It is not possible to dis
cern positive and negative directions of the c-axis of the crystals 
used. The results of the growth rate measurements of the {110} and 
{210} faces are shown in fig.9 and the fitting data, which are calculat
ed using the equations in section 3.1, are presented in table 7. From 
the parameters, determined with the power law it can be concluded, that 
a BCF mechanism can be used to fit the growth rate measurements of the 
{110} face. 

Table 7 : Fit parameters of the growth kinetics 

face 210 110 

c r y s t a l 12 12 13 15 

t 30.25 30.25 30.54 30.30 
s 

BCF- f i t 

С 

σ 
1 

B + S - f i t 

A 

В 

power law 

a.10 

b 

125 

529 998 

0.027 0.078 

1177 656 

0.095 0.03 

102 I W 

2.52 1.39 

339 710 

0.019 0.039 

225 540 

0.066 0.021 

233 15.2 

2.73 1.97 
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Figure 9. R.o-curves of {110} : a : t -30.25; b : t -30.54; 
c : t 3 = 3 0 . 3 0 and {210}; d : t a = 3 0 . 2 5 
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Ч. Surface microtopography and habit changes 

Surface microtopography gives a lot of information about the struc

ture of a crystal face. From the observation of the surface of a freshly 

grown crystal the growth mechanism of the face can be deduced, as has 

been shown by van Enckevort [26] for numerous crystals. Observation of a 

surface after etching gives information about the defect structure of 

the crystal and when a careful etching procedure is used , the relation 

between growth hillocks and etch pits can be used to determine the 

dislocation density of a crystal surface. 

In the case of КАР anisotropic spirals are observed on the {010} 

face, as reported before [5]. On the {110} and the {111} faces spiral 

hillocks with a less anisotropic character are observed. The results of 

the PBC analysis will be used to explain the anisotropic character of 

the spirals on the {010} face. To have more information about the aniso

tropic character of КАР crystals, crystals are grown from solutions to 

which extra phthalic acid or potassium phthalate is added. The influence 

of these additives on the habit of the КАР crystals is discussed. 

4.1 Anisotropic growth spirals 

Spiral growth on the {010} face of КАР has already been reported and 

a typical growth spiral is shown in fig.10. This spiral is shown 

schematically in flg.11. From these figures it can be seen, that the an-

isotropy of the spirals is less pronounced in he directions [100] and 

[TOO] and from experimental observations the anlsotropy of the spirals 

Figure 10. Typical growth spiral on the {010} face 
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Figure 11. Scheme of a spiral on the {010} face 

seems less at longer distance from the center. As in the case of short 

steps, the edge atoms near the corner of a polygonized spiral will on 

the average be more loosely bound, which gives rise to a higher desorp-

tion rate during the growth process [27]. This will cause the rounding 

of the spiral steps at these specific sites. 

The spirals, which are observed on the {110} and {111} faces are less 

anisotropic than the spirals on {010}. In fig.12 and 13 anisotropic 

growth hillocks on the {110} faces are shown. These hillocks are 

elongated in the direction in which they are anisotropic, while the oth

er part of the spirals is isotropic. 

In fig.14 and 15 growth hillocks, respectively the center of a growth 

spiral on the {111} face are shown. The form of the hillocks is about 

the same like the hillocks on the {110} face. 

Figure 12. Growth hillocks on the {110} face 
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Figure 13- Growth hillock on the {110} face 

Figure 14.Growth hillocks on the {111} face 
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Figure 15. Spiral centre on the {111) face 

4.2 Relation between anisotropic spirals and crystal structure 

From the anisotropy of the spirals on the {010} face of КАР, shown in 

fig.10 and 11 it can be seen that the steps are oriented along [101] and 

[ЮТ] and that the step distances in the direction [001] are quite dif

ferent from these in the direction [00Î]. This indicates, that the edge 
free energy of for instance a [101] step is different in the directions 
[TOI] and [ Ю Т ] . 

It is already mentioned in this paper, that we assume that the ions 

K
+
 and HP~ are individual building blocks of KAP. For the HP~ ion can 

stabilize its charge by distribution over the molecule and because of an 

intermolecular H bond its solvation enthalpy, which is not known, will 

not be very high. The solvation enthalpy of К is equal to 84.0 

kcal/mol [11]. From these consideration we assume that incorporation of 

potassium into the crystal is rate determining. From the PBC analysis 

it can be concluded that incorporation of К from the positive c-

direction is different to incorporation from the negative o-direction. 

In a same type of projection it can be seen that, К entering a [101] 

step from the positive с direction forms the bonds a + d o r a + d + с 

and К entering a step from the opposite direction forms bonds b + d or 

b + d + c. As the absolute value of bond b is higher than that of bond 

a, the enthalpy gain will be higher when К enters from the negative с 

direction. This implies that, if the assumption that incorporation of 

potassium is rate determining, the growth steps will move faster in the 

[OOÌ] direction. So the observed anisotropic spirals om the {010} face 
of КАР have a higher growth rate and a larger distance between the steps 
for the steps moving in the directions [10Î] and [ToT]. This conclusion 
can not be controlled on the crystals, for the absolute directions of 
the axes are not determined. 
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Ч.3 The defect structure of the {010} face 

To reveal the defect structure of a crystal face, the formation of 

etch pits is studied. The {010} face of КАР is etched with a mixture of 

10 % water in ethanol. Numerous etch pits are found as shown in fig. 16. 

In fig. 16a etch pits at the fast growing part of the crystal are shown 

and in fig. 16b the etch pit pattern at the slow growing side. The fact 

that much more etch pits are found at that side of the crystal (positive 

с direction) where the slow growing {111} faces are found gives rise to 

a probable relation between these two aspects. It is possible that the 

{111} faces are hindered in such a way, that the crystal structure is 

partly destroyed and so dislocations are generated. Probably this can be 

related to the crystals of КАР, that have been studied by Belyaev [28]. 

He reported that the surfaces of the {010} face are partly oblique. This 

can be related to a less perfect crystal structure. This same phenomenon 

is only observed by us on crystals grown from solutions, to which potas

sium phthalate is added. This may, however, be an impurity effect, for 

the Κ ρ used has a purity of only 97Í and no information about the type 
of impurities is given. 

A final check of the dislocation distribution in КАР is made by X-ray 
topography [29]. In fig. 17 a X-ray photograph is presented. From this 

figure it is clear that the dislocation density on one side of the cry

stal is higher than at the other side. No definitive conclusions on this 

subject can be made as X-ray topographic research on КАР is still in 

progress [30]. 

Figure 16. Etch pit pattern on the {010} face, a) fast direction 

b) slow direction 
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Figure 17. X-ray diffraction topograph of КАР; 

reflection 111, Ag Κα. 

4.4 The influence of solution composition on habit 

To gain more information about the growth mechanism and the rate 

determining growth processes, crystals of КАР are grown from solutions 

to which potassium phthalate, K
2
P, or phthalic acid, H

2
P is added. The 

crystals are all grown from stagnant solutions at a temperature of 30
o
C 

by slow evaporation. The addition of H
2
P was limited, for crystals of 

phthalic acid crystallize if the molar ratio Κ ρ : КАР, which Is dis

solved, exceeds 20 %. The exact concentrations of the phthalate con

taining ions are not calculated and only some general features of the 

solutions are used, i.e. addition of KjP will favour the Ρ concentra

tion and addition of HpP the H
2
P concentration. Generally addition of 

K-P or HpP will influence the ratio of potassium versus HP . 

The observed habit changes can be divided in three classes. 

First: the platy crystals of КАР are thinner when K
2
P is added and 

thicker after addition of H
2
P. The ratio of the growth rate of the side 

faces versus the growth rate of the {010} face is thus raised by a 

higher ratio of potassium versus phthalate. 

Second: if HpP is added, {121} faces are more often present. 

Third: the relative importance of {111} faces versus {110} faces is re

lated to the ratio of potassium versus phthalate. The surface ratio 

{111} versus {110} is raised after addition of KpP and sometimes {110} 

faces even completely disappear from the habit of the КАР crystals. The 

results are given in table 8. 

Interpretation of these observations is hindered by two unknown and 

probably face specific conditions. Firstly, both HpP and Ρ can be ad

sorbed on the crystal surface. In that case they may disturb the growth 

of a crystal face by growth retardation, caused by a slow surface reac

tion to form HP , or by a complete stop of the growth, when these ions 

act like an impurity. Secondly, the purity of the used Κ ρ and H
?
P is 

respectively 97 and 98Í, without information about the impurity type. 
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Nevertheless some general conclusions can be drawn. The growth of 

the side faces is favoured by a higher ratio of К : HP , which indi

cates, that potassium is rate determining for these faces. This influ

ence on the growth may even be more important for {110} which nearly 

disappears at a high ratio. The appearance of the {121} face, which is 

an SI-face, may result from the reduction of the growth rates of the 

side faces after addition of Η,Ρ, which can act as an impurity. This hy

pothesis is confirmed by the fact, that КАР and H
2
P can form mixed cry

stals, of which two types are reported in literature. Dodge [31] report

ed a mixed crystal with КАР : H
2
P = 2 : 1. This was denied by Smith 

[32], who reported mixed crystals with КАР : H P : H-O - 2 : 3 : 4, but 

this crystal type mainly has been observed at crystallization tempera

tures below 25
0
С. 

Table θ : Habit changes in relation to solution composition 

molar 

Η Ρ 
2 

0.05 

0.09 

0.16 

fraction of solute 

КАР 

0.53 

0.61 

0.75 

0.93 

1.00 

0.95 

0.91 

0.84 

Κ Ρ 
2 

0.47 

0.39 

0.25 

0.07 

surface ratio 

(111)/(110) 

7.4 

4.0 

2.4 

0.9 

0.6 

0.7 

0.4 

0.3 

5. Discussion 

The analysis of the stucture of potassium hydrogen phthalate by a PBC 

analysis and by the determination of the critical energies of the con

nected nets does not exactly predict the growth form of the crystals 

grown from aqueous solution. Probably this is caused by the fact, that 

the effective energies of the bonds in the crystal can not be calculated 

with sufficient accuracy. An other problem is the polar c-axis of the 

crystals, by which opposite faces of a slice (hkl) with h, к and 1 not 

equal to 0 are different. This problem is attacked by estimation of the 

rate determining factor of the crystallization process, attachment of 

К -ions, and it is concluded that growth in an [OOT] direction is 
favoured over growth in an [001] direction. 
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In the case of КАР another feature can influence the crystallization 

process, i.e. the fact that "intrinsic impurities" are present in the 

solution. These phthalate ions or phthalic acid may adsorb on the sur

face of a growing crystal. In this position they still can react at the 

surface to form the hydrogen phthalate ion and in that case they prob

ably only delay the growth rate. It is however also possible, that they 

do not react anymore and that they will act as an impurity, which can 

slow down the growth rate considerably. 

The growth rate measurements indicate a different growth mechanism of 

the side faces and the (010} face, despite the fact, that by surface mi-

crotopography on the {010}, {110} and {111} faces anisotropic spirals 

are found. At low supersaturations the {010} faces do not grow at all, 

while the side faces still grow. From the growth rate measurements of 

the {110} and {210} faces, a BCF like mechanism seems possible for the 

{110} faces. The habit changes, which are observed for crystals grown 

from solutions to which potassium phthalate or phthalic acid is added, 

are probably also a consequence of different growth mechanisms or dif

ferent growth rate determining processes. 
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CHAPTER Vili 

IN SITU MEASUREMENTS OF THE STEP KINETICS ON THE {010} FACE 

OF POTASSIUM HYDROGEN PHTHALATE 

L.A.M.J. Jetten, J.G.E. Gardeniers and P. Benneraa 

RIM Laboratory of Solid State Chemistry, Faculty of Science, 

University of Nijmegen, Toernooi veld, Nijmegen, The Netherlands 

1. Introduction 

Since the postulation of Frank [1], that a screw dislocation, emerg

ing at a crystal face provides a continuous step source from which a 

growth spiral can develop, numerous attemps have been made to observe 

these spirals. For the case of solution grown crystals spirals with very 

low steps have been observed recently by Sunagawa and Tsukamoto [2] on 

KCl and by van Enckevort [3] on several crystals. The disadvantage of 

these observations is the fact, that the surface morphology of the cry

stals only can be studied after removal of the crystals from the solu

tion. Even careful removal may partly damage the patterns on the cry

stal faces. 

To overcome this problem a method for the observation of growth 

steps, when the crystals are still in the solution, was developed by 

Tsukamoto [1], using transmission microscopy. A similar system, using 

reflection microscopy was developed at our department and observations 

of the surface phenomena on the {010} face of potassium hydrogen (or 

acid) phthalate, КАР, were reported before [5]. In this paper attention 

will be paid to the kinetics of steps on the {010} face of KAP. The 

velocity of the steps and the step spacing are determined in relation to 

the bulk supersaturation. 

In the theories, which have been developed to describe growth spirals 

and to explain the movement of spiral steps, as for instance in the so 

called BCF theory of Burton, Cabrera and Frank [6], the spiral pattern 

is assumed to be stationary. From our observations we must conclude, 

that the surface pattern on the face of a growing crystal is less sta

tionary as is assumed in the theoretical approaches. This hinders the 

measurement of the step kinetics, as for instance spirals, growing for 

some time, can suddenly be overgrown by step trains originating from 

other areas on the surface of the growing crystal. 
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To interpret the experimental results, the impurity theory of Cabrera 

and Vermilyea [7] is applied. The type of impurity will be discussed and 

the problems, which will arise from intrinsic impurities will be con

sidered. 

2. Experimental procedure 

The experiments are carried out in the flow system, which was 

described before [5]. The microscopic observations are recorded on video 

tape with a video camera, placed on the microscope. The step kinetics 

are measured afterwards by exact measurement of the patterns, which are 

reproduced on the monitor by the video recorder. During the measure

ments the temperature of the solution is measured close to the crystal 

by a copper-constantan thermocouple. The temperature is constant within 

0.03
o
C. The crystal is glued on the crystal holder with a cyano-acrylate 

glue, and it is cleaved just before it is placed in the growth cell. To 

get a stationary spiral pattern the experiments are started when the 

temperature in the cell is stable for about 15 minutes. From the record

ed observations step velocities and step frequencies are measured. The 

step velocities are measured on the monitor at a distance of about 25 μ 

from the centre of the spiral by measurement of the time, which a step 

needs to cover a calibrated distance. Measurement of the step spacing is 

hindered by the fact that the step spacing of the observed spirals is 

not always constant. The observed spiral steps are not mono molecular in 

height, for only steps with heights of at least 5 nm can be observed 

with the used video system. These steps probably originate from a group 

of cooperating dislocations, and this can give rise to deviations in 

step spacing [8]. In principle the most stationary spiral patterns are 

searched on the surface, and they are recorded. To overcome the problem 

of non constant step spacing, the step density is measured by counting 

the steps which cross a reference point on the monitor within a certain 

time interval. From the step velocity, v, and the step frequency, f, the 

mean step spacing, \Q Is calculated by 

λ
0
 - v/f (1) 

3. Determination of the relative supersaturation 

When КАР is dissolved in water two ions are formed, the potassium 

ion, Κ , and the nydrogen phthalate ion HP ion can react with water to 
p-

give phtalic acid, H-P, and the phthalate ion, Ρ . The equilibrium 

reactions and their constants are: 
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As the pH of КАР solutions is equal to 4.1, the concentrations of the 

three phthalate containing ions can be calculated [9]. This results in 

the following relative concentrations of these ions: x(HP ) = 90.1Î, 

x(P2") - 4.4* and x(H2P) = 5.5?. 

In the calculation of the relative supersaturation it is assumed that 

the ratio is constant, so the total amount of КАР is used to calculate 

the relative supersaturation, о. The concentration of the solution c(s) 

is determined by titration with NaOH with Phenolphthalein as an indica

tor. The equilibrium concentrations are calculated from the temperature 

measurement with the saturation curve given by Sole [10]. This relation 

between temperature and equilibrium concentration, c(t), can be ex

pressed by: 

c(t) = 9.283 - 0.059t + 0.0058t
2 

where c(t) is expressed in gram КАР per 100 ml water and t is the tem

perature in C. 

The relative supersaturation, α, is now calculated from the equilibrium 

concentrations at temperature t, and the actual concentration, c(s), by: 

о = (c(s) - c(t))/c(t) (2) 

4. Experimental results 

The spiral patterns of {010} КАР are not stationary, for spirals can 

be overgrown by macrosteps after some time, consequently a less regular 

surface structure is observed. The presented results are measured on the 

most perfect spirals, which are steady for some time. These measurements 

are made in three different solutions with saturation temperatures 

between 30-35
 0

C. On 8 different crystals the step velocity and the 

step frequency of 21 different spirals was measured. The generally ob

served anisotropic growth pattern of spirals on {010} KAP was reported 

before [5,11] and is given schematically in fig. 1. A typical example of 

a growing spiral is given in fig. 2. 

The step velocities and step frequencies are measured for both slower 

and faster growing steps. The step spacing is then calculated with equa

tion (1). 

k
b
-7.7 10 
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Figure 2. Typical example of a gr ng spiral. Time intervals : 5 sec. 

140 
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Figure 1. Scheme of a growth spiral on the {010} face 

^.1 Step velocity versus relative supersaturation. 

The plot of step velocity, v, versus relative supersaturation, о, is 

given in fig. 3· From the curve can be seen that the steps do not move 

when о is smaller than 2.76%. This implies that growth may be hindered 

by the presence of impurities. A possible mechanism for the influence 

of immobile impurities on the velocity steps has been given by Cabrera 

ans Vermilyea [7]. It is assumed,that impurity molecules adsorb at the 

surface and that they form a rigid superlattice on the crystal face 

under consideration. A moving step will be stopped by a pair of impuri

ties, which are less than 2r* apart and will squeeze itself between 

pairs of impurities that are more than 2r* apart. The average velocity 

of the steps will now be smaller than the velocity, v(0), which they 

would have In the absence of impurities. The reduction in velocity is 

estimated by the approximate expression: 

ν = v(0) ( 1 - 2 г * п
з
]

/ 2
)

1 / 2
 (3) 

where η is the average density of impurities. This equation was ob

tained by assuming a lattice of impurities, at a distance of η from 

each other. In eq. (3) r* the radius of the critical two-dimensional nu

cleus is given by: 

r* = Ya/l<To=d
1
o (4) 

In equation (4) ϊ is the edge free energy per growth unit in a step, a 

is the distance between growth units, к is the Boltzmann constant, Τ is 

the absolute temperature, о is the relative supersaturation and d ^ 

Ya/kT is the capillarity length. 

The way in which v(0) should be expressed is not quite clear. In the 

case of the {010} face of КАР growth proceeds via straight steps of an

isotropic spirals. This can probably be compared with the velocity of a 

step with infinite radius in the spiral growth theory of Burton, Cabrera 

and Frank [6]. In this surface diffusion model an expression for the 

velocity of a step with infinite radius was given by Bennema [12] by: 

141 



9 

i 

/ 

lx* 
if' -a In 4,—-

-4—^-*-ι 1 1 1 1 

50, 

Figure 3. Step velocity versus relative supersaturation Figure 4. Step spacing versus relative supersaturation 
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v(») - (
2
C

D

a
n

3 0
f

0
o/X) tanh (λ

0
/2λ) (5) 

Неге ζ Is a retarding factor for the entrance of growth units in a step, 
D is the surface diffusion constant, η „ the saturation concentration 

3 2 so 

per cm and λ is the mean displacement per growth unit before it enters 

a step. The meaning of о and λ
0
 is the same аз given before in equation 

(1). 

As the BCF model has been developed for the case of a perfect isotro

pic spiral with steps of monomolecular height, it can in principle not 

be applied directly on the anisotropic spirals on the {010} face of KAP. 

The analogy between anisotropic and isotropic spirals was discussed by 

Muller-Krumbhaar [13], who showed that the step spacing of an anisotro

pic spiral varies between 8r* and 19Г*, depending on the temperature. 

Budevski [14] determined a value of 19r* for regular anisotropic 

spirals. This is in agreement with the value of 19r*, found by Cabrera 

[15] for an isotropic spiral and therefore we assume that the velocity 

of steps of an anisotropic spiral can also be described with equation 

(5). In equation (5) the parameters D
g l
 λ

0
 and λ are all functions of 

o. The exact relations are not known, and the dependence may be dif

ferent in the case of an anisotropic macrospiral on КАР. To overcome 

these uncertainties a simple power law is used, to describe the relation 

between v(0) and o. 

v(0) - Ao
B
 (6) 

Combination of equation (6) with equation (Ό gives: 

ν = Ao
B
[1 - f(i)/o]

1 / 2
 (7) 

where: 

m, . 2 V s ; ' 2 

The value of f(i) can be determined from the curves of fig. 3- The 

square root is not defined, if f(i)/o > 1, so f(i) must be equal to the 

value of о at which the steps start to move. From fig. 3 this critical 

value is determined and it follows that f(i) « 2.78 %. The curves of 
fig. 3 are fitted to equation (7) with a computerprogram, based on the 

reduction of the sum of squares of the deviation between experimental 

and fitted data, which is given by ΣΔ . The fast side of the spiral, 

direction 1 and 2 in fig. 1, is running in the [00Ï] direction as shown 
in a PBC analysis [16]. The slow side, directions 3 and Ί in fig. 1, is 

running in the [001] direction. 
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Table 1 : Fit parameters of ν versus о 

? 
Α Β Σ Δ 

[00?] steps 3.59 0.287 4.8 

0.97 1 18.9 

5.89 0 7.8 

[001] steps 135 -0.105 0.3
1
» 

0.18 1 1.19 

1.12 0 0.35 

The results of the fitting procedure are given in table 1. If both A 

and В are fitted the result for В is a little bit strange in the case of 

the [001] steps. Two other fits are tried in which В is set equal to 1, 

respectively 0. In that case a good fit is achieved if В is set equal to 

zero. However, this result seems questionable, as It is not expected 

that the velocity of a straight step is independent on o. So our general 

conclusion is that В will be in between 0 and 1 and probably closer to 

zero. The result which is given for the slower steps with this fitting 

procedure is probably less reliable, but this can be expected as the ac

curacy of the measurement of the slow steps is relatively low compared 

to the measurement of the fast steps. 

ij.2 The relation between step spacing and о 

In fig. Ι the relation between λ. and о is plotted, both for slower 

and for faster steps. The step spacing for an isotropic spiral is deter

mined by Cabrera and Levine [15] and given by: 

λ
0
 - 19r* (9) 

It was proven by Budevski [14] that this relation also can be used in 

the case of regular anisotropic spirals. We already mentioned that on 

the {010} surface of КАР only measurements are made on steps, which are 

higher than the unit lattice parameter normal to the {010} face. The 

macrospirals are generated from a group of cooperating screw disloca

tions. From the BCF approach [6,12], assuming spiral steps of monoatom-

ic height, the step spacing λ. will be reduced, if several screw dislo

cations of the same sign cooperate, and λ
η
 is given by: 
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λ
0
 - 19 d^so (IO) 

where з is the number of cooperating spirals. For {010} КАР, however, it 

seems that the spirals cooperate by raising the height of the steps, and 

not by reducing λ
η
 as in the case of pure BCF, for spirals with very 

heigh steps are observed and the dispersion in λ
η
 is not very big, as 

can be seen in fig.
1
). 

So the results of step spacing versus relative supersaturation are 

fitted with a linear regression fit with: 

λ
0
 = Q/o (11) 

where: 

Q = 19 d^s (12) 

For the slower moving steps this gives Q = 0.26 ± 0.02 and for the fas

ter moving steps Q - 1.05 ± 0.04, if о is given in percentages. 

It is assumed that dislocations with Burgers vector larger than one 

unit lattice translation can not be expected, because of the very large 

stress which they would cause. In that case the macrospirals on the 

{010] face of КАР are formed by groups of screw dislocations. The 

cooperation of these dislocations has however little influence on the 

step spacing and mainly influences the height of the macrosteps, in 

analogy with rythmical bunching proposed by Sunagawa and Bennema [Θ]. 

5. Discussion 

From the observations and measured kinetics of the spiral steps on 

the {010} face of КАР some general conclusions can be drawn. From the 

plots of step spacing versus a in fig. 4 it seems that the number of 

cooperating spirals does not have an important influence on the step 

spacing. We suggest that the cooperation of the spirals is expressed in 

the formation of macrospirals. Definitive conclusions can not be drawn. 

The spiral steps for which the kinetics are measured are all in the 

range of 5 to 20 nm heigh. The heights are estimated from the linewidth 

of the steps observed on the monitor, which have been calibrated before 

on a crystal which was removed from the solution, using two beam inter-

ferometry [11]. 

From the values of Q, which are determined from the plots in fig.4, 

the capillarity length d
1
 can be estimated using equation (10). From 

the heights of the steps given above the number of cooperating disloca

tions is calculated to vary from Ц to 15. Equation (12) can now be used 
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to estimate d
1
. For the slow growing steps with Q=2.6 nm the result is 

given by 0.55 nm < d. < 2.1 nm. For the fast growing steps with Q-10.5 

nm this gives 2.2 nm < d
1
 < 8.3 nm. In further calculations a mean 

value, d. - Ц nm, will be used. The distance beween growth units, a, is 
in the order of 1 nm, so from the value of d, it follows, that Y/kT = 4, 

a quite reasonable value. The factor f(i) is determined from the plot of 

ν versus о and is equal to 2.78%. The mean distance between Impurities 

can now be estimated from equation (8) and this gives η . - 288 nm. 

For a <101> step on the {010} face of КАР this implies, that 1 impur

ity per 300 growth units can stop the growth of this step, if о is lower 

than 2.78$. Refering to the rigid lattice of impurities, which is as

sumed in the used model, this means that only 1 per 90,000 lattice sites 

is occupied with an impurity. The impurities can in principle be present 

in the material used in the preparation of the solution. The purity of 

the used КАР is 99.8$ and iron and lead ions are known to be present in 

concentrations less than 0.0005 weight percent. These ions may have a 

severe influence on the step kinetics on the {010} face of КАР, and it 

is already observed, that the growth of spiral steps on the {010} face 

of КАР can be stopped by addition of chromium ions [17]. 

An other possible explanation, however, is based on the presence of 
2-

Η,Ρ and Ρ in a solution of KAP in water. The relative concentrations 

of these components are about 5Ϊ. After incorporation in a step these 

ions can react with water to form HP ions, which Is the expected growth 

unit of KAP. This mechanism will slow down the growth rate but a com

plete standstill of the steps can only be expected if such a reaction of 

HpP and Ρ is completely hindered some positions of the interface. This 

hypothesis can not be overlooked, for both Smith [18] and Dodge [19] 

have reported the formation of mixed crystals of КАР and H.P. 

An other interesting question is which growth unit is rate determin

ing, К or HP . In the PBC analysis, reported before [16], it was con

cluded, that the potassium ion is rate determining. The energies of the 

Coulomb interactions for attachment of К -ions to the <101> steps in the 

<001> directions were determined. The difference in these energies is 

determined by bond a = -91.83 kcal/mol for [001] and by bond b - -102.64 

kcal/mol for [00T] and is equal to 10.8 kcal/mol. From the broken bond 

model a proportionality between the energy of the broken bonds and the 

edge free energy is well known. The ratio of the edge free energies 

between the slower <101> steps running in the [001] direction and the 

faster <101> steps running in the [OOT] direction is proportional to the 

relation between Q-factors in fig.4 and given by : 

γ[οοϊ] = 4Ύ[ΟΟΙ] 

This implies that the broken bond energy of steps running in the direc

tion [001] is four times that energy of steps running in the direction 

[001]. We assume, that the effective attachment energy of К -ions for 

the steps moving in the [OOT] direction, given by a*, is proportional to 

Ύ[ΟθΤ] and that this energy for steps moving in the direction [001], 

given by b», is proportional to Ύ[001]. By combination of these data 
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the effective attachment energies for incorporation of the К -ions, 

given by a* and b*, are determined. This gives a* - -3.6 kcal/mol and 

b* = -14.1) kcal/mol. 

The low values of these energies will now be made plausible from a 

physical point of view with a* as an example. The bonds, which are 

formed by attachment of а К -ion to a <101> step, moving in the [001] 

direction, are given by a+d or a+d+c [16]. The total energy is in 

between -191 and -312 kcal/mol, but this energy must be reduced consid

erably to account for the repulsive Coulomb interactions. If the same 

reduction factor is used as found for NaCl by comparison of the Madelung 

energy with the attractive Coulomb energy of nearest neighbours [20], 

this gives that this energy varies between -57 and -9^ kcal/mol. The 

difference between this energy and a* is in the order of the hydration 

energy of potassium ions, which is equal to 84 kcal/mol [21]. 

Considering the high hydration energy of potassium ions, it seems 

nearly impossible that they can be adsorbed on the {010} faces. It has 

been shown before, that the attachment energy of К on the {010} face of 

КАР is -3.1 kcal/mol. This implies, that surface diffusion is unlikely 

and that growth of the <101> steps on the {010} faces proceeds via a 

direct step integration mechanism. This mechanism can also be concluded 

from an equal step velocity of low and high steps, which was suggested 

before [11] and also is observed in the experiments described in this 

paper. 
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CHAPTER IX 

IN SITU OBSERVATIONS WITH DIGITAL VIDEO EQUIPMENT 

L.A.M.J. Jetten, J.W.M, van Kessel and L.C.E.J.M, ten Horn * 

RIM Laboratory of Solid State Chemistry, Faculty of Science, 

University of Nijmegen, Toernooi'veld, Nijmegen, The Netherlands 

* Department of Electronics 

1. Introduction 

Surface microtopography of faces of a crystal is a powerful method to 

study the surface morphology and to reveal the growth mechanism [1]. 

However, observations on the surface of a crystal growing from solution 

have untili recently only been possible after removal of the crystal 

from the solution. This can give rise to damage of the surface struc

ture. 

An other method to reveal the growth characteristics of a crystal, is 

the measurement of he growth kinetics of a crystal face, when the cry

stal is growing from a supersaturated solution under well defined condi

tions. The methods, which can be used, are the weighing method [2,3], 

the rotating disc [4], a travelling microscope or time lapse photography 

C5]. 

If surface microtopography and measurement of growth kinetics are 

combined, the surface processes of a crystal can be studied directly, 

when the crystal is still growing from the mother phase. An In situ ob

servation technique, where a video camera is used, has recently been in

troduced by Tsukamoto [6]. With this experimental system also digitized 

pictures can be produced. 

The results of in situ observations on the {010} face of potassium 

hydrogen phthalate (КАР) with a standard video camera have been shown 

before [7]. In this paper the first results of in situ observations with 

a specially developed digital video equipment, with which digitized pic

tures can be produced, are presented for {010} KAP. 
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Figure 1. Schematical set up of the video equipment 

i ̂ ^ ¿ j 

'Щ 
à % W . 1 ^ ^ ^ ^ І Р Ч 

кі 

. 

у̂  
^ 

Figure 2. Analogue (a) and digitized (b) image of a spiral 

on the {010} face of КАР 
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2. Experimental s e t up 

The experimental system used i s in p r i n c i p l e i d e n t i c a l t o the system, 
which has been described before [ 7 ] . The difference i s the replacement 
of the analogue video camera by the d i g i t a l video equipment. In t h i s se t 
up a CCD (Charged Coupled Device) i s used as a camera. The used CCD i s 
an array of ISS.IHO photo s e n s i t i v e c e l l s ( p i x e l s ) , arranged in 488 
l i n e s of 380 p ixe l s each. This arrangement i s an advantage in the d i g i -
taz ion of an image, for each pixel has a f ixed memory pos i t i on in the 
memory of the microprocessor. 

Some f ea tu r e s of t h i s video system, which i s presented schematical ly 
in f ig .1 , a r e : 
- Both analogue and d i g i t i z e d video images can be produced by proper 

i n s t r u c t i o n s of the microprocessor. 
- If the CCD i s cooled by a P e l t i e r element, the r e l a t i o n between s i g 

nal and noise i s improved. 
- I t i s impossible t o damage the camera by a high l i g h t I n t e n s i t y , as 

can happen If a vi di con tube i s used. 

The microprocessor i s used to give the i n s t r u c t i o n s , whether analogue or 
d i g i t i z e d Images are wanted. If analogue images are to be produced, the 
analogue s i g n a l s of the p ixe l s are read and they are d i r e c t l y combined 
in l i n e s to give a video s i g n a l , which i s v i s i b l e on the monitor. The 
cont ras t and the black leve l of t h i s s igna l can be changed by analogue 
e l e c t r o n i c s . 

When an image i s d i g i t i z e d , only a pa r t of the image of the CCD i s 
d i g i t i z e d , t o save memory s i ze and the Image i s s tored in a 32K-byte 
RAM, the main memory of the system. An area of 256 times 256 p i x e l s i s 
d i g i t i z e d and each of these 6^K p ixe l s i s s to red in a four b i t ar ray of 
the 32K, 8 b i t RAM. So the s ignal of the p ixe l s i s divided in 16 in t en 
s i t y l e v e l s , in the range from black to whi te . 

The European t e l e v i s i o n system i s based on a frequency of 50 Hz and 
each second 25 complete images, which are composed of 25 even l i n e s and 
25 uneven l i n e s , are produced. This impl ies , t ha t the video system must 
be able to produce 25 complete d i g i t i z e d Images per second, if a d i g i 
t i zed video fi lm i s produced. To f u l f i l l these high demands for the 
speed of d i g i t a z i o n , a high performance hardware processor was con
s t r u c t e d , with which one d i g i t i z e d image can be produced in 40 mi l 
l i s econds . 

The most i n t e r e s t i n g fea tu re of a d i g i t i z e d image i s the opt ion , tha t 
the image can be improved numerically and tha t d i f fe ren t images can be 
compared numerical ly . To perform some r e l a t i v e l y easy c a l c u l a t i o n s , a 
second 32K-byte RAM i s used as an ex t r a memory. A p i c t u r e , which i s 
s tored in the main memory, can be t r ans fe r ed to t h i s second memory. 
After some time a new image can be s to red in the main memory and t h i s 
one can be compared with the former image in the second memory by sub
t r a c t i o n of the former image and s to rage of the d i f f e r e n t i a l image in 
the main memory. In t h i s way the changements during the time period are 
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Figure 3. Digitized images of steps, originating from two groups 
of cooperating spirals, with different sign. 
Time intervals : 5 sec. 
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Figure Ч. Illustration of the subtraction procedure 
a) spiral at t=0 sec; b) spiral at t=10 sec. 

c) Subtraction of b from a; d) Subtraction of b from с 
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made visible, while disturbances of the Images by for instance inclu

sions are canceled. A method for improvement of a single image is a 

Fourier analysis, however in that case a more powerful computer is need

ed. We planned to expand the video system with a floppy disc drive. In 

that case an image can be stored on a floppy disc, which can be read by 

the more powerful computer to do the calculations for a Fourier 

analysis. This part of the system is not ready yet. 

3. Experimental results 

The first experiments with the CCD video camera are made for the ob

servation of step movements on the {010} face of potassium hydrogen 

phthalate (КАР).This material needs no futher introduction (see chapters 

V to VIII), so in this chapter we will only present the first results of 

the experiments, where the crystals are growing in the flow system, 

which has been described before [7]. The given photographs are made from 

the images on the monitor. 

In fig.2 a growth spiral on {010} КАР is shown. The analogue image of 

this spiral is shown in fig.2a. In fig.2b the digitized version of this 

image is given. In fig.3 a series of digitized images of a spiral pat

tern, formed by two groups of cooperating spirals with opposite sign is 

given. In fig.
1
) an example is shown of the subtraction procedure. Fig.4a 

is the image at time, t=0 and fig.^b at t-10 seconds. By subtraction of 

4a from 4b fig.4c is generated. If 4b is again subtracted from 4c the 

image given in fig.4d is generated. The figures 2, 3 and 4 clearly il

lustrate the features of the digital video system. 
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Samenvatting 

In dit proefschrift wordt de groei van kristallen uit de vloeibare fase 
bestudeerd. Er wordt aandacht besteed aan morfologie, oppervlakte struc
tuur en groeikinetiek. Verscheidene experimentele methoden worden 
beschreven. In al deze experimenten wordt bij de observaties en de 
metingen gebruik gemaakt van optische microscopie. Ter interpretatie van 
de experimentele resultaten worden reeds bestaande theoretische benade
ringen gebruikt, indien mogelijk. In enige gevallen worden de bestaande 
theorieën verder ontwikkeld in formalismen, die beter overeenkomen met 
de experimentele omstandigheden bij de het groeien van kristallen uit de 
oplossing. 

Dit proefschrift kan verdeeld worden in twee hoofdgedeelten, namelijk 
de groei van organische kristallen en de groei van kristallen van kalium 
waterstof ftalaat. De groei van organische kristalen wordt beschreven 
in de hoofdstukken I t/ra IV. In hoofdstuk I wordt de groei van bifenyl 
in verschillende organische oplosmiddelen en de smelt bestudeerd. De 
waargenomen verschijnselen worden verklaard d.m.v. berekening van de ot
en de oR-factoren, die een maat zijn voor de overgang van een glad naar 
een ruw "interface". In hoodstuk II wordt het gebruikte formalisme 
geëvalueerd en een exacter formalisme wordt ontwikkeld voor een kristal 
in thermodynamisch evenwicht met een reguliere oplossing. Dit forma
lisme wordt gebruikt bij het interpreteren van de verruwingovergang van 
kristal vlakken van naftaleen kristallen, die groeien in een oplossing in 
toluene. In hoofdstuk III wordt de invloed van biphenyl als veront
reiniging op de groeikinetiek van naftaleen kristallen beschreven en de 
resultaten worden geïnterpreteerd met een Langmuir absorptie mechanisme. 
In hoofdstuk IV wordt de morfology van benzofenon bepaald. In dit geval 
kan het in hoofdstuk II ontwikkelde formalisme niet gebruikt worden 
vanwege een ingewikkeldere kristalstructuur van benzofenon. Een onlangs 
ontwikkelde methode, gebaseerd op de berekening van de kritische tem
peratuur in een twee dimensionaal netwerk, geeft een goede overeenstem
ming met de experimenteel bepaalde morfologie van benzofenon. 

In de hoofdstukken V t/m IX wordt de groei van kristallen van kalium 
waterstof ftalaat (KAP) bestudeerd. In hoofdstuk V wordt het {010} vlak 
van KAP bestudeerd m.b.v. microtopografie van het oppervlak. In 
hoofdstuk VI wordt het gebruik van een video camera bij in situ observa
ties van het oppervlak van een kristal, dat groeit In een oververzadigde 
oplossing, geïntroduceerd. De beweging van treden en andere oppervakte 
verschijnselen op het {010} vlak van KAP worden gerapporteerd. In 
hoofdstuk VII wordt een structuur analyse van KAP gegeven, de 
groeikinetiek van van de zijvlakken van KAP worden gemeten in een 
stromende oplossing en de oppervlakte microtopografie van de verschil
lende kristalvlakken van KAP wordt bestudeerd. Het groeigedrag van KAP 
wordt beschreven na combinatie van deze resultaten. Bijzondere aandacht 
wordt besteed aan de invloed van onzuiverheden en het karakter ervan, 
namelijk vreemde ionen of verbindigen, die in chemisch evenwicht zijn 
met het waterstof ftalaat ion. In hoofdstuk VIII wordt verslag gedaan 
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van de kinetiek van de treden op het {010} vlak van KAP, gemeten m.b.v. 
het video systeem. Bij de interpretatie van de resultaten wordt rekening 
gehouden met de invloed van onzuiverheden op de beweging van spiraal-
treden. Ook wordt opnieuw de invloed van chemische evenwichten aan het 
oppervlak besproken. In hoofdstuk IX worden de eerste voorlopige resul
taten met onlangs ontwikkelde digitale video apparatuur gepresenteerd. 
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STELLINGEN 

) De zogenaamde submicroscopische defecten of inclusies in KDP kris

tallen, die een belangrijke rol spelen bij de beschadiging van KDP 

kristallen door puls-lasers met een hoog vermogen, kunnen waar

schijnlijk met donkerveld microscopie worden aangetoond. 

J. Swain, S. Stokowski, D. Milam en F. Rainer, Appi. Phys. Lett. 40 

(1982) 350 

) Bij het bepalen van de maximale onderkoeling, waarbij nucleatie 

plaatsvindt, houden Leci et al. geen rekening met het tijdsinterval 

tussen het onstaan van een kiem en het bereiken van een waarneem

bare grootte van een kiem. 

C L . Leci, N. Garti, en S. Sarig, J. Crystal Growth 51 (1981) 85 

) Het door Cadoret voorgestelde en door Gentner gebruikte mechanisme 

voor de stabilisatie van het (001) vlak van GaAs o.i.v. van chloor 

adsorptie is onjuist. 

R. Cadoret, L. Hollan, J.B. Logau, M. Oberlin en Λ. Oberlin, J. 

Crystal Growth ?9 (1975) 187 

J.-L. Gentner, Thesis, Universiteit van Clermont, (1981) p.111 

) De suggestie van Saitoh et. al., dat het selectief etsen van n-type 

GaAs met een CrO -HF-AgNO- oplossing via een diffusie gecontroleerd 

proces verloopt is onjuist. 

T. Saitoh, S. Matsubara en S. Minagawa, J. Flectrochem. Soc. 122 

(1975) 670 

) De aanwezigheid van {?01 } vlakken op kristallen van bifenyl en naf-

taleen is door Podolinski en Drykin ten onrechte niet gerelateerd 

aan de groeikinetiek van de verschillende kristalvlakken. 

V.V. Podolinski en V.G. Drykin, J. Crystal Growth 6? (1983) 53? 



6) In situ observaties van oppervlakte processen tonen aan, dat een 
kristallisatieproces veel minder stationair verloopt dan men in het 
algemeen aanneemt. 

7) Het verdient aanbeveling de zogenaamde referee's van wetenschap
pelijke tijdschriften te binden aan een tijdslimiet. 

8) Bij de interpretatie van kristalgroei uit de oplossing is het juist 
het gedrag van de oplossing, dat de meeste problemen geeft bij de 
oplossing van de probleemstelling. 

9) De constatering van de inspecteurs van onderwijs, dat de midden
school een flop is, was reeds bij de start van de experimenten 
voorspelbaar. 

10) Het verweer van de tweede kamer tegen het invoeren van de 
mogelijkheid tot een referendum is in strijd met democratische 
principes. 

11) In de topatletiek is het begrip amateurisme slechts van toepassing 
op de wijze waarop bestuurders de normen voor een amateurstatus 
proberen te omschrijven. 

12) De slagzin " Diamonds are forever " kan het beste geïnterpreteerd 
worden met :" Een eenmaal gekochte diamant kan men niet meer voor 
een redelijke prijs van de hand doen ". 

Louis Jetten 
Nijmegen, 2 december 1983 






