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Contact angles of water and formamide droplets on a ruby crystal grown from MoO3 flux were determined. The
specific surface free energies of the ð11�223Þ and (0001) faces, calculated using the Fowkes approximation, were 48� 1

and 65� 1mNm�1, respectively. The length of the normal lines from the center of the crystal to ð11�223Þ and (0001) faces
were 1.06 and 1.45mm, respectively. The relationship between the specific surface free energy and the morphology of
the crystal satisfies Wulff’s relationship.

Specific surface free energy can be used to determine the
stability of a crystal surface and the morphology of single crys-
tal, and it can be described by Wulff’s relationship,1

� i

hi
¼ constant; ð1Þ

where � i is the specific surface free energy of the i-th (arbi-
trary) face of the crystal and hi is the length of the normal line
to the i-th face from Wulff’s point in the crystal. In spite of
theoretical significance, there are very few experimental ap-
proaches for measuring the specific surface free energy. So
far, we have experimentally tried to determine the specific sur-
face free energy of single crystals of chlorapatie, using the
contact angles of liquids on the crystal surfaces.2–5 According
to Eq. 1, the ratio of the specific surface free energy should be
equal to that of the length of the perpendicular lines to the sur-
face from Wulff’s point, i.e., hi=hj ¼ � i=� j. We have reported
that the relationship between two different surfaces of chlora-
patite, i.e., ð10�111Þ and ð10�110Þ, roughly satisfied Wulff’s rela-
tionship.5

Recently, we synthesized hexagonal bipyramidal ruby crys-
tals from a MoO3 flux.

6,7 As well, lead compound fluxes, such
as PbF2, PbO-B2O3, or PbO-PbF2 produce ruby crystals with a
platelike habit and well-defined (0001) faces.8 In this paper,
we report the specific surface free energy of bipyramidal ruby
crystals grown from a MoO3 flux in order to explain the mor-
phology of the bypyramidal ruby crystal.

Experimental

Ruby crystals were synthesized using a MoO3 flux.6,7 The de-
tails of the synthesis of the sample crystal are described else-
where.6,7 The form of ruby crystal was a hexagonal bipyramidal
with ð11�223Þ faces and small (0001) end faces. The sizes of the
crystals were /3mm in length and <2mm in width. The synthe-
sized crystal was sonicated with ethanol and thoroughly dried. A
well-formed single crystal was fixed on a glass plate using a small
piece of clay for contact angle measurement. The sample liquid
was dropped onto the crystal using a micropipet. The droplets with

a volume of �0:1mm3 were observed using a digital camera
(Nikon COOLPIX 910) with a magnifying lens (Nikon 8 � 20D).
Figures 1 and 2 show photographs of droplets of distilled water
and formamide on the edge between the ð11�223Þ and (0001) faces
of a ruby crystal, respectively. Because the crystals were so small,
it was difficult to settle a droplet onto a single face of the crystal.
We attempted to place the droplet in the same position for each
measurement. After each photograph with the droplet, the crystal
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Fig. 1. A photograph of water droplet on the edge between
the (0001) and ð11�223Þ faces of ruby crystal.
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Fig. 2. A photograph of formamide droplet on the edge
between the (0001) and ð11�223Þ faces of ruby crystal.
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was sonicated with ethanol again and well dried. We took more
than 200 photographs and used the photos, in which the boundary
between the liquid and solid was clearly recognized. The contact
angles of the droplets on the ð11�223Þ and (0001) faces, denoted as
�ð11�223Þ and �ð0001Þ, respectively, were measured manually using a
graduator and printed photographs.

Results

The measured contact angles of water droplets on a ruby
crystal are summarized in Fig. 3. The contact angle for the wa-
ter droplet had a wide distribution on the ð11�223Þ face, �ð11�223Þ,
with a peak at 56�, a minimum at 36� and a maximum at
64�. Likewise, the peak angle on the (0001) face, �ð0001Þ, was
30�, and the distribution range was 20� � �ð0001Þ � 50�. The
corresponding peaks of �ð11�223Þ and �ð0001Þ for the formamide
droplets, shown in Fig. 4, were 40 and 10�. The range of their
distributions was 22� � �ð11�223Þ � 50� and 6� � �ð0001Þ � 30�.
In summary, �ð11�223Þ was significantly larger than �ð0001Þ for
both liquids, and both contact angles for formamide were
smaller than those for water.

Discussion

Though the error in the contact angle measurement was
considered to be less than �1�, the distribution of the contact

angles was very wide, as shown in Figs. 3 and 4. Such a wide
distribution of the contact angles was also observed in our pre-
vious study for chlorapatite crystals.3,5 If the surface of the
crystal was ideally flat and uniform, the specific surface free
energy should be uniquely determined and the distribution
of the observed contact angles should converge to within the
measurement error. However, the real surface has a lot of de-
fects of atomic scale, such as steps, even though the electron
microscope picture shows a smooth flat surface. The real spe-
cific surface free energy can be described as a combination of
an ideal specific surface free energy of the terrace, � terr, and
the step free energy, �, as

�S ¼ � terr þ L� ð2Þ

where L is density (length per unit area) of the step. � terr and �
are characteristic for the face of the crystal, but L is not unique:
probably the steps are randomly distributed on the surface.
This random distribution of the step may cause the wide distri-
bution in the observed contact angles of liquid droplets. In the
real growing process of the crystal, the growth rate of each
face is determined by its representative value of the specific
surface free energies. Therefore, the most frequent value of
the contact angles should reflect the effective specific surface
free energy of the growing crystal surface.

The values of specific surface free energy, �S, can be ob-
tained from the contact angle of the liquid, �, using the Fowkes
approximation,9 and Wu’s harmonic and geometric mean
equations10 as

�LVð1þ cos �Þ ¼ 4
�d
LV�

d
S

�d
LV þ �d

S

þ
�p
LV�

p
S

�p
LV þ �p
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� �
; ð3Þ

�LVð1þ cos �Þ ¼ 2ðð�d
LV�
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1=2 þ ð�p
LV�

p
SÞ

1=2Þ; ð4Þ

where �LV is the surface tension of the liquid, �d
S and �

p
S are the

dispersion and polar components of the specific surface free
energy of the solid, respectively, and �d

LV and �p
LV are those

of the surface tension of the liquid, respectively. These equa-
tions are widely accepted for use in studies on the surface free
energy of polymer surfaces.11–19 We have also used the equa-
tions for calculating of the specific surface free energies of
chlorapatite crystals3,5 and have discussed the relationship be-
tween the specific surface free energy and the morphology of
the crystals.3 The specific surface free energies of the ð11�223Þ
and (0001) faces were calculated using the most frequent value
of contact angles measured for water and formamide. The polar
and dispersed components of the liquid were taken from previ-
ously reported data.11 The specific surface free energy for the
(0001) face (�ð0001Þ) was 66mNm�1 from the harmonic mean
equation and 64mNm�1 from the geometric mean equation
and that for the ð11�223Þ face (� ð11�223Þ) was 49mNm�1 from the
harmonic mean equation and 47mNm�1 from the geometric
mean equation. The value of specific surface free energy calcu-
lated from the most frequent values of the contact angles for the
ð11�223Þ face was smaller than that for the (0001) face, which
means that the former face is more stable than the latter face.
The ratio of � ð0001Þ=�ð11�223Þ was 1.35. The hð0001Þ and hð11�223Þ,
measured from the photograph, were 1.45 and 1.06mm, respec-
tively, as shown in Fig. 5. The ratio of length of the normal
lines was hð0001Þ=hð11�223Þ ¼ 1:37. This agreement between the
ratios of � and h satisfy Wulff’s relationship.
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Fig. 3. Number of observations of contact angles, �ð0001Þ
and �ð11�223Þ, for water droplets on ruby crystal.
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Fig. 4. Number of observations of contact angles, �ð0001Þ
and �ð11�223Þ, for formamide droplets on ruby crystal.
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Conclusion

The approximation of Fowkes and the geometric and har-
monic means by Wu were used to calculate the specific surface
free energy of a ruby single crystal from the contact angle of
liquids on the surface. The experimentally obtained specific
surface free energies satisfy Wulff’s relationship, even with
a grown shape crystal.

This research was supported by the CLUSTER of the Min-
istry of Education, Culture, Sports, Science and Technology.
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Fig. 5. Morphology of the observed ruby crystal.
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