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Complex formation of nickel(b) with 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol (HL) and the aggregation of
the monomer complex at the heptane-water interface have been kinetically studied by using centrifugal liquid membrane
(CLM) spectrophotometry. The interfacial aggregation of ligand in NiL2 complex was observed as the growth of a
remarkably intense and narrow absorption band (J-band) at 588 nm, showing a bathochromic shift from the absorption
maximum of the monomer complex (569 nm), accompanied by a decrease of the absorbance of the free ligand at 452
nm. The formation of aggregate was initiated when the interfacial concentration of the monomer complex attained the
critical aggregation concentration (cac) of 2:4� 10�10 mol cm�2. The initial formation rate of the interfacial aggregate
was proportional to concentrations of both free Ni(b) and free ligand after the attainment of cac. The observed rate
constant for the aggregation, 4:1� 101 M�1 s�1, was smaller than the formation rate constant of NiL2 complex at the
interface. A long period observation of the profile of absorbance change showed an oscillation of the interfacial
aggregate concentration until all of the ligand was consumed, suggesting a subsequent flocculation of the aggregate
in the rotating cell.

Formation and structure of molecular aggregates have be-
come an attractive subject in various fields of chemistry.1 H-
or J-Aggregates, which refer to the molecular arrangement of
face-to-face or edge-to-edge, respectively, have been reported
for various organic dye systems.2 H-Aggregates exhibit hyp-
sochromic effect by the blue shift of H-bands, while in J-ag-
gregates bathochromic shifts can be observed in J-bands. The
red-shifted spectra of J-aggregates are caused from a strong
electronic coupling of several monomers and are characterized
by a narrow and intense excitonic absorption band, which is
not observed in the monomer.3 However, H-aggregates do not
have such a sharp band as J-aggregates do. Complete analysis
of the characteristic bands and their relation to molecular ar-
rangement in the J-aggregate can be elucidated by a detailed
investigation of their spectroscopic properties, such as absorp-
tion and emission spectra and the fluorescence life-time.4 The
structural, kinetic and spectroscopic studies on H- and J-ag-
gregates can provide useful information for understanding mo-
lecular interactions in aggregation process.5

Many studies have been published on the J-aggregate for-
mation of cyanine dyes in aqueous solution,3;6{10 following the
original studies of Scheibe11 and Jelley.12 Cyanine dyes ad-
sorbed on silver halide grains13{15 and merocyanine under UV
illumination in non-polar solvent16 showed remarkable
aggregation. J-Aggregate of several porphyrins was studied
in homogeneous solutions1;17;18 or in the heterogeneous sys-
tems,19{22 and the aggregation of xanthene dyes23;24 was re-
ported as well.

Aggregation and assembling of ligand molecules in metal
complexes at the liquid-liquid interface is also conceivable,
because at the interface of metal extraction system a two-di-

mensional saturation state was attained very often. However,
to our knowledge, the interfacial aggregation of tetrapyridyl-
porphine bridged by Pd(b) is the only example25 measured at
the liquid-liquid interface. There was no report in the litera-
ture on the aggregation of a Werner-type metal complex at the
liquid-liquid interfaces, probably because such study of aggre-
gate formation at interfaces requires sensitive and selective
measurement techniques for the detection of the interfacial
adsorption and reaction.

In this paper, we report an interfacial formation of an ag-
gregate of bis[2-(5-bromo-2-pyridylazo)-5-diethylaminophe-
nolato]nickel(b) complex, abbreviated as NiL2 in the hep-
tane-water system. A self-assembled growth of aggregate
was found out by an in situ method of a centrifugal liquid
membrane (CLM) spectrophotometry that has been originally
developed in our laboratory.26 By changing concentrations of
the ligand and nickel ion, we could measure separately the
formation rate of the metal complex and the growth rate of
the aggregate at the interface with a high reproducibility. In
the present study, a new extremely strong, narrow and red-
shifted absorption band due to the formation of J-type aggre-
gate at the interface was proposed.

Materials and Methods

Reagents. Heptane (Nacalai Tesque Inc., G.R.) was purified
by fractional distillation after treatment with concentrated sulfuric
acid for 1 day (twice), washed by water and 5% NaOH solution,
and dehydrated by anhydrous CaCl2 overnight. Figure 1 shows a
molecular structure of pyridylazoaminophenol compound that
works as a tridentate ligand. It was purchased from Dojindo
and was used as received. A stock solution of Ni(b) was prepared
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by dissolving pure nickel metal (>99:99%) in a small amount of
perchloric acid. The pH of the aqueous phase was controlled by
mixing 2-(N-morpholino)ethanesulfonic acid, MES (5:0� 10�3

M) and aqueous sodium hydroxide. The ionic strength of the
aqueous phase was maintained at 0.1 M by the addition of sodium
perchlorate. All the reagents were of analytical reagent grade.
Water was purified by using a Milli-Q system (Milli-Q Sp.
TOC., Millipore) after distillation and deionization.

Observation of Microscopic Images. A heptane solution
(0.150 mL) of 1:0� 10�4 M HL and an equal volume of 5:0�
10�3 M Ni(b) aqueous solution containing 0.1 M (Hþ, Naþ)ClO4

�

and MES buffer (pH 6.0) were carefully put in a cylindrical glass
cell, whose inner diameter and inner height were 11 mm and 5
mm, respectively. Microscopic images of aggregates formed at
the liquid-liquid interface were observed at 20, 60 and 120 min-
utes after the initiation of the reaction under an objective lens
(45x, NA 0.55) of a microscope (Photon Design, Japan) equipped
with a CCD camera and a video recording system in a thermo-
stated room at 25� 1 �C.

Measurements of Interfacial Reaction. The formation reac-
tion of nickel(b) complex at the interface was observed spectro-
photometrically by CLM method shown in Fig. 2, which was
analogous to the one reported previously.27 A blank spectrum
was measured at first by introducing 0.050 mL of heptane and
0.250 mL of aqueous solution containing Ni(b) ion, (Hþ,
Naþ)ClO4

� and MES buffer by a microsyringe into a cylindrical
rotating cell. The cell was plugged by a PTFE rod, which was
connected to the electronic motor (Nakanishi Inc., NK-260) and

rotated at the speed of 10000 rpm. Then the complex formation
was initiated by the addition of 0.100 mL of HL in heptane to the
cell. The thicknesses of the aqueous phase and heptane phase
under the rotation were 132 mm and 80 mm, respectively. The
absorption spectra of the interface and the heptane phase were
measured with a HP8452A diode array spectrophotometer or
UV/VIS/NIR spectrophotometer (V-570, Jasco). The absorption
spectra were recorded at the intervals of 1.0 s with the integration
time of 1.0 s.

Nickel(b) concentration dependence on the observed interfacial
aggregation rate was studied by varying the concentrations of
Ni(b) in the range from 1:0� 10�5 to 1:0� 10�3 M at the con-
stant HL concentration of 6:7� 10�5 M. HL concentration de-
pendence on the rate was measured at the constant Ni(b) concen-
tration of 1:0� 10�3 M, while the concentration of HL was
changed in the range of 2:5� 10�5 to 1:0� 10�4 M. The pH
value of aqueous phase was fixed at 6:00� 0:04.

Results and Discussion

Microscopic Images. When the organic phase was placed
on the aqueous phase in a cylindrical glass, the aggregate of
nickel(b) complex was formed at the heptane-water interface.
This was directly observed by a microscope objective located
just above the liquid-liquid interface. The aggregate growth
observed at the interface is shown in Fig. 3. According to the
time course, Fig. 3a (observed at 20 minutes) showed the for-
mation of a thin layer of aggregate. At 60 min (Fig. 3b), a
large segment started to appear that indicated an interaction
among the aggregates. The image (Fig. 3c) at 120 min depict-
ed the network-like accumulate of the aggregate. The average
population and the growth rate of the accumulate decreased
with decreases in both Ni(b) ion and HL concentrations.

Interfacial Formation of J-aggregate of Nickel(b) Com-
plex. In the previous paper, we have reported that some Ni(b)
complex was extracted in heptane in a batch system showing
an absorption maximum at 511 nm.28 In the present study, the
spectrum observed by CLM method showed two absorption
maxima at 530 nm and 569 nm during 10–200 s after the
initiation of the reaction. These maxima were assigned to
the NiL2 monomer adsorbed at the heptane-water interface.28

After 200 s, the maxima at 530 nm and 569 nm shifted grad-
ually to 549 nm and 588 nm (Fig. 4). This bathochromic shift
was assigned to the interfacial formation of the aggregate of
monomer complexes (NiL2)n. We took into account the result
that an aggregation of ligands in the complexes could show an
exciton splitting in excited states in the aggregate, if it has
sufficiently strong electronic transition in the ligand
molecules.29 The peak at 588 nm is an intense and narrow
absorption band, which has larger molar absorptivity,
" ¼ 4:66� 105 M�1 cm�1, with respect to the monomer com-
plex, " ¼ 1:46� 105 M�1 cm�1 at 569 nm. This is a charac-
teristic feature for J-aggregate. The narrow band could be due
to the delocalized excitonic states of ligands in the aggregates
generated by the stacking between the ligands.

Process of J-aggregate Growth. The spectral change
caused by the interfacial aggregation of nickel(b) complex is
shown in Fig. 4 under the conditions of 4:9� 10�5 M HL,
1:0� 10�3 M Ni(b) and pH 6.0. Immediately after the initia-
tion of the reaction, the formation of NiL2 monomer (569 nm)
was observed. When the interfacial concentration of the

Fig. 1. Molecular structure of 2-(5-bromo-2-pyridylazo)-5-
diethylaminophenol (HL).

Fig. 2. Schematic drawing of the centrifugal liquid mem-
brane (CLM) spectrophotometry. The thickness of the
aqueous and organic phases were 132 mm and 80 mm,
respectively, when 250 mL aqueous phase and 150 mL
organic phase were used.
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monomer complex reached a critical concentration, the max-
imum at 569 nm shifted to a new excitonic narrow band (J-
band) at 588 nm, which was attributable to the aggregate for-
mation overlapped with the ligands. The critical concentration
was defined as a critical aggregation concentration (cac)
[NiL2]i

c.
Figure 5 shows the kinetic profile of the interfacial com-

plexation and aggregation of NiL2 complex measured at fixed
wavelengths. The absorbance of HL at 452 nm gradually
decreased, while the absorbance of NiL2 monomer observed

at 588 nm increased simultaneously. Immediately after the
critical aggregation concentration was attained at 200 s, a rapid
increase in the absorbance due to the interfacial aggregation
was observed at 588 nm.

The Y-axis, Aobs, in Fig. 5 includes both absorbances of
NiL2 monomer, A-NiL2(m), and its aggregate, A-NiL2(agg), at
588 nm:

Aobs ¼ A-NiL2(m) þ A-NiL2(agg) ð1Þ

where subscripts m and agg indicate the monomer and the
aggregate, respectively.

The formation rate of NiL2 monomer was analyzed using a
pseudo first-order kinetic equation:

Fig. 3. Microscopic image of aggregate growth of nickel(b)
complex at the heptane-water interface (a) 20 min, (b) 60
min, and (c) 120 min after the contact of two phases; [HL]
= 1:0� 10�4 M, [Ni(b)] = 5:0� 10�3 M, pH 6.0.

Fig. 4. The spectral change of the interfacial complex of
NiL2 at heptane-water interface observed by CLM
method. The absorption spectra were recorded at 10 s
intervals until the equilibrium was attained (500 s);
[HL]T = 4:9� 10�5 M, [Ni(b)]T = 1:0� 10�3 M, pH 6.0.

Fig. 5. Absorbance decrease of the ligand at 452 nm and
absorbance increase of the interfacial aggregate of NiL2

complex at 588 nm. The dashed line is the fitted one for
the NiL2 monomer complex formation until the critical
aggregation concentration (cac) using a pseudo first-order
kinetic equation. Experimental conditions are the same
with those of Fig. 4.
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A-NiL2(m) ¼ Ameð1� expð�kmtÞÞ ð2Þ

where Ame referred to the absorbance of the monomer complex
at the critical aggregation concentration and km is the observed
interfacial formation rate constant of NiL2. These values were
calculated as Ame ¼ 3:14� 10�2 at 588 nm and km ¼ 1:39�
10�2 s�1, respectively. The value of Ame was used for the
calculation of cac by this equation:26

[NiL2]i
c ¼

Ame

2

1

103"
ð3Þ

Here, " was the molar absorptivity for NiL2 complex at the
interface at 588 nm measured by CLM method. The value of
" ¼ 6:5� 104 M�1 cm�1 was obtained from the slope of the
plot of the absorbance of NiL2 complex at 588 nm against the
ligand concentration; it was performed at the concentration of
Ni(b) 1:0� 10�3 M and pH 6.0 (figure is not shown). Using
this value, we obtained the value of critical aggregation con-
centration [NiL2]i

c = 2:4� 10�10 mol cm�2.
The profile of net growth of the aggregate was obtained by

subtracting from Aobs with the absorbance of the monomer
complex as shown in Figs. 6 and 7. They show clearly a
specific retardation time for the aggregation that depends on
both concentrations of Ni(b) and HL.

Figure 6 shows the kinetic profiles of the interfacial aggre-
gation of NiL2 complex at various concentrations of Ni(b) ion.
Figure 6a did not show any aggregation at all at the low con-
centration of Ni(b) ion (<5:0� 10�5 M) under the fixed con-
centration of HL 6:7� 10�5 M and pH 6.0. At the higher
concentration of Ni(b) ion (�5:0� 10�5 M), however, the ag-
gregation was observed (Fig. 6b). The increase of Ni(b) con-
centration made the retardation time for the aggregation short-
er, as shown in Figs. 6c, d and e.

Figure 7 shows the kinetic profiles of the interfacial aggre-
gation at various concentrations of the ligand. At low concen-
tration of HL (<2:9� 10�5 M) under the fixed concentration
of [Ni(b)] = 1:0� 10�3 M and pH 6.0, only monomer NiL2

complex was formed at the interface (Fig. 7a). At the rela-

tively high concentration of HL (�2:9� 10�5 M), in contrast,
the formation of aggregate (at 588 nm) was observed from 700
s after the beginning of the measurements, as shown in Fig. 7b.
Further increase of HL concentration shortened the retardation
time and increased the rate of aggregation, as shown in Figs.
7c, d, e and f.

The maximum absorbance of the aggregate at the condition
of 3:3� 10�5 M HL did not change until 1800 s after attaining
the equilibrium state (see Fig. 7c). In the formation of pseu-
doisocyanine (PIC) J-aggregates in aqueous solution, it has
been assumed that the number of PIC molecules in the J-ag-
gregate has to increase in the process of growth and has to be
greater in solutions of higher concentration.6;7 However, in
this study, the maximum absorbance was not changed at the
HL concentration higher than 4:9� 10�5 M (Fig. 7). Such a
result suggested the saturation of the interfacial aggregate.
After the attainment of the saturated value, a decrease of ab-
sorbance was observed at the higher HL concentrations (Figs.
7d, e and f). A similar decrease was observed in the higher
Ni(b) concentration, as shown in Figs. 6c, d and e. In all the
interfacial aggregation measurements, the absorbance maxi-
mum of the aggregate at 588 nm was the same for any con-
centrations of the reactants. A decrease of the absorbance after
the saturation suggested that the aggregate made a flocculation
that proceeded to crystal formation. As shown in Fig. 7 (in-
set), the absorbance oscillated versus time for the prolonged
measurement until 14000 s. Probably, the aggregation and
flocculation processes occurred alternatively until all of the
ligand was consumed. The mechanism of the self-assembling
of NiL2 monomer complex into large supramolecular aggre-
gates at heptane-water interface was postulated, as shown in
Fig. 8.

Interfacial Aggregation Kinetics. From the corrected

Fig. 6. Kinetic profiles of the interfacial aggregation after
the correction for the monomer complex formation; [HL]T
= 6:7� 10�5 M, [Ni(b)]T = 1:0� 10�5–1:0� 10�3 M,
pH 6.0. Fig. 7. Kinetic profiles of the aggregate growth at the

interface. The inset figure shows the interfacial reaction
until all of the ligand was consumed to form aggregate
until 14000 s; [HL]T = 2:5� 10�5–1:0� 10�4 M,
[Ni(b)]T = 1:0� 10�3 M, pH 6.0.
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absorbance change at 588 nm for the interfacial aggregation
(Figs. 6 and 7), the observed initial formation rate of the ag-
gregate (r0obs) was obtained by a least squares regression, as
shown in Fig. 6b.

Figure 9 shows the Ni(b) concentration dependence on the
observed initial rate of the interfacial aggregation. Consider-
ing that the aggregation started at the time of cac, we calcu-
lated the concentration of Ni(b) ion at the cac, [Ni(b)]0, by,

[Ni(b)]0 ¼ [Ni(b)]T � [NiL2]i
cSi=Va ð4Þ

where subscripts T and Va refer to the total concentration and
the volume of aqueous phase, respectively. The observed ini-
tial formation rate of the interfacial aggregate increased with
the increase in the nickel(b) concentration with a linear corre-

lation.
Figure 10 shows the dependence of r0obs on the HL concen-

tration in the organic phase at cac. We calculated the concen-
tration of HL at cac, [HL]0, by the equation:

[HL]0 ¼ [HL]T � 2[NiL2]i
cSi=Vo ð5Þ

Figure 10 showed a saturation curve just like an adsorption
isotherm. Therefore, we calculated the interfacial HL concen-
tration, [HL]i, by a Langmuir isotherm, assuming that the in-
terfacial adsorption of HL was not interfered with by the pres-
ence of the interfacial complex,

[HL]i ¼
aK0[HL]o

aþ K0[HL]o
ð6Þ

where a and K 0 are the saturated interfacial concentration of
HL and the interfacial adsorption constant for HL,
respectively. The plot of robs against [HL]iSi=Vo gave a linear
correlation, as shown in Fig. 10 (inset).

We thought that the first step of the reaction in the heptane–
water system was the complexation reaction at the interface,
which produced NiL2 complex. The next step was assumed to
be the interfacial formation of the aggregate (NiL2)ni from the
monomer complex:

HLo �
K0

HLi ð7Þ

Ni2þ þ 2HLi ! NiL2i þ 2Hþ ð8Þ

nNiL2i �

Kagg
(NiL2)ni ð9Þ

From the experimental results, the rate law for the formation of
the aggregate was determined as

r0obs ¼
nd[(NiL2)n]i

dt

Si

Vo

¼ kagg[Ni(b)][HL]i
Si

Vo

ð10Þ

This means that the rate-determining step is the formation of

Fig. 8. Schematic representation of the interfacial aggregation mechanisms of the monomer complex into supramolecular aggregate
of NiL2 complex at heptane-water interface. (a) Formation of monomer NiL2i complex at the interface, represented by a gray
circle including crossed ovals. (b) Interfacial aggregate growth after the attainment of cac. (c) The interfacial concentration of the
aggregate reaches the saturated aggregation condition in a cell interface. (d) The aggregate makes a flocculation, which may
proceed to a crystal formation. (e) And the aggregation growth still took place at the interface until all of the ligand is consumed.

Fig. 9. Dependence of the observed initial rate for the in-
terfacial aggregation, r0obs on the free Ni(b) concentration;
[HL]T = 6:7� 10�5 M, [Ni(b)]T = 5:0� 10�5–1:0�
10�3 M, pH 6.0.
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1:1 complex, as was the case in the formation of monomer
complex, NiL2. Taking into account that the aggregation oc-
curred after the cac, we could represent the initial rate for the
aggregation by

r0obs ¼ kaggð[Ni(b)]T

� [NiL2]i
cSi=VaÞ

aK0[HL]o

aþ K0[HL]o
Si=Vo

� �
2"l ð11Þ

where [HL]0 was defined by Eq. 5. From the slope of Fig. 9,
we could obtain the interfacial aggregation rate constant,
kagg ¼ 4:45� 101 M�1 s�1, by using the values of
logða=mol cm�2Þ ¼ �10:29,30 K 0 ¼ 2:59� 10�3 cm for HL
at heptane-water interface and 2"l ¼ 8:29� 103 M�1 (at 588
nm) for NiL2 aggregate at the interface. In the same way, from
the slope of Fig. 10 (inset) and the above values, we obtained
kagg ¼ 3:70� 101 M�1 s�1. Therefore, the averaged value of
the aggregation rate constant at the heptane-water interface
was kagg ¼ 4:1� 101 M�1 s�1. This value is significantly
smaller than that of the interfacial formation rate constant of
the monomer complex, ki ¼ 1:1� 102 M�1 s�1.28 This means
that the reaction probability of 1:1 complex formation in the
aggregation is reduced by the factor of 2.7 from the monomer
complexation. This might be attributable to the occupation of
the interface by the monomer complex at the critical aggrega-
tion concentration.

Aggregation Number and Probable Models. To deter-
mine the average aggregation number, n, the reaction of Eq. 9
was used for the interfacial aggregate formation from mono-
mer complex. Kagg is the equilibrium aggregation constant,
defined by

Kagg ¼
[(NiL2)n]i

[NiL2]i
n

ð12Þ

where [(NiL2)n] refers to the concentration of NiL2 forming

the aggregate.
Equation 12 can be changed to the following equation:

log [(NiL2)n]i ¼ logKagg þ n log [NiL2]i ð13Þ

The interfacial concentrations of monomer complex, [NiL2]i
and the aggregate, [(NiL2)n]i were calculated from the absor-
bance at the saturated state of the aggregate using Eq. 3, where
" ¼ 1:46� 105 M�1 cm�1 at 569 nm and " ¼ 4:66� 105

M�1 cm�1 at 588 nm were used for NiL2 complex and its
aggregate, respectively. Figure 11 shows the linear relation-
ship between the interfacial concentrations of aggregate and
monomer complex. From this figure was obtained the value of
the aggregation number, n ¼ 3, and the stability constant of
aggregation, logKagg ¼ 23:7 mol�2 cm4. The large value of
Kagg indicated that the aggregate formation from the monomer
complex proceeded spontaneously at the interface after the
attainment of the cac.

Figure 12 shows probable models for the aggregation of
monomer complex NiL2 at the interface, where one Ni(b)
ion binds 2 ligands with (N, N, O) coordination. At the cac,
3 complex molecules occupy 3 unit-areas, as denoted by 3/3 in
Fig. 12a. The monomer complex will be arranged in a way
that produces stacking through interaction between pyridyl-
azoaminophenol ligands to form aggregates. We proposed
two kinds of model for interfacial aggregate of NiL2 complex,
as shown in Figs. 12b and 12c, these had probable saturation
aggregation states of 2/3 and 1.5/3 (3 complex molecules oc-
cupied 2 and 1.5 unit-areas, respectively). From the experi-
mental results (see Figs. 6 and 7), we calculated the value of
the absorbance maximum for the aggregate at the interface, A-
NiL2i(agg)

max, to be ð7:09� 0:14Þ � 10�2. This value was used
to calculate the concentration of NiL2 in the interfacial aggre-
gate at the saturated situation using Eq. 3, and it was obtained
as [(NiL2)n]i

sat = ð7:61� 0:15Þ � 10�11 mol cm�2. This value
was 0.32 times that of cac, supporting the probable saturation
state of 1.5/3. Therefore, in the present study we proposed that
the aggregate of NiL2 complex had a structure shown in Fig.
12c. This figure shows the molecular arrangement schemati-
cally, in which the ligand plane has a relatively small orienta-

Fig. 10. Correlation of the observed initial rate for the in-
terfacial aggregation, r0obs to the free HL concentration.
The inset figure shows the r0obs against the interfacial HL
concentration calculated by the Langmuir isotherm; [HL]T
= 2:9� 10�5–1:0� 10�4 M, [Ni(b)]T = 1:0� 10�3 M,
pH 6.0.

Fig. 11. Logarithmic plot of the interfacial NiL2 concentra-
tion in the aggregate, [(NiL2)n]i against that of the free
interfacial monomer complex, [NiL2]i at the equilibrium
state. The slope of the straight line was 3.0.
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tion angle to the interface and the ligand is stacking with the
ligand of the adjacent complex.

The molecular configuration in H- and J-type aggregate
could be predicted by the extended dipole model, which was
proposed by Kuhn and co-workers for the first time.31 Ac-
cording to their treatment, the ligand molecules are replaced
by extended dipoles of length l and charges þq and �q. The
extended dipole length and the charge are assumed to be re-
lated to the transition dipole moment of the ligand � as
� ¼ ql. The energy shift (�E0) between two extended dipoles
is obtained as32

�E0 ¼
2q2

D

1

r1
þ

1

r2
�

1

r3
�

1

r4

� �
ð14Þ

where D is the dielectric constant of medium (D ¼ 1:92 for
heptane) and ri is the distance between two charges. Thus for
n-mer aggregate, the �E0 value between ith and jth ligand
molecules is given as32

�E0 ¼
2q2

D

Xn
i 6¼ j

 
1

jrþi � rþj j
þ

1

jr�i � r�j j

�
1

jrþi � r�j j
�

1

jr�i � rþj j

!
ð15Þ

where jrþi � rþj j, jr�i � r�j j, jr
þ
i � r�j j and jr�i � rþj j are the

distances between two positive charges, two negative charges
and between opposite charges of ith and jth molecules,
respectively. The excitation energy of the absorption maxi-
mum for an aggregate �Eagg is approximated from the excita-
tion energy of monomer peak �Em and the interaction integral
�E0 as

�Eagg ¼ �Em ��E0 ð16Þ

The charge of the nitrogen atom that binds the diethyl group is
assumed as þq and the charge of �q lies at the nitrogen atom
in pyridyl ring. The values of �E0 are calculated by using the
dipole length of pyridylazoaminophenol ligand l ¼ 8:4 �A and
by estimating the distance between adjacent molecular dipoles
at 6.5 �A; these values assume similarity to pseudoisocyanine
molecules in J-aggregate.33 Varying the slip angle � from the
transition dipole moments of ligand to their center-to-center
lines of the aggregate gave the values of energy shift�E0. The
observed energy shift of the aggregate from nickel(b) mono-
mer complex was �E0 ¼ �0:07 eV. The value of �E0 with
molecules number n ¼ 3 suggested a slip angle � of 35�; this
value supported the edge-to-edge arrangement between ligand
molecules in complex aggregate.

Conclusion

In the present study, the distinguished potential of centrifu-
gal liquid membrane (CLM) spectrophotometry was success-
fully applied for the elucidation of interfacial aggregation ki-
netics in the reaction of nickel(b) with pyridylazoaminophenol
compound at the liquid-liquid interface. The absorption spec-
trum of the aggregate showed a sharp and narrow band with a
red shift from 569 nm (monomer complex) to 588 nm. We
proposed that the aggregate was formed from three NiL2

monomer complexes (trimer) in a close packed layer that ori-
ented at the interface with a slip angle � ¼ 35� between the
transition dipole moments of ligand to their center-to-center
lines. The critical aggregation concentration (cac) was defined
for the first time and the value was determined to be [NiL2]i

c

= 2:4� 10�10 mol cm�2 in the aggregation of nickel(b) com-
plex at the interface. The rate of aggregate formation was
linearly dependent on concentrations of both free nickel(b)
ion and free ligand. In this study, we have further observed
an interesting oscillation phenomenon in the aggregate growth
after the whole interface was covered by the aggregate, sug-
gesting an alternative process of flocculation of aggregate and
aggregate formation again until all of the ligands were con-
sumed at the interface.

This work was financially supported by a Grant-in-Aid for
Scientific Research (A) (No. 12304045) and a Scientific Re-
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Education, Culture, Sports, Science and Technology.

Fig. 12. Probable models for the interfacial aggregation of
NiL2 monomer complexes. (a) No stacking, (b) One li-
gand in a complex is stacking with the ligand of the dif-
ferent complex, (c) Two ligands of a complex are stacking
with the two ligands of the neighbored complex.
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