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The aggregation of novel type cobalt(Ill) surfactants, such as [Co(en); {NH2(CH;),S(1-CnHzns1) }** (n = 6, 8, and
12) and [(en)2Co{NH2(CH:); S(CH2)»S(CH;),NH, }Co(en)z]6+ (m = 8 and 12), was studied in water using multinuclear
NMR spectroscopies, 'HNMR self-diffusions, and 'HNMR chemical shifts. The **Co linewidths of the surfactants were
useful to monitor the premicellar and micellar formation. It was revealed that the tripositive mononuclear surfactants have
comparable cmc (critical micelle concentration) values to those for the usual monovalent surfactants having the same alkyl
chains. The **Cl longitudinal relaxation rates for the counterions were useful to monitor the two kinds of ionic interactions,
i.e., those with the surfactant monomers and with the micelles. We determined the cmcs for the premicellar formation in
the hexyl mononuclear and octyl dinuclear complex systems. The determination of this kind of cmc has become possible
by using such highly charged complexes as the cystam complex and by measurements of the *’Co linewidths and of the
35C1 longitudinal relaxation rates. The self-diffusion coefficient for the surfactants revealed that the aggregation behavior
is similar in comparison between the hexyl mononuclear and octyl dinuclear complexes or between the octyl mononuclear

and dodecyl dinuclear complexes.

Surfactant metal complexes are expected to provide a wide
range of interesting phenomena on the aggregation behavior
in solutions due to a variety of their charge numbers, sizes,
and the extent of hydrophobicity and of hydrophilicity by a
combination of central metals and ligands.! However, their
physical properties in solutions have not been extensively
studied.” ¢ In the studies so far performed, novel charac-
ters of surfactant metal complexes have been revealed, and
the results should provide significant information on surfac-
tant solution chemistry. One of the present authors (K.Y.)
previously reported syntheses of cobalt(Ill) surfactants of
[Co(en), {NH2(CH,),S(1-C,Hz,41)}1** (n = 8, 10, and 12)
and {(en),Co{NH,(CH,),S(CH,),,S(CH,),NH, } Co(en),1**
(m = 8 and 10).”® They are abbreviated here as a cystam
(NH;(CH3),S = cystamine) complex. These compounds are
especially novel-type amphiphiles due to their highly posi-
tive charge or the a,w-type surfactant (for the latter). How-
ever, there have been no studies on the physical properties
of their aqueous solutions; we report here studies on self-
associations of the mononuclear (n = 6, 8, and 12) and dinu-
clear (m = 8 and 12) complexes using NMR spectroscopies,
such as *°Co and *Cl relaxations, 'HPGSE (pulsed field
gradient spin-echo) self-diffusions, and 'H chemical shifts.
We determined the cmcs and compared the results with the
other surfactants hitherto studied. Although a higher charged
headgroup is considered to be less favorable to micelliza-
tion from an electrostatic viewpoint,’ neutralization of the
surfactant charge by the counterions seems to be advanta-

geous to micellization, and cmc for the surfactant was conse-
quently close to that for the monovalent surfactant having the
same alkyl chains.’ In previous studies,* one of the present
authors (M. 1.) measured the *°Co linewidths and *Cl re-
laxation rates for aqueous cobalt(Ill) surfactant solutions,
and revealed that these values provide useful information on
the cmcs and ionic interactions in micellization. The NMR
methodology is favorably utilized for novel surfactants to
understand the relationship between the aggregation process
and the ionic interactions, since this method can give micro-
scopic information concerning both surfactants and counter-
ions by using smaller amounts of samples compared to the
conventional methods, such as electric conductivities and
viscosities.

One of the present purposes is to correlate the multivalency
of the surfactants with the counterion-bindings in the micel-
lization using NMR spectroscopies. The 3CI relaxations
will give useful information on the two kinds of chloride
ton bindings, i.e., ionic interactions with free surfactants and
with their aggregates. The **Co linewidth of the surfactant
headgroup showed a clear criterion for premicellar forma-
tion. "HPGSE self-diffusion studies for the surfactants and
solvent water also gave information on the aggregation proc-
esses of cobalt(Ill) surfactants. The obtained cmc values were
compared with the usual surfactants having the same alkyl
chains to understand the effects of the headgroups on the ag-
gregation behavior. The other aim of the present study is to
understand the unique aggregation processes of the dinuclear
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(a,w-type) highly-charged complexes. The aggregation of
the dinuclear dodecyl and octyl complexes will be discussed
in comparison with appropriate mononuclear complexes.

Materials and Methods.

Materials. The cobalt(Ill) complexes, [Co(en), {NH>(CH>),S-
(1-CpHane1)}ICl; (n = 6, 8, and 12) and [(en),Co{NH,(CH,),S-
(CH2)mS(CH2),NH;}Co(en);]Cls (m = 8 and 12), were prepared
according to a previously reported method for the latter of m = 8.7 In
purifying complexes, however, we modified the previous method as
follows. For the mononuclear complexes, after N,N-dimethyl form-
amide (DMF) of the reaction solvent and unreacted bromoalkane
were extracted into diethyl ether, the resulting dark red oil was dis-
solved in methanol, adsorbed on an LH-20 column, and eluted with
methanol. The first crop of orange solution was evaporated to dry-
ness in a rotary evaporator, a small amount of water was added, and
sodium perchlorate was added to crystallize the perchlorate. The
chloride was obtained by conversion of the perchlorate with an ion-
exchanger in the C1~ form. For the dinuclear complex, although
removal of the sodium chloride used for the eluting agent in the SP-
Sephadex C-25 chromatography was somewhat difficult, we com-
pletely removed it by the following method. Most amounts of NaCl
contained in the eluates were removed by repeated crystallization
from water with the addition of ethanol. A dinuclear complex con-
taining trace NaCl was extracted into small amounts of dimethyl
sulfoxide, and the chloride of the complex was crystallized out with
an addition of ethanol.

We used mixtures of rac- and meso-isomers of the dinuclear com-
plexes, since the differences in the physical properties among these
isomers would be negligible for the purpose of the present stud-
ies. The purities of crystals were confirmed using CHN elemental
analyses'® and *Co NMR spectra. The Karl-Fischer titration and
CHN elemental analyses evidenced that of all the complexes in-
clude some amounts of water in the crystals, as shown in the note
10.

NMR Measurements. T; and Line-Width Measurements.
Most of the Co and **CINMR spectra were obtained on a JEOL
JNM GX-270 FT NMR spectrometer operating at 64 and 26 MHz,
respectively. The longitudinal relaxation time (T;) for the *Cl
nucleus or *Co nucleus was obtained by the inversion-recovery
method using the pulse sequence of (-180° pulse-7-90° pulse-T-),.
For measurements of T3, ten different pulse intervals (7) were used

. with a waiting time (7) of more than 6T). In order to check the
dependence of T on the observation frequencies, we also measured
the **Cl1 7; values for the dodecyl complexes on a JEOL FX-90
spectrometer operating at 8.8 MHz, since the surfactants having the
longest alkyl chains will form the largest aggregates, and therefore
have the largest possibility for the relaxation times to be out of the
extreme narrowing condition. The linewidths (Av,,,) of the *Co
spectra were correlated with their 75 values as follows:

Avijp= o M
The T values were determined within 5% errors and the linewidths
were within 0.1 kHz errors. For the same reason as **C1 T}, we also
measured the *Co linewidths for the dinuclear complex at 21 MHz
and compared the results with those measured at 64 MHz. In the
present study, we discuss the relaxations using the Ry (=7} "or
Avip XRy (= T;') values.
Self-Diffusion Studies.  The self-diffusion coefficients were
measured by the NMR FT-PGSE (Fourier Transform Pulsed-Gra-
dient Spin-Echo) technique.'' The measurements were performed
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on a JEOL FX-90 spectrometer operating at 90 MHz for protons.
The spectrometer was equipped with an apparatus that produced a
field gradient in the range 0.3—1.0 Tm™'. The solvent used was
99.9% deuterium oxide. For the water, the change in the intensity
of the "HDO signal was followed. For the surfactants, the intensity
of their methylene 'H signals of alkyl chains was followed. The
accuracy of the measured diffusion coefficients is estimated to be
better than £5%.

'HNMR Chemical Shifts. ~ We followed a slight 'HNMR
chemical shift change for the hexyl mononuclear complex as a
typical case. The measurements were performed on a JEOL JNM
GX-270 spectrometer operating at 270 MHz. The 'H NMR signals
used were terminal methyl protons and methylene protons of alkyl
chains and axial methylene protons of the ethylenediamine moiety
for the hexyl mononuclear complex. We call them peaks 1, 2, and 3,
respectively. The chemical shifts were compared to that of the water
proton, since our previous result showed that the water protons and
additive acetone protons are almost unchanged by interactions with
the cobalt(Ill) surfactants.’> The samples were dissolved in 99.9%
D,O.

All of the NMR measurements were performed at 27 °C. The
temperature was controlled within £0.5 °C by a JEOL GVT2 tem-
perature control unit.

Results and Discussion

Aggregation of Mononuclear and Dinuclear Com-
plexes in Aqueous Solutions Monitored by °Co
Linewidths and 3°Cl Longitudinal Relaxation Rates.
The relaxation rates (or linewidths) of the solutes and sol-
vents tend to increase with an increase of the solute concen-
trations. In order to precisely discuss the relaxations in aggre-
gate systems, we firstly checked dependence of the relaxation
rates on the observation frequencies.’> The measurements
were performed for the dodecyl mononuclear and dinuclear
complexes, where the *3Cl relaxation rates or the motional
restrictions of chloride ions by the surfactants should be the
largest. As a consequence, we confirmed that concerning
both the **Co linewidths and the *Cl relaxation rates the
values observed at two frequencies agree within 5% error;
that is, the extreme narrowing would hold in all of the present
systems. Furthermore, we confirmed that the 9Co transverse
relaxation rates are governed by the quadrupolar relaxations
by measurements of the longitudinal relaxation times (77)
in comparison with the linewidths for the 0.1 molkg~' hex-
yl mononuclear complex.'> We can thus express the 3°Co
linewidths as follows:

2 2
J'[AV]/2=1/T2=R2Q= i (EQ

2 2
Z2(2) (ca) zaow, @
where eQ is the quadrupolar moment of the °Co nucleus,
eq(M) the electric field gradient along the principal axis at
the nuclear site, and 7.(M) the rotational correlation time
for the complex. As we previously revealed, an increase
in the 3°Co relaxation rates with an increase in the inter-
actions of cobalt(Ill) complexes in micellar systems can be
ascribed to increases in both eq and 7.."* The other previ-
ous results show that the **Co relaxation rate in [Co(en); ]+
is negligibly affected by CI=;'®" in the present systems;
the effect will be further less because of the larger size of
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the complexes. We can thus consider that the increase in
the °Co linewidths would occur by self-associations of the
complex. In discussing *Co spectrum broadening, the fol-
lowing pseudophase or two-state model is applicable as a
first approximation:'®

Ri = prRig + pmRim, 3)

where pr and py; are the fractions of the ‘free’ and ‘micellar’
states, respectively, for the surfactant molecules (pp+pm = 1).
Because Ry (i =1 or 2) is larger than R;g, the increase in the
relaxation rates with an increase in the concentration can be
ascribed to an increase in the micellar fractions (pwm).

The ¥Cl longitudinal relaxation rates, which were also
nearly independent on the observation frequencies, can be
similarly expressed as

2 2

Ri= 7= 2 () (eqien) e, @
where eQ is the quadrupolar moment of the *>Cl nucleus,
eq(Cl) the electric field gradient, and 7.(Cl) the reorienta-
tional correlation time for the fluctuating electric-field gradi-
ents at the position of the CI nucleus. In Eq. 4, both eg(Cl)
and 7.(Cl) would increase with an increase in the interactions
between the chloride ion and the cobalt(Ill) surfactant. We
can consider that the 3°Cl longitudinal relaxation rate is a
sensitive probe for monitoring the extent of the interaction
with the surfactants and that of the motional restriction by
the binding to the surfactants.

1. Mononuclear Hexyl, Octyl, and Dodecyl Cystam
Complexes.  The *°Co linewidth vs. cobalt(Ill) complex
concentration plots shown in Figs. 1(a) and 2 for the dodec-
yl and octyl mononuclear complexes have break points at
0.02 and 0.3 molkg™!, respectively. The *>Cl relaxation
rates in the same system (Figs. 1(b) and 2) also show similar
break points at nearly the same concentration, which will
therefore correspond to cmc. In the dodecyl complex sys-
tem (Fig. 1(a)), the (o linewidth shows the simplest profile
which can be understood from Eq. 3: at concentrations below
cmc, only the monomer contributes to the linewidth while
above cmc the extent of interaction with the micelles in-
creases with an increase in the surfactant concentrations. On
the other hand, for the octyl complex (Fig. 2), we can see
that the Co linewidth slightly increases with an increase in
the concentration, even below cmc. It is possible that this
trend is due to the formation of premicelles.

In the hexyl cystam complex, both the ¥Co linewidths and
3Cl relaxation rates (Fig. 3(a)) steadily increase at concen-
trations above 0.2 mol kg ™! with an increase in the concen-
tration, and then above 0.5 molkg™! they showed slightly
upward deviations from the linear relationship. Such an up-
ward deviation is generally observed for the counterion re-
laxations in the micellizations, since the counterions bound
to the higher aggregates are more motionally restricted than
those bound to the free surfactant. We can see another char-
acteristic feature that in the lower concentration ranges the
relaxation rates steeply increase. This feature is clearly seen,
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Fig. 1. (a) ®CoNMR linewidths (Av,;»(*Co)) for the do-
decyl mononuclear complex as a function of the complex
concentrations. (b) ¥Cl1 longitudinal relaxation rates in
the aqueous dodecyl cystam complex (abbreviated as Co-
Dod-cystam) compared to [Co(DodE)(2,3,2-tet)]Cls (as
Co-DodE) and to dodecyltrimethylammonium chloride (as
DodTMACI). (c) Enlarged the ordinate of (b) in the lower
concentration ranges.
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Fig. 2. *CoNMR linewidths (Av,/,(*Co)) (O) and **Cl
longitudinal relaxation rates (R.(°C1)) (@) for the octyl
mononuclear complex as a function of the complex concen-
trations.

except for the dodecyl complex, and is described for the hex-
yl mononuclear complex as a typical case. (Fig. 3(b); the
3Cl relaxation rate at m = 0 was determined from that in the
0.01 molkg~! NaCl solution, where the ionic interactions
of the chloride ion with the sodium ion will be negligible.)
This stage of steep increase in the relaxation rates can be at-
tributed to the interactions of chloride ions with the cobalt(IIl)
surfactant monomer, as has been reported by our group for
[Co(en);]Cl.° After this steep increase, the 3°Co linewidth
starts to increase. A similar profile was seen in the octyl
dinuclear complex system, as shown below (Fig. 5).

Here, we try to interpret the steep increase in the 3Cl re-
laxations from the ion-pair formation equilibrium between
the chloride ions and the tripositive hexyl mononuclear com-
plex as a typical case. For the overall relaxation rates, a
similar relationship as Eq. 3 can be written, i.e.,

R\ = Rysps + Rivpy, &)

where Rjs is the relaxation rate for 0.01 molkg~' NaCl
(corresponding to the intercept in Fig. 3(b)) and Ry, that
for the ion-pair; pr and py, are the fractions of free and bound
CI—, respectively. The ion-pair formation constant (Kp) for
the tripositive cobalt(Ill) complex chloride is expressed as

_ X

- (e —x)3Bc — x)’

where x is the concentration of ion-pairs and ¢, the total
concentration of the cobalt(Ill) complex. Concerning py and
Db, the following relationship is also to be considered: pr+
pv =1 and p, = x/3c;. In order to estimate the extent of the
ion-pair formation, we used the following Debye-Hiickel
equation for the concentration dependence of Kp:

6x0.5/u
1+0.3a/p’

where u is ionic strength and a (in A) the closest distance of

(6)

Kp

log Kip(u) =log Kip(p = 0) — @)
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Fig. 3. (a) ¥CoNMR linewidths (Av;/2(*Co)) (O) and *°Cl
longitudinal relaxation rates (R1(35Cl)) (@) in the aqueous
hexyl mononuclear complex solutions. (b) Expanded the
ordinate of Ry (**Cl) in the lower concentration ranges. The
line in (b) is the calculated one using R;y, = 900 s and Kip
(1 = 0)=20 mol ™! kg (see text).

approach of ions.

From Egs. 5, 6, and 7, we can determine the two parame-
ters, Kip (¢ = 0) and Ry, so as to fit the experimental results
in Fig. 3(b); in Eq. 7 we take 6 A (= 0.6 nm) as the a value,
whose estimation error does not significantly affect the result.
According to the Fuoss theory, Kip (¢ = 0) is estimated to be
18 mol~' kg.!? If we take 900 s~! and 20 mol~! kg as Ry
and Kip (¢ = 0), respectively, the calculated relaxation rates
well explain the experimental results, as shown in Fig. 3(b).
This calculation satisfactorily fits the experimental results up
to 0.1 mol kg ~! where the hexyl complex may still be present
as monomers deduced from the °Co linewidths (Fig. 3(a)).
This calculation says that about 36% of the cobalt(Ill) com-
plex is ion paired with the chloride ion at 0.1 molkg~!. The
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optimized values of Kjp (# = 0) and R;, mean that a spe-
cific interaction between the chloride ion and the cobalt(Ill)
complex is not detected, but that the ion-pairing of the chlo-
ride ion with the complex ion appreciably affects the *3Cl
relaxation parameters (as a product of {eq(Cl)}2 and 7.(Cl)
in Eq. 4).

The '"H NMR chemical shift may also provide useful infor-
mation on the interactions in the cystam complex. Figure 4
shows the changes in the chemical shifts for the hexyl com-
plex with an increase in the complex concentration. There
is a different trend in the changes in comparing between the
peak positions in the alkyl chains and those in the ethylene-
diamine parts. It can be seen that for the methylene protons
(peak #3) in the ethylenediamine the chemical shift shows
a maximum at 0.20 mol kg, which nearly agrees with the
break point for the >*Co line widths, and then the ' H spectrum
shifts to upfield. Below this concentration, the CI relax-
ation rates show that the interaction of the headgroups with
the chloride ions proceeds and the strong electrostatic repul-
sion between the positively charged headgroups would be
gradually reduced. Above this concentration, the reduction
of the headgroup-repulsion will facilitate the self-association.
The *°Co linewidth and 'H chemical shift of peaks #1 and
#2 are insensitive to the neutralization of the headgroups, but
are more sensitive to self-association. On the other hand,
the **Cl relaxation rate and 'H chemical shift of peak #3 are
sensitive to both interactions and are changed accompanying
with a change in the interaction modes. We can thus under-
stand that the premicelles may start to be formed at 0.15—
0.20 molkg™!.

In order to see the relationship between the ion-pairing
and micellization, we show 33Cl relaxation vs. concentration
plots for the dodecyl cystam complex in comparison with the
other dodecyl surfactant system (Fig. 1(b)). The results for
the 2,3,2-tet complex (= (3.7-diazanonane-1,9-diamine)(N-
dodecylethylenediamine)cobalt(Ill) chloride, abbreviated as
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Fig. 5. *CoNMR linewidths (Av,,(*Co)) (O) and ¥CI
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octyl dinuclear complex solutions. The lines are drawn as
an aid to the eye.

Co-DodE complex) and dodecyltrimethylammonium chlo-
ride (DodTMACTI), were taken from Ref. 5. The appreciably
larger effects of the positive charge of the cobalt(Ill) surfac-
tants on the counterion relaxations are seen compared to the
univalent DodTMA cation. Because the sizes and molecular
weights of the cystam complex are similar to those of the 2,
3,2-tet complex, the 33Cl relaxation rate is a good probe to
monitor the extent of the chloride ion-interactions in com-
paring between the two complexes below cmc (Fig. 1(c),
enlarged coordinate of (b)). The degree of motional restric-
tion of the counterions is significantly larger in the 2,3,2-tet
complex system than in the cystam one. This result is rea-
sonable, since the former complex has more N—-H protons,
and is therefore more favorable to form hydrogen bondings
with the chloride ion, as shown in a previous study.’
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Fig. 4. 'Hchemical shift changes (A &) for the ligand of hexyl mononuclear complex (@) as a function of the complex concentrations.
peak #1 is terminal methyl protons of the alkyl chains. peak #2 is methylene group protons of the hexyl chains. peak #3 is axial
methylene protons of the ethylenediamine ligands. The chemical shifts were compared to that of trace (around 0.1%) H,O.
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We determined the cmcs for the cobalt(II) surfactants from
the concentration dependence of the 3*Co NMR linewidths;
the results are listed in Table 1 together with the values for
the other surfactants. An increase in the electric charge of
the headgroup should increase the cmc values due to the
electrostatic repulsions.” However, the cmcs listed in Table 1
show that the tripositive surfactants have comparable cmc
values to those for the usual univalent surfactants. One pos-
sibility of the similar cmc values is ascribed to a reduction
of the electrostatic repulsion by the counterion bindings.’
Therefore, the larger cmc values for the octyl and dodecyl
cystam complexes than for the corresponding 2,3,2-tet com-
plex would probably be due to the smaller degree of the
counterion bindings in the former complex. A simple calcu-
lation for the mononuclear hexyl complex described above
suggests that the extent of the counterion bindings would not
be so large as the net positive charge is reduced to unity. The
headgroup sizes should thus also be effective on micellar for-
mation, since the larger size of the headgroup would reduce
the electrostatic repulsions between the headgroups.

2. Dinuclear Octyl and Dodecyl Cystam Complexes
Compared to the Mononuclear Hexyl and Octyl Com-
plexes.  The result of the >CoNMR linewidths for the
octyl dinuclear complex showed that slight self-association
starts at around 0.10 molkg~!, while a critical point is not
clearly detected (Fig. 5). This result suggests that lower ag-
gregates, like premicelles, are formed prior to the normal
micelles. However, we can see slight upward deviations
from the linear relationships above 0.25 molkg™! both in
the *°Co linewidth and *Cl relaxation-rate plots, whose pro-
files are similar to those for the hexyl mononuclear complex.

Table 1.
Having the Same Alkyl Chains

Aggregation of Cobalt(Ill) Complexes

Therefore, this break point can be recognized as the critical
point for the higher micelles. On the other hand, higher ag-
gregates, like normal micelles, would be more clearly formed
in the dodecyl dinuclear complex (Fig. 6(a)). In this system,
cmg for the premicelle is not clear, and may be present below
0.1 molkg~', since the **Co linewidth gradually increases
below 0.1 molkg~!. It is noticed that there is a trend that the
dependence of cmcs on the alkyl chain length of the a,w-type
surfactants is smaller than that for the normal surfactant.?
This trend seems to appear more remarkably in the present
system, i.e., the cmc for the dinuclear octyl complex is almost
the same (0.25 molkg~!) as that for the dinuclear dodecyl
complex, whereas the break points in the >°Co linewidth is
clearer in the dodecyl complex than in the octyl complex.
In order to directly compare the extent of the aggregations
between the mononuclear and dinuclear complexes, the dif-
fusion coefficients may be more useful,? as discussed below.
Aggregations of Mononuclear and Dinuclear Com-
plexes Studied by Self-Diffusions for the Complex Sur-
factants. Figure 7 shows the self-diffusion coefficients
for the surfactants and solvent water as functions of the sur-
factant concentrations. In order to see the relative change in
the diffusion coefficients in comparison between the surfac-
tant and water, we express the ordinate by logarithm scales.
The concentration dependence of the diffusion coefficients
for ions is in principle described by the Onsager equation.”
Although the diffusion coefficients for the surfactant com-
plexes would be affected by both the counterion bindings
and self-associations, the former effect becomes relatively
small when the surfactant size is large enough compared to
the counterion one. Here, we estimate the interactions with

Critical Micellar Concentrations for the Aqueous Cobalt(Ill) Cystam Complex Solutions Compared to the Surfactants

cmc/mol kg ™' T/°C References

(1) Hexyl surfactants
Cystam complex 0.5 27 This work
NaHexanesulfonate 0.5 27 21
NaHexylsulfate (1.0)*° 18

(2) Octyl surfactants
Cystam complex 0.30 27 This work
[Co(OE)(2,3,2-1e)](C104)3¥ 0.12 27 5
NaOctanesulfonate 0.16° 40 22
NaOctylsulfate 0.14° 25 22
OTMABr® 0.149 25 22

(3) Dodecyl surfactants
Cystam complex 0.020 27 This work
[Co(DodE)(2,3,2-tet)IC13? 0.010 27 5
NaDodecanesulfonate 0.012° 25 22
NaDodecylsulfate 0.008° 25 22
DodTMACI 0.020° 25 22

(4) Dinuclear complexes
Octyl cystam complex 0.25)” 27 This work
Dodecyl cystam complex 0.25 27 This work

a) OE = Octylethylenediamine. DodE = Dodecylethylenediamine. OTMABT = Octyltrimethylammoni-

um bromide.

b) These values are not clearly defined.

¢) The unit is in mol dm 3.
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the counterions in the diffusion coefficients on the basis of
the Onsager equation for the information. The limiting molar
conductivity (4°) of the tripositive cystam complex can be
calculated using the limiting diffusion coefficient D° from

the Nernst equation:**?

D°=268x1077A° at 27 °C. ®)

If we assume that the tripositive cobalt(Ill) surfactants
behave as univalent cations by the counterion-bindings in the
present concentration ranges, the Onsager equation for the
hexyl and octyl cystam complexes (where D° is 4.0x 1010
m?s~!)is

D =D°(1—0.262+/¢c), ©)]
where the limiting molar conductivity for the chloride ion is
0.00795 S m?> mol~!. In Figs. 7(a) and 7(b), the straight lines
are calculated by Eq. 9. The deviations from the straight
lines would be mainly governed by the self-associations; the
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result suggests that the hexyl and octyl cystam complexes
would significantly aggregate, as discussed above.

As the surfactant size increases and the dehydration oc-
curs upon micellization, the differences in the diffusion co-
efficients between the surfactants and water significantly
increase above cmc.”* The slight break points appear in
Fig. 7(a)—(e) and their concentrations almost agree with
those obtained from the relaxation methods, although those
in the diffusion coefficients are less clear compared to those
in the **Co and *Cl relaxations. The extent of changes in
the slope at this critical concentration becomes larger with an
increase in the alkyl-chain lengths. In the dodecyl mononu-
clear complex (Fig. 7(c)), the formation of micelles is most
clearly indicated and the diffusion coefficients can also be
expressed on the basis of the two-state model.

In the hexyl mononuclear (Fig. 7(a)) and octyl dinuclear
complex (Fig. 7(d)) systems, there are no clear break points
but the differences in the diffusion coefficients between the
surfactant and water tend to increase at higher concentrations.
The increase in such differences would mean the formation
of aggregates, and is larger in the longer-chained systems.

As the °Co linewidth of the surfactant monomer signifi-
cantly depends on the molecular symmetry around the cobalt
nucleus, it is not appropriate to directly compare the absolute
39Co linewidths between the complexes to see the aggrega-
tion processes. On the other hand, the diffusion coefficient
seems to be more convenient to compare the extent of the ag-
gregations between the analogous molecules for the follow-
ing reasons. This observable has a clearer physical meaning
than a relaxation rate; furthermore, a decrease in the dif-
fusion coefficient for the solute by a concentration change
would be mainly governed by the solute size if the solute
in problem is large enough compared to the counter ions.?
We thus compare the diffusion coefficients for the hexyl and
octyl mononuclear complexes with those for the dinuclear
octyl and dodecyl complexes, respectively, as follows.

The results for water and the surfactants show similar pro-
files in comparison with the octyl mononuclear and dodecyl
dinuclear complexes (Figs. 7(b) and 7(e)). Although the
diffusion coefficient of the surfactant at infinite dilution is
significantly larger in the former complex, probably due to
the smaller size, the coefficient (6.9x 10~ m?s~!) for the
octyl mononuclear complex at 1.0 mol kg~ is close to that of
the dodecyl dinuclear complex at 0.6 molkg™! (6.7x10~!!
m? s~ ). The micellar shape composed of the octyl mononu-
clear complexes will be similar to that of the dodecyl dinu-
clear complex, since the latter surfactant would aggregate
through their alkyl chains.

In the octyl dinuclear complex, Fig. 7(d) shows a good
linearity and the plot has no clear break point, that is, the dif-
fusion coefficient is less sensitive to the aggregations com-
pared to the Co linewidth and **Cl longitudinal relaxation
rate. The profile in Fig. 7(d) is similar to that for the hex-
yl mononuclear complex. (Fig. 7(a)) The slope of logD
vs. m plot in the octyl dinuclear complex (—0.72) is nearly
twice that in the hexyl mononuclear complex (—0.33). This
relationship also suggests an analogy in the aggregation in
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Fig. 7. Self-diffusion coefficients for the water (HDO) and the surfactant (Surfc) as a function of the surfactant concentrations in

the aqueous (a) hexyl cystam, (b) octyl cystam, (c) dodecyl cystam, (d) octyl dinuclear, and (e) dodecy! dinuclear complexes. The
lines are calculated on the basis of the Onsager’s equation for the mononuclear complexes.

comparing between the two systems if the concentration is
considered to be the headgroup unit.

In conclusion, the *Co linewidth was useful to monitor the
micellar and premicellar formation, while the *3Cl longitudi-
nal relaxation rate showed two kinds of ionic interactions,
i.e., the counterion bindings to the surfactant monomers
and to the aggregates. It is characteristic that in the hex-
yl mononuclear and octyl dinuclear complex systems the
3 Co linewidths suggest the presence of critical points for the
premicelles. The 3°Co linewidth and 33Cl longitudinal relax-
ation rate are useful to monitor the aggregation process in the
present systems where the surfactants are highly charged and
the premicelles are formed. The extent of the self-aggrega-
tion of dinuclear dodecyl and octyl complexes is analogous
to that of the octyl and hexyl mononuclear complexes, re-
spectively, by considering the structures of the complexes in
the headgroup unit.

References

1 T. Sierra, in “Metallomesogens,” ed by J. L. Serrano, VCH,
Weinheim (1996), Chap. 2.

2 M. Iida, A. Yonezawa, and J. Tanaka, Chem. Lett., 1997,

663.

3 M. Iida, T. Sakai, N. Koine, and S. Kaizaki, J. Chem. Soc.,
Faraday Trans., 89, 1773 (1993).

4 S. Yano, M. Kato, K. Tsukahara, M. Sato, T. Shibahara, K.
Lee, Y. Sugihara, and M. lida, Inorg. Chem., 33, 5030 (1994).

5 M.Iida, M. Yamamoto, and N. Fujita, Bull. Chem. Soc. Jpn.,
69, 3217 (1996).

6 D. A.Jaeger, V. B. Reddy, N. Arulsamy, D. S. Bohle, D. W.
Grainger, and B. Berggren, Langmuir, 14, 2589 (1998).

7 K. Yamanari and Y. Shimura, Bull. Chem. Soc. Jpn., 53,
3605 (1980).

8 K. Yamanari and Y. Shimura, Chem. Lett., 1982, 1957.

9 C. S. Patrickios, J. Phys. Chem., 99, 17437 (1995).

10 Anal. Found: C, 30.39; H, 8.29; N, 14.49%. Calcd
for [Co(en){NH2(CH;),S(1-CsH,3)}1C13-1.5H,0: C, 30.41; H,
8.10; N, 14.78%. Anal. Found: C, 33.92; H, 8.21; N, 13.96%.
Caled for [Co(en), {NHz2(CH;),S(1-CsH;7)}1Cl3-H20: C, 34.12;
H, 8.38; N, 14.21%. Anal. Found: C, 39.36; H, 8.84; N, 12.77%.
Calcd for [Co(en), {NH,(CH;)2S(1-C12Hz5) }ICl3-H,0: C, 39.38;
H, 9.00; N, 12.76%. Anal. Found: C, 27.32; H, 7.31; N,
15.96%. Calcd for [(Cn)zCO{NHz(CHz)zS(CHz)gS(CHz)zNHz}CO-
(en);]Cls-3H,0: C, 27.01; H, 7,48; N, 15.74%. Anal. Found: C,
3045; H, 8.16; N, 14.25%. Calcd for [(en);Co{NH;(CH,),S-
(CHz)12S(CH3),NH, }Co(en),]Cls-3H.0: C, 30.49; H, 7.89; N,
14.81%.



M. lida et al.

11 P.Stilbs, Progr. Nucl. Magn. Reson. Spectrosc., 19, 1 (1986).

12 “Multinuclear NMR,” ed by C. J. Jameson and J. Mason,
Plenum Press, New York (1987), p. 150.

13 There is a possibility that the transverse relaxation is signifi-
cantly affected by mechanisms other than the quadrupolar one.'* In
order to check this point, we also measured the ¥Co T, for the 0.1
molkg ™! hexyl mononuclear complex over the temperature range
27—52 °C and compared the results with the 7, values (calculated
from the ¥Co linewidths) under the same conditions. The result is
as follows: Ty and T, are 112 and 103 ps, respectively, at 27 °C, and
both R; and R; follow the Arrhenius relationship with their apparent
activation energies of 161 kJmol~'. These results clearly show
that the present *Co relaxations are governed by the quadrupolar
mechanism.

14 C. W. Kirby, C. M. Puranda, and W. P. Power, J. Phys.
Chem., 100, 14618 (1996).

15 a) Y. Mizuno and M. lida, J. Phys. Chem. B, 101, 3919
(1997). b) W. H. Braunlin, C. F. Anderson, and M. T. Record, Jr.,
Biochemistry, 26, 71724 (1987). ¢) Q. Xu, S. R. B. Jampani, and W.
H. Braunlin, Biochemistry, 32, 11754 (1993). d) Q. Xu, S. R. B.
Jampani, H. Deng, and W. H. Braunlin, Biochemistry, 34, 14059
(1995).

16 Y. Masuda and H. Yamatera, J. Phys. Chem., 92, 2067
(1988).

17 M. lida, T. Nakamori, Y. Mizuno, and Y. Masuda, J. Phys.
Chem., 99, 4347 (1995).

18 T. Ikeda, T. Yoshida, and H. Okabayashi, Z. Naturforsch.,

Bull. Chem. Soc. Jpn., 73, No. 9 (2000) 2041

A, 38A, 1046 (1983).
19 According to the Fuoss theory,” the ion-pair formation con-
stant at infinite dilution can be written as

AnNaa’e®

KIP (,u = O) = 3000 ’

where Na is Avogadro’s number, b (= 3e? /Ane gokTa for 3 : 1 elec-
trolyte) is Bjerrum parameter. If we take 6 A as the a value, we can
obtain Kip (1 =0)=18.

20 R. A. Robinson and R. H. Stokes, “Electrolyte Solutions,”
2nd ed, Butterworths, London (1959), Appendix 14.3, p. 551 or
Chap. 11, p. 316.

21 M. Iida, Y. Miyagawa, and S. Kohri, Bull. Chem. Soc. Jpn.,
66, 2398 (1993).

22 M. . Rosen, “Surfactants and Interfacial Phenomena,” 2nd
ed, Wiley-Interscience, New York (1989), p. 125.

23 M. Ueno, S. Yamamoto, and K. Meguro, J. Am. Oil Chem.,
51,373 (1974).

24 B. Lindman, M.-C. Puyal, N. Kamenka, R. Rymdén, and P.
Stilbs, J. Phys. Chem., 88, 5048 (1984).

25 If the counterion bindings occur extensively, the limiting
diffusion coefficient and thus the limiting molar conductivity will be
somewhat larger than the estimated values. However, the estimation
error may not be significantly effective on Eq. 9.

26 H. J. V. Tymrell and K. R. Harris, “Diffusion in Liquids,”
Butterworths, London (1984), Chap. 6, p. 284.




