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Surfactant molecules self-organize in water,[1] often pro-
ducing nearly spherical aggregates called micelles in dilute
solutions, and lyotropic mesophases at higher concentrations.
The polar headgroups of these aggregates lie near the bulk
aqueous phase, whereas the hydrocarbon chains extend
inwardly to avoid unfavorable water contacts. Electrostatic
interactions between the headgroups determine their relative
positions and separations in an aggregate. The correlation of
the molecular structure of various surfactants with the
aggregate type produced upon self-assembly is important as
surfactant solutions are useful in a number of household,
industrial, and scientific applications.[2]

Molecular design of surfactants of widely varying architec-
tures offers an excellent opportunity for tailoring surfactant
aggregation behavior and the resulting complex fluid proper-
ties. For instance, dimeric or oligomeric surfactants that
consist of two or more conventional surfactant units con-
nected at the headgroup by a suitable spacer are attracting
attention because of the number of unusual properties that
they manifest.[3]

In ionic micelles, surfactant molecules such as cetyltrime-
thylammonium bromide (CTAB) also ionize in aqueous
solution and the corresponding micelles are aggregates of

The platination of oligonucleotides by trans-DDP has been
shown to produce intrastrand 1,3-(N7,N7) cross-links with
d(GpTpG),[14] d(GpCpG),[15] d(GpApG),[16] and a 1,3-(N1,N7)
cross-link with d(ApGpG).[17] Monoadducts and interstrand
cross-links were mainly formed in the reaction with double-
stranded DNA;[18] trans-DDP was considered unable to form
1,2-intrastrand d(GpG) or d(ApG) adducts as a result of its
structure.[17] Thus, the stable adduct M2 represents a new and
unprecedented chelation geometry for a trans platinum com-
plex. Although the chelation process is relatively slow, the N3-
Pt-N7 structure may be of biological relevance since A-N3 is
readily exposed to platination in the minor groove. The
involvement of the N3 atom of adenine as an alkylation site[19]

and in the cleavage reaction of hammerhead ribozyme has
recently been demonstrated.[20] This study is presently being
extended to other ribo- and deoxy-dinucleotides.

Experimental Section

trans-EE was synthesized according to a literature procedure.[12] r(ApG)
was purchased from Sigma. trans-EE (2.3 mg, 5.6 mmol) was added to 5 mL
of a 1 mm solution of r(ApG) (5 mmol, pH 4.0) at room temperature in the
dark. Samples were collected for HPLC detection at various time intervals.
Samples were lyophilized and dissolved in D2O (0.5 mL) and the ROESY
NMR spectra (mixing time 300 ms, 3 mm sample, pH 3.9, T� 280 K) were
recorded on a Bruker DRX 600 instrument. The pH values were measured
on a Philips PW 9420 pH meter. HPLC was performed on a Waters 626 LC
instrument using Millennium 32 software and a reverse-phase Waters
Symmetry C8 column with gradient elution (0 ± 50 % methanol in 50 mm
NaClO4 at a flow rate of 0.8 mL minÿ1).
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the resulting CTA� ions. However, the ionization is far from
complete on a micellar surface. The Brÿ counterions, tend to
stay near the CTA� micellar surface. The shape, size, frac-
tional charge of the micelle, and the inter-micellar interaction
depend on the distribution and nature of these counterions.[4]

It was however, not clear whether a surfactant will form
micelles, if several charged headgroups are incorporated on
one end of a single hydrocarbon chain of the surfactant
molecule. This is because with every increase in the number of
charges, the micellar surface demands a progressively smaller
aggregation number, which is not consistent with the micellar
volume that has to be filled. In such a situation does the
surfactant behave like a salt, for example NaCl, where the
surfactant is fully ionized (as is NaCl into Na� and Clÿ ions)
and there is no aggregation of cations? To address this
fundamental question, we have synthesized a novel class of
cationic surfactants with multiple headgroups and herein we
show for the first time that they indeed form micelles.

The newly designed surfactants 2 and 3 are intriguing, since
for a given hydrophobic part, the cationic headgroup charges
(h) are increased two or three times over that of the reference
surfactant, which bears a single cationic headgroup (1, h� 1).
The critical micelle concentration (cmc) for each surfactant
was determined at 25 8C by plotting the values of the pyrene
fluorescence intensity ratio I3/I1, against the surfactant con-
centration.[5] For each surfactant reproducible breaks were
observed indicating the onset of micellization. The cmc values
obtained using this procedure were �1.0 mm (1), 3.5 mm (2),
3.7 mm (3), and the value obtained using the same method for
CTAB (0.8 mm) was consistent with the cmc value reported.[5]

To investigate the aggregate microstructures of these
surfactants in water we used small angle neutron scattering
(SANS), a noninvasive technique that provides information
on colloidal particles of a length of 10 ± 1000 �. SANS has
been used to obtain structural details about complex fluids of
diverse origin. These include micellar solutions,[6a] micro-
emulsions,[6b] polymers,[6c] proteins,[6d] materials,[6e] and bio-
logical samples.[6f] Since neutrons have an irregular variation
of scattering length for various elements, the contrast between
the particle and the matrix can be easily varied to enhance the
signal. Thus SANS is an ideal technique to obtain information
about the micellar shape, size, aggregation number, charge on
the micelle, the extent of hydration, and the inter-micelle
interaction.[7, 8] SANS experiments involve measurement of

differential scattering cross section (dS/dW) as a function of
wave vector transfer Q.

SANS distributions from micellar solutions of the surfac-
tants CTAB and 1 ± 3 at a fixed surfactant concentration and
temperature are shown in Figure 1. All the distributions show

Figure 1. SANS distributions of micellar solutions of CTAB and the newly
synthesized surfactants 1 ± 3 at a concentration of 50 mm and 40 8C. Q�
wave vector transfer; X� cross section.

well-defined peaks characteristic of suspensions of charged
particles.[6a] The SANS distribution from a suspension of
charged particles or a micellar solution is determined by the
product of two terms, namely, the intra-particle structure
factor P(Q) and the inter-particle structure factor S(Q). P(Q)
depends on the shape and size of the particle, S(Q) on the
inter-particle distance and the inter-particle interaction po-
tential. The peak in the SANS distribution is the consequence
of a corresponding peak in the inter-particle structure factor
S(Q). Usually this peak occurs at Qm� 2p/d, where d is the
average distance between micelles and Qm is the value of Q at
the maximum of the peak. Since Qm was found to vary with
the number of headgroups (h), one can conclude that inter-
micelle distance and hence the number density (n) of micelles
is not the same for the above surfactant solutions even when
they have identical surfactant concentrations. This also
suggests that the aggregation number (N) (the number of
molecules that form a micelle) of the micelles varies with the
number of headgroups. The actual value of N was determined
by analyzing the data using the method of Hayter and
Penfold.[7] In addition, this analysis provided information
about the micellar dimensions and the fractional charge (a�
Z/N, where Z is charge on the micelle).

These results demonstrate that micelles are indeed formed
from all the surfactants tested here irrespective of the number
of headgroups (h). The aggregation number (N) decreases
with an increase in h. This is understandable as with larger
headgroup sizes and enhanced electrostatic repulsion, as in
the cases with h� 2 and h� 3, greater micellar surfaces are
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required and fewer surfactant molecules can be accommo-
dated in a single micellar aggregate.

Compared with the surfactant 1 (h� 1), CTAB micelles
have a considerably lower aggregation number (N� 135 vs
244, Table 1) at the same concentration and temperature,
even though the CTAB micelles also have a single Me3N�

headgroup per hydrocarbon chain. It is possible that the

surfactant 1 is more tightly associated in the micellar
aggregate because of the presence of an ester linkage
[-OC(O)-] between the Me3N� headgroups and the hydro-
carbon chain. The presence of this linkage facilitates inter-
monomer association through dipolar interactions. Further-
more since these ester linkages are located near the ªStern-
layerº region[9] of the micelles, strong hydrogen bonding
interactions among the surfactant molecules can occur
through interfacially associated water molecules.[10]

The drop in the aggregation number (N) on an increase in
the number of headgroups (Table 1) is expected as with each
rise in the number of cationic headgroups the charge
repulsion between the headgroups becomes more pro-
nounced. To accommodate these unfavorable electrostatic
consequences the hydrocarbon chains in the micelles of
multiheaded surfactants take up severely bent conformations
(Figure 2) leading to the formation of an increasingly
ªdisorganizedº collection of surfactant molecules in the
resulting micellar aggregate. In such ªporousº aggregates,
the hydrophobic core of micelles has a more aqueous
environment. By comparison, in micelles of surfactants
bearing a single charge on the headgroup the hydrocarbon
chains are considerably more extended, and the terminal CH3

group buried deeply in the core. Noteworthy is that at the
surfactant concentration of 50 mm, micelles are prolate
ellipsoidal (a=b� c) in all the samples including CTAB.
The semi-major axis (a) and the semi-minor axis (b) are given
in Table 1; both a and b and the axial ratio a/b decrease when
h is increased.

Fractional charge (a) is a measure of the dissociation of the
counterion of surfactant molecules present in the micelle.
Analysis of the SANS data (Table 1) gives a fractional charge
of 0.08 for the surfactant with single headgroup (h� 1). This
means that only 8 % of the counterions (Brÿ) are dissociated
from the micelle of this surfactant leaving the remaining 92 %
bound.

The data in Table 1 also show that a increases with the
number of headgroups on the surfactant. This is not surprising
if the equilibrium dissociation constant increases linearly with
the number of cationic headgroups per surfactant molecule,
then one could expect, a2� 2 a1, and a3� 3 a1 where a1, a2, a3

represent fractional charges on the single-, double-, and triple-
headed surfactant respectively. However, from Table 1, we see
that a2> 2a1, suggesting far greater dissociation of the
counterions in the case of micelles of a double-headed
surfactant than would be expected merely from doubling
the number of headgroups of the single-headed surfactant.
Double-headed surfactants require more room at the head-
group level than that needed for the packing of two single-
headed surfactants in a micelle. This is because the positive
charges located on each of the two heads of 2 tend to stay as
far apart as possible as a result of electrostatic repulsion. In
addition, with an increase in charge, the headgroup hydration
increases facilitating greater ionization.

Although the Me3N� units on the triple-headed surfactant 3
tend to stay as far apart as possible, the intermolecular
repulsion between individual surfactants in the micelle
increase steeply. As a consequence, the aggregation number
of these micelles is considerably lower than that in 2. To
alleviate the headgroup level repulsion and to fill up the
micellar volume, the hydrocarbon chains in these micelles
take up bent conformations. While increased charge facili-
tates hydration, the hydrocarbon chain coiling regulates the
extent of the increase in the fractional charge (a3).

Additives such as KBr[11] (0.1m) or sodium salicylate (Na-
Sal)[12a±f] (0.01m) induce pronounced micellar growth of
CTAB (0.1m) leading to marked increases in the viscosity of
the resulting micellar solutions. This has been attributed to the
transition from spherical to rod-like morphology.[12e] While
surfactant 1 also showed similar behavior in the presence of
Na-Sal (0.01m) or KBr (0.1m), such changes in viscosity could
not be brought about with the micelles of either 2 or 3 even
with very high concentrations of the above additives. This
prompted us to examine rheological properties of each
surfactant solution[12a±d] in the presence of Na-Sal at a chosen
Na-Sal-to-surfactant ratio of 25 mm Na-Sal and 50 mm
surfactant (see Experimental Section).

Soon after mixing the samples, CTAB-Na-Sal/W or 1-Na-
Sal/W (where W�water) developed into thick, viscous

masses. Oscillatory shear experiments were
conducted at a torque ramp from 0.001 to
100 Pa to find the stress where these materials
were in the linear response region. Shear stress
of 1.5 Pa and 1.0 Pa was used for solutions of
CTAB and 1, respectively, Figure 3. In both
figures, the curves describing G' and G'' cross as
the frequency increases, indicating that these
materials are more elastic than viscous at higher

Table 1. Micellar parameters of the surfactants CTAB and 1 ± 3.[a]

Surfactant N[b] a Semi-minor
axis b� c [�]

Semi-major
axis a [�]

a/b

1 244 0.08 24.5 66.9 2.73
2 48 0.23 17.3 36.2 2.10
3 20 0.27 14.5 27.3 1.88
CTAB 135 0.14 22.0 37.3 1.70

[a] All the SANS spectra were performed at 40 8C using 50 mm micellar
solutions. [b] The aggregation number, N, is calculated from the relation
N�pab2/3v where, a� semi-major axis, b� semi-minor axis and v�
volume of the surfactant monomer (Tanford�s equation (C. Tanford, J.
Phys. Chem. 1972, 76, 3020 ± 3024)).

Figure 2. Schematic representation of multiheaded surfactant micelles where chain coiling
is required to alleviate inter-surfactant headgroup repulsion within the aggregate.
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frequencies. In Figure 3 a, G' reaches a plateau and G'' first
has a maximum, then a minimum, and finally increases with
increasing frequency. In contrast in Figure 3 b, both G' and G''
curves continue to slope upward with increasing frequency.

Figure 3. The dependence of storage moduli, G' (*) and loss moduli, G''
(*) as a function of shear rate for a solution containing 50 mm surfactant
and 25 mm Na-Sal. a) CTAB; and b) 1 (h� 1).

In the case of mixtures of solutions containing Na-Sal and
either 2 or 3 which remained as free-flowing solutions, the
oscillatory shear experiments were attempted at several
different stress values from 0.003 Pa to 10 Pa. However, it
was not possible to perform oscillatory shear experiments
with 2-Na-Sal/W or 3-Na-Sal/W as the viscosity of these
samples did not change significantly from that of the
surfactant solutions alone. This observation indicates that
these samples were inelastic although they might be a little
more viscous than water and suggests that there is no
significant change in the micellar structure of 2 and 3 in the
presence of Na-Sal. This result clearly shows that the number
of headgroups on the surfactant molecule could significantly
modulate the organic-salt-induced micellar growth.

In summary we have observed some unusual effects
associated with the micellar aggregation properties of surfac-
tants with two or three cationic headgroups. We find for the
first time that the hydrocarbon chains in the micelles from
surfactants bearing multicharged headgroups are highly
folded. The maximum number of charged headgroups that
can be attached onto a single hydrocarbon chain so that
micelle formation is still feasible remains to be examined. The
counterion distributions around the micelles from surfactants
with multiple headgroups also need to be elucidated.

Experimental Section

Synthesis: The compounds 1 (h� 1), 2 (h� 2), and 3 (h� 3) were
synthesized by esterification of 1-hexadecanol, 2-hydroxymethyl-hexade-
canol or 2,2-dihydroxymethyl-hexadecanol, respectively, with 1.1, 2.2, and
3.3 equivalents of 2-bromoacetyl bromide in the presence of Et3N and a
catalytic amount of 4-dimethylaminopyridine (DMAP) in CH2Cl2/THF
(1/1). After purification, the respective bromoacetylated products were
quaternized with NMe3 in dry acetone in screw-top pressure tube. Pure
surfactants 1 (yield 98 %), and 2 (87 %) were obtained upon repeated
recrystallizations from CHCl3/n-hexane, and CHCl3/EtOAc respectively. 3
(65 %) was purified by repetitive precipitation from CHCl3/EtOAc/
n-hexane mixture. 2 and 3 were found to be extremely hygroscopic.

Selected spectroscopic and analytical data for the new surfactants: 1: IR
(KBr): nÄ � 1751 cmÿ1 (C�O); 1H NMR (300 MHz, CDCl3): d� 0.88 (t, 3H,
CH3), 1.25 (s, 26 H, 13�CH2), 1.63 ± 1.70 (m, 2H, CH2CH2O), 3.67 (s, 9H,
3�N�CH3), 4.18 (t, 2H, CH2O), 4.99 (s, 2H, CH2N�); ESI-MS
(HP1100LC-MSD): [M�] (C21H44NO2)�: calcd: 342.3, found: 342.2; ele-
mental analysis (%) for C21H44NO2Br calcd: C 59.7, H 10.5, N 3.31; found:
C 59.54, H 10.63, N 2.95. 2 : IR (KBr): nÄ � 1749 cmÿ1 (C�O); 1H NMR
(300 MHz, CDCl3): d� 0.88 (t, 3 H, CH3), 1.26 (s, 26 H, 13�CH2), 2.12 ±
2.18 (m, 1H, CHCH2O), 3.62 (s, 18 H, 6�N�CH3), 4.03 (dd, 2 Ha, 2�
CHCHaHbO), 4.44 (dd, 2Hb, 2�CHCHaHbO), 5.50 (s, 4H, 2�CH2N�);
ESI-MS (HP1100LC-MSD): [M2�] (C27H56N2O4)2�Brÿ (78.91): calcd: 551.3,
found: 551.3, [M2�] (C27H56N2O4)2�Brÿ (80.91): calcd: 553.3, found: 553.4.
[M2�]/2: calcd: 236.2, found: 236.1; elemental analysis (%) for C27H56N2O4-
Br2 ´ H2O: calcd: C 49.85, H 8.99, N 4.3; found: C 49.53, H 8.97, N 3.9. 3 : IR
(KBr): nÄ � 1751 cmÿ1 (C�O); 1H NMR (300 MHz, CDCl3): d� 0.88 (t, 3H,
CH3), 1.26 (s, 26 H, 13�CH2), 3.36 (s, 27H, 9�N�CH3), 4.25 (s, 6 H, 3�
CH2O), 5.57 (s, 6 H, 3�CH2N�); ESI-MS (HP1100LC-MSD): [M3�]
(C33H68N3O6)3�2Brÿ (78.91): calcd: 760.3, found: 760.3, [M3�]
(C33H68N3O6)3�Brÿ (78.91) Brÿ (80.91): calcd: 762.3, found: 762.4,
[M3�]2Brÿ (80.91): calcd: 764.3, found: 764.3, [M3�]Brÿ (78.91)/2: calcd:
340.7, found: 340.7, [M3�]Brÿ (80.91)/2: calcd: 341.7, found: 341.6, M3�/3:
calcd: 200.8, found: 200.9; elemental analysis (%) for C33H68N3O6Br3 ´ H2O:
calcd: C 46.05, H 8.2, N 4.88; found: C 45.67, H 8.05, N 4.43.

CMC Measurements: In a Hitachi model F-4500 fluorescence spectrom-
eter, steady-state fluorescence emission (lex� 310 nm) because of pyrene
doped in micellar solutions was measured at 25 8C. The cmc values were
determined from the plots of the concentrations of the respective surfactant
versus the ratio (I3/I1) of the intensities of the third (I3) and the first (I1)
vibronic peaks in the emission spectra.

SANS Measurements: Neutron-scattering experiments were performed at
40 8C on a 1.85 m (sample to detector distance) SANS spectrometer
equipped with a linear position-sensitive detector, (LPSD) at the Dhruva
reactor, Trombay, India. To provide a good contrast between the micelle
and the solvent, surfactant solutions (50 mm) were prepared in D2O. The
spectrometer made use of a BeO filter as the monochromator. The mean
wavelength (l) of the incident neutron beam is 5.2 �. The wave vector
transfer Q (�4psinq/l, where 2q is the scattering angle) in SANS
spectrometers is small, typically in the range 0.001 to 1.0 �ÿ1. The Q range
of the instrument is 0.018 ± 0.32 �ÿ1. To obtain low Q values, the SANS
instrument used large wavelength (�5 �) neutrons and small scattering
angles (�0.5 ± 108). The data were corrected for detector background
sensitivity, empty cell scattering and sample transmission factors. The D2O
intensity was subtracted from that of the sample. The corrected intensities
were normalized to absolute cross-section units. The experimental points
were fitted using nonlinear least-squares routine. The SANS distributions
have been analyzed by Hayter-Penfold method.[7] The original model,
which was valid for spherical micelles, has subsequently been modified for
other aggregation shapes.

Rheological Measurements: The sample solutions for rheological measure-
ments were mixtures of aqueous solutions of surfactant and sodium
salicylate (Na-Sal). Solutions were prepared by adding water to weighed
quantities of the respective surfactant and Na-Sal and the mixture was
heated >50 8C to ensure complete dissolution. The final concentrations of
surfactant and Na-Sal were 50 mm and 25 mm respectively. All the solutions
were left standing for 1 day at ambient temperature to reach equilibrium.
The rheological properties of the above mixtures were measured with a
Rheolist TA Instrument (model AR1000, cone and plate geometry with a
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R*4 Tl3Cl and R*6 Tl6Cl2 (R*� SitBu3)ÐThe First
Compounds with Larger Clusters Containing
Covalently Linked Thallium Atoms**
Nils Wiberg,* Thomas Blank, Hans-Wolfram Lerner,
Dieter Fenske und Gerald Linti

Dedicated to Professor Hansgeorg Schnöckel
on the occasion of his 60th birthday

Many compounds of the compositions TlR3 and TlR (R�
inorganic, organic group) exist with thallium in the oxidation
states � iii and � i,[1] (the TlÿR bonds in the former
compounds are more covalent in nature, those in the latter
more electrovalent), whereas very few compounds of the
composition TlR2 with thallium in the oxidation state � ii are
known to date. They form dimers R2TlÿTlR2 with a covalent
TlÿTl bond (TlÿTl 2.914 (R� Si(SiMe3)3),[2] 2.966 (R�
SitBu3),[3] 2.881 � (R� SitBu2Ph )[4]). A few TlI compounds
also have TlÿTl bonds; however, as weak interactions with
TlÿTl distances >3.3 � these vary significantly from the
strong interactions in the three reported dithallanes with
TlÿTl distances <3.0 � (e.g. (PhCH2)5C5Tl ´ ´ ´ TlC5(CH2Ph)5:
TlÿTl 3.632 �;[5] [(Me3Si)3CTl]4: TlÿTl 3.322 and 3.627 �;[6]

{MeSi[N(Tl)tBu]3}2 has a TlÿTl distance in the intermediate
range (3.146 �) and in addition several very weak TlÿTl
interactions;[7] in {MeC[CH2N(Tl)SiMe3]3}2 and other TlI

amides TlÿTl interactions exclusively occur with very large
TlÿTl distances (>3.6 �)[8]). Thallium cluster compounds
containing more than two covalently linked thallium atoms
were hitherto unknown.

We obtained compounds of this type, namely the trithallane
R*4 Tl3Cl (1) and the hexathallane R*6 Tl6Cl2 (2), in the attempt
to synthesize sterically overloaded disupersilylthallium chlo-
ride R*2 TlCl (R*� supersilyl� SitBu3) analogously to the
preparation of R*2 ECl (E�Al, Ga, In)[9] from the trihalide
ECl3 and two molar equivalents of supersilylsodium NaR* in
tetrahydrofuran (THF). Treatment of TlCl3 in THF at ÿ78 8C
with NaR* in the molar ratio 1:2 leads to the slow (several
hours) formation of a red-brown reaction solution as well as a

truncation gap of 53 mm). The radius of the cone was 20 mm, and the angle
between the cone and plate was 28. The experiments were performed at
35 8C for the single-headed surfactant 1 and at 25 8C for CTAB, 2, and 3.
Both the steady shear (flow-step) and oscillatory shear (stress control)
measurements were performed and the measurements were taken over a
frequency sweep range of 0.001 to 100 sÿ1. The rheometer has a built-in
computer which converts the torque measurements into either G' (the
storage modulus) and G'' (the loss modulus) in oscillatory shear experi-
ments or viscosity in flow-step measurements.
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