5703

Structure and Aggregation Number of a Lyotropic Liquid
Crystal: A Fluorescence Quenching and Molecular
Dynamics Study
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The structure and aggregation number of a discotic lyotropic liquid crystal, prepared from tetradecyl-
trimethylammonium chloride (TDTMACI)/decanol (DeOH)/NaCl/H,0O, have been examined using fluo-
rescence quenching of pyrene by hexadecylpyridinium chloride and molecular dynamics (MD). The
fluorescence method gives an aggregation number of 258 + 25 units (DeOH + TDTMACI). From the MD
simulation, a lower limit for the aggregate dimension of 130 units of DeOH + TDTMACI is predicted. A
stable oblate aggregate of 240 units was studied in detail. A strong polarization between the ammonium
headgroups and chloride ions is observed from the calculated trajectory. DeOH headgroups are located,
on average, 0.3 nm more to the interior of the aggregate than the TDTMACI headgroup and contribute
towidening the interface by forming H-bonds with water. The radial distribution function of the ammonium
headgroup shows that there are 16 water molecules in the first solvation sphere. The diagonal elements
of the order parameter tensor of the tail atoms of both surfactants indicate that the interior of the micelle
preserves about the same degree of order as at the interface, up to the last three atoms of the aliphatic

chain, where the order starts to decrease.

Introduction

Nematic lyotropic liquid crystals have been recently
rediscovered as a low-order orienting medium in chemical
and biochemical applications.!™* These materials, first
observed by Lawson and Flautt,® are composed of ag-
gregates of surfactant molecules dissolved in water,
usually with some amount of alcohol and salt added. Two
different types of uniaxial surfactant aggregates with
different magnetic properties have been identified: one
with positive diamagnetic anisotropy, N, composed of
cylindrical micelles with prolate average symmetry, and
the other with negative diamagnetic anisotropy, Np, which
corresponds to disklike bilayer micelles of oblate average
symmetry.6~8 More recently, the morphology of three
different lyotropic liquid crystals employed in biological
NMR was studied by measuring the anisotropic behavior
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of the translational diffusion coefficients. The studied
systems were aqueous solutions of the following mix-
tures: (a) pentakis(ethylene glycol) monodecyl ether/
hexanol; (b) cetylpyridinium bromide/hexanol and di-
myristoylphosphatidylcholine/dicyclohexylphosphatidyl-
choline.This study corroborates the lamellar nature of the
aggregates.® The use of lyotropic liquid crystalline media
with low order and appropriate solubility properties as a
medium to align particular substrates has improved the
accuracy of structure determinations of biologically in-
teresting macromolecules and in the study of intermo-
lecular interactions.°13 Here we study the structure and
aggregation number of a discotic lyotropic liquid crystal
prepared by dissolving tetradecyltrimethylammonium
chloride (TDTMACI), 1-decanol (DeOH), and NaCl in
water. As far as we know it is the first time a study like
this is attempted in a four-component discotic nematic
lyotropic liquid crystal. However, the aggregation number
of the binary system composed of cesium pentadecafluo-
rooctanoate in water has been experimentally determined
using NMR.* In this paper we have used static fluores-
cence quenching of pyrene by hexadecylpyridinium chlo-
ride (HDPYCI)'516 and molecular dynamics!’ simulation.
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Materials and Methods

Mesophase and Sample Preparation. TDTMACI was
prepared from commercially available TDTMABr, using a
previously described methodology.'® The purity of the product
was tested by conductometric measurement of the critical micelle
concentration (cmc).’® The obtained value, 0.006 M, is in good
agreement with a previously reported cmc, 0.004 M.2° The liquid
crystal solution was prepared by dissolving 5.46 g of TDTMACI,
1.71 g of NaCl, and 1.38 mL of DeOH in 15 mL of H,O. One
sample of TDTMABTF and one of TDTMACI, both with the same
molar composition, were prepared using 10% DeOH-a-d, and
H,0 with 0.1% D,0 for 2H NMR quadrupole splitting measure-
ments. DeOH-a-d, was prepared by reduction of the ethyl ester
of decanoic acid with LiAID,. The mesophase with bromide instead
of chloride as counterion had been prepared before,?! and the
composition employed in thiswork (with chloride) is very similar.
Polarized light microscopy and 2H NMR quadrupole splittings
were employed to characterize the mesophase. The textures
observed in TDTMACI under the polarized light microscope (Leica
DMPL) correspond to typical lamellar material.??> Residual
quadrupole splittings of HDO and decanol-o-d, were measured
at 64 MHz with a Bruker Avance 400 NMR spectrometer. The
2H NMR spectrum confirms the nematic nature of the mesophase.
The observed deuterium quadrupole splittings in the chloride
mesophase were 13.2 kHz for DeOH-a-d; and 7 Hz for HDO,
much smaller than the splittings observed in the bromide
mesophase, 19.9 kHz and 34 Hz, respectively. The measured
quadrupole splittings are directly related to the order parameter
of the principal axis of the electric field gradient, approximately
the C—D bond, with respect to the magnetic field direction. The
order parameter describes the spread of the angular distribution
of this bond with respect to the field direction. It can have values
from —0.5, for a C—D axis oriented perpendicular to the magnetic
field, to +1, for an axis parallel to the field. The value zero can
arise only from an axis at the magic angle or a freely rotating
axis. The differences observed between TDTMACI and TDTMABr
mesophases can be explained on the basis of two effects: (1) the
characteristics of the counterions and the added salt and/or (2)
the possibility that the TDTMABTr aggregate is bigger than the
TDTMACI aggregate. Since chloride is smaller than bromide, it
generates a larger electrostatic potential and prefers the aqueous
environment when compared to bromide, which is bigger and
probably located closer to the interface, leading to partial
neutralization of the ammonium headgroups and order. These
two effects should be responsible for the observed differences in
quadrupole splittings. Experiments to determine the aggregation
number of TDTMABT are currently being carried out.

Fluorescence Quenching. A series of steady-state fluores-
cence spectra of pyrene quenched by HDPYCl allows an estimate
of the micellar aggregation number.'>16 Eight microliters of a
stock solution of pyrene, 4 x 10-3 M in chloroform, was deposited
in a 25 mL flask, and after evaporation of the solvent, 8 mL of
mesophase was added. To 11 samples of mesophase with pyrene
included, small amounts of a 0.1 M stock solution of HDPYCI
were added covering a concentration range from 9.1 x 104 to
8.2 x 1073 M. The samples were allowed to equilibrate for at
least 48 h at 25 °C, and the fluorescence spectra were recorded
with an ISS Greg 200 spectrofluorometer.

Molecular Dynamics. Except for the structures of TDTMA*
and decanol, all bilayer setups, trajectory calculations, and
analyses were performed using the software package GROMACS
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Table 1. Charges of TDTMA*' and DeOH Employed in the
Simulations?

TDTMA™ DeOH
-CH3 0.38 H 0.44
-CH3 0.38 (@] -0.74
-CH3 0.38 Cy 0.30
N —-0.58 Cz 0.00
Ci 0.31 Cs 0.00
C, 0.13 Cy 0.00
Cs 0.00 Cs 0.00
Cy 0.00 Ce 0.00
Cs 0.00 Cs 0.00
Ce 0.00 Cs 0.00
Cs 0.00 Co 0.00
Cs 0.00 Cio 0.00
Co 0.00
Cio 0.00
Ci1 0.00
Ci 0.00
Cis 0.00
Cia 0.00

2 These values were obtained from a full geometry 6-31G* energy
minimization and they are in units of |e|.

v 3.0.28 For the visualization of the trajectories and molecular
graphics the VMD?* program was used.

The force field employed was a mixture of GROMOS?6:27 and
that of Bergier et al.2® The bonded part of the potential, namely,
bond stretchings, angle bendings, torsions, and out of plane
bendings, was obtained from the GROMOS force field, and the
nonbonded Lennard-Jones potential was evaluated using the
parameters of Bergier et al., since they were developed for
aliphatic chains. The united atom approximation was used for
the hydrogen atoms in the aliphatic chains. The charges of the
different groups in TDTMA™ and DeOH were obtained from
6-31G* ab initio full geometry optimization calculations. The
charges of TDTMA* and DeOH are listed in Table 1. The
Ryckaert—Belleman?® potential function was employed to cal-
culate the potential of the chain torsions. LINCS3® was used to
constrain the bond lengths of the surfactant chains, and
SETTLES! was used to restrict the structure of the water
molecules. A 1 nm cutoffwas used for the Lennard-Jones potential
and the real space of electrostatic interactions. Long-range
electrostatic interactions were calculated using PME.3233 The
update of the neighbor list was performed every 10 time steps.
To maintain the temperature and pressure at constant values
of 300 K (water, salt, and surfactant separately), and 1 bar,
respectively, we used the Berendsen weak coupling algorithm,3*
with time constants of 0.1 and 1 ps. The time step size in all
simulations was 2 fs.
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Figure 1. Plot of In(lo/l) vs concentration of quencher.

Results and Discussion

Fluorescence Quenching. The intensity ratio be-
tween the vibronic fluorescence bands I (1 = 373 nm) and
111 (A = 384 nm) of pyrene was employed to test for the
location of the probe. The measured I/l = 1.32 + 0.02
indicates that the probe is probably located at the interface,
with a medium polarity close to that of methanol.3® It also
suggests that the integrity of the mesophase remains is
stable in all samples. A modification of the mesophase
structure that involves modifications in the polarity of
the medium should modify the I/111 intensity ratio. It has
been reported that HDPYCl is completely incorporated to
a TDTMABT liquid crystalline bilayer, with the aliphatic
chain oriented toward the interior of the bicelle and the
aromatic ring near the interface.®

The basis of the method assumes a Poisson distribution
of the quencher (HDPYCI) inside the aggregates.'® All
pyrene molecules must be associated with an aggregate.
Each aggregate can include a maximum of one of each
molecule, and emission must arise only from pyrenes in
the absence of quencher. In this situation, the intensity
ratio in the presence and absence of quencher, I/1o, becomes

171, = exp(=[Q)[M]) @)

where [Q] is the HDPYCI molar concentration and [M] is
the concentration of micelles, which can be calculated from

[M] = {[S] — emc}/n &)

[S] is the total molar concentration of surfactant mole-
cules, [TDTMAC] + [DeOH], and cmc is the concentra-
tion of free amphiphile. We did not measure the concen-
tration of free detergent in the system, but we used
conductivity measurements to determine the cmc of
TDTMACI in water, obtaining a value of 0.006 M. Since
[S] is 1.73 M, we have neglected the contribution of the
nonmicellar detergent to eq 2. With this assumption, it
follows from eqgs 1 and 2

In(lo/1) = [QIN/[S] ©)

Using the height of the first vibronic band (1 =373 nm)
as a spectral intensity criterion, a plot of In(l/1) vs [Q]
was made and is shown in Figure 1. The slope of this plot
multiplied by [S]equals 258 + 25, the aggregation number,
n, which is the number of TDTMACI and decanol units
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99, 2039—2044.
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11, 4844—4847.

in one micelle. Here the error corresponds to all sources
of error, including random experimental errors. This result
seems reasonable when compared with the range of values
reported for the cesium pentadecafluorooctanoate/water
system as a function of temperature, going from about
230 to 270, measured by NMR.*#

Molecular Dynamics. A unit cell containing two
tetradecyltrimethylammonium ions and one central de-
canol, both with the aliphatic chain in the fully extended
6-31G* minimum energy conformation, was built. The
unit cell was copied 8 times in the X direction and 24
times in the Y direction. The generated monolayer,
containing 384 TDTMA®" ions and 192 DeOH, was
displaced 1.7 nm in the Z direction, copied, and rotated
180° around the Y-axis to generate the desired bilayer.
This system was placed in a rectangular box of dimensions
17.2 x 17.2 x 6.1 nm?, with periodic boundary conditions
inall directions, containing 40589 SPC?5water molecules,
1152 Nat, and 1920 CI~ ions. The energy of this bilayer
was minimized, to avoid bad contacts and overlaps, and
the dynamics run for 12.5 ns. Within the first 250 ps of
simulation, the edges of the aggregate, initially with the
hydrophobic chains exposed to the water, spontaneously
closed to form a continuous curved surface with the polar
headgroups pointing toward the solvent. After about 2 ns
of trajectory, the system started to show clear signs of
spontaneous fractionation and evolved into four or five
aggregates with approximately oblate symmetry and
similar size. This process was accompanied by a continuous
decrease in the potential energy. A closer inspection of
the different components of the potential energy reveals
that the main contribution to the observed decrease arises
from short-range Lennard-Jones and electrostatic inter-
actions of the type ammonium—ammonium, ammonium—
solvent, and decanol—solvent. This seems reasonable
considering that the fractionation process increases the
surface of contact between the headgroups and the solvent
and also increases the distance between the positive
ammonium headgroups. To estimate a theoretical aggre-
gation number and obtain a more detailed description of
the structure of the aggregate, we built three smaller
units: (A) 84 TDTMACI, 42 DeOH, 132 NacCl, 4368 H,0;
(B) 160 TDTMACI, 80 DeOH, 252 NacCl, 8320 H,0; (C)
320 TDTMACI, 160 DeOH, 503 NacCl, 16640 H,0. The
box dimensions were 5.9 x 6.1 x 5.6 nm3, 7.6 x 8.2 x 6.2
nm3, and 12.7 x 12.2 x 6.8 nm? for systems A, B, and C,
respectively. The aggregates were positioned at the center
of the box, and periodic boundary conditions were imposed
in all directions of space. The mole ratio of all components
was maintained constant in all three systems. For systems
A and B, 10 ns trajectories were calculated and all the
analysis performed on the last 6 ns. For system C, only
5 ns of simulation was calculated for reasons explained
below. Figure 2 shows two perspectives of systems A and
B after 9 ns and system C after 5 ns trajectory. To check
for the stability of the different aggregates, the calculated
potential energy was examined. Since all systems have
the same mole fraction for all components, to make the
values comparable we divided the potential energy by the
number of TDTMACI units. The result, Ex) = —3869.1
kJ, Eg) = —3995.6 kJ, and E) = —3996.9 kJ, indicates
that aggregates B and C should be the most stable. The
energy differences observed between (B) and (C) do not
allow an unequivocal conclusion of which one should be
preferred. Reliable energy differences of the order of 1 kJ
between these large systems are not yet possible to obtain
by classical mechanics simulation. It is very likely that
the real sample is composed of a distribution of aggregate
sizes, very close in energy. After 250 ps of simulation, the
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Figure 2. Snapshots of systems A (10 ns), B (10 ns), and C (5 ns) from different perspectives. On the left there is a view along
the Y axis of the box and on the right a view along the Z axis of the box. The methylammonium headgroups are blue and the
hydrocarbon tail is orange; oxygen atoms of DeOH are red, H atoms of DeOH are white, and the chain is yellow.

solvent exposed edges in aggregate A closed and a structure
closer to a spherical micelle rather than to a bilayer
evolved. Aggregate B, with similar initial configuration
and solvent exposed edges, quickly evolved into an oblate
average symmetry, closing the edges and forming a
continuous curved surface. After 2 ns of simulation, system
C showed clear signs of deformation, similar to that
observed in the fractionation of the large bilayer, although
no division was observed up to 5 ns. This calculation was
stopped at this point, and aggregate C was discarded for
further analysis. Figure 3 shows the radii of gyration,
R¢X, RgY, and RyZ, along the principal axes of aggregates
A and B, as a function of time. System A evolves to a
structure with the three radii of gyration approximately
equal, characteristic of a spherical shape. Structure B
evolves to an average oblate symmetry, with RzZ > RgX
= RyY, and remains more or less unchanged during the
complete simulation. System C displays three different
time dependent radii of gyration, evidence of the continu-
ous deformation and lack of symmetry of the aggregate.
As inferred from the behavior of the radii of gyration,
aggregate B did not experience significant variations in
shape during the simulation. Visual inspection of the
trajectory reveals that the orientation of the aggregate,
with reference to the box axis, remained practically
unchanged during the simulation, with the symmetry axis
of the oblate along the Z-axis of the box. The observed
stability throughout the dynamics, and the nice anisotropic
distribution of surfactants in system B, suggest that the
system is at equilibrium. This is a reasonable representa-
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Figure 3. Radius of gyration along the principal axis of
aggregates A (solid lines) and B (dashed lines).

tive model of the aggregate from which statistical proper-
ties could be obtained with some confidence. It is composed
of 240 surfactant molecules, 160 TDTMACI and 80 DeOH,
in excellentagreement with the fluorescence experimental
determination, 258 + 25, and previous measurements in
other similar aggregates.'* Figure 4 shows the potential
energy of (B) as a function of time. The fluctuation is about
0.5% of the total energy. Therefore, we have employed
system B to make a more complete characterization of the
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components.

liquid crystal unit and the detailed analyses below were
performed on this system only.

Figure 5 shows the mass density profile of the solvent
and all the other components of the liquid crystal along
the normal to the surface of the micelle, the Z-axis of the
box. Because the aggregate was placed at the center of
the box, it remains completely surrounded by solvent and
ions during the complete trajectory. This has the effect
that the calculated densities, along the normal of the
aggregate’s surface, never decrease to zero. However, it
isstill possible to estimate the distribution and orientation
of the different components of the bilayer.

Using a previous definition of interfacial width,® in
this case the region where the density of H,O decreased
from 10% of the total range below its maximum (865 kg/
m3) to 10% of the total range above its minimum (425
kg/m3), the thickness of the interface was estimated to be
about 1.7 nm. The thickness of the hydrophobic core can
be estimated to be 1.4 nm. To study the orientation and
distribution of the surfactant molecules, TDTMA* and
DeOH, in the aggregate, their structures were divided
into three parts: (1) the headgroup including the first
methylene carbon, (2) the central hydrophobic region, and
(3) the last two carbons of the chain. Figure 5 clearly shows
that TDTMA™ as well as DeOH constitutes the bilayer,

(37) Tieleman, D. P.; van der Spoel, D.; Berendsen, H. J. C. J. Phys.
Chem. B 2000, 104, 6380—6388.
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Figure 6. Distribution of charges along the Z axis of the box.

with the headgroups exposed to the solvent and the
hydrophobic chain to the interior. However the DeOH
headgroup is located, on average, about 0.3 nm more to
the interior of the aggregate, contributing to widening
the interface possibly by attracting water molecules to
the OH group. The hydrogen bond distance distribution
between the oxygen of DeOH and protons from water
was calculated and shows the existence of a preferential
O- - -H distance of 0.17 nm, possibly due to the existence
of a H bond. The radial distribution function of the
TDTMA™ headgroup with the solvent was calculated. An
estimate of the cumulative number, considering up to the
first maximum in the radial distribution function, indi-
cates that there are 16 solvent molecules in the first
solvation shell of the ammonium headgroup.

Figure 5 also shows that the density of the sodium ions
decreases when approaching the region where the am-
monium headgroups are located, and the density of
chloride ions increases when approaching the same region,
as expected from basic electrostatics.

Figure 6 plots the total charge density as well as some
of its components as a function of the Z-axis of the box.
It clearly shows a strong polarization of the chloride ions
at the interface due to the ammonium headgroups. The
distance from the maximum charge density of the am-
monium headgroups to the point where the polarization
of the CI~ ions disappears is about 1.1 nm.

The mobility of the two components of the bilayer in the
XY plane was also examined. In 6 ns of trajectory, the
components of the aggregate, TDTMA" and DEOH,
displace about 2.5 nm in the XY plane. There is a random
distribution of DeOH and TDTMA™ in the XY plane after
equilibration.

The interior of the aggregate was examined by calcu-
lating the diagonal elements of the order parameters
tensor of both constituents of the micelle along the
aliphatic chain, relative to the Z axis of the box. Since the
hydrogen atoms of the chains are not represented explic-
itly, their positions are reconstructed based on the
positions of the carbon atoms along the chain.3” The order
parameters for the last carbon of the tail cannot be
calculated. Figure 7 shows the diagonal elements of the
order parameter tensor for TDTMA* and DeOH. As
expected, |Su| and |Sy,| are smaller than |S,,| since there
is more rotational space available for the methylene in
the XY plane, in both cases. It is observed for TDTMA*
that the first two methylene groups show the highest
degree of order, followed by a long segment, from C4 to
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Figure 7. Order parameters of the aliphatic chains of TDTMA™
and DeOH. The dotted line corresponds to DeOH, and the
continuous line is TDTMA™,

C10, with slightly less but constant order, to finally
decrease the order progressively in the last carbons of the
tail. For DeOH, C1 and C2 carbons are less ordered than
those from C3 to C7; the last two carbons are even less
ordered. The reduced order for C1 and C2 might arise
from the dynamics of the H-bond with the solvent. The
system seems to have a high degree of order, only slightly
less than, e.g., phosphatidylcholine lipids in the liquid
crystalline state.®®

Conclusions

The aggregation number of a four-component lyotropic
liquid crystal has been examined for the first time using
two methodologies: fluorescence quenchingand molecular
dynamics simulations. The fluorescence experiments give
an average aggregation number of the studied liquid
crystal of 258 + 25 units. This is in good agreement with

(38) Tieleman, D. P.; Marrink, S. J.; Berendsen, H. J. C. Biochim.
Biophys. Acta 1997, 1331, 235—270.

previous determinations in similar systems.** MD simu-
lations suggest a stable aggregate of 240 units, in
agreement with the fluorescence measurement. A lower
limit greater than 126 units to form the discotic aggregate
is predicted by the MD simulation. An aggregate with
that number of units becomes a spherical micelle, and no
anisotropy should be detected. According to the MD
results, the existence of larger aggregates is possible,
although their shapes are not well-defined. This could
explain the nonregular structure of some aggregates
detected by NMR diffusion experiments.® The real sample
probably consists of a distribution of aggregate with
different sizes and similar energy. After equilibration,
the components of the aggregate are randomly distributed
in the micelle and no cluster formation of DeOH or
TDTMA™ was observed.

Finally, the simulation locates the DeOH headgroup,
on average, 0.3 nm more to the interior of the bilayer than
the ammonium headgroups, forming H-bond with the
solvent and possibly widens the interface.
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