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The influence of sodium chloride on the self-association and chromonic mesophase formation of
Edicol Sunset Yellow

J.W. Jones®®* L. Lue?, A.P. Ormerod® and G.J.T. Tiddy**

aSchool of Chemical Engineering & Analytical Science, University of Manchester, Manchester, UK; ® Biopharmaceutics Research
& Development, Bristol-Myers-Squibb, Moreton, Wirral, UK; “Unilever Research & Development, Sharnbrook, Bedfordshire, UK

(Received 17 December 2009, accepted 31 March 2010)

We have investigated the effect of an inorganic electrolyte (sodium chloride) on the aggregation behaviour and liquid
crystals of Edicol Sunset Yellow. Edicol self-aggregates in aqueous solution to form single molecule stacks, which then
become ordered to form nematic and hexagonal (columnar) mesophases at high concentrations. We have employed
changes in the 'H nuclear magnetic resonance (NMR) chemical shifts to monitor the aggregate formation in solution.
A single spectrum is observed at all concentrations because the exchange between Edicol monomers in solution and
those in stacks is fast on the NMR time scale. The results show that at low Edicol concentrations (<1 wt%) the
concentration of aggregates is small, but at high concentrations (20 wt%) the fraction of monomers is tiny. At low
Edicol concentrations, low levels of salinity appear to alter aggregate shape and size, resulting in a disaggregation/
aggregation effect occurring over four orders of magnitude of added electrolyte. However, little alteration is seen in the
fraction of aggregates. At high electrolyte levels, when the Debye length is comparable to the stack lengths (a few
nanometres), the fraction of aggregates increases, presumably because of the reduced intra-stack electrostatic repul-
sion. Importantly, we have also shown that the isodesmic theory of aggregation (equal K) is too simple to describe
accurately the aggregation process from the monomer to the pre-nematic phase concentrations. NMR quadrupole
splittings indicate that there is no specific Na*t ion binding to the stacks. At the very highest concentrations of Edicol
and sodium chloride the aggregates and mesophases are destabilised. The reason for this has yet to be elucidated.

Keywords: chromonic; aggregation; isodesmic; Edicol Sunset Yellow; salt; sodium chloride; NMR; chemical shift;

quadrupole

1. Introduction

Chromonic liquid crystals are formed by compounds
with multi-aromatic rings that also have polar substi-
tuents [1]. The compounds self-aggregate in dilute
aqueous solution; then, when the concentration of
aggregates (stacks) is sufficiently high, these aggre-
gates become ordered to form mesophases; see
Figure 1 [2, 3]. Whilst chromonic mesophases have
been known for many years (for a summary see
Collings and Dickinson [4]), they remain mysterious.
Alfred Saupe was the first to examine the systems
using nuclear magnetic resonance (NMR) [5], at the
same time that he made significant contributions to
the study of surfactant nematic phases. His group
identified two different amphiphilic nematic phases
formed from rod and disc micelles. However, the
most remarkable discovery was a third amphiphilic
nematic phase which was biaxial [6]. Biaxial nematics
have been well-established in lyotropic systems since
that time. One of us (GJTT) is particularly grateful for
instructive discussions on surfactant mesophases and
their properties where Saupe had particular insights.

One example is in considering the flexibility of rod-like
micelles with an elliptical cross-section. As Saupe
pointed out, the easy-bending mode is around the
short axis, the opposite of the common assumption.
The present paper continues the theme of NMR stu-
dies on chromonics.

The mechanism of aggregation for chromonic sys-
tems has been considered several times before [7-14]
and is often assumed to be isodesmic in nature, i.e. the
energy of adding or indeed removing an individual
molecule from an aggregate stack is independent of
the stack size. We suspect that the aggregation beha-
viour of Edicol Sunset Yellow (see Figure 1), a com-
monly studied dye, is more complex than that
described by an isodesmic model. To investigate this
we have used 'H high-resolution NMR to measure the
chemical shifts, 6, of Edicol as a function of concen-
tration. The ring current shielding effect of the aro-
matic compounds induces relatively large changes in
the chemical shifts of neighbouring molecules in the
same stack. As the exchange of monomers and mole-
cules in the stacks is very fast on the NMR time scale,
the measured chemical shift is a weighted average of
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Figure 1. (a) '"H NMR spectrum of Edicol in aqueous solution (1 wt%) at 22°C together with the assignments (5 values
referenced to "THOD at 4.8000 ppm [16]). (b) The phase diagram of aqueous Edicol Sunset Yellow [2, 3], taken with permission.

the free and complexed molecules [2, 9, 10]. Since the
monomer chemical shift is expected to be independent
of concentration, changes in chemical shifts can be
attributed to changes in the relative populations of
monomers and aggregates.

Edicol has two possible tautomeric forms, but we
have previously shown that the azo tautomer
(see Figure 1) is the one present [2] and that it aggre-
gates to form single molecule stacks in solution both
in the nematic and hexagonal phases [2, 3, 13, 15].
Figure 1 shows a typical NMR spectrum with proton
assignments for Edicol at pre-liquid crystal concentra-
tions. In this study we follow the aggregation of Edicol
by measuring the changes in the proton chemical
shifts. It must be noted that the assignments of protons
H,9 and H,, differ from those given in our previous
paper [2], where due to an error they were transposed
in the structure given.

We have previously shown that changes in chemical
shifts can be combined with other data to determine the
structure of the aggregates and their repeat/unit struc-
ture [2]. We now aim to investigate the detailed aggre-
gation mechanism in water and salt solutions using the
chemical shifts. Edicol is a di-anionic compound; hence
we can expect that electrostatic repulsions due to the
ionised sulphonate groups will act to prevent

aggregation. This repulsion is expected to be reduced
by the addition of an electrolyte [15, 17-19]. Thus we
have measured the ¢ values as a function of both the
Edicol and electrolyte concentrations of sodium
chloride.

2. Experimental section
2.1 Materials

Edicol Sunset Yellow (M, 452.37 g mol™") was pur-
ified via high-performance liquid chromatography
(HPLC) using the method described in our previous
paper [2] and then stored in a desiccator. The heavy
water (99.8% “H) and sodium chloride (M, 58.44
g mol™") were purchased from Sigma-Aldrich and
used without further purification.

2.2  Methods

Samples were prepared at specific concentrations
using heavy water and then vortexed at elevated tem-
peratures before cooling back to room temperature.
After one day the NMR spectra were measured using
a Bruker 400 MHz spectrometer at 295 + 0.5 K
with the use of a temperature-controlled air stream.
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Figure 2. The chemical shifts of pure Edicol relative to the monomer chemical shift at 22°C (8,,0,). Value fitted using the
isodesmic model and an equilibrium constant, K, of 340 m™! (for further discussion see later). Note that m denotes the molality
which is the number of moles of solute per kilogram of solvent (colour version online).

The é-values were measured using the "HOD peak as a
reference (6 = 4.800 ppm) [16]. Sodium chloride and
’H,0 were mixed at several different molarities, to
which the Edicol was then added.

3. Results and discussion
3.1 The aggregation behaviour of Edicol

In our previous study we used the change in chemical
shifts, 6.1, With concentration to follow the behaviour
of Edicol [2]. Here, we report a more extensive study of
dobs as a function of concentration to examine the aggre-
gation process in more detail. Various models have been
developed to describe this, the most common being the
isodesmic model. For all of these models we assume that
the chemical shift changes result from aggregation and
that 6, 1s invariant at very low concentrations, giving
the monomer chemical shift, 6,,,,; We also assume that
bobs 1S Invariant at concentrations close to the nematic/
isotropic phase boundary, giving the chemical shift 0.
As shown in Figure 2 (inset), at the lowest concentra-
tions measured there are still small changes in . The
values of 6,0, have been estimated using the isodesmic
model (see later). To highlight changes in ¢, we report
the change in 8, relative to the monomer chemical shift
Omon» as shown in Figure 2. This figure includes data for
more samples than previously reported [2]. The results
are also listed in Table 1.

The trend in chemical shift associated with the
aggregation follows an S-shaped curve, which can be
approximated into three different regions. The first
region exists at low Edicol concentrations below
0.01 wt% at which the change in 8, is small and little
aggregation is observed. The second region lies between
0.01 wt% and 19 wt% during which there is a significant
increase in 6 and molecular aggregation. The final
region lies at Edicol concentrations greater than 19
wt%, and is typified by a decrease in the change of 6.

3.2 Fitting the isodesmic model

Current schools of thought argue for the case of an
isodesmic model of only one constant value and
two limiting chemical shifts dmon and 6,4. Previous
published papers have proved this to be the case,
with both the monomer-dimer and isodesmic
model being successfully applied to the aggregation
behaviour of several aromatic ring molecules
[8, 14, 20], including the dye Orange II [9, 21].
Several reviews have been published regarding differ-
ent models covering the aggregation from simple
benzene molecules to squaraine dyes, so only a brief
précis will be given here [7, 8]. The aggregation of
chromonic molecules can be approximated as a step-
wise reaction, monomer to dimer to trimer etc. to
stack:
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Table 1. 'H chemical shifts, §ops, of Edicol in 2H,O at 22°C.

H19 H2() H21 H22 H23 H24,26 H25,27
Conc. 6mon_ 5mon_ 6mon_ 6mon_ 6mon_ 6mon_ 6mon_ wt%o
Wt‘yo éobs 9 U"l 60b5 9 0 b‘ObS ‘VO 60b5 9 0 60[)5 9 0 é‘ObS ‘VO 6ObS 9 () mOnd
Smon” 7.917 8.630 8.045 7.841 6.820 7.867 7.882

0.002 0.004 0.49 0.019 1.11  0.006 0.49 0.002 0.17  0.011 0.78 0.017 1.01  0.004 0.52  0.002
0.005 0.027 3.38  0.054 3.18 0.032 2.86 0.016 1.11  0.042 3.03 0.053 320 0.018 236 0.005

0.01 0.044 544 0106 622 0072 635 0033 231 0087 634 0.108 656 0041 549 0.009
0.1 0.146 182 0422 247 0294 261 0359 251 0356 260 0434 263 0162 218 0074
1 0264 328 0708 414 0472 418 0.603 422 0582 426 0.698 424 0249 334  0.58
10 0701  87.1  1.503 879 0998 88.6 1264 885 1215 888 1440 874  0.647 869 1.2
19 0.791 984  1.650 966 1.092 968 1388 971 1332 974 1588 964 0733 985  0.57
21 0.806 100 1699 99.4 1119 991 1419 993 1360 994 1.633 992 0742 99.6  0.13
2 0.804 100 1.698  99.4 1118  99.0 1418 992 135 993  1.632 99.1 0741 99.5  0.15
23 c - 1709 100 1129 100 1429 100 1368 100  1.647 100 0745 100 -
S/ns 0.93 0.4 1.1

mon

©S/ns 39 37 38

agg*

Notes: * %= (6mon— Oobs)/(Smon— Gage), @ linear relationship. PExtrapolated value. “Very weak, very broad peak thus unable to estimate chemical
shift. YCalculated from Hao, Ha3, Hoy 6. 04, 18 assumed to be the chemical shift at the final concentration close to the phase boundary between
the isotropic and nematic phases. Note: These values are slightly different from our previous publication because of different sample batches and

purification; we believe this to be our purest sample [2].

K,
A+ A1 A [4o] = K> [41], (1

K3
Ay + A) S Ay [43] = K3[A1]-[42]

= Ky K3[4,)%, 2

K,

Ap1 + 41 A, [4,] = Ku[An-1]-[41].  (3)
Here K5, K3 and K, are the equilibrium constants for the
addition of a monomer to a monomer, dimer and (n — 1)
— mer respectively, and [A], [A2], [A3], - ... [A,] are the
molar concentrations of the monomer, dimer, trimer and
n-mer species, respectively. The isodesmic (equal model)
assumes that for all aggregation events (monomer to
dimer to stack) the equilibrium constants are equal, i.e.
K =K, =K, = K3 = ... = K,,. Thus, for chemical shift
data the equal K process can be written as

A = 6obs — Omon = (6agg - 6mon)Kcla 4)

where 8, is the observed 'H chemical shift, 6,,,, and
0age are the chemical shifts of the monomer and aggre-
gated species, respectively, and ¢; = [A;]. As has been
shown previously (Martin [7]; Chen et al [8]), c¢; is
related to cr, the total concentration, by

Ker = Kcl/(l — Kcl)z. (5)

The solution of which leads to a term for Kcy:

_ZKCT+ 1-— \/4KCT+1

Kc
“ 2KCT

(6)

Thus, if the experimental data follow isodesmic aggre-
gation, a simple plot of é,,s against log c7 should fol-
low the theoretically calculated values fitted by
estimating K and 6,4,. It is important to note that the
fitting of Equation (4) is typically carried out by linear
regression and is heavily reliant on both the parameters,
K and 6,g,. This can result in the production of a wide
range of K values between different experimental tech-
niques. We have reduced the number of variables by
subdividing ps — 5agg|CT (the chemical shift measured
at the concentration C7) by 8ops — 5agg|c,m (the chemi-
cal shift at the maximum measured concentration) (see
Equation (7)), thus reducing the number of variables,
facilitating the preliminary fitting of only K and later
0agg Dy minimising the error between the theoretical and
experimental results:

Kei(er) [ Ker(eman) = (8 = Smon)lcy /(6 = Smon)

@)

Figure 3 shows our solution of fitting the isodesmic
model to the experimental data of protons Ho, Hxs
and H4 6. We have weighted the data to fit both
monomer and aggregate concentrations by preferen-
tially minimising the error in the said region. Details
are summarised in Table 2.

We have found that in using the isodesmic model it
is possible to approximate behaviour at very low
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Figure 3. Modelling the aggregation behaviour of pure Edicol as a function of concentration using the isodesmic model [7, 8, 10]

(colour version online).

Table 2. Aggregation parameters (K, 0,4,) of Edicol in
aqueous solution at 22°C fitted using the isodesmic model.

Close to N phase Close to monomer
Proton  &mon/ppm  K/m™! Oage/PPM Kim™! Oage/PPM
Hyo 8.625 34.1 6.517 312 6.794
Hy; 6.820 36.6 5.144 301 5.352
H4 26 7.867 36.1 5.854 311 6.101

(ca. 107 m) and high (0.7 m) concentrations. The
isodesmic model returns what can be considered rea-
sonable values for K and 0,4, (as shown in Table 2) [2,
3, 7]. However, Figure 3 does reveal significant devia-
tions between the fitted model and experimental data
over a wide range of concentrations ca. 10~ and 0.5 m,
thus revealing that the equal K model does not hold for
Edicol Sunset Yellow. This conclusion is in agreement
with a recent X-ray study of the Edicol liquid crystal
phases by Joshi et al. [22].

Moreover, there are also some short comings in the
assumption that a single value of 6,4, is sufficient for
all concentrations. Table 1 shows the percentage of
Edicol in aggregates at each concentration, calculated
from 6,5 for each separate proton signal. At each
concentration this should be the same for all the
protons; it clearly is not! At the lowest concentration,
the calculated fraction of aggregates falls in the range
0.17-1.11 wt%. For the high concentrations (>10
wt%) all the proton shifts give similar values for the
fractions of aggregates. However, for 0.002-1.0 wt%
the values for Hyo, Hy, and Hjs 57 are generally smaller

than for the other protons. It does not seem likely that
the values of 6,4, could be very much larger than the
values given for Hyy and Hy4 6. Thus, at the lower
concentrations, the values of 8,4, for Hy9, H,; and
H,s 57 are smaller than the estimated values. We con-
clude that there is a change in the structure of the
aggregates with increasing concentration, with the
aggregates probably becoming more compact at
higher concentrations. (Note that in the mesophases
the separation between the aggregates is of the same
order as the longest Edicol dimension.) It is not imme-
diately clear what structural changes would lead to the
observed shift patterns, but if the single aromatic ring
was not fully incorporated into the stacks at low con-
centrations this would give the smaller shifts for
Hy426. At higher concentrations the crowding of the
stacks would lead to more compact packing and a
larger shift. This change in aggregate structure would
lead to non-isodesmic behaviour.

The final column of Table 1 lists the monomer
concentration calculated by subtracting the concen-
tration of Edicol in aggregates from the total concen-
tration. This shows a maximum at ca. 10 wt%, above
which the monomer concentration decreases. Whilst
the exact monomer level calculated does depend on the
value taken for 6,4, this overall picture follows
directly from the assumption that § = 6,4, at some
high concentration. However, this assumption does
not allow the identification of the concentration at
which the number of monomers starts to decrease.
Note that the monomer concentration is not related
directly to the Edicol chemical potential at high
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concentrations. This will increase monotonically
across the whole concentration range.

We should also add a cautionary note concerning
the use of the two-state model to analyse the concen-
tration dependence of the chemical shifts. In particu-
lar, the molecules at the ends of the stacks will have a
different chemical shift from those fully inside the
stacks. Thus we do not expect the small aggregates
(e.g. dimers, trimers) to have the same 6,4, as larger
aggregates; their values are likely to be closer to 600
by, say, 0.4 ppm or so. However, the expected concen-
trations of these species are smaller than that of the
monomer. Hence this will alter the values in Table 1 to
some extent, but it does not alter the overall picture.
The maximum in the monomer concentration is still
present, and hence the behaviour is non-isodesmic, at
least above ca. 10-15 wt%.

3.3 The aggregation behaviour of Edicol in sodium
chloride solutions

Inorganic electrolytes have been shown to have a sig-
nificant effect on the phase behaviour of liquid crystal-
line Edicol, generally increasing the stability of the
mesophases [3, 15, 17-19]. Mostly these authors have
studied a single Edicol concentration and varied the
electrolyte level. Park et al. [15] report an increase in
the mesophase transition temperatures at 0.9 m Edicol
with a range of salt levels. The increase varies from ca.
2°C at 0.3 m salt to 5°C at 1.2 m. Figure 4 shows the
phase boundaries for Edicol in 1 m NaCl compared
with the behaviour in water, over a range of concen-
trations. Note that these results were obtained using a
slightly less pure Edicol sample than that employed for
the phase diagram in [11], although impurity peaks

present in the proton NMR spectra were of low inten-
sity (<1 wt%). The phase transitions are known to
differ by a few degrees for different batches [9, 11, 13],
but the overall behaviour is generally similar. This addi-
tion of electrolyte results in a slight destabilisation of
the nematic phase at the highest concentrations. There
is also a significant shift to higher concentrations for the
nematic phase, while the hexagonal phase occurs at
even higher concentrations. These changes are in the
opposite direction from those reported by Park ez al.
[15] and others. However, we note that the measure-
ments of Park et al [15] were made on a sample with
28.9 wt% Edicol, whereas our measurements start at ca.
33 wt%. There appears to be a crossover in behaviour at
this point which requires further measurements. The
shift in the nematic/hexagonal boundaries above 33%
is consistent with a decrease in mesophase stability,
with the less ordered nematic phase persisting to higher
concentrations.

It has been suggested that these phenomena are a
direct consequence of electrostatic charge screening
due to the presence of the NaCl and are related to
both the valency of the counterion and, to some
extent, its concentration [15, 18]. A well-established
method to monitor ion binding in surfactant liquid
crystals is to measure the **Na quadrupolar splittings
(ANa) [2, 23, 24]. We have made measurements on
liquid crystalline phases containing Edicol, where the
ANa values fall in the range 3.2-3.7 kHz, showing
little variation with concentration and only a small
decrease with increasing temperature [2]. From this
we concluded that they followed a similar pattern to
that for ionic surfactant mesophases, where the ion-
condensation hypothesis often applies [25]. For highly
charged aggregates such as Edicol stacks (and micelles
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Figure 4. A phase diagram showing Edicol Sunset Yellow in 1 m NaCl solution (solid line) in comparison to aqueous Edicol

(dashed line) (colour version online).
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Figure 5. The **Na quadrupolar splittings of Edicol in 1 m NaCl as a function of temperature (colour version online).

of ionic surfactants) the counter-ions condense onto
the charged surface to neutralise 70-80%, say, of the
charges. The remaining ions form a diffuse double
layer. Thus alterations in aggregate concentration do
not greatly alter the ion binding. Because the ANa
values are determined by the fraction of Na* ions at
the aggregate surface, these are also fairly invariant
with composition. Values for Edicol with 1 m sodium
chloride are given in Figure 4. The added NaCl
reduces the ANa values from within the range
3.2-3.7 kHz to the range 2.3-3.0 kHz. We can assume
that the added electrolyte has a zero ANa value if
added Na™ is not binding to the aggregates, but simply
increases the total concentration of sodium ions pre-
sent. Then we calculate a range for ANa in the pre-
sence of salt of 2.0-2.7 kHz from the results for the
salt-free system. This is very close to the actual values
observed, giving firm evidence against any role of
specific ion binding from the added electrolyte for
this case.

From a comparison of the concentrations at which
mesophases form, the effect of NaCl on the molecular
aggregation behaviour of Edicol is not clear. With this
in mind, we have examined in detail the aggregation
behaviour of Edicol in solutions of NaCl over a wide
range of concentrations using proton NMR. The
results are given in Figure 5 and Table 3. To emphasise
the influence of the electrolyte, the data in Figure 6 are
given at constant Edicol concentration and varying
sodium chloride concentration. The data are analysed
using the two-state model (monomers/aggregates) and
hence, as with the data for the salt-free system, we
neglect any change in 8,4, With aggregate size.

The results in Figure 5 and Table 3 reveal several
interesting points regarding the effect of NaCl on

Edicol aggregation behaviour. As with the pure
Edicol systems, the trend can be split into distinct
regions. The first region bounds a range of four orders
of magnitude (10°-10> M NaCl) within which a
cursory observation reveals a negligible change in
dobs- Contrary to this initial observation, closer inspec-
tion reveals that 6, 1S not constant; rather it varies
significantly from one concentration to another in a
see-saw fashion. This variation is reproducible with
several repeated samples. Remarkably, this suggests
that the monomer/aggregate equilibrium is affected by
small and varying amounts of NaCl, sometimes result-
ing in a small amount of disaggregation. This phenom-
enon persists until the NaCl concentration reaches
107" M, at which point a sharp increase in the aggrega-
tion is observed (continuing up to and including 3 M
NaCl); a trend which defines the second region.
Throughout this range of concentration, aggregation
gradually increases, the sharp gradient change corre-
sponding to a fractional increase from 0.07 to 0.4
(from 1072 to 107! M) in the number of aggregates in
comparison to the pure Edicol system (0.01 wt%). It
must be noted that this trend is evident in each of the
four Edicol concentrations shown in Figure 4, but
decreases in magnitude with Edicol concentration
(e.g. a change in 6pon — dobs = 0.9, 0.8, 0.6, 0.2 for
0.01, 0.1, 1 and 10 wt% Edicol, respectively) suggesting
that NaCl is more effective for larger aggregates [15].
Coincidentally, it is at this same concentration that
aggregation of Edicol is encouraged by NaCl, sugges-
tive of a critical concentration. Thus, it can be argued
that the addition of excess Na* ions screens the repul-
sive interaction between opposing Edicol molecules
facilitating the aggregation of n-mers at lower Edicol
concentrations. This would then suggest that the size
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Figure 6. The effect of NaCl on the observed chemical shift, §,ps, relative to that at the monomer concentration, 6,05, Of
Edicol at 22°C. The dashed line indicates a significant change in gradient and aggregation of the Edicol molecules (colour

version online).

of Edicol aggregates is limited by the electrostatic
repulsions.

Table 3 lists the fraction of Edicol in aggregates
calculated from the data for each proton separately.
Because of the very broad lines for the high concentra-
tion spectra (20 wt%) with high electrolyte levels we
have taken the values of 6,4, to be those for the 10 wt%
samples. This will result in an overestimation of the
monomer concentration. However, even so, it can be
seen that the monomer concentration decreases mono-
tonically as the sodium chloride concentration
increases. The sharp decrease in monomer concentra-
tion at 0.1 M electrolyte and above could lead to a
small increase (ca. 1 wt%) in the volume fraction of
aggregates, which might account for the increase in
mesophase stability at intermediate electrolyte levels
as reported by Park et al [15].

We have fitted the data at all concentrations using
the isodesmic model. The fit is poor, but the values of
K are listed in Table 4. These increase strongly with
electrolyte concentration as expected.

Importantly, further information on the aggregate
size can be gleaned from the NMR spectra, through
using the transverse relaxation time (73) and, thus, the
correlation time, 7, the results of which are detailed in

s Yoo

the following section.

3.4 Correlation time, 7., and stack length

We have estimated the Edicol stack size by calculating the
'H transverse spin relaxation times, 7>, from the half-
height width of the peaks, Avyp, in the chemical shift
spectra using the relation (n7;) '= Avyp. To achieve
this, we assume that the Edicol mobility can be described
by two correlation times previously used for micelles [2].
In micelles, the first is a slow motion due to the orienta-
tion of the molecule at the micelle/water interface, rf ,and
the second a fast motion due to local rotation, translation
and conformational changes, 7/ In this work we assume
that the maximum value of the ¥ term occurs for the
narrowest peaks [26]. Thus 75 is found from

1 9~%?
= e (5% () + (1 - )5 e
3 5 Te Te

2521 —|—w%r§+ 1+ 4032’

®)

where + is the nuclear gyromagnetic ratio and S is the
orientational order parameter, which we take as 0.6
from our previous work [2].

Note that the measurement of Ay, /, is complicated
by the influence of scalar J coupling between the aro-
matic protons which splits the resonances into multi-
ple peaks. At low concentrations the individual peaks
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Table 3. 'H chemical shifts of Edicol and aggregation parameters in NaCl solutions of various strengths at 22°C.
Hl9 H20 HZI H22 H23 H24,26 H25,27

Conc. (NaCl) 6mon - 6mon - 6mon_ 5mon - ‘Smon - 6mon - 5mon - wt%
wt% Sobs %" obs %o Sobs Yo obs Yo obs Yo obs Yo Sobs Yo mon®
Smon’ (ppm) 7.917 8.625 8.04 7.841 6.820 7.867 7.882
No salt
0.01 0.044 5.52 0.106 6.44 0.072 6.57 0.033 2.38 0.087 6.51 0.108 6.80 0.041 5.58 0.009
0.1 0.146 185 0422 256 0294 269 0359 259 0356 267 0434 273 0.162 22.1 0.074
1 0.264 333 0.708 429 0472 432 0.603 435 0.582 437 0.698 439 0.249 339 0.56
10 0.701 88.5 1.503 91.1 0998 914 1264 9l1.1 1.215 912 1440 90.7 0.647 882 0.9
19 0.791 100 1.650 100 1.092 100 1.388 100 1.332 100 1.588 100 0.733 100 -
1x10° M
0.01 0.041 5.20 0.146 8.57 0.099 8.86 0.076 5.37 0.120 8.81 0.150 9.21 0.053 7.08 0.009
0.1 0.082 10.6  0.279 164 0.196 175 0.217 153 0.235 173 0290 17.8 0.104 14.0 0.083
1 0.253 32,5 0713 419 0472 422 0.606 427 0.583 429 0.702 43.1 0266 357 0.57
10 0.691 88.7 1493 87.8 0989 883 1.254 885 1.205 88.7 1429 877 0.639 858 1.2
20 0.779 100 1.700 100 1.120 100 1.417 100 1.358 100 1.631 100 0.744 100 -
1x107* M
0.01 0.061 8.76 0.173 11.6 0.118 119 0.105 8.38 0.144 119 0.179 125 0.065 10.2 0.009
0.1 0.106 152 0346 232 0241 244 0285 227 0292 243 0358 251 0.132 206 0.076
1 0.267  38.1 0.713 479 0475 481 0.608 48.5 0.587 488 0.703 493 0.269 422 0.51
10 0.700 100 1.491 100 0.989 100 1.253 100 1.204 100 1.428 100 0.639 100 -
1x10° M
0.01 0.050 7.14 0.143 9.55 0.096 9.71 0.073 5.8 0.118 9.78 0.147 103  0.053 8.28 0.009
0.1 0.119 169 0342 228 0.236 238 0280 222 0.288 238 0.353 246 0.129 20.1 0.076
1 0.270 384 0.723 482 0481 484 0.615 488 0.594 49.1 0.712 49.6 0272 424 0.51
10 0.704 100 1.499 100 0.993 100 1.259 100 1.210 100 1.435 100 0.642 100 -
1x107* M
0.01 0.073 10.5  0.217 14.6 0.151 153 0.151 12.1  0.180 150 0.224 157 0.081 12.7  0.009
0.1 0.098 139 0292 197 0.205 20.8 0.228 182 0.244 204 0.302 21.2 0.110 17.3 0.08
1 0.280 402 0.742 499 0492 499 0.630 50.5 0.608 50.7 0.730 51.2 0281 44.1 0.5
10 0.697 100 1.487 100 0.985 100 1.249 100 1.200 100 1.424 100 0.636 100 -
0.1M
0.01 0.166 22,5 0482 30.7 0321 30.8 0397 30.1 0.393 31. 0.484 321 0.176  25.8 0.007
0.1 0.228 31.0 0.631 40.2 0417 399 0.529 40.1 0.513 406 0.626 41.6 0.234 344 0.06
1 0.368 499 0922 58.7 0.604 579 0.775 58.8 0.745 589 0.898 59.6 0.358 52.5 041
10 0.737 100 1.571 100 1.042 100 1.319 100 1.265 100 1.507 100 0.681 100 -
0.3M
0.01 0.235 30.5 0.651 39.7 0425 393 0543 396 0524 399 0653 414 0.238 333 0.006
0.1 0.312  40.5 0.821 50.1 0.53 489 0.681 49.7 0.653 49.8 0.805 S51.1 0.308 43.1 0.05
1 0478  62.0 1.128 68.8 0.735 67.9 0943 689 0.901 68.7 1.096 69.6 0453 634 0.31
10 0.771 100 1.638 100 1.082 100 1.370 100 1.311 100 1.575 100 0.715 100 -
1M
0.01 0.182 229 0.625 36.6 0337 299 0478 337 0450 33.5 0.601 36.0 0.190 25.1 0.007
0.1 0.336 424 0930 545 0584 519 0756 534 0709 528 0915 549 0.338 447 0.047
1 0.553  69.8 1.481 86.9 0961 854 1225 86.5 1.158 863 1439 864 0.624 825 0.14
10 0.792 100 1.705 100 1.125 100 1.416 100 1.342 100 1.666 100 0.756 100 -
3M
0.01 0.312 328 1.01 609 0.597 553 0775 577 0.683 564 0.99 59.9 0.318 457 0.004
0.1 0.53 55.7 1.149 693 0.754 699 0973 724 0869 71.7 1.225 740 0438 63.0 0.028
1 _ _ _ _ _ _ _ _ _ _ _ _ _
10 0.951 100 1.659 100 1.079 100 1.344 100 1.211 100 1.654 100 0.695 100 -

Notes: * %= (6mon— Oobs)/(Omon— Sage)- a linear relationship. "We assume Smon to be the same in both aqueous and NaCl systems. ¢ Calculated

from H,o, H,3, Ha4 26. Note: The effect of NaCl at low molar concentrations, i.e. 107,107 and 1072, is real and reproducible.

can be distinguished, so it is easy to measure Av, /. As

the lines become broadened, there is overlapping of

adjacent resonances and the values of Av,, are over-
estimated. In these cases we have subtracted the

appropriate value of J from Av,/,. The major effect
is with the ortho-couplings where J is ca. 8 Hz. We
expect that the naphthalene ring protons Hj9, Hyg,
H,,, and H,3 will have the same value of Av; ,because
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Table 4. The effect of NaCl concentration on K and 6, fitted using the isodesmic model over all data points.

H20

I-123 I-124,,26

Omon/pPpm 8.625

Omon/ppm 6.820

Omon/ppm 7.867

NaClM K/m™! Sage/PPM K/m™ Sage/PPM K/m™ Sage/PPM
0* 34.1/312 36.6/301 5.144/5.352 36.1/311

1x107° 95.1 6.789 115 5.366 117 6.145
1x107 151 6.966 113 5.366 156 6.189
1x1073 152 6.962 120 5.366 117 6.138
1x1072 125 6.845 110 5.336 108 6.138
0.1 424 7.032 410 5.422 440 6.209
0.3 1030 7.050 722 5.406 781 6.174

1 1590 7.050 1120 5.407 1692 6.174
3 1658 6.939 12594 5.5870 15772 6.186

Note: *Fitted at both monomer and aggregate concentrations.

there is one major dipole-dipole coupling to provide
the line broadening. In particular, Hy3 is well-sepa-
rated from the other resonances, and has been
employed for Av;/, measurements. However, because
of the uncertainties introduced by the coalescence of
broadened peaks, some of the estimated 75 values will
have errors of up to ca. 30%.

This relationship for 7, has been used previously
for surfactants to determine the size of the micelle
provided the diffusion coefficient is known.
However, it has been shown that 5 alone can be
used to distinguish between large (rf~10’6 s) and
smaller (rf_~10’9 s) micellar aggregates [26]. It must
be noted that for Edicol, diffusion of the molecule
along the stack is not possible and thus 5 must be
due to rotational diffusion, D,q. The linewidths of the
peaks increase from ca. 0.3 Hz at low concentration to

15 Hz at the highest concentration examined (7, =
1.6-0.01 s), equivalent to a hundred fold increase in
5 (107" — 107% s) (Figure 7). The increase in Av; )
becomes more marked above 10 wt% Edicol (ca. 2
Hz), reaching ca. 15 Hz at 23 wt%. Thus, a crude
estimation of size can be made if we assume rod-like
aggregates and that
1/18 ~ Do ~ kgT/37n, In(L/d)/L* [27] where 7, is
the viscosity, L the length and 4 the diameter of the
aggregate. This suggests that the largest aggregate size
lies between 10 and 100 A. There is good agreement
between these estimates and previously reported sizes
[12, 13, 15].

On addition of sodium chloride, a significant
increase in line broadening occurs only at high NaCl
concentrations, typically above 0.1 M (Figure 8). At 0.3
M the peaks of the 10 wt% solution are broadened to

1000

100
/I';l\ w_p' o- Theory
< 10 o :20
= . A 23
<>1 ot H24,26

pa® mA‘
1 1499.‘3’
0.1 . . . \
1.00E-10 1.00E-09 1.00E-08 1.00E-07 1.00E-06

7 (8)

Figure 7. Pure Edicol: linewidth, Av, ,, as a function of the correlation time, rf , calculated from Equation (1) as indicated in
the text (assuming S = 0.6 and an NMR frequency of 400 MHz) (colour version online).
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Figure 8. The effect of NaCl on the correlation time 5 of Edicol (Ha,3) (colour version online).

ca. 5 Hz. However, at 1.0 M and 3.0 M even the 0.01
wt% solution has a Avy ), of 4-5 Hz. Thus fairly large
aggregates (ca. 3 nm) are present even in dilute solution
where approximately half of the Edicol exists as free
monomers. Clearly, the added electrolyte promotes the
formation of larger stacks — probably due to the reduc-
tion of electrostatic repulsions.

4. Discussion and conclusions

The effects of added sodium chloride on mesophase
stability are modest when compared to those that are
observed in surfactant systems. Moderate levels (0.5 m)
increase transition temperatures, while high levels
reduce the temperatures. From the calculated monomer
concentration based on chemical shifts, it seems likely
that some of the stabilisation can be attributed to a small
increase in stack volume fraction because of a reduced

monomer concentration. The phase diagram of Edicol
in water [2] shows that at ca. 35 wt% an increase in
Edicol concentration of 1 wt% increases the mesophase
transitions by 5°C. Furthermore, the density of sodium
chloride solution is higher than that of water by 2 wt%
for 0.5 M, increasing to 10 wt% for 3.0 M. Thus, the
volume fraction of the solvent is smaller, so this will also
act to increase the transition temperatures. These effects
appear to be sufficient to account for the increase in
mesophase stability at moderate electrolyte levels. The
decrease in mesophase stability at the highest sodium
chloride concentrations is very unexpected, and cannot
be accounted for by this mechanism.

For the isotropic solutions, the absence of large
changes in chemical shifts for sodium chloride concen-
trations less than 0.1 M shows that there are no dra-
matic changes in aggregation at 1 wt% Edicol or less.
Hence long-range electrostatic repulsions (for example,
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between aggregates) do not influence the aggregation
process. For these systems the Debye length is the same
or larger than the stack size. Note that in 10 wt% Edicol
the sodium ion concentration is ca. 0.2 M, which is
equivalent to 0.1 M of a 1:1 electrolyte. However, the
small see-saw effect in some of the chemical shifts sug-
gests that the nature of the aggregates first formed
changes with electrolyte concentration, as observed
for the absence of electrolytes. This certainly is not to
be expected from the isodesmic model.

There is no evidence for Edicol or other similar
chromonic dye molecules possessing a nucleation or
critical aggregation concentration similar to surfactant
systems. However, it can be argued that the aggregation
of the Edicol molecule does involve steric hindrance
and electrostatic repulsion (a direct result of the two
sulphate groups) with the head-to-tail dimer being the
repeat unit in higher aggregate stacks [2]. It seems
highly likely that intra-stack electrostatic repulsions
play a part in preventing the aggregates from growing
very large. The destabilisation of the mesophases at the
highest Edicol and electrolyte concentrations is very
surprising. We note that this cannot be attributed to
any change in inter-molecular attractive forces due to
any hydrophobic-type interactions because oil/water
interfacial tensions are increased by the addition of
inorganic salt, and hence mesophase stability would
be increased. The origins of this behaviour must lie
with changes in the electronic charge distribution
around the aromatic rings, because the solvent has
some different dielectric properties from water. We
propose to investigate this possibility by the examina-
tion of Edicol mesophases in the presence of organic
electrolytes and polar solutes such as urea.
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