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LIQUID CRYSTALS, 1991, VOL. 9, NO. 4, 479492 

NMR and X-ray studies of the chromonic lyomesophases formed by 
some xanthone derivatives 

by D. PERAHIA, E. J. WACHTEL* and Z. LUZ 
The Weizmann Institute of Science, Rehovot 76100, Israel 

(Received 4 September 1990; accepted 29 October 1990) 

Optical microscopy, NMR and X-ray measurements are presented for four 
chromonic lyomesogens derived from 9-xanthone. The measurements provide 
details about the mesogen-water binary phase diagrams of the four compounds as 
well as quantitative information about the ordering and structural parameters of 
the mesophases. All four systems exhibit peritectic phase diagrams with a nematic 
(N) phase at low mesogen concentration and a hexagonal (H) phase at high 
concentration. The results are consistent with previously suggested models for 
chromonic lyomesophases in which columnar aggregates are formed by stacked 
mesogenic molecules. In the N phase these columns are parallel to the director but 
are otherwise randomly distributed in the bulk solvent, while in the H phase they 
form a two dimensional hexagonal array. 

1. Introduction 
A few years ago Attwood and Lydon showed that a number of anti-allergic and 

anti-asthmatic drugs derived from pyrone or pyridone exhibit with water lyomeso- 
phases similar to the N and M phases of the well-known disodiumcromoglycate 
(DSCG)-water system [ 11. These mesogenic compounds differ from the conventional 
lyomesophase-forming compounds (which usually consist of well-defined polar heads 
and flexible hydrophobic chains such as soaps and detergents) in that their molecules 
consist of planar aromatic moeities to which solubilizing polar groups are bonded at 
the periphery. Attwood and Lydon proposed [l] the term chromonic to describe these 
systems, after the DSCG-water system in which this pattern of behaviour was first 
identified [24]. More recently they discovered several more anti-asthmatic drugs and 
water-soluble dyes which exhibit chromonic character [S]. Other non-conventional 
lyotropic mesogens are known in addition to drugs or dyes, for example, polyethy- 
leneoxy derivatives of triphenylene and tetrabenzocyclododecatetraene, salts of 
flufenamic and meclofenamic acids, sulfonato salts of substituted porphines as well as 
derivatives of guanosine and its oligomers [6-101. Chromonic mesophases consist of 
columnar aggregates formed by mesogenic molecules stacked one on top of each other. 
In the N phase these columns retain a more or less parallel orientation but are 
otherwise distributed in a disordered manner in the bulk solvent, while in the more 
highly ordered M phase the aggregates are arranged in a two dimensional hexagonal 
array. To emphasize this face we shall, in the following denote the hexagonal phase by 
the letter H (rather than M). More recently a broader classification of possible 
chromonic phases, according to the stacking nature of the molecules in the columns 
and the symmetry of the two dimensional array of the columns, was suggested. 
However, several of the newly proposed structures have so far only been provisionally 
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480 D. Perahia et al. 

identified [5]. A comprehensive review of the chromonic mesophases as well as an 
article providing further insight into these mesophases have recently been published 

The characterization of the mesomorphic properties of the new drugs and water- 
soluble dyes by Attwood and Lydon was made predominantly by optical microscopy 
and miscibility studies, and to a lesser extent also by X-ray diffraction [ 1,5]. While 
these observations provide sufficient information to allow their classification, they do 
not provide quantitative data about the range of stability of the various phases and 
about their internal structure. In the present work we attempt to fill in this gap and 
present results of NMR and X-ray measurements on the mesophases of four of the drug 
compounds described in reference [l]. They all are derivatives of 9-xanthone 

[ l l ,  121. 

and are thus related to DSCG in that they all have in common the benzpyrene 
(chromone) moiety. The compounds studied are listed in table 1, where their short- 
hand symbols are those given by the manufacturing companies, Roussel Ltd. (Ru and 
Glaxo Ltd. (AH), but we shall refer to them as systems I to IV as indicated in the first 
column of the table. The NMR measurements involve predominantly the deuterium 
signal of the solvent D,O, which is used to establish the binary phase diagrams of the 
various compounds with water. Some additional measurements on the water 1 7 0 ,  the 
counter ions 23Na and the mesogen 13C signals provided further information on the 
ordering characteristics of the mesophases, while the X-ray measurements confirmed 
the assignment and also provided quantitative information on the dimensions of the 
relevant structural parameters. 

2. Experimental 
The mesogenic compounds were kindly provided by Roussel Ltd. (Ru 3 1156) and 

Glaxo Ltd. (AH 7079, AH 6556, AH 7725) and were used without further treatment. 
Solutions were prepared gravimetrically in D,O (> 99 at %) for all NMR measure- 
ments and in H,O for the X-ray and optical microscopy studies. Oxygen-17 
measurements were made with water enriched to 5 at 1 7 0 .  The concentrations of the 
solutions are given in wt %, i.e. 

100 x (weight of mesogen)/(weight of solvent water + weight of mesogen). 
The optical microscopy, NMR and X-ray measurements were performed as described 
in previous publications from this laboratory [4]. 

Table 1. The 9-xanthone derivatives used in the present study. 

Common name R, R5 R7 Cation 

I Ru31156 COO- n-C,H, S(O)(CH,)NH Tris'l 
I1 AH 7079 N4 t H OCH, Na' 

I11 AH 6556 coo- H OCH, Naf 
IV AH 7725 coo- H O(CH,),OH Na' 

t 2-Tetrazole. 
5 +H,NC(CH,OH),. 
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Chromatic phases of xanthones 48 1 

3. Results and discussion 
3.1. Optical microscopy and N M R  

Figure 1 shows optical micrographs of contact preparations of the four xanthone- 
water systems studied. As may be seen, all compounds exhibit, with increasing water 
concentration, the expected transformations from solid via the H and N phases to the 
isotropic liquid [l]. The N phase exhibits schlieren textures characteristic of nematic 
phases, while the textures of the hexagonal H phases are generally ill-defined and 
appear grainy or, in some cases, rippled. The boundaries between the isotropic (I), 
nematic, hexagonal and solid (S) phase are, however, well defined and confirm the 
phase sequence first described by Attwood and Lydon [l]. 

In figure 2 we summarize the water-mesogen binary phase diagrams of the 
compounds studied. These were predominantly constructed from deuterium NMR 
measurements on several series of binary mixtures in D,O and, for system I, also by 
optical microscopy. The latter were performed on samples enclosed in sealed 

+-- Increasing Water Content 

Figure 1. Polarizing optical microscope pictures of contact preparations formed from the four 
xanthone derivatives studied in the present work, with water. In all cases, the water 
concentration decreases from left to right. The labels I to IV refer to the different 
compounds as defined in table 1. 
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Figure 2, Binary phase diagrams of the four mesogenic systems studied with water. The solid 
circles, open circles and open squares are experimental points determined as described in 
the text by deuterium NMR, optical microscopy and X-ray, respectively. 

rectangular glass tubes (2 x 0.1 mm) containing the desired solution in H,O. The 
transitions involving the isotropic, nematic and hexagonal phases, as well as the extent 
of the biphasic regions could readily be identified by this method and the results 
obtained are indicated by open circles. The liquidus and solidus curves of the I to N and 
I to H transitions as obtained by NMR are indicated by full circles. They were 
determined, respectively, from the first appearance of a doublet in the deuterium 
spectrum upon cooling the solution within the NMR spectrometer, and from the lowest 
temperatures at  which the singlet due to the isotropic liquid was still observed. The 
transition from the mesophase to solid was recognized by the sudden broadening of the 
NMR signal. Sometimes, for example in system 11, this broadening occurred in two 
steps, suggesting additional transformations between different solid phases. The 
transition temperatures determined by the NMR measurements are indicated in 
figure 2 by solid circles. 

In all of the systems studied, a well-resolved doublet was observed in the deuterium 
spectrum, when the samples were cooled into the mesophase region, within the NMR 
spectrometer, indicating that, under these conditions, the domains are well-aligned, 
with the director orienting either parallel to or in a plane perpendicular to, the magnetic 
field direction. Sample rotation experiments [4] with the H phase and with the N phase 
at low temperatures showed that in all cases, the mesophases are uniaxial and the 
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Chromatic phases of xanthones 483 

director aligns perpendicular to -the field direction. This corresponds to a negative 
anisotropic magnetic susceptibility (Ax = xll - xL < 0), as was also found in the N and H 
phases of the DSCG-water system [4]. 

The observed full splitting, v g  of the D,O deuterium spectrum in different solutions 
of the four compounds studied as a function of temperature are summarized in figure 3. 
Since the domains are aligned perpendicular to the field direction, this splitting gives 
directly the principal component of the average quadrupole interaction of the water 
deuterons in the mesophase. Examples of spectra of solutions of I at two different 
concentrations are shown in figure 4. For this compound in solutions containing 20 to 
40 wt %, the splitting was found to vanish at certain temperatures and we interpret this 
behaviour as due to a change in sign of the quadrupole interaction parameter [4]. 
Otherwise the behaviour of all of the systems is quite similar in that the magnitude of 
the quadrupole splitting increases with concentration and decreases with temperature. 
The splitting in the mesophases of system I11 is exceptionally small as is also the overall 
range of stability of its mesomorphic state. 

The "0 quadrupole splitting v g  in solutions containing water enriched with 
oxygen-17 exhibited a similar behaviour to that of the deuterons. Results obtained 

N 
I 

T/"C 

Figure 3. The temperature dependence of the average quadrupole interaction of the water 
deuterons, as measured from the full splitting of the deuterium NMR spectra obtained by 
slow cooling within the magnetic field of different solutions of the four systems studied. It is 
assumed that the sign of the interaction is positive except for some regions in the phase 
diagram of I, where apparently a sign change takes place. 
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Figure 4. Deuterium NMR spectra at 46.07MHz in two D,O solutions of I at different 
temperatures. The measurements were made on samples which were aligned by slow 
cooling of the isotropic liquid to the indicated temperatures within the magnetic field of the 
NMR spectrometer. 

N z 
\ .. 

23.3 W I  % 

I r a , ,  , , l~ 

O O  20 40 60 80 100 

Figure 5. The average quadrupole interaction of the water "0 nuclei (assumed to be positive) 
in the mesophase region of three solutions of I. The measurements were made in solutions 
containing water enriched to 5 at % oxygen-17. 
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from three solutions of system I are shown in figure 5. These results, together with those 
for the deuterons have been used to estimate the order parameters for the water solvent 
in the mesophase region. Values ranging from 5 x for ~ S x x - S y y ~  and 
0.01 to 0.10 for ~ S z z ~  were obtained. These are in the same range as those obtained for the 
DSCG mesophases [4]. 

We have also recorded the 23Na NMR spectra in the three systems 11,111 and IV, 
where the counterions are sodium. The measured quadrupole splitting, v? are shown 
in figure 6. Note that for concentrated solutions and high temperatures (and also for the 
intermediate-concentration solutions) a negative sign for vr was assumed, so that 
similar trends for the sodium splitting in all solutions are obtained. The assumption 
that vy is positive in the rest of the solutions is, of course, arbitrary. Unlike the "0 and 
D of the solvent water, the splittings of the 23Na are much less dependent on the 
mesogen concentration. We note in particular, that for system 11, identical V ~ S  are 
obtained for solutions with 9-3,18.7 and 40.1 wt % mesogen over the whole temperature 
range of the mesophase. These results can be explained by assuming that most of the 
sodium is associated with the columns and only very few ions are free in the bulk. The 
sodium splitting then reflects the ordering of the micelles which apparently is not 
concentration dependent (between 9 and 40 wt %), but decreases very significantly with 
increasing temperature. 

Additional NMR observations were made on the 13C signal of a 30 wt % solution of 
system I. In the isotropic phase this solution exhibits, in addition to many other peaks, 
three isolated sharp signals in the low field region of the spectrum (G> 150ppm) at 
o'= 157.93, G'= 172.03 and G'= 177.50ppm (see the upper trace in figure 7). On the 
basis of 13C chemical shift data [13], we identify these peaks with (a) the tertiary 
carbons next to the oxygen in the pyrone ring, (b) the carboxyl carbon, and (c) the 
carbonyl carbon. When the temperature is lowered to 78"C, which is just below the 
clearing temperature of the solution, the spectral lines shift and broaden quite 
considerably, with some of the peaks completely disappearing in the noise (see the 

to 8 x 

T/"C 

Figure 6. The 23Na average quadrupole splitting in solutions of 11,111 and IV. v: is assumed to 
be positive except for certain ranges of system IV. 
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l " " I " " 1  ' " ' I " " I ' ~  
Z O O  I50 100 50 0 

Figure 7. Carbon-13 NMR spectra at 75.45 MHz of a 30 wt solution of I in the liquid and 
mesophase regions at the temperatures indicated. 

lower trace in figure 7). The three low-field peaks are also shifted but remain relatively 
sharp; they appear at 2055, 186 and 184ppm. Their identification in the mesophase 
spectrum with carbons a, b and c is however more subtle. If we assume that the pyrone 
carbons a and c undergo similar shifts at the isotropic to nematic transition we can 
identify the 205-5 and 186 ppm peaks with carbon c and a and the 184 ppm peak with 
the carboxyl carbon, i.e. the pyrone carbons undergo a down-field shift of about 28 ppm 
while the carboxyl carbon shifts by 12 ppm. Assuming that the rigid aromatic moieties 
of the mesogen molecules are on average distributed in a plane perpendicular to the 
long axis of the micelles and recalling that the sample aligns with the director 
perpendicular to the magnetic field direction, we can estimate the orientational order 
parameter, S of the micellar columns in the mesophase from [14] 

Here oLc and oi are the chemical shifts observed in the mesophase and isotropic liquid 
respectively, A o  = o1 -(oZ2 + 03,)/2, where o1 is the static 13C chemical of the 
aromatic carbons perpendicular to the aromatic plane and oz2, 033 the corresponding 
values within the plane. From 13C chemical shift tables [l5] we estimate Ao for the 
aromatic carbons to be about - 150 ppm giving S z 0.56. A similar calculation for the 
carboxylate carbon using Ao = - 100 ppm gives S = 0.36. The lower value obtained for 
the latter carbon is most likely due to the fact that the carboxylic group is not strictly 
coplanar with the aromatic plane, but rather undergoes restricted reorientations about 
its C-C bond. We believe therefore that the value derived from the aromatic carbons is 
more realistic. It would be interesting to extend these measurements to a wide range of 
concentrations and temperatures but the sensitivity of our spectrometer was not 
sufficient for such extensive measurements to  be carried out. 

None of the NMR spectral data exhibited any discontinuity in either the 
quadrupole splitting or in the width of the multiplet components, that could be 
associated with the N to H transition and therefore the corresponding equilibrium lines 
in the phase diagram could not be obtained from these measurements. For most 
systems this information could, however, be derived from optical microscopy as 
described previously and from the X-ray measurements explained in the next section. 
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3.2. X-ray difraction measurements 
X-ray diffraction measurements were made on solutions of all of the systems studied 

in both the low and high angle regions. These measurements provided structural 
parameters relevant to the N and H phases and were particularly useful in determining 
the equilibrium line between these phases because of their different diffraction patterns. 
Figure 8 illustrates this difference in the one dimensional X-ray profiles for three 
solutions of I with concentrations of 10.0, 27.4, and 40.0 wt %. These solutions 
correspond to samples exhibiting respectively only N, both N and H, and only H 
phases (see phase diagram I in figure 2). In the low concentration solution, only a single, 
relatively broad peak at around 0 zz 0.5" is observed. This peak may be identified with 
scattering due to positional correlations of the columnar aggregates in the N phase and 
the corresponding d spacing ( N 88 A) is therefore related to the average distance 
between columns in this phase. 

Some information on the ordering characteristic of the aggregates in the 
mesomorphic state can be obtained from the widths A, of the diffraction peaks with is 
given approximately by the quadrature sum [6] 

where A is the X-ray wavelength (154A in this case), h is the order of the diffraction, N is 
the number of repeats d in the lattice and 6 is the half width of an assumed gaussian 
distribution in the parameter, d. The width A(20) is thus a sum oftwo contributions, the 

40.0 Wt '10 
I 

Figure 8. One dimensional X-ray diffraction patterns from three solutions of I at several 
temperatures. 
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0 20 40 60 80 
TPC 

Figure 9. Plots of the linewidth of the first X-ray diffraction peak in different solutions of I as a 
function of temperature within the mesophase region. 

finite size Nd of the array (the first term in equation (2)) and the disorder in the repeat 
units (the second term). Assuming that in the nematic phase the latter term is the main 
source for the linewidth, yields 6 M 18 8, where we have used h = 1 and the experimental 
value for the 10wt% solution, 8(20)=0.21". The results for d and 6 are almost 
independent of temperature within the mesophase phase but, as would be expected, 
they depend quite significantly on the concentration of the solutions. 

The low angle X-ray pattern observed in the H phase is quite different from that of 
the nematic phase. This is clearly demonstrated in the diffraction patterns shown in the 
right hand column of figure 8, which corresponds to a solution that exhibits only the H 
phase. They show a relatively strong and sharp inner peak and usually two to three 
additional weaker peaks. Their d spacings can be indexed on a two dimensional 
hexagonal lattice with the sequence of peaks corresponding to the { l ,O>,  { 1, l}, {2,0} 
and (2, l} reflections in the ratio of 1 : 1/43  : 1/2: 1/47. The sharpness of these 
reflections and the fact that as many as four of them can be observed indicate that the H 
phase is quite well-ordered. Referring again to equation (2), the fact that the linewidth 
does not appear to increase from the (1,0} to the {2,0> reflection strongly suggests that 
in the H phase the first term is dominant. This allows us to estimate a lower bound for 
the lateral coherence length, Nd,  of the hexagonal array. For example, for the 40 wt % 
sample of I, Nd,, M 1800 A. As for the N phase, the d spacings are relatively independent 
of temperature but change with the concentration of the mesogen. 

The distinction between the X-ray patterns in the N and H phases is well 
demonstrated by the results for the 27.4 wt % solution (see the middle column in figure 
7). This solution undergoes a transition from H to N at about 55°C (see the phase 
diagram I in figure 2). As may be seen at all temperatures this solution exhibits a 
dominant inner peak at approximately the same scattering angle 0 - 0.76" (d = 55 A) 
but the width of this reflection below 55°C is considerably less than above this 
temperature. In fact, a plot of the peak width as a function of temperature shows a 
discontinuity at 55°C (see figure 9) which we associate with the H to N transition. This is 
further supported by the fact that X-ray profiles taken below 55°C also exhibit two 
(quite weak) additional diffraction peaks with spacings d/J3 and d/2 as expected for a 
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hexagonal array. The width of the inner diffraction peak may thus serve to distinguish 
between the N and H phases and to determine the equilibrium line between them in 
binary phase diagrams. Thus in the phase diagram of I1 the N to H boundary line is 
somewhat inclined and therefore as for I, the transition could be observed from the 
temperature dependence of the width of the diffraction peak in the appropriate 
concentration range (see diagram I1 of figure 2). In solutions of IV the N/H boundary is 
almost exactly vertical and therefore no solution was found which exhibited a 
discontinuity in the width of the diffraction peak as a function of temperature. 
However, all solutions below 28 wt % showed only a single broad diffraction peak, 
characteristic of the nematic phase while above this concentration a single narrow 
inner peak may be seen, fixing the N/H equilibrium line as shown in diagram IV of 
figure 2. Contact preparations indicate that the H phase exists also in solutions of I11 
(see figure 1). However, in the Concentration range that we have used (up to 28 wt %) no 
transition from N to H could be detected by X-ray (or by NMR). 

In contrast to the discontinuity in the width of the inner diffraction peak on going 
from N to H, its position does not seem to be affected by this transition. This is 
demonstrated in figure 10 where a plot of the d spacing of the inner diffraction is plotted 
as a function of temperature for several solutions of I and in table 2, where additional 
data on solutions of compounds 11, I11 and IV are given. In all cases, no discontinuity in 
d is observed as the N/H boundary line is crossed. We may thus view the N to H 
transition as a continuous transformation resulting from the increase in the rod 
concentration. When this concentration exceeds a certain critical value the positional 
fluctuations characterizing the N phase diminish and the system acquires a hexagonal 
order. This lateral ordering becomes continuously more pronounced with increasing 
concentration as reflected in the increase in intensity of the higher order reflections. 

In the X-ray profiles of both the N and H phases an additional broad feature at 
0 z 13.1" corresponding to 3.4 A is also found. It is superimposed upon the very diffuse 
scattering from the solvent water. The 3.4 b; peak is ascribed to the stacking distance of 

c 4 

TPC 

Figure 10. Plots of the first X-ray diffraction maximum observed in several solutions of I as 
function of temperature. The vertical bars indicate the H to N transition temperature for 
the various solutions. 
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Table 2. d spacing of the innermost diffraction peak in several solutions of compounds 11, I11 
and IV at different temperatures, T and concentrations. 

111 IV 

12.0wtX 23.0wt% 

T I T  d / A  T I T  d / A  

0 52.0 0 41.5 
LO 52.1 10 40.9 
27 501 27 407 
40 52.0 40 41.4 
50 50.1 50 41.1 
65 53.0 60 41.2 

~~ ~ 

16.9 wt % 26.7 wt % 

T/"C d / A  T/"C d / A  

0 38.0 0 32-0 
13 36.5 14 31-6 
25 3 4 5  22 31-6 
28 37.5 32 31-2 
32 36-4 42 31.9 
31 36-4 52 32.7 

-l_l_ ~~ 

20.0 wt % 38.9 wt % 

T I T  d/b; T/"C d / A  

0 41.2 2 26.3 
3 42.1 10 26.4 

18 39-0 29 26.7 
30 39.0 40 25-4 

45 24.1 
60 23.4 

Figure 11. X-ray photograph of a 30 wt % sample of I in phase H (at 0°C) after alignment in a 
21 kG magnetic field. The X-ray beam was along z while the capillary containing the 
sample was parallel to the y axis. The magnetic field was along x. Note the weak 
meridional reflection next to the 3.4A arcs due to the K, component of the X-ray beam. 

the rigid xanthone moieties within the columns. This is well demonstrated in the X-ray 
pattern obtained from a magnetically aligned sample. In figure 11 is shown an X-ray 
photograph of a 30 wt % sample of I in the H phase (at OOC) which was prealigned in a 
magnetic field of 21 kG. The alignment was affected by allowing the sample to cool 
within the magnetic field from the isotropic through the nematic to the H phase. The 
magnetic field (x) was perpendicular to the capillary ( y )  axis and the photograph was 
taken with an X-ray beam along the z direction. The photograph shows two sets of 
reflections; one at  low angles along the horizontal (x) axis due to lateral packing of the 
columns and a second along the meridian ( y )  axis at 3-4 A, reflecting the stacking repeat 
distance within the columns. The fact that the two sets of reflections are orthogonal is 
consistent with the columnar structure assumed for these phases and their orientation 
on the X-ray photograph is as expected from the negative anisotropic magnetic 
susceptibility determined by the NMR experiments. 

The linewidth of the 3.4 A peak is quite similar in the N and H phases and is of the 
order of 1.6" for the four systems studied. Referring to equation (2) it is difficult to 
ascertain which of the two terms is more important in determining A(20). If we assume 
that the stacking is well ordered, then an average length of columns of N d -  54 8, can be 
inferred from the observed peak width. 
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4. Summary and conclusions 
The results obtained for the four chromonic systems studied in the present work are 

similar to those obtained for the prototype system of this family of lyotropics, i.e. the 
DSCG-water system. It appears that in all cases the structural units consist of 
columnar aggregates formed by the stacking of the mesogenic molecules parallel to 
each other. Beyond a certain critical concentration at room temperature and below, 
spontaneous orientational ordering sets in, resulting in the nematic phase. The 
transition to the hexagonal phase apparently occurs once a second critical con- 
centration of aggregates has been reached. The intramolecular stacking order appears 
to be unchanged across the phase boundary. This second transformation could well 
correspond to a continuous transition. This view is supported by other evidence; so far, 
no DSC peaks have been observed in the N to H transitions of chromonic liquid 
crystals and in some cases, the hexagonal phase is formed directly from the isotropic 
liquid (e.g. compound IV at high temperatures). 

The characteristic packing distances measured for the different compounds are 
similar for similar molar concentrations of mesogen. In all cases, however, these 
distances are large when compared to the expected lateral dimensions of the molecules. 
Calculating the volume of the water with respect to the volume occupied by the 
mesogen, and comparing the sum with the volume of the unit cell derived from the 
X-ray data, leads to the conclusion that the asymmetric unit of the structure consists of 
two molecules. This would be consistent with a model for the mesophases involving 
dimers. 

We are grateful to Roussel Ltd. for providing the Ru 31 156 sample and to Glaxo 
Ltd. for the AH 7079, AH 6556 and AH 7725. 
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