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Abstract The bisazo dye Ponceau SS forms an acute

oblique (V-type) dimer in dilute aqueous solution. In

concentrated aqueous solution, these V-type dimers are

considered to stack to form V-type blocks of chromonic

liquid-crystalline (LC) columns. The weak interactions

among these LC columnar V-type blocks have been spec-

troscopically investigated. On increasing the concentration

of Ponceau SS at 25 �C, the V-type LC columnar blocks

form a rhombus-type LC columnar block at 2 wt% con-

centration. These rhombus-type LC columnar blocks are

further aligned at an acute angle at 5 and 10 wt% con-

centrations. The rapidly cooled 10 wt% LC sample shows

an unusually sharp J-band-like peak in the electronic

absorption spectrum. The emergence of this J-band-like

peak has been analyzed from the viewpoint of an exciton

model, suggesting that many nearest neighbor unique

molecules belonging to many different rhombus-type LC

columnar blocks are aligned in a head-to-tail manner to

give a giant quasi-linear head-to-tail-type exciton.

Keywords UV/Vis spectroscopy � Aggregation �
Dyes � Chromonic liquid-crystalline column � J-band

Introduction

Conventional amphiphiles form lyotropic liquid crystals

(LCs) through the so-called hydrophobic effect. The for-

mation of this kind of LC is known to be endothermic and to

be driven by an increase in entropy of the water molecules

surrounding the LC domain [1, 2]. On the other hand,

chromonic mesogens form exothermically lyotropic LCs

through self-association among mesogen molecules [2]. In

the chromonic LCs, which emerge in higher-concentrated

aqueous solutions of some aromatic compounds having no

hydrophobic long alkyl chain, the constituent molecules

associate via dispersion forces to form LC columns that are

characteristically arranged as a result of weak interactions

among LC columns [3–7]. Some models were proposed for

the arrangement of these LC columns in the LC phase on the

bases of NMR, X-ray diffraction, FT-IR, and optical

microscopy studies [8–15]. However, few studies have been

performed on the electronic absorption spectra of chromonic

LCs except the work by Harrison et al. [16], Ruslim et al.

[17], and Collings et al. [18–21]. Harrison et al. [16] found

that the onset of J-aggregate formation for cyanine dyes is

practically concomitant with the occurrence of mesophases.

They also pointed out that further studies are necessary to

distinguish between J-aggregate and mesophase formations.

Ruslim et al. [17] described that H-like aggregates are

formed in the LC phase of Direct Blue 67 along with J-like or

H-like aggregates with different slippage angles. Collings

et al. [18–21] found, using an exciton model for the excitonic

interactions within the single LC column, that the absorption

coefficient decreases as the number of molecules in an LC

column increases, and estimated the stacking free energy

change for the LC column formation.

In the present study, the electronic absorption spectral

changes on the phase transition of the chromonic LC of the
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bisazo dye Ponceau SS (PSS, 3-hydroxy-4-[2-[4-(2-phen-

yldiazenyl)phenyl]diazenyl]-2,7-naphthalenedisulfonic acid

disodium salt, Fig. 1) in water were studied to investigate

the intermolecular and inter-LC-columnar weak interac-

tions in these chromonic LCs and to obtain spectroscopic

information regarding the arrangement of the chromonic

LC columns.

Results and discussion

The concentration dependence of the electronic absorption

spectra of PSS in dilute (1.0 9 10-5–1.0 9 10-2 mol dm-3)

aqueous solutions is shown in Fig. 2.

On increasing the concentrations, the spectra are chan-

ged with isosbestic points, implying that monomer and

dimer of PSS are equilibrated in this concentration range.

The monomer’s first band (600–450 nm) peaking at

520 nm is split into two bands on dimer formation, the

main band occurring at 510 nm and a shoulder at around

560 nm. The exciton-splitting model to be considered later

suggests that the aforementioned dimer adopts an oblique

arrangement with an acute angle (cf. Fig. 7) between the

two monomers’ first electronic transition moments [22]. In

order to know the geometrical structure of the dimer, it is

very important to elucidate the polarization of each elec-

tronic transition band. Thus, the polarization spectrum of

PSS was measured in a stretched polyvinyl alcohol (PVA)

film (Fig. 3).

The absorption spectrum (D// spectrum) shows that three

bands apparently exist at 528.5, 360, and 245 nm. The

sample molecules in a stretched polymer (PVA) film are

oriented with their longer molecular axes approximately

parallel to the stretching direction of the film. This means

that electronic transition bands with larger and smaller Rd

values are polarized along longer and shorter (or out-of-

plane) molecular axes, respectively. It is thus found that the

528.5 and 360 nm bands with larger Rd values are longer-

axis (L) polarized, and the 245 nm band with smaller Rd

values is shorter-axis (S) polarized. Inspecting in detail the

Rd spectrum, weak electronic bands with minima or

smaller Rd values are recognized at *400, *320, and

275 nm, which are polarized along the shorter molecular

axis. These observations are compared with molecular

orbital (MO) calculated results for the pp* electronic

transitions in Table 1.

The calculated results correspond well to the observed

ones except the *400 nm observed band. That is, the

observed 528.5, 360, *320, 275, and 245 nm bands are

safely assigned to the calculated transitions pp1*, pp2*,

pp6*, pp9*, and pp15*, respectively. The transition

moment directions of the calculated pp1* (-12.5�) and

pp2* (-30.2�) transitions are almost along the longer

molecular axis in accordance with the observed polariza-

tions. The angles in parentheses are the transition moment

directions calculated with respect to the x-axis of the PSS

molecule (cf. the molecular structure given in Fig. 1). The

N
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HO SO3Na

SO3Na
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x

Fig. 1 Molecular structure of PSS

Fig. 2 Concentration dependence of electronic absorption spectra of

PSS in dilute aqueous solutions: 1 1.0 9 10-5, 2 1.0 9 10-4, 3
1.0 9 10-3, 4 1.0 9 10-2 mol dm-3

Fig. 3 The polarized absorption spectrum of PSS in the stretched

PVA film
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transition moment directions of the calculated pp6*

(-82.0�), pp9* (82.4�), and pp15* (-82.4�) transitions

also reproduce well the observed shorter-axis polariza-

tions for *320, 275, and 245 nm bands. The pp3*

transition may appear as a shoulder at around 350 nm.

The *400 nm band is considered, since no pp* transition

is computed in this wavelength region, to be assigned to

the out-of-plane polarized np* electronic transition rela-

ted to azo groups. Since the first electronic transition of

PSS is proved, as described above, to be polarized along

the longer molecular axis, the longer molecular axes of

the two monomers are considered to be arranged obli-

quely with an acute angle in the dimer formed in the dilute

aqueous solution.

Figures 4, 5, and 6 show electronic absorption spectra

measured at 25 and 75 �C for the PSS–water system, whose

concentrations are 2.0, 5.0, and 10.0 wt%, respectively.

In the present experiments, the LC samples were pre-

pared by standard and nonstandard methods. The former

method is described in the ‘‘Experimental’’ section. In the

nonstandard method, the LC samples prepared by the

standard method were soaked in liquid nitrogen and then

warmed to room temperature. The nonstandard sample is

not in LC phase but in the microcrystalline state in which

the intermolecular interaction in the LC phase is considered

to be emphasized. The electronic absorption spectra of the

standard and nonstandard samples are given in parts a and

b in each figure (Figs. 4, 5, 6), respectively. According to

Fig. 5a for the standard 5 wt% sample, the first band

(700–450 nm) measured at 75 �C is greatly changed in

shape by lowering the temperature to 25 �C, i.e., the

relative intensity of the 600 nm band (band I0) with respect

to the 509 nm shoulder band (band II0) at 75 �C is greatly

increased at 25 �C. This means that the weak intermolec-

ular or inter-LC-columnar interactions become more

prominent by lowering the temperature. Two electronic

bands are obviously recognized at 600 (band I) and 500

(band IV) nm at 25 �C. Furthermore, at 25 �C one or two

additional bands (band II and/or III) are considered to exist

between the bands I and IV. Here, it should be noted that

because bands II and III evidently exist in Fig. 6, as dis-

cussed below, these bands are safely considered to emerge

in Figs. 5 and 4, too. Polarization microscopy shows that

the PSS aqueous solutions used in the present experiments

are isotropic at 75 �C and in an anisotropic chromonic LC

phase at 25 �C. Although the solution shows isotropic

properties at 75 �C, PSS molecules exist as aggregate at

75 �C, because the first band is split into two bands I0 and

II0 (Fig. 5a) similar to the spectrum of the 10-2 mol dm-3

solution shown in Fig. 2. When the concentration of PSS is

decreased to 2 wt%, the bands I0 and II0 are still observed at

75 �C (Fig. 4a). On lowering the temperature to 25 �C, the

bands II and III emerge along with the bands I0 and II0 but

Table 1 Comparison of observed and calculated electronic transi-

tions of PSS

Wavelength/nm Intensity Polarization direction

Calc Obs Calca Obsb Calcc Obsd

pp1* 508.3 528.5 1.688 1 -12.5� L

np* *400 S

pp2* 371.4 360 0.230 0.45 -30.2� L

pp3* 347.3 *350 0.040 0.07 73.4� S

pp5* 334.4 0.035 3.6�
pp6* 322.6 *320 0.014 0.08 -82.0� S

pp9* 280.3 275 0.209 *0.1 82.4� S

pp12* 253.3 0.189 -81.2�
pp14* 248.4 0.165 -88.3�
pp15* 245.0 245 0.728 0.52 -82.4� S

a Oscillator strength
b Relative intensity
c The angles against the x-axis (cf. the molecular structure of PSS

given in the text)
d L and S mean longer and shorter molecular axes, respectively

Fig. 4 Electronic absorption spectra of 2.0 wt% PSS/water LCs

prepared by the standard (a) and nonstandard (b) methods
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the bands I and IV are hardly recognized for the standard

2 wt% sample (Fig. 4a).

According to Fig. 5b, the nonstandard 5 wt% sample at

25 �C shows a distinct band peak at 601.5 nm and a broad

band at 500 nm corresponding to the bands I and IV,

respectively. The band I is unusually sharp given that the

sample is highly concentrated (5 wt%) and that in the

microcrystalline state, this usually inducing band broad-

ening. This unusually sharp band is considered to be

induced by the cooling process in the nonstandard method,

and to sensitively reflect the intermolecular interaction

which is peculiar to the chromonic LC phase and empha-

sized in the microcrystalline state. The spectrum is almost

unchanged on raising the temperature from 25 to 75 �C,

except that band I is broadened. In contrast, the cooling

process in the nonstandard 2 wt% sample does not induce

such an unusually sharp band peak as in the case of the

5.0 wt% sample (Figs. 4b and 5b). However, it seems that

bands II and III are rather more clearly recognized on

cooling (Fig. 4b). On increasing the concentration up to

10.0 wt%, all four bands I, II, III, and IV are clearly

observed, and band I has a maximum intensity in the first

band region (700–450 nm) although almost no temperature

dependence is recognized for the spectrum of the standard

sample (Fig. 6a). For the nonstandard 10 wt% sample, the

spectrum measured at 25 �C coincides with that measured

at 75 �C (Fig. 6b). It is noteworthy that the band I for the

standard 10.0 wt% sample (Fig. 6a) is much intensified and

unusually sharpened with a slight redshift for the non-

standard 10.0 wt% sample (Fig. 6b).

As seen from Fig. 5a, the spectrum of the standard

5.0 wt% sample is greatly changed on the phase transition

from isotropic phase (75 �C) to liquid crystalline phase

(25 �C). This spectral change is considered to be induced

by the change in short/long-range interactions between/

among LC columns. Furthermore, the influence of the

interactions among LC columns on the chromonic LC

spectra is qualitatively analyzed by considering the exciton

interactions among LC columns. These exciton interactions

are considered to arise from the interactions among the

molecular excitons localized on the nearest neighbor

unique molecules, which belong to different LC columns,

to generate an extended exciton delocalized over two or

more LC columns. The electronic transition from the

Fig. 5 Electronic absorption spectra of 5.0 wt% PSS/water LCs

prepared by the standard (a) and nonstandard (b) methods
Fig. 6 Electronic absorption spectra of 10.0 wt% PSS/water LCs

prepared by the standard (a) and nonstandard (b) methods
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ground state to this extended exciton state generates the

interactions among the molecular transition moments

specified for the unique molecules mentioned above. These

interactions provide an explanation for the spectral change

caused by the exciton interactions among LC columns. The

above spectral changes on the isotropic to LC phase tran-

sition cannot be explained by the model proposed by

Attwood and Lydon [9] for the LC columnar arrangement.

Since, in their model, the two nearest neighbor LC columns

are perpendicularly arranged with T-type, the inter-LC-

columnar exciton interactions are considered to be negli-

gibly small. Thus, the molecular exciton interaction model,

i.e., the molecular transition moment interaction model,

which is applicable to the analysis of the present chromonic

LC spectra of PSS, is proposed as shown in Fig. 7. In this

figure the fine arrows represent the molecular transition

moment for the long-axis-polarized first pp* transition

band of PSS. Since PSS forms an oblique-type dimer in a

dilute aqueous solution, the bands I0 and II0 observed in the

isotropic phase (75 �C) are considered to be split due to an

oblique-dimer-type (V-type) exciton interaction between

two nearest neighbor unique molecules belonging to dif-

ferent LC columns to generate an extended V-type exciton

(Fig. 7). Therefore, the bands I0 and II0 are assigned to the

V-type LC columnar block structure (Fig. 8a), the angle

made by two columns being acute. It is thus implied that

the V-type LC columnar block structure survives mainly in

the isotropic phase to generate the short-range intercol-

umnar interaction alone.

In Fig. 7 the molecular exciton interaction models are

also shown for three possible types of tetramers formed

from two oblique dimers, i.e., for head-to-tail, parallel, and

oblique tetramers. In this figure, four exciton states (wI, wII,

wIII, and wIV) can be derived from four combinations of the

monomer transition moments for each type of tetramer. For

the head-to-tail tetramer, the transitions (represented by

bold arrows) from the ground state to the exciton states of

wI with lowest transition energy and wIV with highest

transition energy are allowed, and those to wII and wIII are

forbidden. For the parallel tetramer, the transitions to wII

and wIV are allowed, those to wI and wIII being forbidden.

For the oblique tetramer, the transitions to wII and wIII are

allowed, those to wI and wIV being forbidden. The two

bands II and III newly observed in the LC phase have

emerged between the bands I0 and II0 observed in the iso-

tropic phase (Fig. 5a). This observation is in accordance

with the exciton states for the oblique tetramer shown in

Fig. 7. Thus, the bands II and III are assigned to the

excitations from the ground to exciton states of wII and wIII

for the oblique tetramer, respectively. According to this

exciton analysis, the bands II and III are considered to

reflect an oblique-tetramer-type (rhombus-type) exciton

interaction between two extended V-type excitons

localized on two V-type LC columnar block structures to

generate an extended rhombus-type exciton, and are

assigned to a rhombus-type LC columnar block structure

(Fig. 8b). On the other hand, the band IV in the LC phase is

located on the higher energy side of the band II0 in the

isotropic phase and the band I is on the slightly lower

energy side of the band I0 (Fig. 5a).

This spectral behavior can be explained by the molec-

ular exciton interaction model for the head-to-tail-type

tetramer shown in Fig. 7. Here, it should be pointed out

that the emergences of the bands II and III precede those of

the bands I and IV with increasing concentrations of PSS.

That is, the bands II and III appear at lower concentrations

than the bands I and IV do, implying that the formation of

the rhombus-type LC columnar blocks immediately fol-

lows that of V-type LC columnar blocks. Thus, the bands I

and IV are considered to reflect a head-to-tail-type exciton

interaction between/among extended rhombus-type exci-

tons localized on rhombus-type LC columnar blocks to

generate an extended head-to-tail type exciton. Therefore,

the bands I and IV are assigned to a head-to-tail-type

arrangement of rhombus-type LC columnar blocks

Head-to-Tail Tetramer 

Excited
States

Ground
State Monomer Oblique Head-to-Tail

Dimer Tetramer

Parallel Tetramer 

 Excited
 States

Ground
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Fig. 7 Exciton interaction models for three types of tetramers formed

from two oblique dimers: I, II, III, and IV represent the bands

observed for PSS/water chromonic LC at 25 �C; I0 and II0 those for

standard 2.0 and 5.0 wt% PSS/water isotropic phase at 75 �C
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(Fig. 8c). As already noted, there is a marked tendency for

the band I to be intensified and sharpened on increasing

concentrations and on microcrystallizing by means of the

nonstandard method, resulting in band I being far more

intense than the band IV and the former band changing into

a J-band-like sharp band (Fig. 6b). This marked spectral

characteristic originates from a middle- or long-range

head-to-tail-type exciton interaction among several or

many rhombus-type LC columnar blocks which are aligned

at an acute angle (Fig. 8c). When many rhombus-type LC

columnar blocks are aligned at an acute angle, a long-range

quasi-linear head-to-tail arrangement of LC columns

appears, as shown in Fig. 8d. Thus, the molecular exciton

interaction along this arrangement produces a giant quasi-

linear head-to-tail-type transition moment specified for the

nearest neighbor unique molecules represented by the

dotted cuboids in Fig. 8d. This giant transition moment is

considered to give rise to a so-called J-band, which cor-

responds to the sharp band I in Fig. 6b, along with the

weak band IV. In Fig. 5a for 25 �C and in Fig. 5b for 25

and 75 �C, the aforementioned spectral feature, i.e., that

the band I is more intense than band IV, is considered to be

obscured by an overlap of the bands I0 and II0. This implies

that the V- and rhombus-type LC columnar blocks coexist

in the LC and cooled microcrystalline phases for 5 wt%

sample of PSS.

Experimental

Commercially available PSS (Aldrich) was purified as fol-

lows: crude PSS was dissolved in N,N-dimethylformamide

(DMF) and filtered to remove insoluble impurities. Acetone

was added to the filtrate and reddish violet crystallites were

obtained after standing overnight. The PSS crystallites thus

purified were dissolved in an appropriate amount of water in

V-vials, the solutions obtained being aged overnight at

80 �C to get LC samples of 2, 5, and 10 wt% concentra-

tions. These LC samples were sandwiched between two

quartz glass plates sealed with epoxy resin. The formation

of LCs for 2, 5, and 10 wt% samples was confirmed by use

of a polarizing microscope (Leica, DMLSP) attached to a

CCD camera (Fuji film, HC-300Z). Electronic absorption

spectra were measured with a Shimadzu UV-3100PC

spectrophotometer. The polarization spectrum of PSS was

measured by the stretched polymer film method [22]. In the

figure of the polarization spectrum, the D// and D\ are

optical densities measured with polarized light beams

whose electric vectors are parallel to and perpendicular to

the stretching direction of the film, respectively. Dichroism

ratio Rd is defined as Rd = D///D\.

For the MO calculation concerning the electronic

transitions of the PSS molecule, a modified Pariser–Parr–

Pople (PPP) method is adopted, in which resonance inte-

grals between C–C, C–N, and C–O bonds are evaluated by

the variable b method [23–25]. The resonance integrals

between N–N bonds are fixed to -2.03 eV [26]. The

valence state ionization potentials and electron affinities

are taken as 11.22 and 0.62 eV for a carbon atom, 14.16

and 1.34 eV for an azo-nitrogen atom, and 33.00 and

11.47 eV for an hydroxyl oxygen atom [26]. The lone pair

electrons on the azo groups are neglected. In the config-

uration interaction (CI) calculation, the one-electron

excited configurations among the highest eight occupied

and the lowest eight unoccupied orbitals are taken into

account.
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