
Abstract The intercalation process and the structure of
montmorillonite intercalated with [rhodamine B]+

cations have been investigated using molecular modeling
(molecular mechanics and molecular dynamics simula-
tions), X-ray powder diffraction and IR spectroscopy.
The structure of the intercalate depends strongly on the
concentration of rhodamine B in the intercalation solu-
tion. The presence of two phases in the intercalated
structure was revealed by modeling and X-ray powder
diffraction: (i) phase with basal spacing 18 Å and with
bilayer arrangement of guests and (ii) phase with average
basal spacing 23 Å and with monolayer arrangement of
guests. In both phases the monomeric and dimeric ar-
rangement can coexist in the interlayer space. Three
types of dimers in the interlayer structure have been
found by modeling: (i) H-dimer (head-to-head arrange-
ment) present in the 18 Å phase, (ii) sandwich type of
the head-to-tail arrangement (present in the 23 Å phase)
and (iii) J-dimer (head-to-tail arrangement) present in the
23 Å phase.

Keywords Montmorillonite · Intercalate · Rhodamine B ·
Molecular mechanics · Molecular dynamics

Introduction

Clay minerals represent very attractive matrices for the
intercalation of dye molecules. When, for example, rho-
damine is intercalated into the clay, which is transparent
in the UV–visible region, it appears to be more thermally
stable and to exhibit more efficient luminescence. [1]

The intercalation of xanthene dyes in smectite-type clays
is followed by changes observed in the absorption spec-
trum (the so-called metachromatic effect), whereby the
main absorption band is shifted to higher energies. [1, 2,
3] This effect is explained by: (i) the interaction between
the aluminosilicate layers and the dye (i.e. the interaction
between the electron lone pairs of clay surface oxygens
and the dye p-system) and (ii) the interaction between
the dye molecules in the interlayer space of the clay
structure (i.e. dimerization and the p-p interaction be-
tween two monomers in the dimer). Rhodamine dyes are
considered good probe molecules for studying the
clay–dye complexes, as they can be intercalated into the
clay structure easily via a cation-exchange mechanism
and their photophysics depends on the environmental
factors.

In recent years, the photophysics of clay-intercalated
xanthene dyes has been studied intensively. [3, 4, 5, 6, 7,
8, 9] In previous studies of the clay–dye complexes, the
arrangement of guest molecules in the interlayer space
was suggested on the basis of steric considerations and
X-ray diffraction measurements. [1, 5, 9, 10, 11, 12, 13]
Our present work deals with a structure analysis of mon-
tmorillonite intercalated with rhodamine B. It is well
known that structure analysis based on the diffraction
method is extremely difficult in the case of intercalated
clays, especially those of the smectite group, due to the
turbostratic disorder of their structures. In such a case,
molecular modeling using empirical force fields is a very
powerful tool in the investigation of the interlamellar
structure. An atomistic computer modeling study of the
interlamellar structure in dye–clay complexes was car-
ried out by Breu et al. in [14, 15]. In the present work,
we use molecular mechanics and classical molecular 
dynamics in the Cerius2 modeling environment [16]
combined with X-ray powder diffraction and IR spec-
troscopy to investigate the arrangement and conforma-
tion of [rhodamine B]+ cations in the interlayer space of
montmorillonite. The presence of water molecules in the
interlayer structure was taken into account in the present
calculations. As a result of modeling, we obtain a 
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detailed structural model including characterization of
the disorder and possible conformational changes. In 
addition to conventional diffraction analysis, we obtain
energy characteristics such as the total sublimation ener-
gy and its components (van der Waals, electrostatic, 
H-bond).

Experiment

Sample preparation and chemical analysis

The montmorillonite samples fully intercalated with rhodamine B
were prepared using SWy (montmorillonite, Crook County, 
Wyoming) and rhodamine B (Fluka Standard Chemika) that was
recrystallized twice from deionized water. A saturated sodium
form of SWy was prepared from the SWy fraction with grain size
less than 5 mm by repeated saturation with 1 mol dm-3 NaCl solu-
tion. After each step, the sample was centrifuged and a fresh por-
tion of NaCl solution was added. The fully saturated Na form of
SWy was then washed out with deionized water and air dried. The
montmorillonite samples fully intercalated with rhodamine B were
prepared by a similar technique. For the preparation of individual
fully saturated samples, rhodamine B solutions of concentration
ranging from 1.1¥10-4 to 4.00¥10-3 mol dm-3 were used (see also
Table 1). The saturation was repeated several times until the Na
form of SWy was fully intercalated. In each saturation step, the
amount of intercalated dyes was determined from the difference
between the total rhodamine B concentration before and after satu-
ration. In order to determine the total rhodamine B concentration
(monomer and dimer), the solutions were diluted to an approxi-
mate concentration of 10-5 mol dm-3 so that only monomer forms
of rhodamine B were present. The total concentrations of rhoda-
mine B solutions were then determined by photometric methods at
a wavelength of 552 nm. The correctness of the calculated total
amount of intercalated rhodamine B (Table 1) was also checked
through the content of C, H, N and O belonging to the rhodamine
B cations present in intercalated Swy determined by elemental
analysis.

X-ray diffraction measurements

The powder diffraction data for the series of rhodamine B–
montmorillonite samples prepared using intercalation solutions
with various guest concentrations were collected in the 2q range
1–10°. An INEL X-ray powder diffractometer with a PSD 120 po-
sition sensitive detector was used and the measurements were car-
ried out under the following conditions: the reflection mode, rotat-
ing sample holder (capillary) and Cu KKa1 radiation. A mixture of

silicon and Ag-behenate was used as a calibration standard for the
PSD. The results of the powder diffraction analysis are summa-
rized in Table 1, where one can see the effect of the rhodamine B
concentration in the intercalation solution on the basal spacing
d001 and on the interlayer structure of the intercalate. As one can
see from Table 1, low concentrations of the intercalation solution
lead to two broad diffraction maxima corresponding to basal spac-
ings of about 23 Å and 18–19 Å. Two examples of the diffraction
pattern are shown in Fig. 1a, b for samples 1 and 7 (see Table 1).
This result suggests the existence of two phases of the intercalated
structure for intercalation solutions with low guest concentration.
On the other hand, intercalation solutions with a high guest con-
centration lead to a monophase composition of intercalate with
one d001 diffraction line at ~18.1 Å. These results support the hy-
pothesis of monomeric and dimeric arrangements of the rhoda-
mine B in the intercalated structure, depending on the concentra-
tion of the intercalation solution. [3] The large broadening and
slight peak shift of the diffraction lines will be discussed later to-
gether with the modeling results.

IR spectroscopic measurements

The structural and optical properties of the samples were checked
using Fourier transform infrared (FTIR) spectroscopy. Infrared
spectroscopic measurements were performed on a Nicolet IM-
PACT 400 FTIR spectrometer in an H2O-purged environment. All
spectra in the range 400–4000 cm-1 with 2-cm-1 spectral resolution
were obtained from compressed KBr pellets in which the samples
were evenly dispersed. Two hundred scans were used to record
each FTIR spectrum. The spectra were corrected for the H2O and
CO2 content in the optical path. The measured IR spectra for the
host structure, guest compound and intercalate (sample 7) are
shown in Fig. 2. The strategy of modeling and structure analysis is
based on comparison of IR spectra for: (i) the host structure Na-
montmorillonite, (ii) the guest compound rhodamine B chloride
and (iii) the intercalate rhodamine B–montmorillonite. By com-
paring these three spectra, we obtain information about possible
changes in conformation of the guest molecules and about the
bonding geometry of the host layers during intercalation.

Modeling strategy

The initial model for the montmorillonite layer was built using
structural data published by Tsipursky and Drits (1984): [17]
space group, C2/m. The unit cell parameters according to Méring
(1967) [18] were used to define the planar unit cell dimensions:
a=5.208 Å and b=9.020 Å. The composition of montmorillonite
layer according to chemical analysis was (Al1.53Mg0.23
Fe3+

0.25)(Si3.89Al0.10Ti0.01)O10(OH)2. To create a supercell of rea-
sonable size for the calculations, the structure formula was modi-
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Table 1 Concentration of the rhodamine B in the intercalation solution and corresponding values of the guest concentration in the mon-
tmorillonite with the basal spacing detected in the diffraction pattern

Sample No. Concentration of rhodamine Amount of rhodamine Basal spacings obtained from 
B in the intercalation solution B absorbed in montmorillonite the X-ray diffraction pattern
(mol dm-3) (mmol g-1) d001 (Å)

First maximum Second maximum

1 0.00011 0.7060 23.2 18.8
2 0.00046 0.7790 22.9 18.7
3 0.00102 0.7910 21.5 18.7
4 0.00110 0.7960 21.0 18.3
5 0.00370 0.8939 19.7
6 0.00400 0.8981 18.6
7 0.00399 0.9045 18.1



fied slightly. Consequently, the supercell 3a¥2b¥1c with layer
composition (Al18Mg3Fe3+

3)(Si47Al1)O120(OH)24 was built with a
total negative layer charge of -4. The c values in the initial model
were set up according to the basal spacings obtained from X-ray
powder diffraction for samples prepared under different condi-
tions, allowing the replacement of the Na+ cations by [rhodamine
B]+ cations in the interlayer space.

As the intercalation of [rhodamine B]+ into montmorillonite is
based on an ion exchange reaction, the host–guest interaction is of
a non-bonded nature. This is an important assumption for the
modeling strategy. Comparing the IR spectra for the host structure
Na-montmorillonite and intercalate in Fig. 2, one can see that the
main bands corresponding to the silicate layers are preserved in
the spectrum of the intercalate and, consequently, the silicate lay-
ers can be treated as rigid bodies during energy minimization.
Comparing the IR spectrum of the guest compound rhodamine B
chloride with the spectrum of the intercalate, one can see the
smoothing and broadening of the vibration bands of [rhodamine
B]+ in the intercalated structure. These changes are especially pro-
nounced for bands corresponding to the carboxyl group, skeletal
vibrations of the aromatic rings and bending of the ring C–H
bonds. (For more details see the next paragraph.) Consequently,
the coordinates of all atoms in the [rhodamine B]+ cations were
varied during energy minimization, which was performed under

the following conditions: variable supercell parameters c, a, b and
fixed a, b, g and with variable bonding geometry and variable po-
sition of the [rhodamine B]+ cations. The Ewald summation meth-
od was used to calculate the Coulomb energy in a crystal structure.
[19] The Ewald sum constant was 0.5 Å-1. The minimum charge
taken into the Ewald sum was 0.00001e. All atom pairs with sepa-
rations less than 10 Å were included in the real-space part of the
Ewald sum and all reciprocal-lattice vectors with lengths less than
0.5 Å-1 were included in the reciprocal part of the Ewald summa-
tion. Charges in the crystal are calculated in Cerius2 using the
QEq method (charge equilibrium approach [20]). For the van der
Waals energy (VDW) we used the well-known Lennard-Jones
functional form, with the arithmetical radius combination rule.
The non-bond cut-off distance for the VDW interactions was
7.0 Å.
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Fig. 1 a X-ray powder diffraction pattern of the sample 1, pre-
pared in intercalation solution with the lowest guest concentration
(see Table 1). b X-ray powder diffraction pattern of the sample 7,
prepared in the intercalation solution with the highest guest con-
centration, according to Table 1

Fig. 2 IR spectra of the host structure Na-montmorillonite (upper
spectrum), rhodamine B chloride (the lowest spectrum) and the in-
tercalate RhB–montmorillonite (the middle spectrum)

Fig. 3 The rhodamine B cation minimized in vacuum using the
universal force field [21]
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Molecular mechanics calculations and classical dynamic simu-
lations were performed in the Cerius2 modeling environment. The
Universal force field [21] was used to describe the potential ener-
gy of initial models. After the first energy minimization in the
Minimizer module in Cerius2, molecular dynamic simulations
were started. Quench dynamics was used in an NVT ensemble
(constant number of atoms, volume and temperature) at T=300 K.
In the quench dynamics, periods of dynamic simulations were fol-

Fig. 4 a A side view of the intercalated structure of the phase
18 Å with H-dimeric arrangement, without interlayer water. b De-
tailed view of the H-dimer. c Side view of the H-dimeric structure
of the phase 18 Å with interlayer water (model 4 in Table 2, with
16 water molecules per 3a¥2b¥1c supercell

lowed by a quench period in which the model was minimized (100
steps of dynamics between quenches and 500 steps of minimiza-
tion in quenches). The dynamics time step was 0.001 ps. The tem-
perature was kept constant using a Berendsen thermostat. [22] The
silicate layers were kept frozen (fixed) during dynamics simula-
tion. After 200 ps of dynamics, when the system reached equilibri-
um, the potential energy of the model was again minimized to ob-
tain the final structure model.

Results and discussion

X-ray diffraction

X-ray powder diffractograms for samples 1–4 exhibit
two diffraction maxima at 23 Å and 18-19 Å, corre-
sponding to two phases. According to recently published
papers (see for example [2, 3, 9]), the rhodamine in vari-
ous host structures can be absorbed as monomeric units
from solutions of low concentration. With increasing
concentration, aggregation of rhodamine B in the solu-
tion can be observed and consequently, monomeric and
dimeric arrangements can coexist in the intercalated
structure. According to this assumption, the dimeric ar-
rangement exhibits the 18.1 Å basal spacing, while the
dominant monomeric arrangement leads to the 22–23 Å
basal spacing. The large broadening of the diffraction
profile, especially for those peaks corresponding to the
monomeric phase for the samples 1–4, indicates a high
degree of disorder in the interlayer space accompanied
by considerable mechanical strain. When discussing the
diffraction line broadening, one must also take the Hen-
dricks–Teller effect into account. [23] This is due to the
irregular mixing of two interlamellar distances 18.1 Å
and ~23 Å, which occurs at the phase boundaries. As a



IR spectroscopy

Detailed analysis of the IR spectra for the host structure
Na-montmorillonite, guest compound rhodamine B chlo-
ride and intercalate rhodamine B–montmorillonite con-
firmed the rigidity of the silicate layers and showed the
changes in the IR spectra of rhodamine B in the interca-
lated structure. (Spectrometric identification was per-
formed using. [24, 25]) First of all, comparing the spec-
trum of rhodamine B chloride and the intercalate in
Fig. 2, one can observe the large broadening (smoothing)
for the C=O stretching band in the carboxyl group at
~1700 cm-1 in the spectrum of the intercalate. Internal 
H-bonding reduces the carbonyl stretching frequency
from 1720 cm-1 to 1665–1680 cm-1 and the smoothing of
this band indicates orientational disorder of the carboxyl
groups. The same effect of carboxyl disorder can be 
observed in the case of the C–O–H in-plane bending 
at ~1413 cm-1 and in case of C–O stretching at
~1300 cm-1, this band almost disappears in the spectrum
of intercalate.

The changes in the absorption bands corresponding to
the aromatic rings are also evident in the spectrum of in-
tercalate. As one can see in Fig. 2, there is a significant
broadening (smoothing) of the bands corresponding to:
(i) the in-plane bending of the ring C–H bonds in the re-
gion 1000–1300 cm-1, (ii) the out-of-plane bending of
the ring C–H bonds at ~ 675–900 cm-1 and (iii) the skel-
etal vibrations involving carbon–carbon stretching with-
in the ring at ~ 1585–1600 cm-1 and 1400–1500 cm-1.
These changes in band profiles confirm the irregular po-
sitioning of the rhodamine B cations with respect to the
silicate layers, the intramolecular rotations of the rhoda-
mine B cations and a possible distortion of the xanthene
part of the rhodamine B cation in the intercalate.

Results of modeling

A series of 80 initial models was investigated with vari-
ous initial arrangements of monomers and dimers, with
and without interlayer water. The molecular mechanics
and dynamics simulations, carried out for the series of
80 initial models, result in two types of interlayer struc-
ture with the basal spacing 18.1 Å (phase 18 Å) and
~23 Å (phase 23 Å). The two phases differ significantly
in the interlayer structure, but they exhibit certain com-
mon features:

– No regularly ordered positions of the rhodamine B
anchored to the silicate layers were found, either for
phase 18 Å or for 23 Å.

– Intramolecular rotation about the xanthene–amine
bonds was observed in both phases. However, the
change from the planar to pyramidal arrangement of
the xanthene-diethylamine double bond is stronger for
the phase 18 Å. The average departure from planarity
for the phase 18 Å is ~29° and for the phase 23 Å
about 21°. The presence of interlayer water slightly
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result of the Hendricks–Teller effect, we observe a peak
shift and broadening of the 00l diffraction lines for the
mixed phases. Another reason for the 00l broadening of
the diffraction lines is the adsorption of water into the in-
terlayer space, which causes fluctuations of the interlay-
er distance.

Fig. 5 a Side view of structure of the phase 18 Å, with bilayer ar-
rangement of monomers (model 6 in Table 2). b Top view of
structure of the phase 18 Å, with monomeric arrangement of [rho-
damine B]+ cations in two layers (lower layer yellow, upper layer
magenta, silicate layer removed for clarity)



increases the departure from planarity, depending on
the water content.

– The carboxyphenyl rings are perpendicular to the xan-
thene plane in the rhodamine B cation minimized in
vacuum (see Fig. 3). In the interlayer space of mon-
tmorillonite, the phenyl rings may rotate about the
xanthene–phenyl bonds in both phases and in all ar-
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rangements of rhodamine B cations. (see Figs. 4,
5and 6)

– The carboxyl groups can rotate about the phenyl-scar-
boxyl (C–C) bonds.

– The slight distortion of the planar xanthene part of the
rhodamine B cation was observed in both phases 18 Å
and 23 Å and confirmed by IR spectroscopy.

In the phase 18 Å (d001=18.1 Å), the arrangement of rho-
damine B cations is bilayer. In both guest layers the long
axis of the xanthene ring along the N–N line is nearly
parallel with the silicate layers. The phase 18 Å exhibits
two types of interlayer structures with the same basal
spacing and nearly the same total sublimation energy
(compare models 1 and 6 in Table 2):

– Dimeric-sandwich type, called H-dimers in the litera-
ture [6, 9] (see Fig. 4a–c)

– Monomeric bilayer, see Fig. 5a, b

The H-dimeric arrangement is illustrated in Fig. 4a 
(a side view of the structure). In H- dimers, the rhoda-
mine B cations interact with each other via the carboxyl
groups. A detailed view of the H-dimer is shown in
Fig. 4b. One can see the carboxyl groups pointing at the
oxygen atom in the xanthene ring of the neighboring
rhodamine B cation. It is also evident from Fig. 4b that
the double xanthene=amine bonds of the two cations in
the dimer are oriented in the same direction (head-to-
head arrangement). Inclusion of water molecules into the
interlayer space of the phase 18 Å leads to an increase of
the total sublimation energy, as one can see in Table 2.
That means the sorption of water is very probable. The

Fig. 6 a Side view of the phase 23 Å structure with monolayer ar-
rangement of guests [rhodamine B]+ (model 8 in Table 2). b De-
tailed view of the head-to-tail sandwich type of dimer occurring in
the phase 23 Å. c Detailed view of the head-to-tail J- dimer occur-
ring in the phase 23 Å



increasing water content up to 16 water molecules per
supercell 3a¥2b¥1c with two H-dimers does not change
the basal spacing 18.1 Å (see Table 2), as there is a lot of
empty space between the rhodamine B cations. Model 4
with 16 water molecules per supercell 3a¥2b¥1c is
shown in Fig. 4c. Model 5 with 32 water molecules per
one supercell exhibits an increase of basal spacing up to
22.4 Å and a large increase of the total sublimation ener-
gy per supercell (see Table 2). In contrast to models 2, 3
and 4, water molecules in model 5 reside mostly between
the silicate and the guest layer. This effect of hydration
explains the asymmetric broadening of the 001 diffrac-
tion line of the phase 18 Å in Fig. 1b. This phase 18 Å
with the H-dimeric arrangement arises for intercalation
solutions with high guest concentrations (see Table 1),
i.e. with a strong tendency to dimerization.

The monomeric arrangement of rhodamine B cations
in the phase 18 Å obtained from the modeling is shown
in Fig. 5a, b. Figure 5a shows a side view of the struc-
ture, and the structure of the guests layers is shown in
Fig. 5b from above (silicate layers were removed in
Fig. 5b for clarity; the lower guest layer yellow and the
upper guest layer magenta). Models 6 and 7 in Table 2
represent this structure, where only small interactions
between the monomers occur. As one can see, the basal
spacing is the same as in case of the H-dimeric arrange-
ment, 18.1 Å. The total sublimation energy is slightly
lower in comparison with model 1. The effect of hydra-
tion for the bilayer monomeric structure is the same as in
case of the H-dimeric structure described above. The ex-
istence of this monomeric arrangement is a very impor-
tant result of the modeling, as it can explain the presence
of the phase 18 Å in the samples prepared from interca-
lation solutions with very low guest concentrations, i.e.
with monomeric guest species.

The phase 23 Å was observed using intercalation so-
lutions with very low concentrations of guests with pre-
vailing monomeric arrangements. Modeling of the mo-
nomeric arrangement in the interlayer space of montmo-
rillonite led to: (i) the bilayer arrangement (phase 18 Å)
described above and (ii) to the monolayer arrangement
of tilted monomers with a basal spacing within

21–25 Å, which we denoted as “phase 23 Å”. An exam-
ple of this structure is shown in Fig. 6a. In this phase
23 Å, the rhodamine B cations are tilted to the silicate
layers. The tilting angles are in the range 40–60o. This
wide range of positions and orientations of the rhoda-
mine B cations in the interlayer results in disorder and
strain in the interlayer space, which is intensified by the
presence of interlayer water and leads to large fluctua-
tions of the basal spacing. In this structure, the interac-
tions between the monomers are stronger than in the bi-
layer phase 18 Å. In the phase 23 Å, a mixture of mono-
mers and dimers was found in the interlamellar space.
The two types of head-to-tail dimer found in this struc-
ture are illustrated in Fig. 6b and c. The dimer in Fig. 6b
is the head-to-tail sandwich type (note the position of
the single and double xanthene–amine bonds). On the
other hand, the head-to-tail dimer in Fig. 6c is the so-
called J-dimer described in the literature. [6, 9] It is evi-
dent that the J-dimer allows a higher degree of aggrega-
tion in the interlamellar space of montmorillonite. Inser-
tion of water molecules into the interlayer structure of
the phase 23 Å leads to fluctuations of the basal spac-
ing, within the range 21–25 Å.

Conclusions

The present results have revealed in detail the structure
of montmorillonite intercalated with [rhodamine B]+ cat-
ions and the mechanism of the intercalation process.
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Phase Model no. Structure Number of water Basal spacing Total subl. energy per one 
molecules in one supercell d001 (Å) supercell (kcal mol-1)

18 Å 1 H-dimer No water 18.1 876
18 Å 2 H-dimer 4 18.1 1052
18 Å 3 H-dimer 8 18.1 1133
18 Å 4 H-dimer 16 18.1 1425
18 Å 5 H-dimera 32a 22.4a 3003a

18 Å 6 Monomers bilayer No water 18.1 842
18 Å 7 Monomers bilayer 8 18.1 1030
23 Å 8 Monomers–dimers monolayer No water 21–25 630–790
23 Å 9 Monomers–dimers monolayer 16 22.4 1491

a Prevailing water positions between the silicate layer and guest layer

Table 3 Comparison of the mutual intermolecular interaction en-
ergy between monomers in three types of dimers (interaction ener-
gy includes the non-bond, i.e. the van der Waals and electrostatic
contributions)

Dimer type H-dimer Head-to-tail J-dimer
sandwich

Interaction energy (kcal) 23.5 9.3 5.1

Table 2 Summary of the modeling results. Basal spacing and the
total sublimation energy for the phases 18 Å and 23 Å with vari-
ous arrangements of guests and with variable water content. Water

content and the values of the total sublimation energy are related
to one supercell 3a¥2b¥1c



Two structural phases were observed by X-ray diffrac-
tion and modeling: (i) phase 18 Å with a bilayer arrange-
ment of guests and (ii) phase 23 Å with a monolayer 
arrangement of guests. In both phases, the coexistence of
monomeric and dimeric arrangement is possible. Three
types of dimer have been observed using molecular me-
chanics and molecular dynamics simulations: H-dimer
(head-to-head), head-to-tail sandwich and head-to-tail 
J-dimer. Comparing their mutual non-bond interaction
energy (see Table 3), one can see that the H-dimers are
most stable.

The present modeling results agree with the X-ray
diffraction measurements. Both methods revealed the 
existence of the two phases, where the basal spacing ob-
tained from modeling agrees with the experimental val-
ue. The results of modeling also help to explain the
structural disorder and its effect on the diffraction pattern
(line shift and line broadening). IR spectroscopic mea-
surements also corroborate the modeling results. The in-
tramolecular rotational disorder obtained from modeling
has a corresponding response in the IR spectra of the in-
tercalate. As a result of this intramolecular rotation, we
can observe the broadening of the C=O and C–O stretch-
ing and C–O–H in-plane bending bands. The broadening
of bands corresponding to the in-plane and out-of-plane
bending of the ring C–H bonds and of the skeletal vibra-
tions involving carbon–carbon stretching within the ring
indicates slight distortions of the xanthene ring, which
have been obtained by modeling.
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