Clays and Clay Minerals, Vol. 45, No. 1, 77-84, 1997.

INTERCALATION CHARACTERISTICS OF RHODAMINE 6G
IN FLUOR-TAENIOLITE: ORIENTATION IN THE GALLERY
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Abstract—The orientation of rhodamine 6G (R6G) in the 22-A basal-spaced complex with Li-fluor-
taeniolite has been studied using X-ray powder diffraction, 1-dimensional Fourier analysis, polarized
infrared (IR) spectroscopy, carbon analysis and thermal analysis. The R6G was adsorbed by cation ex-
change in aqueous solution. In the range of 0.086 to 0.46 molar ratio of R6G to taeniolite, the basal
spacings of the complex were nearly constant at 21.7 to 22.2 A. From X-ray diffraction (XRD) data, it
was confirmed that R6G in the complex orients with its longest xanthene ring axis perpendicular to the
ab plane of the host. The pleochroism of IR absorption bands at 1331, 1517, 1537 and 1621 cm~' supports
the vertical orientation. The wide stability range of the vertical configuration is consistent with the strong
coulombic force between the highly negatively charged silicate layer of the host [cation exchange capacity
(CEC) = 157 = 9 meq/100 g] and the positively charged nitrogen bonded to both sides of the R6G
xanthene ring.
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INTRODUCTION

Smectites and related compounds intercalate various
kinds of molecules and ions into their 2-dimensional
gallery. Complexes of organic compounds with phyl-
losilicate are known to form so-called ‘“nanocompos-
ites” (Fukushima and Inagaki 1987; Wu and Lerner
1993; Wang and Pinnavaia 1994). Among them, the
nylon-montmorillonite complex shows excellent me-
chanical properties and higher thermal resistivity,
which are never realized by individual compounds
(Okada et al. 1990).

There are many studies of the intercalation of or-
ganic dyes into phyllosilicates, focusing on such topics
as: 1) assessment of the host surface by spectrum
change of the adsorbed dye molecule (Cenens et al.
1987); 2) photocatalytic reaction in colloidal clay sys-
tems (DellaGuardla and Thomas 1983); 3) stabiliza-
tion of photolabile pesticide on the clay with a co-ad-
sorption of organic cation as an energy acceptor (Mar-
gulies et al. 1985); and 4) photochemical reduction of
water to obtain H, and O, with the aid of a catalyst
(Villemure et al. 1986; Nijs et al. 1983).

R6G, a typical xanthene dye whose composition is
expressed as (C,sH;N,O,)" Cl-, is known as a laser
dye. One of its most serious limitations as a laser dye
is its low heat resistivity. An increase in the thermal
resistance of coumarin dye intercalated to montmoril-
lonite has been reported (Endo et al. 1989). Similar
stabilization may be expected in the R6G complex
with phyllosilicates. Several studies have been per-
formed of the intercalation of R6G into phyllosilicates
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to examine the spectroscopic properties of the inter-
calated state; however, its configuration in the inter-
layer space remains unclear (Endo et al. 1986, 1988;
Tapia Estevez et al. 1994). R6G complexes reported
thus far take a different basal distance, depending on
the concentration of the dye (Lopez Arbeloa et al.
1982). In the course of our study of the intercalation
of R6G to taeniolite, we found a wide stability range
for the 22-A basal distance in R6G-taeniolite, which
directly changed from the 12.3-A spacing of taeniolite
without R6G in its gallery. This differs from the for-
mer reports, in which the 20—21-A phase has a narrow
stability range, and changes gradually to narrower ba-
sal spacings according to composition.

The purpose of this study is to clarify the configu-
ration of R6G in the gallery of phyllosilicate.

EXPERIMENTAL
Materials

The host material, Li-taeniolite (LiTN:
LiMg,LiSi,0,,F,) was prepared as follows. The Na*
ions of synthetic Na fluor-taeniolite (NaMg,LiSi,O,,F,,
Topy Industries) were exchanged with Li by reaction
at 80 °C with an excess amount of LiCl aqueous so-
lution for 2 h. Excess of chloride ions was removed
by repeated washing. Then the 0.3-pm median particle
size fraction was separated by sedimentation. A sus-
pension of the fraction was pipetted onto a glass plate
to form a thin film, used as a host. The CEC of the
host material was determined to be 157 £ 9 meq/100
g by the ammonium acetate adsorption method (Schol-
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Rhodamine 6G (R6G)
Figure 1.

lenberger and Simon 1946). Laser grade R6G and ox-
azine 4 (Lambda Physik) were used as the guests with-
out further purification. An oxazine 4 (Ox4) complex
was also synthesized to check the results of R6G, be-
cause its molecular structure is similar to that of R6G
(Figure 1). Four substituents on both sides of the phen-
oxazine frame are the same as those of R6G. The
length of the longest molecular axis is the same, as is
the positive charge of the 2 N atoms. Thus, its inter-
calation configuration may help to characterize the in-
tercalation behavior of R6G.

Intercalation of R6G to LiTN

The LiTN-dye complexes were prepared by im-
mersing the LITN film in R6G aqueous solution. In-
tercalation of R6G was attained by a cation exchange
reaction between Li* in the TN layer and the R6G
cation (= R6G without Cl-). The reaction was per-
formed using a decomposition vessel under autogene
pressure of reaction temperature, and a rapid-quench
type hydrothermal apparatus operating at 100 MPa
(Yamada et al. 1988). The exchange temperature was
changed from 200 to 80 °C, and the duration was set
at 48 h. A similar procedure was applied for the prep-
aration of the Ox4 complex.

Characterization of R6G-TN complex

The XRD intensities were measured at 30 °C under
a controlled relative humidity of 20% by a powder
diffractometer, RINT 2000 (Rigaku), using mono-
chromatized CuKa radiation.

An IR absorption spectrum was obtained using a
Perkin-Elmer Model 1600 FT-IR spectrometer with a
linearly polarized incident beam. As shown in Figure
2, a film of R6G-TN complex was placed on the plane
with a fixed angle of 30° with respect to the incident
beam, and 60° to the polarization plane. The direction
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The chemical formulae of rhodamine 6G and oxazine 4.

of polarization was rotated from 8 = 0° to 90° in the
polarization plane perpendicular to the beam direction,
to detect the pleochroism of the spectrum. At § = 0°,
the incident beam resolved into 2 components parallel
and perpendicular to the specimen plane, which pref-
erentially oriented parallel to the holder plane, at an
angle of 30° to the incident beam. At 8 = 90°, only
vibrational modes parallel to the silicate plane are ac-
tivated. If a heterocyclic ring of R6G or Ox4 is per-
pendicular to the host layer, the IR active vibrational
mode that is parallel to the heterocyclic ring plane
should show maximum interaction with the beam with
its polarization angle of 6 = 0°, and minimum at 6 =
90°. However, there should be almost no 6 angle de-
pendency for parallel arrangement of the heterocyclic
ring of the guest molecules to the host layer.

Thermogravimetry (TG) and differential thermal
analysis (DTA) were performed using a TAS-200 ther-
mal analyzer (Rigaku). Approximately 5 to 8 mg of
specimen were heated at the rate of 10 °C/min from
room temperature to 1000 °C in air using AL,O; pow-
der as a reference material. The R6G content was de-
termined by carbon analyses, as measured by an
RW-12 automatic carbon analyzer (LECO, United
States). Weight loss at 1000 °C was used to check the
carbon analysis data.

Refinement

The integrated intensities of 00! reflections up to /
= 10 were used for 1-dimensional Fourier analysis as
well as least-squares refinement. The composition of
the specimen was TN:R6G:H,O = 1:0.45:2.6 in molar
ratio. The observed intensities were corrected for ran-
dom powder Lorentz-polarization factor. The starting
parameters of the mica portion of the structure for the
least-squares and Fourier synthesis were taken from
the refined parameters for K-TN obtained by the single
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Figure 2. The scheme of polarized IR absorption measurement.

crystal XRD method (Toraya et al. 1977). Their work
also provided the grounds for assuming a centrosym-
metrical structure for the R6G-TN complex. The po-
sitions of the atoms in the R6G molecule portion of
the structure were calculated on the basis of ideal or-
ganic C-C bond length data. Neutral atom scattering
factors were taken from Ibers and Hamilton (1974),
and hydrogens were incorporated onto the attached C
or N atoms. The remaining Li in the gallery was ig-
nored in the calculation because of its low scattering
factor. The least-squares refinements were performed
assuming 2 types of models:

1) The longest axis of the R6G xanthene ring is
perpendicular to the silicate layer (“vertical model”)
as shown in Figure 3. The statistical distribution of the
2 possible directions of the ethoxy carbonyl group,
which is bonded to the ortho position of the phenyl
group in R6G, is expressed as 2 “%” ethoxy carbonyl
groups in the figure. In the refinement, the occupancy
of the R6G molecule in the gallery was varied as well
as the rotation angle of the phenyl group and position
of the ethoxy carbonyl group.

2) The plane of the xanthene ring is parallel to the
ab plane of the host in 3 layers: 2 non-center R6G

L Taeniolite Frame | L

Taeniolite Frame —l { Taeniolite Frame j
O-—CH2CH3
O—CHzCHS O=¢
o=c/1/2
o=¢ 1/2 ) @
O— CH2CH3 o=C
O—- CH2CH3

I Taeniolite Frame !

Taeniolite Frame

| | Taeniolite Frame l

(a) Typel

Vertical model

Figure 3.
directions of the ethoxy carbonyl group.
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The intercalation model for the Fourier analyses. The notation “%” indicates the statistical distribution of 2 possible
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Figure 4. The XRD patterns of rhodamine 6G-taeniolite
with the variation of rhodamine 6G content of the composite.

layers and 1 R6G layer in the center of the gallery
(“parallel model”), as shown in Figure 3. Two types
of directions for the non-center R6G molecule were
considered: one in which the ethoxy carbonyl group is
pointing inward to the center of the gallery (type I),
and the other in which the ethoxy carbonyl group is
pointing outward to the nearest oxygen network of the
host (type I1). In the refinement of the parameters, the
occupancies of the 2 kinds of R6G molecules and the
position of the non-center R6G molecule were varied.

The refinement was conducted using a non-linear
least-squares program developed on the basis of Mar-
quardt’s algorithm (Bevington 1969). The Fourier syn-
theses were done using modified RSSFR-5 (Sakurai
1967). A 2-dimensional electron density map was also
obtained by using the Maximum Entropy method
(Sakata and Takata 1992). During the refinement, the
isotropic temperature factors (B;,) of the TN portion
were fixed to 2.00 A2 For C, N, O atoms of the R6G
portion, B = 10.0 A2 was used, according to Reynolds
(1965). The incorporated 2.6-mol water was placed at
2.7 A from the surface oxygen layer of the TN portion
and its positional parameters were varied. Its position
was derived from X-ray analysis of LiTN, which is
consistent with the length of O-H:--O hydrogen bond-
ing.

RESULTS

Basal spacings of the R6G-TN complexes were con-
stant at 21.7 to 22.2 A for various R6G/TN ratios.
Figure 4 presents typical XRD patterns of the product
obtained at 105-110 °C. These patterns are depicted
in the order (top to bottom) of descending R6G content
of the specimen, with specific contents corresponding
to those listed in Table 1. The lower-angle subpeak of
002 in specimen 4946 is a 001 peak of unreacted LiTN
[d(001) = 12.3 A]. The ratio of unreacted LiTN to

https://doi.org/10.1346/CCMN.1997.0450109 Published online by Cambridge University Press

Fujita et al.

Clays and Clay Minerals

TRANSMITTANCE —————>

1200

Figure 5. The change in FTIR spectra of rhodamine 6G-tae-
niolite with variation of polarization angle of incident beam

0).

R6G-TN complex was estimated as 0.27 by decon-
volution of the 002 peak. As seen in the figure, the
specimens oriented with their ab plane parallel to the
holder surface. The 22-A complex has a wide stability
range, as the initial R6G-to-TN ratio varied from 0.08
to 8.0 by weight. The degree of intercalation was
judged by the number of basal reflections and the peak
width. At the optimum condition, the number of 001
reflections increased to 12, and full width half maxi-
mum (FWHM) of 001 was 0.2° in 26. Similar XRD
patterns with d(001) of 22 A were observed in the
Ox4-TN complexes, which were synthesized at 120 °C
under the autogenous pressure of that temperature.

The IR absorption of several bands decreased in in-
tensity with increasing 8 (Figure 5). Those at 1517,
1537 and 1621 cm™! were assigned as the xanthene
ring vibration. Similar dependence on 6 was observed
in the IR spectrum of Ox4-TN complex.

Figure 6 shows the typical DTA-TG patterns of the
22-A composite. Two exothermal peaks at approxi-
mately 345 °C and 800—900 °C characterize the pat-
tern, and the weight loss events correspond well to
these peaks. The 345-°C peak was ascribed to the de-
composition of R6G and the 800-900-°C peak to the
oxidation of fragments formed from R6G.
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Figure 6. DTA-TG curves of the 22-A composite (specimen
5120).

Several typical data of thermal and carbon analyses
are summarized in Table 1 together with basal spac-
ings. Weight loss was measured at 1000 °C by TG,
and R6G content was determined by carbon analyses.
Water content was calculated by assuming that the loss
of R6G cation from the gallery was in the form of
R6G* + %0-, and that the rest of the weight loss was
due to the escape of water. Under this assumption,
weight loss up to 200 °C was attributed to water loss,
and loss at higher temperature was assigned to R6G
and accompanying oxygen from the host layer. In the
calculation for specimen 4946, the coexisting LiTN is
assumed to have the same amount of water in its gal-
lery as the reference LiTN. The Li content is that of
unexchanged Li in the gallery, calculated by assuming
one-to-one exchange of Li by R6G.

The R-factors obtained for each model are shown in
Table 2, indicating the lowest R-factor in the case of
the vertical model. The intensities (I,) and observed
structure factors (F,) are listed together with the cal-
culated F’s (F,) for the vertical model (R = 0.013) in
Table 3. The positional parameters and occupancies
corresponding to the vertical model are also shown in
Table 4. Here, error values in parentheses without a
decimal point correspond to the least significant digit
in the function values.

Table 1. Composition of the R6G-taeniolite composite.

Weight R6G Li H,0 R6G/TN Basal

Speci- loss content content  content (mole spacing
men M%) (W% (Wi%)  (W1%) ratio) A)

(LiTN) 16.5 0 1.6 16.5 0.0 12.27

4946 20 6 1.5 14.8 0.086 21.79
12.3

4212 31 17 1.3 13.7 0.22 21.73

5638 34.5 26 1.2 8.0 0.33 21.81

5120 40 33 1.1 6.4 0.46 21.89

Orientation of rhodamine 6G in fluor-taeniolite
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Table 2. Reliability factors for the 3 structure models.

Parallel models

Vertical
Type It Type 1% model
R-factor 0.195 0.218 0.012

+ Ethoxy carbonyl group is directed outwards.
} Ethoxy carbonyl group is directed inwards.

DISCUSSION

Taking the R6G size (Figure 7) into account, 2 pos-
sibilities for the orientation of R6G in the gallery of
the taeniolite layer were considered to fit R6G in the
22-A taeniolite frame: 1) three R6G arranged between
the host layer with their xanthene rings parallel to the
ab plane of the TN (parallel model); or 2) the longest
axis of xanthene normal to the ab plane of the host;
i.e., N atoms on the both sides of xanthene ring located
near the sandwiching host layers, above and below
(vertical model). As already described, both models
were considered for refinement of the parameters.

In the present study, the vertical model is supported
by the following evidence: 1) With the assumption that
the R6G molecule is a rectangle (cross sections of 74
and 139 A2 for vertical and parallel models, Figure 7),
the calculated areal ratios of R6G/TN range from 0.50
to 2.70 for the parallel model, and from 0.27 to 1.44
for the vertical one, as the R6G to TN ratio varies from
0.086 to 0.46 (Table 1). In the calculation, lattice pa-
rameters a and b of K-taeniolite (Toraya et al. 1977)
were assumed for those of LiTN. In the case of the
parallel arrangement, a change from single- to double-
layered intercalation is inevitable; alternatively, the
vertical model allows a single-layered state for the
whole range of R6G content. Thus, the vertical model
is compatible with the constant basal spacings for var-
ious R6G contents. 2) As listed in Table 2, the R-factor
for the vertical model converged to the excellent value
of 1.2%; on the other hand, as much as 20% was ob-
tained for both parallel models (type I and type II).
Figure 8 shows the result of Fourier and difference-
Fourier syntheses together with the proposed vertical

Table 3. Intensities and observed and calculated structure
factors for the vertical model of rhodamine-taeniolite com-
plex.

hid I, 17 F,
001 100 74.67 74.73
002 34.4 87.24 86.96
003 1.644 29.47 —28.13
004 2.86 51.33 —53.15
005 2.26 58.02 —56.75
006 3.46 86.94 86.76
007 5.44 129.08 128.32
008 1.22 70.65 71.93
009 1.20 79.89 —81.16
00-10 1.15 88.80 —88.24
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Table 4. Positional parameters of R6G-taeniolite complex re-
fined by using the vertical model.

Atgr_nic

po?g;ms Atoms

0 1Li, 2 Mg

0.932(Dt 2F

1.490(8) 40

2.804(6) 4 Si

3.544(9) 60

5.74(2) 2.4 H,0

6.144 1.1 (CH,, NH, CH,)
7.344 1.1 (CH,, C, ©)

8.32(2) 1.1 (0.5(0, O-CH,-CH,))
8.544 1.1 (CH, CH) oD
9.744 1.1 (C, C, 0.5C)
10.07(2) 1.1 (C, CH)
10.944 1.1 (0.5(0, C, C, CH))

+ Estimated errors indicate the parameters varied during the
refinement. Thermal parameter 2.0 A% was used for the atoms
of taeniolite frame, and 10.0 A? for those of R6G and H,O.

model of R6G. No significant residual electron den-
sities were observed in the difference-Fourier map in
the case of the vertical model. The obtained positional
parameters of the atoms in the mica portion are com-
patible with those of TN refined by the single crystal
X-ray method (Toraya et al. 1977). For the specimen
whose data were submitted to least-squares refinement,
TG-DTA and carbon analysis data indicate the mole
ratio of TN to R6G is 0.45 to 1.00. This composition
is consistent with the ratio R6G/TN = 0.55 (in mol)
calculated from the occupancy of R6G in the gallery.
3) The IR absorption bands of 1331, 1517, 1537 and
1621 cm™! showed the pleochroism expected for ver-
tical orientation (it does not specify the rotation angle
of the R6G; the xanthene plane has freedom of rotation
in the vertical plane perpendicular to the ab plane) of
the xanthene ring to the ab plane. Three of the 5 ab-
sorption bands are assigned to the in-plane xanthene
ring vibration (1517, 1537 and 1621 cm~1!), and the
1331 ¢cm™! bands to the aromatic secondary amine,
AR-NHR stretching. As for the 1621 cm~! band, a
contribution from N-H in-plane bending and defor-
mation modes is also possible. The absorption of these
bands reached a maximum at the polarization angle 6
= 0° and decreased with the increase of 6 to 90° for
both the R6G- and Ox4-TN complexes. If the R6G
orientation is parallel to the ab plane, pleochroism of
these modes should be minimal.

To estimate the dimension of R6G in the complex,
the configuration as depicted in Figure 7 was estimat-
ed, where the ethyl group attached to the nitrogen is
directed into the R6G molecule, exposing the N atoms
to the outer environment. This configuration results in
the length of 12.4 A, which is consistent with that
between silicate layers in the 22-A complex (Figure
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Figure 7. The configuration of rhodamine 6G in the gallery
of a taeniolite: 1) a vertical view with respect to the xanthene
ring; 2) a projection along the longest axis of the xanthene
ring.

8). It also allows direct contact between positively
charged nitrogen and the negatively charged silicate
surface, leading to a strong coulombic force which sta-
bilizes the vertical orientation. The layer spacing in
the 22-A complex would correspond to 3 layers of
R6G in the parallel orientation; however, the formation
of R6G trimer has not been observed so far (Lopez
Arbeloa et al. 1982).

R6G-clay complexes with 21-A basal spacing have
been reported for other clays such as montmorillonite
(21.0 A) and Laponite XLG (21.3 A) (Grauer et al.
1984). Judging from the basal spacings, those com-
pounds possibly have a vertical orientation, but their
stability range expressed by the molal ratio of the (or-
ganic molecules)/(host silicates) are narrower than in
the present study. In these cases, the basal spacings of
these complexes were found to change gradually from
14 to 21 A, according to the concentration increase of
the intercalant in the complex. The enhanced stability
of the vertical arrangement in the case of TN may be
because the negative charge of the silicate layer of TN
is larger than that of other hosts. The CEC of the pres-
ent host, Li-fluor TN, is 157 = 9 meq/100 g; on the
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other hand, those for hosts used in related studies were
as low as 71-115 meq/100 g (Endo et al. 1986, 1988;
Tapia Estevez et al. 1994; McBride 1985). High CEC
would be expected to influence the orientation of R6G
through the stronger coulombic force between host
and guest.

The purpose of complexing R6G with TN was orig-
inally to increase the heat resistance of R6G. The ex-
othermal peak at 370 °C (Figure 6) corresponds to that
of a 345-°C signal for R6G measurement; consequent-
ly, the thermal stability of R6G in the complex was
improved by 25 °C when compared with that of R6G
itself. The large peak at 800-900 °C, which is not ob-
served in LiTN, is due to the oxidization of the de-
composed fragments of R6G.

CONCLUSION

R6G intercalation by ion exchange reaction to Li-
fluor TN, with a high CEC of 157 = 9 meq/100 g,
yielded a complex of 22-A basal spacing. The orien-
tation of R6G was concluded to be perpendicular to

https://doi.org/10.1346/CCMN.1997.0450109 Published online by Cambridge University Press

The orientation of rhodamine 6G derived by Fourier analyses.

the ab plane of the host. The stability range of the
complex is, at least, from 0.06 to 0.46 (molar ratio of
R6G to TN) which is wider than those so far reported
for R6G-clay complexes having similar basal spacings.
The stability of the vertical orientation may be due to
a large coulombic force between the highly charged
host layer and the positively charged N atoms that are
bonded to both sides of the xanthene ring.

The thermal resistance of R6G was increased by 25
°C when intercalated in TN.
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