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Dichroic Measurements on Dicationic and Tetracationic Porphyrins
on Clay Surfaces with Visible-Light-Attenuated Total Reflectance
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Complexes formed with synthetic clay minerals and dicationic and tetracationic porphyrins were prepared. The
Soret bands of the multicationic porphyrins shifted to longer wavelength upon the formation of a complex with clay.
The clay sheets themselves and the porphyrin molecules on the clay surface were examined by use of atomic force
microscopy (AFM) and polarized visible-light-attenuated total reflectance (ATR) spectroscopy (PV-ATR) with a wave-
guide system. The flat adsorption of the clay sheets on the glass substrates was confirmed by AFM. A theoretical treat-
ment of the analysis by ATR spectroscopy was derived. The orientations of the multicationic porphyrin molecules on the
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clay sheets in water turned out to be nearly parallel (<5°) to the clay surface, based on the PV-ATR analysis.

Inorganic layered materials, such as clay minerals, are fas-
cinating materials. For instance, they provide an extremely flat
reaction platform with a wide area.!”” AFM observations of
clay sheets on flat substrates, such as mica, have been carried
out by several researchers.®~!2 Since clay surfaces can be either
negatively or positively charged, complex formation via elec-
trostatic interactions with charged organic molecules is facile.

Recently, clay—dye complexes have been extensively stud-
ied as functional materials. The photochemical properties of
dyes on clay sheets have been reported.'~” Dyes, such as por-
phyrin derivatives,'>!* sometimes exhibit large bathochromic
shifts on the clay sheet, due to changes in conformation that
can occur upon adsorption.'>”'7 In the case of methylviologen,
the fluorescence quantum yield on the clay surface is much
larger than that in solution, presumably also due to changes
in its conformation.'®!?

In order to make further progress in the development of
photo-induced functions of these types of systems, it is neces-
sary to be able to more fully characterize the surface coverages
and molecular orientations. For example, we have recently
reported that tetrakis(1-methylpyridinium-4-yl)porphyrin (H,-
TMPyP) does not aggregate on the clay complex up to 100%
adsorption vs. the cation-exchange capacity (CEC) of the
clay.!729-22 Above 100% adsorption, no further H,TMPyP
can adsorb on the clay surface, and the excess exists simply
as unaggregated molecules in the bulk aqueous solution. The
excited singlet lifetime of the porphyrin on the clay surface
is estimated to be on the order of nanoseconds, which is similar
to that of the unaggregated porphyrin in solution.!” Based on
the results of these studies, which included both static and dy-
namic absorption and fluorescence measurements, it has been
concluded that the H,TMPyP molecule forms a monolayer
on the clay surface, with negligible aggregation. However,
the information that was obtained was insufficient to precisely

establish the orientation of the porphyrin on the clay surface.

In general, little is known about the orientations of dyes
on clay surfaces, although more is known in the case of dyes
intercalated within stacked clay sheets than in the case of
exfoliated clay sheets. For example, the orientation angles of
incorporated molecules with respect to stacked clay sheets
have been estimated using X-ray diffraction (XRD) measure-
ments.?

In the present study, the orientations of dicationic and tetra-
cationic porphyrins on exfoliated clay sheets, the latter being
adsorbed as monolayers on mica and flat quartz glass, were in-
vestigated by the use of atomic force microscopy (AFM)**2?°
and polarized visible-light-attenuated total reflectance (PV-
ATR) spectroscopy. Polarized light spectroscopy?®" is one of
the best techniques with which to determine the molecular ori-
entation. For the PV-ATR measurement, highly flat quartz
glass plates (thickness, 0.2mm) were used. The monitored
light beam incident on one lateral surface is totally reflected
within the top and bottom surfaces of the quartz glass plate,
and finally exits from the opposite lateral surface. Evanescent
wave is generated close to the surfaces of the glass plate during
each light reflection, and ATR spectroscopy utilizes this light,
which is partly absorbed by molecules that are located in this
surface region.?*3237 Since dozens of total reflections enhance
the absorption sensitivity in the waveguide system, and it be-
comes possible to detect the absorption spectra of porphyrin
monolayers adsorbed on the clay surface. The porphyrin ring
orientation angle with respect to the glass surface (and thus to
the clay surface plane) was quantitatively analyzed in this way.

Experimental

Clay Minerals. Smecton SA (SSA, a synthetic saponite,
Nag 77Mgs.97Alo.835172,020(OH)4) was received from Kunimine
Industries Co., Ltd. It was purified by repeated decantation from
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Fig. 1. AFM image (contact mode) of SSA on mica (A),

and its enlarged surface (B).
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Fig. 2. Structures of multicationic porphyrins.

water and washed with ethanol. The cation exchange capacity
(CEC) was 99.7meq/100 g. From the latter value, together with
the theoretical surface area (750m?”g~!), the average area per
anionic site was calculated to be 1.25nm?2. Thus, the mean dis-
tance between the adjacent anionic sites was estimated to be
1.20nm, on the basis of a hexagonal array.!”?! The particle size
was in the range of 20-50 nm, according to the AFM observations
(Fig. 1A). The thickness of the clay sheet is theoretically 0.96 nm.
The existence of several water layers between the mica substrate
and the clay sheet would enlarge the observed thickness (1.0-1.5
nm). Since the hexagonal array of lattice can be seen over a wide
area, the surface of each sheet is extremely flat, even at the atomic
level (Fig. 1B). The distance between the bright spots in the AFM
image was 0.52 nm. This distance corresponds to the a-axis repeat
unit of the clay lattice. The amount of water in the SSA was mea-
sured by using a thermogravimetric differential thermal analysis
(TG/DTA) system (Shimadzu DTG-60H). The weight of the clay
mineral was corrected according to the TG measurements.

Porphyrin Derivatives. Tetrakis(1-methylpyridinium-4-yl)-
porphyrin (TMPyP) was used as the tetracationic porphyrin. It was
purchased from Aldrich, and the counter ion was replaced with
chloride on an ion-exchange column (ORGANO AMBERLITE
IRA400JCL). Two additional porphyrins, cis-bis(N-methylpyridi-
nium-4-yl)diphenylporphyrin (cis-DPyP) and trans-bis(N-methyl-
pyridinium-4-yl)diphenylporphyrin (trans-DPyP) were used as di-
cationic porphyrins; these were purchased from Mid-Century
Chemicals (Fig. 2). The purity was checked with TLC. The
amount of water in the porphyrin was measured by using TG/
DTA. The molecular weight was corrected according to the TG
measurements.

Solvents. Water was deionized just before use with an
ORGANO BB-5A system (PF filter X2 + G-10 column).

AFM Measurements.  SPI4000 and SPA300HV systems
(Seiko Instruments, Inc.) were used. Cantilevers were purchased
from Seiko Instruments, Inc. Super-sharp tips were used for
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dynamic force mode measurements. The cantilever (Si3Ny) spring
constant was 0.08 Nm~' for the contact mode and 20N m~" for
the dynamic force mode. Mica substrates were purchased from
Nisshin EM. Glass micro-cover slips were purchased from
Matsunami (24 x 24 mm; thickness, 0.12-0.17 mm).

PV-ATR Measurements. A surface-interface spectrometer
(System Instruments SIS-50BS) was used. A glass plate wave-
guide was purchased from System Instruments. The thickness of
the glass plate was 0.2 mm; both edges on opposite sides were
cut at 60° angles. Under typical conditions, the number of reflec-
tions in the waveguide was estimated to be 55. The surface of the
waveguide was treated with conc. sulfuric acid to enhance the hy-
drophilicity of the glass. The glass surface was rinsed with 1 M
NaOH, then 1M HCI, and finally, copious amounts of ion-ex-
changed water in order to remove excess protons from the glass
surface. Cast films for dichroic measurements were prepared as
follows. An aqueous solution (3.5uL) containing nano-layered
compound (nano-layered compound: 1.0 x 10~* equivL™") was
pipetted onto the hydrophilic quartz waveguide and allowed to
air-dry at room temperature. Subsequently, porphyrin aqueous so-
lution (1.0 x 1073 M, 3.5uL) was pipetted onto the cast nano-
layered compound film, and the excess was washed away with de-
ionized water. The area on the quartz waveguide covered with the
complex was around 1.5 cm?. Thus, samples with the porphyrin—
clay complex mostly adsorbed on the waveguide as a monolayer
and oriented parallel to the waveguide were prepared.

Absorption Spectra. Absorption spectra were obtained on
Shimadzu UV-2550 and UV-3100 UV-visible spectrophotometers.

Results and Discussion

Absorption Spectra of Dicationic and Tetracationic Por-
phyrins on the Clay Surface. The absorption spectra of por-
phyrin—clay complexes were measured in water. The concen-
trations of SSA and porphyrin were 5.0 x 10~* equivL~!
and 1.0 x 1075 M, respectively. While the A, of TMPyP
was 421 nm without clay, the value was 451 nm on the clay
surface. This spectral shift has been reported previous-
ly.15-17:20-22 The spectral change associated with TMPyP was
explained in terms of a flattening of the porphyrin molecule
on the clay sheet, that is, the four cationic methylpyridinium
moieties become parallel to the porphyrin ring.!> TMPyP has
been thought to adsorb on the clay surface with a parallel ori-
entation with respect to the clay surface, with a four-point
electrostatic interaction. Since the clay surface is very flat,
the TMPyP molecule becomes flat so as to strengthen the elec-
trostatic interaction. The Na* ion, which is originally adsorbed
on the clay surface, is replaced by the porphyrin, and should
dissolve freely in the bulk aqueous solution. The absorption
spectra of cis-DPyP are shown in Fig. 3. While the A, of
cis-DPyP was 419 nm without clay, it was 455 nm on the clay
surface. trans-DPyP exhibits a spectral shift from 418 to
447nm as a result of the complex formation with clay. The
spectral changes were +30, +36, and +29nm for TMPyP,
cis-DPyP, and trans-DPyP, respectively. Since these three por-
phyrins showed similar spectral changes as a result of complex
formation, the adsorption orientations should be similar, that
is, all of these porphyrins should adsorb on the clay surface
with a parallel orientation with respect to the clay surface
in water. However, it has been difficult to determine the ad-
sorption orientations of porphyins on clay surfaces in detail.
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Fig. 3. Absorption spectra of cis-DPyP with and without
the clay in water. The concentrations of SSA and porphy-
rin were 5.0 x 10™* equivL ™" and 1.0 x 107> M, respec-
tively.
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Fig. 4. Setup for visible-light-ATR spectroscopy on a
quartz waveguide system. In the actual experimental con-
dition, dozens of total reflections enhance the absorption
sensitivity in the waveguide system.

Dichroic measurements should be promising for establishing
the porphyrin orientation on the clay surface.
Visible-Light-ATR (Vis-ATR) Spectroscopy of the Clay—
Porphyrin Complex on the Quartz Waveguide. In order to
determine the adsorption orientation of porphyrin on clay, we
examined the visible-light-ATR (Vis-ATR) spectroscopy of
the clay—porphyrin complex on the quartz waveguide. Since
the clay sheet was adsorbed on the quartz with a parallel ori-
entation, it is possible to measure the porphyrin orientation
with respect to the clay surface precisely. Since the clay sheets
in a multi-layer film would not be able to retain a perfectly par-
allel orientation with respect to the glass substrate, a monolay-
er of clay sheets is much more desirable in order to obtain pre-
cise information on the porphyrin orientation. Since dozens of
total reflections enhance the absorption sensitivity in the wave-
guide system, it is possible to measure the absorption spectra
of clay—porphyrin monolayer samples. The Vis-ATR-quartz
waveguide spectroscopic system, shown in Fig. 4, was used
to measure the absorption spectra of single sheets of clay—por-
phyrin complex. The absence of stacking of clay sheets on the
waveguide glass was confirmed by AFM observations before
measuring Vis-ATR. The AFM images in different areas of
the sample were carefully observed to confirm the absence
of stacking of the clay sheets. A Vis-ATR spectrum of the
TMPyP—clay complex covered with water is shown in Fig. 5.
The spectrum obtained (A .x = 451 nm) coincides well with
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Fig. 5. A Vis-ATR spectrum of a porphyrin (TMPyP)
adsorbed on the clay monolayer covered with water on
waveguide quartz glass. Inset: absorption spectrum of
the clay—porphyrin complex, in which the clay sheets were
exfoliated in water.

that obtained for exfoliated clay dispersed in water. If the clay
sheets are stacked on the waveguide and TMPyP is intercalat-
ed within the clay layer space, the Ay.x of the porphyrin
should be 484 nm.">-!7 If the TMPyP is intercalated between
the clay sheets and waveguide glass, the A, of the porphyrin
should be also near 484 nm. However, there was no peak at
around 484 nm in the Vis-ATR spectrum (Fig. 5). When a por-
phyrin solution without clay containing the same concentration
with that of clay—porphyrin complex in the above experiment
was put on the waveguide, almost no light absorption was ob-
served. This was to verify that only the sample directly adsorb-
ed on the clay attaching to waveguide glass could be observed,
since the evanescent light in the visible region exists only
within a few hundred nanometers from the waveguide surface.
These results indicate that the absorption spectrum observed in
Fig. 5 was indeed that of the porphyrin directly adsorbed on
the clay monolayer, which was in turn adsorbed in a perfectly
flat orientation on the waveguide.

Determination of Porphyrin Orientation on the Clay
Surface by Polarized Visible-Light-ATR (PV-ATR) Spec-
troscopy. PV-ATR spectroscopy was used to determine
quantitatively the orientation angle of the porphyrin with
respect to the clay surface. The setup and system of coordi-
nates for the polarized spectroscopy are shown in Fig. 6. The
incident angle (¢) was set at 75°. The reflectance of s- and
p-polarized light were calculated by using Fresnel’s theory.
From the theory, the difference in their reflectance is less than
1% under these conditions. In this experiment, the s- and p-
polarized light intensity without sample were observed to de-
termine the correction coefficient due to the difference in the
monitoring light intensity of the two types of polarized light.
Under the present conditions, the intensity of p-polarized light
was 9.6% greater than that of s-polarized light. Thus, the
polarized light absorption spectra were corrected accordingly.

The corrected PV-ATR spectra of the TMPyP—clay complex
are shown in Fig. 7. The absorbance due to s-polarized light
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was significantly larger than that due to p-polarized light. The
dichroic ratio (Ap/As) at the Soret band was calculated to be
0.16. From these results, the angle of the porphyrin transition
moment can be estimated quantitatively.

In a similar way, the PV-ATR spectrum of the clay—cis-
DPyP complex on a waveguide covered with water was ob-
served (Fig. 8). The absorbance with s-polarized light was
much larger than that with p-polarized light. Interestingly,
the cis-DPyP—clay complex even exhibited a similar A,/A
(0.13), compared to the TMPyP—clay complex. Even though

Fig. 6. Coordinate system for the polarized spectroscopy. ¢
is incident light angle. The electric field of the evanescent
wave exists in 3 axes (x,y, 7).
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Fig. 7. Corrected polarized Vis-ATR spectrum of TMPyP
adsorbed on the clay monolayer covered with water on
waveguide quartz glass.
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cis-DPyP has only two cationic sites in the molecule, it turns
out that its adsorption orientation on the clay surface is very
similar to that of TMPyP, which has four cationic sites. Similar
results were also obtained for the trans-DPyP—clay complex,
also with two cationic sites.

These results qualitatively indicate that the tetracationic
and dicationic porphyrins adsorb on the nano-layer clay sur-
face with an orientation almost parallel to the clay surface in
water. The actual orientation angle of the porphyrin molecule
can be estimated from Ap/A; at Amax. In order to determine the
orientation angle of the porphyrin molecules to the clay sur-
face, we derived an equation (see later).

Estimation of Orientation Angle by Dichroic Measure-
ment on a Waveguide. At first, in order to quantitatively
estimate the orientation angle of the porphyrin molecules with
respect to the nano-layered clay surface, the magnitude and the
angle of the two transition moments (Soret band) of TMPyP,
cis-DPyP, and trans-DPyP were calculated as follows. Geom-
etry optimization was carried out with Gaussian03 (B3LYP/
6-31G*).>! Then, the excitation energy was calculated with
MOS-F5.0A (CNDO/S). The calculation results for each por-
phyrin are shown in Fig. 9. It was found that the two transition
moments of TMPyP, cis-DPyP, and trans-DPyP were almost
orthogonal (89.9, 90.3, and 85.5°) and had equal magnitude.
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Fig. 8. Corrected polarized Vis-ATR spectrum of cis-DPyP
adsorbed on the clay monolayer covered with water on
waveguide quartz glass.

%, oL
R
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Fig. 9. Optimized geometry of each porphyrin molecule (calculated by Gaussian 03) and their transition moments (calculated by
MOS-F5.0A). The transition moments A and B are nearly orthogonal.
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The transition moments were directed along the N-H/N-H,
and the N/N axes, respectively (Fig. 9). The relative strength
and angle between the two transition moments were essentially
not affected by the dihedral angle change between the porphy-
rin ring and the peripheral aromatic ring.

Derivation of Expression for Orientation Angle Analysis
for the Porphyrin Molecule. In the case of the evanescent
wave, the electric field exists along 3 axes (x,y,z) (Fig. 6).
The x-axis is parallel to the direction of light propagation,
the y-axis is perpendicular to the direction of light propogation,
and the z-axis is parallel to the interface normal.

At the interface (z = 0), the electric field strength in each di-
rection (Exo, Eyo, E0) can be represented as Eqs. 1la-1¢.30-%

2 cos @(sin® ¢ — n%l)l/2

Eg = - , (1a)
T =m0+ nd))sin® @ — 2 112

E 2icos ¢ (Ib)
0= 313"
¥ (1 _ ngl)l/z

Eq 2in3, cos Y sin @ (1)

T =)L+ 2y sin g — 2 )7

where @ is the angle between internally reflected light and the
surface normal, n3; = n3/ny, n3, = n3/ny, and ny, ny, and n3
are the refractive indices of the waveguide (1.47), clay
(1.52),%7 and solvent, respectively. In the present system, the
density of porphyrin molecule on the waveguide was very
low, and the molecular size was much smaller than the wave-
length of monitor light. Thus, the effect of reflection and dou-
ble reflection of porphyrin could be neglected like
in usual ATR measurements.38>2

The dichroic ratio can be estimated with the use of polarized

Ay (ko + koo + kypo + kipoo)Exo” + (ko 4 keaoo + kzpo + kopoo) Eco”
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Fig. 10. Relationship between the coordinate system and
the porphyrin molecule on the clay surfaces. 6 is the angle
between the z-axis and the molecular axis. « is the angle
between the molecular axis and the transition moment
A. B is the angle between the transition moments.

X

light 303638 4 /A can be determined from Egq. 2, because
the x- and z-components of the electric field and the y-compo-
nent of the electric field correspond to p-polarized light and s-
polarized light, respectively.

A,  kEg? + k.E 2
_p= x0 + 770 i (2)

A kyEyo?
where k., ky, k, are the component values of the extinction co-
efficient. Because the porphyrin molecule has two orthogonal
transition moments (Fig. 10), as previously mentioned, the
equation of dichroic ratio can be modified to Eq. 3.

Ay (kyao 4 kyao0 + kygo + kyoo) Eyo?

where the subscript «@ indicates the angle between the transi-
tion moment A and the molecular axes, and S indicates the an-
gle between the two transition moments B (Fig. 10). The sub-
scripts 0 and 90 represent the perpendicular and parallel parts
of the transition moment with respect to the molecular axis in
the molecular plane. Each of the extinction coefficients
(kx0, kyo, k-0, kx00, k-00) can be represented as Egs. 4a—4d, which
were obtained by integration on the x—y plane (i.e., about the z-
axis) in Fig. 10 in order to include all possible orientations
with respect to the z-axis.

, 3)
kv = kyo = K7tM? cos® ot sin® 6, (4a)
ko = 2KTM? cos® ot cos? 0, (4b)
kx90 = k_\-g() = K]TM2 sin2 o, (4C)
ko0 = 0. (4d)

By applying Eqgs. 4a—4d. to Eq. 3, Eq. 5, which represents
the relationship between the orientation angle of the molecules
to the normal (6) and A, /As was derived.

A
{sin® o + sin’(a + B)}E,> — A—p{sin2 o + sin®(@ + B)}E,? + 2{cos® o + cos*(a + B)}E.?

. S
6 = arcsin

1 .
—{cos? o + cos(x + B)}E,2 + A—p{cos2 o + cos?(o + B)IE,? + 2{cos? a + cos? (o + B)}E.?

S

The « and B values were assumed to be 45 and 90° from the
results of the calculation of the transition moment and from the
positions of the cationic sites of the porphyrin molecule.

Figure 11 shows the relationship between the orientation
angle of the molecules to the normal (f) and Ap/A, under
the conditions simulated by Eq. 5.

©)

Determination of Orientation Angle from the Results of
Dichroic Measurements on the Waveguide. @ From the
Vis-ATR spectra, the values of A,/A; for TMPyP/clay, cis-
DPyP/clay, and trans-DPyP/clay were 0.16, 0.13, and 0.13,
respectively. The orientation angle was determined by apply-
ing Fig. 11 to these values, and they did not exceed 5°. These
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Fig. 11. Orientation angle (6) versus observed A, /As.
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Fig. 12. Schematic view of the porphyrin—clay—glass/mica
complex (side view).

results quantitatively indicate that the tetracationic and dica-
tionic porphyrins adsorb on the nano-layered compound
surface in an essentially parallel orientation with respect to
the nano-layer clay surface in water.

Conclusion

AFM observations indicated that single clay sheets adsorbed
on mica and glass substrates in a flat orientation. Vis-ATR
spectra of clay—porphyrin complexes on a quartz waveguide
were successfully observed, despite the presence of only a sin-
gle monolayer of clay—porphyrin complex adsorbed on the
substrate. PV-ATR spectroscopy indicated that both tetraca-
tionic and dicationic porphyrin molecule adsorbed parallel to
the glass plate in water. From these observations, we conclude
that the porphyrin molecules adsorb on the clay sheets in a flat
orientation, as shown in Fig. 12.

The PV-ATR measurement proved to be a good technique
for the analysis of the orientation of molecules on layered
materials, specifically layered minerals. Since the sensitivity
of the PV-ATR measurement is very high, due to the repeated
total reflectance in the waveguide, it is possible to measure
monolayer samples. In such samples, the glass substrate and
the clay sheets should be completely parallel. The perfect co-
planarity of the glass substrate and clay sheet is essential to ob-
tain precise information on the molecular orientation on the
clay surface. The PV-ATR measurements fulfill these condi-
tions well. The clay mineral afforded a very flat surface as a
chemical reaction platform or substrate to construct struc-
ture-regulated materials. Thus, the combination of clay miner-
als as platforms and PV-ATR as an analytical technique is a
powerful tool for the development of nanotechnology and
materials science.
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