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Abstract. The phenosafranine adsorbed onto the micro and mesoporous materials prepared by ion ex-
change method and interaction of the dye with host materials were studied by X-ray photoelectron spec-
troscopy to elucidate the influence of the host matrix on the binding energy of N 1s orbital. Core level N
1s X-ray photoelectron spectroscopy reveals the interaction between the dye and the solid surface
through the hydrogen bonding between the hydrogen atoms of primary amino groups in dye molecule and
the oxygen atom of surface hydroxyl groups. The strength of the hydrogen bonding depends on the nature
of the solid surface. In the dye adsorbed onto the micro and mesoporous materials the interaction between
adsorbed phenosafranine and the surfaces of the porous materials are found to modify the optical spectra
and the excited state dynamics of the confined phenosafranine molecules. The change in photophysical
properties of phenosafranine adsorbed on to the host materials on dehydration at elevated temperatures is

attributed to the modification of host surface during dehydration process.

Keywords.

1. Introduction

Research involving micro and mesoporous materials
as host material is of great interest with potential
applications in catalysis, adsorbents, chemical sensors,
optical/electronic nanodevices and other areas.'”
Mesoporous materials enable the encapsulation of
metal complexes and organic dye molecules in the
channels and cavities of nanodimension in these ma-
terials. Organisation of molecular species into highly
ordered architectures has attracted increasing attention
from a wide range of scientific aspects and practical
applications.” The construction of the functional mate-
rials by organising photoactive species with highly
ordered structure has actively been investigated for
light induced reactions.” The arrangement and spa-
tial location of the encapsulated photoactive species
are influenced by the structure of the host material.
The photophysical and photochemical reactions in
such heterogeneous system have been observed to
be significantly different from the analogous reac-
tions in homogeneous solutions. The nanoscopic
structure of the assembly of the photoactive species

"Dedicated to the memory of the late Professor S K Rangarajan
*For correspondence

Phenosafranine; X-ray photoelectron spectroscopy; mesoporous materials.

could be tailored by selecting and designing both the
guests and hosts and also by co-adsorption processes.
Among the various micro heterogeneous systems
studied, molecular sieves are ideal host for supra-
molecular organisation by providing high chemical,
mechanical and thermal stability. The defined geo-
metry of the cavities and channels are essential for a
specific spatial arrangement of guest species, thereby
generating highly structured composite materials. In
order to develop such photochemical systems, an
understanding of the host—guest interaction between
the molecules and the molecular sieves is important.
The influence of various parameters such as con-
finement effect of these sieves on the guest mole-
cule, interactions with cationic sites and the
framework becomes significant.® The photophysical
and photochemical behaviour of organic dyes encap-
sulated in micro and mesoporous materials are
widely studied.”® The structural characteristics of
these designed materials enable the incorporation of
optically active guest molecules in crystallographi-
cally defined positions and highly organised arrange-
ments.” MCM-41 is a versatile host owing to its high
thermal stability, high surface area, high pore vol-
ume and very narrow pore size distribution tunable
in the range of 20-100 A. A structural model for
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MCM-41 consists of a hexagonal arrangement of
cylindrical pores embedded in a matrix of amor-
phous silica.

Electronic absorption and emission spectral stud-
ies of molecular-sieve-encapsulated chromophores
have been of immense value to understand the influ-
ence of the environment on the electronic states of
the guest molecules. X-ray photoelectron spectros-
copy (XPS) is an important tool to understand the
interaction of the guest species with solid host mate-
rials. Encapsulation of organic molecules in molecu-
lar sieves leads to changes in their optical, physical
and chemical properties.'” The photophysical and
photochemical behaviour of organic dyes encapsu-
lated in mesoporous materials have been widely
studied. Spectroscopic studies of rhodamine B
doped composites have been reported by Hoppe et
al''. Yamashita et al have observed that the lifetime
of rhodomine B in MCM-41 was longer than that
observed on silica gel or in ZSM-5 hosts.'* Photo-
luminescence properties of coumarin 540 doped in
MCM-41 was studied by Gu et al,'” which compared
the photophysical properties of the dye in MCM-41
with those in ethanol solution. Photophysical studies
on tris(2,2'-bipyridine) ruthenium(Il) complex loaded
in mesoporous silica were carried out by Ogawa et
al.'* A rare earth complex recently encapsulated in
mesoporous silicates showed that the photophysical
properties are sensitive to the local environment.'
Aggregation of the thionine dye within AIMCM-48
was reported earlier.'® Investigation on the spectral
properties and photophysics of a laser dye
4-(dicyanomethylene)-2-methyl-6-(p-dimethylamino-
styryl)-4H-pyran  encapsulated in MCM-41
mesoporous material and Zeolite-Y has been re-
ported.'” Photophysical properties of some coumarin
derivatives incorporated in MCM-41 were studied
by Li et al recently.”® The energy transfer process
between the dye molecules in the nanochannels of
MCM-41 is currently gathering momentum. Anpo ef
al recently investgated the energy transfer between
two organic dyes occluded in the nanochannels of
different mesoporous hosts.”” A dumbbell-shaped
multicomponent system consisting of a ruthe-
nium(II) polypyridine complex, a p-terphenyl, a
4.4'-bipyridinium unit, a 3.3'-dimethyl-4,4’-bipyri-
dinium unit, and a tetraarylmethane unit has been
enclosed in the channels of an AIMCM-41 alumi-
nosilicate.® Electron transfer from the excited
ruthenium(Il) complex to the substrate in silicate
matrix was observed. Kispert e al studied the
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electron transfer reactions of carotenoids,
f-carotene,  canthaxanthin and  7"-apo-7',7'-
dicyano-f-carotene embedded in MCM-41 and
TiMCM-41.*!

We report in this paper the preparation and chara-
cterization of phenosafranine dye adsorbed onto micro
and mesoporous materials. The nature of interaction
between the dye and the host materials has been
investigated by X-ray photoelectron spectroscopy.
Phenosafranine belongs to azine family of dyes,
which acts as an electron transfer reagent in the
excited state.”* Photosensitisation process of this dye
has been reported for application in photogalvanic
cells® and the sensitisation of bulk titanium dioxide
nanoparticles.”* The environment sensitive fluores-
cent property of phenosafranine was used to probe
the reverse micellar system” and also the covalently
attached dye was used to study the dynamics
of pozléy(carboxylic acids) in dilute aqueous solu-
tions.

2. Experimental methods

2.1 Chemicals

Phenosafranine (PS’) chloride 1 (3,7-diamino-5-
phenylphenazenium chloride) obtained from Aldrich
was used as such. Zeolite-Y and ZSM-5 obtained
from Sud Chemie, India are washed with 1 M NaCl
for about 2 hours and calcined at 530°C for 12 h.
Cetyltrimethylammonium bromide (CTAB) and tet-
racthylorthosilicate (TEOS) were obtained from
Lancaster. All other chemicals were purchased from
Qualigens and Merck fine chemicals. Standard
methods are followed for the purification of the
common organic solvents. All other chemicals of
analytical grade are used as received unless other-
wise stated. Water used in this investigation was tri-
ply distilled over alkaline potassium permanganate

N
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in an all glass apparatus and was used for all the
experiments.
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2.2 Synthesis of MCM-41 and modified MCM-41

MCM-41 was synthesised by following the proce-
dure already reported in the literature.”’ 2-4 g of
n-cetyltrimethylammoniumbromide, CTAB was dis-
solved in 120 g of deionised water and stirred until
the solution was homogeneous and clear. Ammo-
nium hydroxide (8 ml) was added to this mixture
and stirred for 5 min after which 10 mL of tetraethy-
lorthosilicate was added to give a molar composition
of the gel (1 M TEOS: 1-64 M NH,OH: 0-15M
CTAB: 126 M H;0). The reaction mixture was stirred
overnight, after which the solution was filtered and
washed several times consecutively with deionised
water and ethanol; calcination was performed at
823 K for 5 h.

The modification of the interior structure of MCM-
41 was carried out through the use of a silylation re-
agent 3-aminopropyltriethoxysilane, APTES. The si-
lane modified MCM-41 (SMCM-41) was prepared
according to a procedure detailed.”® About 0-6 g of
the calcined MCM-41 was mixed in a chloroform
solution of 3-APTES (50 mL, 0-15 M) and stirred
overnight at room temperature. The precipitate was
filtered and washed with chloroform and dichloro-
methane. Aluminosilicate mesoporous materials
were prepared by post synthesis method by using
aqueous aluminium chlorohydrate containing alu-
minium polycations as reported earlier.”” The
obtained material was characterized by SAXRD and
surface area analysis and found to be showing iden-
tical characteristics as reported earlier.”

2.3 Encapsulation of phenosafranine in
mesoporous hosts by impregnation method

Phenosafranine dye encapsulated in MCM-41,
AIMCM-41 or SMCM-41 composites were prepared
by stirring the aqueous solution of the dye and the
mesoporous materials for six to eight hours at room
temperature which results in the loading of phenosa-
franine in mesoporous hosts. The material was fil-
tered, washed thoroughly until the filtrate shows no
absorbance at 520 nm. The amount of the dye loaded
in mesoporous hosts was adjusted by taking differ-
ent amounts of dye in aqueous solution. Phenosa-
franine coated on silica was prepared by stirring an
aqueous solution of the dye with the calculated
amount of silica for about 6 h. The resulting pink
coloured solid was filtered and washed with excess
amount of water until the filtrate showed no absorb-
ance at 520 nm.
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2.4  Adsorption of phenosafranine in microporous
hosts by ion exchange method

The aqueous solution of the dye PS" and the zeolite
were stirred for three to four hours at room tempera-
ture, which resulted in the PS" ion exchanged with
the cations present in the zeolite samples. The con-
centration of the dye in zeolite was maintained at
3 uM per gram of the zeolite-Y and 2-3 M per gram
of ZSM-5.

2.5 Instrumentation

X-ray powder diffraction data of the MCM-41 mate-
rial was collected on a Pananalytical X’pert Pro
X-ray diffractometer. XRD patterns were obtained
between 0-5 and 10-260. Adsorption and desorption
isotherms were measured at 77 K on a Micromeritics
ASAP 2010 instrument using nitrogen gas. The
samples were outgassed at 423 K and 1 mPa for 14 h
before adsorption measurements. The specific sur-
face area of these mesoporous materials was deter-
mined by the standard BET method. The X-ray
photoelectron spectra (XPS) of the samples were
recorded on a Kratos-Axis 165 XPS spectrometer
with MgK radiation (1253-6 ¢V) at 75 W. The Cls
line at 284-6 ¢V was used as an internal standard for
the correction of binding energies. UV-visible dif-
fuse reflectance spectral studies of the samples were
recorded using Agilent 8453 diode array spectropho-
tometer equipped with labsphere RSA-HP-8453
reflectance accessory.

3. Results and discussion

3.1 XPS analysis of phenosafranine adsorbed on
micro and mesoporous materials

Comparison of the binding energy (BE) of free and
surface adsorbed dye is an ideal method to under-
stand the nature of host-guest interaction.””' The
present XPS studies are concerned with the nitrogen
atoms of the dye since C 1s BE remains significantly
unaltered for the dye adsorbed on the surface of
hosts. The core level X-ray photoelectron spectra of
crystalline phenosafranine (figure 1) shows broad
peak for 1s level of carbon and it can be resolved
into three peaks with binding energies (BE) of
284-8, 286-2 and 288-2 ¢V. The three peaks are due
to the difference in the electronegativity of the
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bonded neighbouring atom. The binding energy of
284-8 eV for 1ls carbon, which has the maximum
peak area among the observed Cls peaks is attrib-
uted to the carbon bonded to another carbon atom.
The next higher energy peak observed at 286-2 cor-
responds to the carbon bonded to nitrogen atom. The
more electronegative nitrogen atom attracts the
bonding electrons towards its nucleus, which results
in the increase in the charge of the nucleus inturn
enhancing the binding energy of the Cls electron.
The peak at 288-2 eV is assigned to the carbon of
C-N"; presence of positive charge on the nitrogen
atom attracts the bonding electron, which in turn in-
creases the binding energy of the Cls electron to
which it is bound.

The core level nitrogen Nls peak also appears as
a broad peak with high full width at half maxima
(FWHM) which could be resolved into three peaks.
In PS”, four nitrogen atoms are present and among
these two of them are in identical environment. The
lower binding energy for nitrogen (398-5¢V) is
assigned to the nitrogen atom of two primary amino
groups. The area under the curve, which is about
58% of the observed broad peak confirms this as-
signment. The next high-energy peak due to the ni-
trogen atom of the azine ring shows the binding
energy of 1-2 eV higher than that of the primary
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Figure 1. XPS core level spectra of crystalline
phenosafranine dye (a) Cls and (b) Nls.
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amino nitrogen. This increase in binding energy is
due to the aromaticity of the azine ring. Aromaticity
is known to have large impact on the binding ener-
gies, which is due to the delocalisation of electrons
in aromatic molecules.’’ The third high binding
energy of Nls is due to the presence of positive
charge on the nitrogen atom. There are two nitrogen
atoms present in the azine ring and both of them are
responsible for the aromaticity of the central ring of
phenazine moiety. In one of the ring nitrogen phenyl
group is attached. Generally, the positive charge is
stabilised at the particular atom, which is bound to
more electron donating groups. Hence the nitrogen
atom with positive charge is attributed to the nitro-
gen attached to the phenyl ring. The phenyl ring is
out of the azine plane which increases the electron
density around the nitrogen atom, stabilizing the
positive charge on that nitrogen. The small discrep-
ancies in the integrated area under the curve are at-
tributed to the delocalisation of the positive charge
in the phenazine ring. The most favourable form
among the possible canonical forms of PS" is posi-
tive charge on the nitrogen bonded with phenyl

group as indicated below.
N
H,N N NH, HZNQND\N%

The core level X-ray photoelectron spectra of
phenosafranine encapsulated in MCM-41 (figure 2)
shows those Cls binding energies to be 284-6, 286-4
and 288-3 ¢V. The peaks are assigned to the C-C,
C-N or C=N and C-N" similar to that of the free
dye. On careful examination of this data, it is in-
ferred that the binding energies of the carbon atoms
do not change significantly. The electronic configu-
ration of the carbon atom as suggested by the XPS
data is not that much perturbed on the MCM-41 sur-
face which shows that the interaction between the
MCM-41 surface and the dye molecule is primarily
through the nitrogen atoms of PS".

The interaction between the dye and the MCM-41
surface is obtained from the XPS of nitrogen Is
level. It is interesting to note that the observed broad
peak is best fitted with two-peak fit rather than three
as in the case of free dye and the dye adsorbed on
the outer surface of silica. This indicates that the
two primary amino groups of phenosafranine are in
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identical environments and the two ring nitrogens
are also in identical environments. The BE of Nls
level corresponds to 398-3 and 400-1 eV. The lower
binding energy peak at 398-3 ¢V is due to the pri-
mary amino nitrogen atoms present in the phenosa-
franine dye molecule. The presence of hydrogen
bonding interaction between the nitrogen atoms of
phenosafranine with the MCM-41 surface forces the
primary amino groups out of the azine plane, which
enhances the electron density around these nitrogen
atoms which results in the decrease in binding
energy of Nl1s. The high BE peak is attributed to the
nitrogen interacting with the surface hydroxyl group
through hydrogen bonding which corresponds to
~51% of the total intensity. The increase in binding
energy of about 1 eV for ring nitrogen, is presuma-
bly due to the hydrogen bonding with the hydrogen
of surface hydroxyl group of MCM-41. The nitrogen
atom is involved in a hydrogen bonding interaction
and its electron density is lower since the electrons
are partially shared with more electronegative atoms.
In the present case, electron density present at nitro-
gen is shared with the hydrogen atoms which are
electron deficient due to the binding with oxygen; as
a consequence the N1s binding energy increases.
Comparison of the binding energy (BE) of free
and surface adsorbed dye is useful to understand the
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Figure 2. (a) Cls; (b) N1s XPS spectrum of pheno-

safranine in MCM-41.
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nature of host—guest interaction. The present XPS
studies are concerned with the nitrogen atoms of the
dye since Cls BE remains significantly unaltered for
the dye adsorbed on the surface of hosts. Out of four
nitrogen atoms present in PS™ two of them are in
identical environment in pure crystalline form, i.e.
primary amino groups (BE 398.3 e¢V). The other two
nitrogen atoms are located in the central aromatic
ring (BE 399-5, 400-3 ¢V). Aromaticity is known to
have larger impact on BE due to the delocalisation
of electrons in the aromatic ring which reduces elec-
tron density around the nitrogen atom leading to
higher binding energy.”> Among the two aromatic
nitrogen atoms, 400-3 eV peak is assigned to the
aromatic nitrogen bonded to the phenyl ring, where
the positive charge is more localised due to the elec-
tron donating nature of the phenyl ring, which stabi-
lises the positive charge more favourably than the
other nitrogen atoms.

The N1s BE values of PS™ adsorbed on the silica
surface are presented in table 1. The BE values,
show that N 1s BE values are significantly altered
indicating that the interaction between the dye and
the host surface is through nitrogen atoms. The BE
of primary amino group is found to increase by
about 2-0 ¢V at the silica surface due to H-bonding
between hydrogen of amino group and the oxygen of
surface hydroxyl groups. The observed decrease in
the N 1s BE values of ring nitrogen in PS" is due to
the fact that the adsorption at the surface causes
deformation of the aromatic ring which in turn leads
to a decrease in the delocalisation of electron in the
ring.32’33

The observed and deconvoluted core level Nls
XPS of PS" in zeolite is shown in figure 2. The BE
values of the deconvoluted peaks presented indicate
that the mode of interaction between the dye and the
zeolite surface is through H-bonding as in the case
of silica. Even though the primary amino groups of
PS" are in identical environments, the difference in
BE between them is due to the loss of symmetry in
the molecule due to adsorption of the dye at the zeo-
lite surface. In principle, for a completely planar
molecule there should be an equivalent electronic
distribution around the two nitrogen atoms and
hence a sharp Nls peak is predicted to be observed.
For the slightly distorted conformer since the two
nitrogen atoms are not equivalent a break in conju-
gation results in the broadening of XPS band.*
Accordingly, in the present case the loss of symme-
try in the molecule is due to one of the nitrogen
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Table 1.
porous materials.

X-ray photoelectron spectroscopic data of phenosafranine encapsulated in micro and meso-

Sample

Carbon (1s) BE value (eV)

Nitrogen (1s) BE value (eV)

Phenosafranine solid dye

2848 (74-2%; 1.74")

398-5 (57-5; 1-34)

Phenosafranine adsorbed on silica

Phenosafranine encapsulated in MCM-41

Phenosafranine adsorbed on ZSM-5

2862 (17-9; 1-54)
288-2 (7-9; 1:92)

2846 (51-8; 1.74)
2863 (31-8; 1-64)
288-4 (16-4; 3-02)

2846 (53-3; 1-69)
2864 (34-3; 2-51)
288-3 (12-4; 1-90)
284-5 (67-8; 1-38)

2855 (19-6; 1-27)
287-3 (6-1; 1-50)

399.2 (26-7; 1-32)
4012 (15-8; 1-51)
398.3 (24-2; 1-03)
399-5 (26-9; 0-67)
400-3 (48-9; 1-20)
398-3 (49-4; 1-40)
400-1 (50-6; 1-49)

399.2 (41-5;1-50)
400-8 (58-5:2:27)

Phenosafranine adsorbed on zeolite-Y -

398-2,399-7, 400-8, 401-6

*Relative intensity; “Full width at half maximum (FWHM)

atoms bind strongly to the substrate and the other
remains free above the surface as depicted in scheme.
Alternately, the loss of symmetry could also result
from the heterogeneous nature of the zeolite surface.
The hydrogen bonding interaction between the hy-
drogen of amino group with the silanol and aluminol
groups reduces the symmetry of the dye molecule
adsorbed at the zeolite surface. These two factors
are presumably responsible for the observed differ-
ence in BE between the two nitrogen atom of the
primary amino groups. However, the higher BE
value of primary amino nitrogen atoms suggests that
hydrogen bonding with the surface hydroxyl groups
exists with the primary amine hydrogen atoms and
hence it is concluded that the surface heterogeneity
is solely responsible for the observed behaviour. The
observed small variations of nitrogen 1s BE in tita-
nium dioxide anchored on the external surface of the
zeolite (TYS) samples are due to the change in acid-
ity of the zeolite surface by titanol groups, which
affects the hydrogen bonding energy.

In contrast to zeolite-Y and silica, the nitrogen s
peak of PS” in the ZSM-5 surface could be deconvo-
luted into two peaks. The higher BE value of nitro-
gen is assigned to the nitrogen of primary amino
group which is involved in the hydrogen bonding
with the surface hydroxyl groups. Contrary to the
PS"-zeolite-Y, PS'-ZSM-5 shows one BE value for
primary amino nitrogen atoms even though the latter
surface is also heterogencous in nature. The ob-
served result is attributed to the broad peak for Nls

level. It is worth noting that the BE of nitrogen 1s
level of PS™ at ZSM-5 surface is significantly less
than that observed in zeolite-Y. The smaller BE
value of nitrogen ls level reveals that the hydrogen
bonding is weak in the case of ZSM-5 as compared
to that in zeolite-Y. When the ZSM-5 surface is
modified with titanium dioxide nanoparticles the ni-
trogen 1s level of PS™ could be deconvoluted into
three Gaussian peaks. The BE values for nitrogen of
the primary amino groups is attributed to the loss of
symmetry in PS" molecule at the ZSM-5 surface as
well similar to that observed in zeolite-Y.
Phenosafranine dye in aqueous solution shows ab-
sorption band with maximum at 520 nm in the visible
region with the absorption maximum not affected by
the nature of the solvent used. The dye adsorbed on
chromatographic grade silica also absorbs at 520 nm.
The diffuse reflectance spectrum of phenosafranine
(PS") encapsulated in MCM-41 surface shows the
absorption band with maximum at 524 nm for hydra-
ted samples of MCM-41. The absorption band is red
shifted as compared to that observed in homogene-
ous solution. The red shift observed is attributed to
the interaction of the dye with the MCM-41 matrix.
Dehydration of the dye loaded zeolite samples at
125°C in vacuum does not alter the absorption
maxima. However, a small fraction of the dye is de-
composed as revealed from decrease in absorbance.
Generally, dehydration leads to a change in surface
polarity of the MCM-41 due to the removal of water
molecules present. The absorption maxima observed
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at same wavelength for phenosafranine adsorbed on
different solid surfaces, with its hydrated and dehy-
drated form reveals the insensitivity of the dye
towards surface polarity of the mesoporous materi-
als. The observed behaviour is akin to that observed
for homogeneous solution of dye in different sol-
vents.

The photophysical properties of fluorescent probes
are influenced by the host environment which ex-
plains the host—guest interaction between the solid
surface of the host and the dye molecules. The photo-
physical properties of PS™ in ZSM-5, silica and the
dye loaded zeolite samples after dehydration indi-
cate that the absorption and fluorescence spectral
properties of hydrated form of PS™ in ZSM-5 and
titanium dioxide loaded ZSM-5 are similar to that of
zeolite-Y published earlier.®

Dechydration of the samples does not seem to alter
the absorption maxima of the dye in zeolite-Y and
ZSM-5 hosts. However, a small decrease in absorb-
ance reveals that a fraction of the dye may have
been decomposed. Generally, dehydration leads to
some changes in the surface polarity of the zeolite
due to the removal of the water molecules present at
the surface.”® The absorption maxima observed at
520 nm for PS" adsorbed on different solid surfaces,
with its hydrated and dehydrated form shows that the
surface polarity of the zeolites does not affect the
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Figure 3. XPS core level spectra of phenosafranine
adsorbed on silica (a) Cls and (b) Nls.

717

dyes significantly in the ground state. The
observed behaviour is similar to that observed for
homogeneous solution of dye in different solvents.
Dehydrated form of the dye in titanium dioxide
loaded zeolite samples shows absorption maximum
at 530 nm which is a shift of 10 nm towards red as
compared to the hydrated forms of TSY and TSZ
samples; in the case of TEY, TEZ samples the
observed red shift is 10 nm. The shift in absorption
maximum towards longer wavelength is obviously
due to the protonation of the dye molecules. Signifi-
cant quantity of the adsorbed dyes on zeolite surface
also gets decomposed during the dehydration pro-
cess as revealed from the decrease in absorbance.

4. Conclusion

The XPS studies of the dye incorporated host show
that the binding energy for carbon 1S remains signi-
ficantly unaltered. The dye molecule interacts with
the host surface through hydrogen bonding between
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the hydrogens of the primary amino group and oxy-
gen of surface hydroxyl groups as revealed from the
XPS studies. However, the strength of the hydrogen
bonding is highly sensitive to the nature of the sur-
face. The ground state properties of phenosafranine
encapsulated mesoporous materials are not sensitive
to the nature of the surface.
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