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a b s t r a c t

Hybrid borate glasses containing different concentrations of meso-tetrakis(p-sulfonatophenyl) porphyrin
sodium salt (TPPS4) were prepared. The obtained glass samples were found to be transparent and homoge-
neous. Formation of TPPS4-J-aggregates in borate glass was investigated by means of optical absorption,
steady state and time resolved fluorescence spectroscopy. The hybrid glasses exhibit a strong S2→S0

emission at ∼473 nm and J-aggregates show emission at ∼733 nm. Time resolved fluorescence show
two exponential decay with lifetime of � = 65 ± 10 ps (∼80%) and � = 3.87 ± 0.1 ns (∼20%) respectively.
eywords:
orate glass
orphyrin
-aggregates
ptical absorption

1 2

Dielectric properties such as dielectric constant (ε′), dielectric loss (tan ı) and ac conductivity (�ac) over
a range of frequency and temperature of these glasses were studied. The ac conductivity was found
to be proportional to ωs (where s < 1). The observed change in dielectric parameters due to different
concentrations of TPPS4 has been analyzed in light of different polarization mechanisms.

© 2010 Elsevier B.V. All rights reserved.

uminescence
ielectrics

. Introduction

Low melting glasses with temperature less than 200 ◦C are desir-
ble for many applications such as optical devices, moulding of
ptical elements, glass to metal seals and low temperature enamels
or metals [1–3]. Recently, a new class of multifunctional materials,
.e., organic–inorganic hybrids is emerged, being a unique com-
ination of organic chromophores into an inorganic oxide glass
etwork [4,5]. The sol–gel process offers a method to incorporate
rganic dyes into inorganic matrices. The gels obtained are found
o be porous and mostly resulted in dye leaching through pores and
ound to have limited heat treatment [6]. On the other hand, glasses
btained from melting methods are rigid and denser. Glasses like
orate (B2O3), lead–tin–fluoro phosphate (PbF2–SnF2–SnO–P2O5)
re the ideal low melting glasses and it is possible to integrate
rganic chromophores into these glasses without any decomposi-
ion [7–9]. Borate glasses are particularly interested due to presence
f large number of trapping levels and show enhanced photo
nduced nonlinear optical effects [10,11]. It has been found that

rapping of organic dyes in the rigid glassy network increase the
ongevity of the triplet state with significant population [12]. As a
esult of this, a large enhancement of third order nonlinear suscep-
ibility �(3) in fluorescein, Rhodamine 6G doped borate glass films

∗ Corresponding author. Tel.: +91 413 2654415; fax: +91 413 2655987.
E-mail address: venkatesan63@yahoo.com (R. Venkatesan).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.11.107
as compared with solution medium and found potential applica-
tions in a variety of NLO devices [13–17].

Among many organic chromophores, porphyrins are attrac-
tive molecular dyes with flat and extended �-electron systems
with rich electronic and redox properties [18–20]. meso-Tetrakis(p-
sulfonatophenyl) porphyrin sodium salt (TPPS4), a water soluble
porphyrin of well defined molecular structure (Fig. 1) forms both H
and J-aggregates depending on its electronic, stereo chemical, ionic
strength and pH conditions [21–23]. The photophysical properties
of TPPS4 aggregates have been studied extensively in vivo or in vitro
in important biological processes such as photodynamic therapy
(PDT) [24,25]. Studies on interaction of self assembled nano struc-
tured aggregates with different �-electron systems can provide
useful technological information. The structure, dynamic behaviour
of the molecular aggregates and the conditions of aggregates for-
mation, and their geometrical structures are of continuing interest
[26].

Extensive research work on TPPS4 and related macromolecules
has been carried out in homogenous solutions, on flat crystalline
mica, graphite, micelles and in polymers [27,28]. The photophys-
ical properties of porphyrins in solid matrices especially in glassy
matrix are limited due to the lack of suitable synthetic procedures.

Investigation in this direction would help researchers to incorpo-
rate various organic molecules with predefined structures to tailor
desired properties such as enhancement of conductivity. Further, it
is quite likely that interaction between the borates and the organic
molecules leads to the enhanced gradients of the ground state
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Table 1
Physical parameters of TPPS4 doped borate glass.

Sample Density
(g/cm3)

Molecular ion
concentration (Ni)
(mol/cm3)

Inter molecular
separation (R)
(nm)

Eg (eV) Eu (eV)

∼490 nm and ∼705 nm. The observed red shift of the Soret band
from 3.024 eV (in solution) to 2.863 eV (in the glass matrix) and
appearance of new peaks at ∼490 nm and ∼705 nm indicate the for-
mation of J-type aggregates of porphyrin [25]. This further reveals
Fig. 1. The molecular structure of TPPS4.

ipole moments leading to interesting changes in the dielectric and
pectroscopic properties. The present study is therefore intended to
repare TPPS4 doped hybrid borate glasses to investigate spectro-
copic (viz., optical absorption, steady state emission, time resolved
uorescence) and dielectric properties to understand the structural

nfluence on these properties and results are correlated with those
n methanol medium.

. Experimental methods

All the solvents and reagents were obtained from Himedia, India, and were
sed after purification. H2TPPS4Na4 (TPPS4) was prepared from the precursor meso-
,10,15,20-tetrakis(phenyl)porphyrin (H2TPP) [29]. Weighed quantities of boric acid
12 g) and three different concentrations of TPPS4 (ranging from 0.5 mg (P1), 2 mg
P2) and 3 mg (P3)) were thoroughly mixed in an agate mortar and melted using a
hick walled porcelain crucible at 150 ◦C in a proportional integral derivative (PID)
emperature controlled furnace for about 5 h for decomposition of boric acid (H3BO3)
o borate (B2O3). The temperature was rapidly raised to 230 ◦C to get the bubble
ree greenish melt. The resultant melt was poured on a preheated brass mould
o as to obtain the circular glass discs of 2 mm thickness and 1 cm diameter. The
btained glasses were free from visible in-homogeneities, such as inclusions, cracks
r bubbles. The glass discs thus obtained were annealed at 60 ◦C and subsequently
olished with water-free lubricant such as diamond paste. The amorphous nature
f the samples was studied by using Xpert PRO analytical X-ray diffractometer with
u K� radiation. The surface morphology and homogeneous distribution of TPPS4 in
he glass sample was further confirmed by transmission electron microscopy (TEM;
echnai F30). The density (�) of the glass samples was measured to an accuracy of
0.001 by the standard principle of Archimedes using o-xylene (99.99% pure) as the
uoyant liquid. Differential scanning calorimetric analysis (DSC) of these samples
as carried out by TA instruments Model Q20 V24.2 Build 107 with heating rate of
◦C min−1 in the temperature range 30–500 ◦C.

Optical absorption spectra of the hybrid glasses were recorded at room tem-
erature with Ocean optics (HR4000) spectrophotometer. The FT-IR spectra were
ecorded in KBr method in the range 400–2000 cm−1 using Nicolet 6700 FT-IR
pectrometer. Steady state fluorescence emission was performed with a Spex
luoroLog-3 spectrofluorometer (Jobin-Yvon Inc.) equipped with a Hamamatsu
928 photomultiplier tube and double excitation and emission monochromators
o a resolution of ±1 nm. The phosphorescence emission was collected with IR sen-
itive photomultiplier by cooling with liquid nitrogen. Time resolved fluorescence
easurements were performed using the time-correlated single-photon counting

TCSPC) with Nano LED (469 nm; FWHM < 200 ps) with repetition rate of 1 MHz was
sed to excite the samples. The photons collected at the detector were correlated
y time to amplitude converter (TAC) to the excitation pulse. Signals were collected
sing an IBH Data station photon counting module and data analysis was performed
sing the commercially available DAS 6 software. The goodness of fit was assessed
y minimizing the reduced �2 function and visual inspection of the weighted resid-
als with relative error of 5%. The dielectric measurements were made on LCR Meter

Hewlett-Packard Model-4263 B) in the frequency range 102 to 105 Hz and in the
emperature range 278–383 K. The accuracy in the measurement of dielectric con-
tant is ∼0.001 and that of loss is ∼10−4. A thin layer of silver paint was applied
n either side of the large-faces of the samples, in order to serve as electrodes for
ielectric measurements.
P1 1.866 2.94 × 10−17 3.23 2.3 0.44
P2 1.886 11.78 × 10−17 2.10 2.1 0.47
P3 1.916 17.68 × 10−17 0.17 2.0 0.50

3. Results and discussion

From the measured values of density (�) and average molecular
weight, various other physical parameters such as TPPS4 molecular
ion concentration (Ni) and intermolecular separation (Ri) are eval-
uated and presented in Table 1. The density of borate glass is found
to be increased slightly with increase in the concentrations of TPPS4
indicating an increase in the compactness of the glass material.
Powder XRD pattern (Fig. 2) does not show any significant crystal-
lanity in these materials. TEM picture (Fig. 3a) reveals aggregation
of porphyrins and are arranged linearly on the glass surface. The
EDS (Fig. 3b) spectra exhibit the characteristic elements such as B,
O, C, N, S and Na distributed homogeneously in the glass sample. The
FT-IR spectrum of TPPS4 doped borate glass (Fig. 4) shows a charac-
teristic signal at 1243 cm−1, 807 cm−1, 546 cm−1 and another band
at 445 cm−1. These bands were identified as B–O bond stretching
of the trigonal BO3, vibrations of the BO3 triangle, bending vibra-
tions of the B–O–B linkages and B–O–B of boroxol ring deformations
respectively [30]. No characteristic vibration pattern of TPPS4 was
observed due to its low concentration in the glass. The DSC profile
(Fig. 5) of P2 exhibits glass transition temperature (Tg) at 102 ◦C
and an exothermic peak at 144 ◦C due to crystallization tempera-
ture (Tc) followed by endothermic peaks due to re-melting (Tm) at
172 ◦C. All hybrid glasses show similar behaviour for all concentra-
tions of TPPS4.

3.1. Optical absorption

The absorption spectrum of borate glass doped with different
concentrations of TPPS4 is presented in Fig. 6. The observed spec-
trum is completely different to that observed in methanol (inset
of Fig. 6). The absorption spectrum of TPPS4 in methanol solu-
tion exhibits four feeble characteristic bands at 500–650 nm region
represented as Q band and one strong band near UV region at
415 nm called as Soret (B-band) band. However, all the TPPS4 doped
glass samples show three broad absorption peaks at ∼432 nm,
Fig. 2. Powder XRD pattern for different concentrations of TPPS4 doped borate glass.
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Fig. 3. (a) TEM and (b) EDS

hat TPPS4 reacts with borate glass during the melting process and
ndergone strong structural perturbation inside the glass matrix
esulting in modification of the electronic absorption spectrum.
uch perturbations can come from coordination of boron atoms
ith pyrrole nitrogens accompanied with distortion from por-
hyrin planarity [31]. The formation of J-aggregates occurs even
t very low concentrations of TPPS4 and the ratio between the
ntensities of absorption bands at ∼490 nm and ∼705 nm varies

ith concentration. The pertinent data of peak positions of various
oncentrations of TPPS4 are summarized in Table 2. The FWHM
f absorption band at 490 nm show more broaden than its coun-
erpart J-aggregates in solution [25]. Since, the glass quenching
rocess evidently induces mechanical stresses and deformations
f the aggregates causing the dispersion of excitonic interaction
nergies leading to broadening of absorption pattern as observed.

ig. 7 shows the optical band gap profile of TPPS4 doped borate
lasses. The dependence of the absorption coefficient (˛) on the
hoton energy, h�, was represented by

˛h�) = (h� − Eg)n (1)

Fig. 4. FT-IR spectra of TPPS4 doped borate glass (P2).
a of TPPS4 doped glass (P2).

From the extrapolation of the linear portion of the curves of Fig. 7,
optical band gaps (Eg) were estimated and presented in Table 1.
The Eg values are found to decrease with increase in the TPPS4
concentration. The Urbach’s energy (Eu) values were calculated as
reciprocal gradient of straight line that is produced by a plot of nat-
ural logarithm of absorption coefficient ln(˛) on the photon energy
as per the equation

˛ = ˛o exp
(

E

Eu

)
(2)

where ˛o is a constant and the Eu values show slight variation on
increase of the concentration of TPPS4. The change in the Eu val-
ues with composition is attributed to the potential fluctuations
associated with chemical composition.

3.2. Steady state fluorescence emission

The steady state emission behaviour of TPPS4 doped glasses is
shown in Fig. 8, along with that observed in methanol. On excitation
of TPPS4 in methanol at 	ex = 415 nm (inset of Fig. 8a), the emis-
sion spectrum shows two emission bands at 648 nm and 714 nm
characteristic of S1→S0 transition and the emission is found to be
independent of its excitation wavelength. In contrast to solution,

on excitation at 	ex = 426 nm, the glass samples show an intense
emission at 473 nm along with two other peaks at 665 nm and
727 nm respectively (Fig. 8a). The fluorescence excitation spectra
confirm that the former emission at 473 nm (S2→S0) and 665 nm
(S1→S0) are associated with 426 nm absorption. On excitation at

Fig. 5. DSC pattern of TPPS4 doped glass (P2).
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ig. 6. Optical absorption spectra for different concentrations of TPPS4 doped
lasses. The inset in the figure shows the absorption spectrum of TPPS4 in methanol.
ex = 490 nm (Fig. 8b), the emission spectrum shows a distinct emis-
ion at ∼733 nm is attributed to the fluorescence of J-aggregates
32]. The excitation and emission data for different concentrations
f TPPS4 in borate glasses are summarized in Table 2. The notable

ig. 8. (a) The fluorescence emission spectra of TPPS4 in borate glass matrix at 	ex = 426
xcitation at 	ex = 415 nm. (b) The emission spectra of TPPS4 in borate glass on excitati
xcitation at 	ex = 490 nm.
Fig. 7. The optical band gap profiles for different concentrations of TPPS4 doped
borate glasses.
feature from the emission spectra is the appearance of a strong
S2→S0 emission and its intensity is found to be higher than that
of S1→S0 emission. Normally, freebase porphyrins in the solution
do not show S2→S0 emission (as is also observed in the present

nm. The inset in the figure shows the emission spectra of TPPS4 in methanol on
on at 	ex = 490 nm. (c) The phosphorescence emission of TPPS4 in borate glass on
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Fig. 9. Time resolved fluorescence decay of TPPS4 in borate glass (P2) for emission
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axima (a) 	em = 665 nm and (b) 	em = 733 nm. The decay curves were fitted with bi-
xponential function I(t) = A + B1 exp(−t/�1) + B2 exp(−t/�2). The distribution of the
eight residuals among the data channels corresponding to above fitting data and

he �2 are given on the right top corner.

tudy (inset of Fig. 8a)) due to fast relaxation of electrons from S2
o S1 levels. However, S2→S0 emission was observed in Zn(II)TPP,
l(III)TPP(OH) in non polar solutions [33]. The appearance of S2→S0
mission in the glass further confirms the perturbation of por-
hyrin central core through boron bonding in the glass matrix. Also,

ncrease in the amount of TPPS4 in the glass matrix results decrease
n the S2→S0 and S1→S0 emission intensities due to concentration
uenching. The phosphorescence spectra (Fig. 8c) of J-aggregates
xhibit broad emission at ∼800 nm on excitation at 490 nm. The
ertinent data of the phosphorescence emission and excitation
ata are summarized in Table 2. The large decrease in the S1→S0
mission and appearance of broad phosphorescence in the borate
lass arises due to spin orbit coupling resulting from the interaction
etween triplet and singlet states of porphyrin.

.3. Time resolved fluorescence emission

The fluorescence lifetime decay of TPPS4 (S1→S0 emission) in
orate glass is shown in Fig. 9 and the fitting data are summarized in
able 2. For all TPPS4 doped glasses, the fluorescence decay profiles
ere found to fit for bi-exponential function that can be written as

(t) = A + B1 exp
(−t

)
+ B2 exp

(−t
)

(3)

�1 �2

here I(t) is the intensity at time t, A is constant, and B1, B2 are
he pre exponential factors (concentration terms) of lifetimes �1
nd �2 respectively. All the glass samples showed distinct lifetimes
�1 = 65 ± 10 ps (80%) and ∼�2 = 3.87 ± 0.1 ns (20%) respectively.
Fig. 10. A comparison plot of variation of dielectric loss with temperature for differ-
ent concentrations of TPPS4 doped glasses at 10 kHz. The inset in the figure shows
the variation in the dielectric loss for P2 at different frequencies.

The relative amplitudes of short and long lived species in the
glass matrix remain constant with increase in the concentra-
tion of TPPS4. This is in complete contrast to the observations of
TPPS4 in methanol where a single exponential decay with life-
time of ∼10.112 ns. The presence of two distinct lifetimes indicates
that two structurally different species exist in the glass matrix.
The origin of the short lived species ∼�1 = 65 ± 10 ps is assigned
as boron mediated J-aggregates of TPPS4 and long lived species
∼�2 = 3.87 ± 0.1 ns to TPPS4-borate complex [34]. The observed life-
time of J-aggregates in the glass is shorter than the J-aggregates
of TPPS4 (150 ps) in solution and in polymer matrix [35,36]. This
suggests that the J-aggregates in the glass matrix undergo strong
bimolecular exciton–exciton annihilation.

4. Dielectrics

Fig. 10 shows the variation of dielectric loss with temperature
measured at 10 kHz for the samples doped with different concen-
trations of TPPS4. The inset in figure shows the variation of tan ı
with temperature at different frequencies for sample P2. The curves
exhibit distinct maxima with shift of (tan ı)max towards higher
temperature with increase in frequency. Such behaviour clearly
indicates the dipolar relaxation character of dielectric loss. The
activation energy evaluated from these curves shows a decrease
in trend with increase in the concentration of TPPS4 in the glass
sample. This indicates that increase in the degree of freedom
for diploes to orient in the field direction due to the enhanced
de-polymerization in the glass network. The pertinent values of
(tan ı)max are summarized in Table 3. The temperature depen-
dence of dielectric constant (ε′) for TPPS4 doped glasses is shown

in Fig. 11. The inset in the figure shows dielectric constant for
P2 at different frequencies. From the figure, ε′ decreases with the
increase in frequency and increases with increase in temperature.
Among various polarizations (electronic, ionic, dipolar and space
charge polarization) that contribute to the dielectric constant, the

Samsung Exhibit 1035, Page 5 of 7
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Table 2
The optical absorption, steady state and time resolved fluorescence and phosphorescence emission data of TPPS4 doped in borate glass.

Sample Absorption (nm) Fluorescence emission Phosphorescence emission Fluorescence lifetime

	ex (nm) 	em (nm) 	ex (nm) 	em (nm) 
	 (nm) �1 (ns) �2 (ns) �2

P1 429,491,696 426 473,665,724 – – – 0.063 (76.38) 3.861 (23.62) 1.029
490 733 490 791 22.65 0.085 (86.23) 3.942 (13.77) 1.112

P2 430,493,704 426 475,665,727 – – – 0.068 (82.16) 3.934 (17.84) 1.086
490 733 490 794 22.95 0.089 (88.19) 3.986 (11.81) 1.047

P3 433,495,709 426 476,665,727 –
490 735 490

Methanol 410,515,550,593,648 415 648,714 –

Table 3
Results on dielectric loss of TPPS4 doped in borate glasses.

Sample Activation energy for
dipoles (eV)

(tan ımax)avg Temp. region of
relaxation (K)

P1 0.623 0.055 360–372

s
i
o
a
fi
s
f
t
g

F
d
s

the gap. The activation energy is found to decrease with increase in
the content of TPPS4. Further, the variation of �ac with activation
energy shows linear dependency (inset b of Fig. 10). The universal
P2 0.611 0.057 351–368
P3 0.602 0.058 344–358

pace charge polarization will depend on the nature of modifying
ons in the glass network. The observed ε′ is due to contribution
f multi-components of polarizability, deformational polarization
nd relaxation polarization (orientational and interfacial). From the
gure, ε′ increases with the increase in temperature and exhibits
trong temperature dependence at higher temperature and lower
requencies. The increase of ε′ with temperature can be attributed
o the space charge connected with depolymerization of borate

lass network.

ig. 11. A comparison plot of variation of dielectric constant with temperature for
ifferent concentrations of TPPS4 doped glasses at 10 kHz. The inset in the figure
hows the dielectric constant of P2 at different frequencies.
– – 0.072 (84.54) 3.921(15.46) 1.044
795 23.8 0.091 (89.67) 3.991 (10.33) 1.141

– – – 10.112 (100) 1.015

The ac conductivity �ac (ω) was calculated at different temper-
atures using the expression

�ac = ωε′εo tan ı (4)

where εo is the vacuum dielectric constant. Fig. 12 shows the varia-
tion of ac conductivity with 1/T for the glasses doped with different
concentrations of TPPS4 at 10 kHz. The plot of log �ac against 1/T
for all TPPS4 doped glasses show increase in the conductivity as
amount of TPPS4 increased. The inset in Fig. 12 shows the variation
of log �ac with 1/T for sample P2 at different frequencies. The activa-
tion energy (A.E.) for the conduction in the high temperature region
over which linear dependence of log �ac with 1/T is evaluated and
presented in Table 3. Such behaviour indicates that ac conductivity
is a thermally activated process from different localized states in
character of the frequency dependent conductivity is preserved for

Fig. 12. A comparison plot of variation of ac conductivity with 1/T at 10 kHz for
different concentrations of TPPS4 doped glasses. Insets (a) gives the ac conductivity
of P2 at different frequencies and (b) gives the variation of conductivity with the
activation energy.
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ig. 13. The temperature dependence of the parameter s for TPPS4 doped glass P2.

he wide range of amorphous materials. The ac conductivity �ac (ω)
ncreases with frequency according to the equation

ac(ω) = Aωs (5)

here ω is the angular frequency, ω = 2�f, A is constant which is
ndependent of temperature and s is frequency exponent. The val-
es of s were calculated from the slopes of the straight lines for
ll investigated samples at different temperatures by using loga-
ithmic form of Eq. (5). At low frequencies, the exponent s is less
han unity and decreases with increase in temperature as shown
n Fig. 13. According to correlated barrier hopping (CBH) model,
he values of frequency exponent s decrease from 1.0 to 0.7 with
ncrease in temperature. This indicates that correlated barrier hop-
ing mechanism is dominant in these hybrid materials [37]. The
heoretical expression for s derived on the basis of CBH model by
lliot is

= 1 − 6KT

Eg
(6)

here K is Boltzman constant, T is the temperature in Kelvin and
g is the optical band gap of the material. From Eq. (6), the average
alue of s at room temperature (T = 303 K) is ≈0.65. The difference
etween the calculated and measured values of s is due to hopping
f organic compounds likely to be greater complexity than in oxide
lms [38,39].

. Conclusions

TPPS4 doped hybrid borate glasses were successfully prepared
or the first time by melt quench technique. The XRD pattern reveals
he amorphous nature of the hybrid glasses. The TEM and EDS
nalysis confirmed the retention of all elements and homogeneous
istribution in the glass sample and the aggregates are arranged in

iscrete manner. The optical absorption spectrum shows appear-
nce of new peaks at ∼430 nm, ∼490 nm and ∼700 nm indicating
he formation of TPPS4-J-aggregates in the borate glass. The appear-
nce of strong S2→S0 fluorescence emission at ∼473 nm and
ecrease in the S1→S0 fluorescence emission intensity reveals that

[
[
[
[
[
[

d Compounds 509 (2011) 2797–2803 2803

structure of TPPS4 was inherently modified through boron atoms of
borate network and strong perturbation occurs at the central core.
The decrease in fluorescence lifetime decay of TPPS4 J-aggregates
shows that decrease in the vibrational deactivation pathway by N-B
vibrations due to inherent modifications during the glass forma-
tion. The ac conductivity (�ac) was found to be varying as ωs in the
frequency range 102 to 105 Hz. The frequency exponent s is less
than unity and decreases with increase in the temperature indi-
cating correlated barrier hopping (CBH) is dominant in the hybrid
glasses.
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