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ABSTRACT
In this work, measurement of thermally induced nonlinear refractive index of meso-
tetraphenylporphyrin (H2TPP) at different concentrations in 1,2-dicoloroethane using a double-
grating interferometer set-up in a pump–probe configuration is reported. The formation of 
aggregates of H2TPP at concentrations greater than ca. 5  ×  10−5  M was evident by deviation 
from Beer’s law. An almost focused pump beam passes through the solution. A part of the pump 
beam energy is absorbed by the sample and therefore a thermal lens is generated in the sample. 
An expanded probe beam propagates through the sample and indicates the sample refractive 
index changes. Just after the sample a band-pass filter cuts off the pump beam from the path 
but the distorted probe beam passes through a double-grating interferometer consisting of two 
similar diffraction gratings with a few centimetres distance. A CCD camera is installed after the 
interferometer in which on its sensitive area two diffraction orders of the gratings are overlying and 
producing interference pattern. The refractive index changes of the sample are obtained from the 
phase distribution of the successive interference patterns recorded at different times after turning 
on of the pump beam using Fourier transform method. In this study, for different concentrations of 
H2TPP in 1,2-dichloroethane solution the thermal nonlinear refractive index is determined. Also, we 
present the measurement of the temperature changes induced by the pump beam in the solution. 
We found that value of nonlinear refractive index increased by increasing the concentration up to 
a concentration of 5 × 10−4 M and then decreased at higher concentrations. In addition, we have 
investigated the stability of the observed thermal nonlinearity after a period of two weeks from the 
sample preparation.

Introduction

Porphyrins and derivatives as a class of conformationally 
flexible aromatic compounds have been the subject of 
many photo physical studies due to their unique absorp-
tion and emission spectra in the visible and ultraviolet 
region (1, 2). Indeed, applications of porphyrins in dif-
ferent fields such as photodynamic therapy and their 
photosensitizing efficiency depend on the absorption 
cross-sections, lifetimes and quantum yields of the excited 
states of the aromatic macrocycle (3). After the first report 
on the nonlinear optical behaviour of meso-tetraphenyl-
porphyrin (H2TPP) and its Co(II) and Zn(II) complexes 
by W. Blau et al. in 1985, the non-linear optics of porphy-
rins and metalloporphyrins have been extensively stud-
ied (4–7). A decrease in the transmission of dye samples 
with increase in the incident light intensity known as 
reverse saturable absorption occurs when the absorption 

cross-section from the excited state up to a higher excited 
state is more intense than the absorption from the ground 
state to the excited state (8). This optical behaviour can 
be used to prepare information on the dynamic response 
and photo physical properties of the dye molecules (7, 
8). Many physicochemical properties of porphyrins are 
influenced by H and J aggregation of porphyrins. Different 
systems, such as light harvesting antennas of photosyn-
thetic plants and bacteria utilize the aggregated species. 
Also, the optical features of porphyrin aggregates can be 
potentially exploited for their nonlinear optical proper-
ties. The formation of porphyrin aggregates is accompa-
nied with the shift in the energy of the excited states of 
porphyrins which in turn leads to red or blue shift of the 
absorption bands (9, 10). In the present study the nonlin-
ear optical properties of H2TPP (Figure 1) in the presence 
and absence of self-aggregation have been studied and 
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Furthermore, oncomparing to the Z-scan method, dou-
ble-grating interferometry is relatively insensitive to the 
alignment of the measurement beam. On the other hand, 
in comparing with the other interferometry methods, the 
arrangement of the technique is very simple and stable. 
Finally, the ease of the implementation of the measure-
ment technique is comparable to the Z-scan method.

In the set-up, an almost focused pump beam is prop-
agated through the sample, some part of its energy is 
absorbed by the sample, and it deduces a thermal lens in 
the sample. Any changes of the sample’s refractive index 
are indicated by an expanded probe beam. The phase 
distortions induced by the sample on the probe beam 
are determined by a double-grating interferometer. The 
refractive index changes are obtained from the phase dis-
tribution of the interference patterns. Phase maps of the 
interference fringe patterns are obtained using Fourier 
transform method. In this study, for different concentra-
tions of H2TPP, measurements are processed to investi-
gate the effect of concentration on the nonlinear refractive 
index of H2TPP. It is shown that for H2TPP the value of 
nonlinear refractive index increases by increasing H2TPP 
concentration from 10−6 up to 5 × 10−4 M then its value 
decreases at higher concentrations. Furthermore, a good 
stability for the observed thermal nonlinearity in most of 
the concentrations after two weeks from the preparation 
of the samples is seen.

Experimental setup

For the measurements of thermal nonlinearity of different 
concentrations of the sample, a lateral shearing interfer-
ometer set-up by the aid of two diffraction gratings, as 
shown in Figure 2 is used. G1 and G2 are two similar grat-
ings that are illuminated with an expanded plane beam 
called probe beam. A pump laser beam is propagated col-
linearly with the expanded plane probe beam by use of a 
dichroic mirror. These beams pass through the sample, 
while just after the sample using a suitable band-pass fil-
ter the pump beam is completely absorbed and removed 
from the path. By the thermally induced sample the probe 
beam is distorted and it passes through the double-grat-
ing interferometer. Lateral shearing interference pattern 
is generated by the gratings can be recorded by use of a 
CCD camera. In the experiment, successive interference 
patterns from a bit moment before the turning on of the 
pump beam till to a time a stable condition is occurred 
for the fringes patterns, are recorded by the camera and 
after digitization have been stored in a computer. For a 
given time after turning on of the pump beam, by use of 
a pair of shearing interferograms captured, respectively, 
before passing the pump beam through the sample and 
at the desired time after turning on of the pump beam, 

compared. It is noteworthy that in this study, an investiga-
tion on the thermally induced nonlinear refractive index 
of the title porphyrin in 1,2-dichloroethane is presented 
using a double-grating interferometer setup in a pump–
probe configuration (11).

It is noteworthy that H2TPP has been used as a repre-
sentative porphyrin of a series of aromatic and fully con-
jugated macrocyclic compound to conduct the nonlinear 
optical experiments based on the proposed technique. 
Furthermore, the results seem to have potential applica-
tions in designing nonlinear optics devices on the basis 
of porphyrin aggregates.

In this work, in parallel to determining thermal non-
linear optical response of meso-tetraphenylporphyrin 
under aggregation conditions, for the first time, deter-
mining refractive index and temperature changes in the 
sample during the sample evolution is reported. We pres-
ent a detailed procedure for determining the temperature 
changes induced by the pump beam inside the sample.

It is worth mentioning that, in this work for the first 
time we propose the use of double-grating interferometry 
technique for study of the fluid dynamic induced by a ther-
mal lens. The double-grating interferometry technique is 
very suitable for investigating the behaviour of samples 
whose characteristics vary with time. It is know that, in 
the well-known Z-scan method, due to the scanning time 
of the sample along the optical axis, it is a time consuming 
method. Therefore, for investigation of dynamic phenom-
ena, such as the case we are reporting in this work, it is 
impossible to use the Z-scan method for the measure-
ments of refractive index and temperature changes during 
the sample evolution that can be induced by turn on or 
changing pump laser power or other parameters. Unlike 
the Z-scan technique, our method can be used almost 
in real-time. Also, it is possible to record a sequence of 
successive interference patterns in real time then the data 
can be analyzed in a postponed time. But, for the Z-scan 
method, it is almost impossible to record data of Z-scan for 
all stages of changes when sample has a dynamic behavior. 

N
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Cmeso
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Figure 1. Meso-tetraphenylporphyrin, H2tpp.
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the refractive index changes are determined. Phase maps 
of the successive interference patterns are obtained by 
the Fourier transform algorithm. By subtraction of these 
phase maps from that of the fringes pattern captured 
before passing the pump beam, the sample phase maps 
can be determined at the given time. From that, thermal 
nonlinear refractive index of the sample and temperature 
changes at the recording times of the interference patterns 
can be calculated. Detail theoretical and experimental 
considerations concerning the double-grating interfer-
ometer setup for the thermal nonlinear refractive index 
measuring was presented in the reference (11).

Preparation of H2TPP

H2TPP was prepared by the reaction of freshly distilled 
pyrrole (0.08 mol, 5.6 ml) and benzaldehyde (0.08 mol, 
8 ml) in refluxing propionic acid (300 ml) and purified 
according to the literature (12). 1H NMR (400  MHz, 
CDCl3, TMS), δ/ppm: -2.77 (2H, br, s, NH), 7.77–7.84 
(8Hm and 4Hp, m), 8.26–8.27 (8Ho, d), 8.90 (8Hβ, s); 13C 
NMR (400 MHz, CDCl3, TMS), δ/ppm: 120.18 (Cmeso), 
142.20 (C1), 134.60 (C2, C6), 126.73 (C3, C5), 127.75 (C4), 
131.5 (Cβ); UV-vis in CH2Cl2, λmax/nm (log ε): 417 (5.79), 
513 (4.58), 548 (4.38), 590 (4.30), 645 (4.29).

Aggregation of H2TPP

Previous studies showed that H2TPP forms aggregates at 
concentrations greater than ca. 10−6 M (13, 14). However, 
the type and polarity of solvent play a key role in the exact 
concentration needed for the initiation of the aggrega-
tion process. The plot of absorbance versus concentra-
tion has been used to provide evidence on the formation 

of porphyrin aggregates. Indeed, considerable deviation 
from linearity (deviation from Beer’s law) occurs upon 
the formation of porphyrin aggregates (14). It is notewor-
thy that deviation from Beers law may be due to different 
causes including the limitations of Beers law (mainly its 
limitations at high concentrations), chemical phenome-
non (association or dissociation of the analyst molecules) 
and instrumental limitations (15–17).The deviation from 
linearity observed in this study was attributed to the aggre-
gation of porphyrins that is a well-known intermolecular 
interaction between porphyrin molecules at relatively high 
concentration of porphyrins (13, 14, 18, 19). In Figure 3 
UV-visible spectral changes upon the increase in H2TPP 
concentration from 10−6–5 × 10−3 M in 1,2-dichloroethane 
are shown.

The dashed curve (C  =  10−4  M) shows the approxi-
mate concentration required for aggregation of H2TPP. It 
is noteworthy that the formation of porphyrin aggregates 
leads to the broadening of the Soret band due to the red 
and/or blue shifts of this band; the formation of H and J 
aggregates shifts the Soret band to lower and higher wave-
lengths, respectively (9, 10, 19). The dynamics of the shifts 
in the absorption bands of aggregates have been explained 
on the basis of theory of the excitonic splitting. Porphyrin 
H-aggregates consist of parallel orientation of monomers 
which leads to a transition to the upper excited state (par-
allel orientation of transition dipoles) and the blue shift of 
the corresponding absorption band. On the other hand, 
the head-to-tail arrangement of monomers in J-aggregates 
leads to a transition to a lower excited state (anti-parallel 
orientation of transition dipoles) and consequently the 
red shift of the band (20, 21).

In order to determine the exact concentration in which 
the aggregation occurs, the absorbance vs. concentration 

Figure 2. schematic diagram of the experimental setup, l1, l2, G1, and G2, are focusing lens, collimating lens, first grating and second 
grating, respectively.
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In this paper, we refer to the measurements which 
were performed on different concentration of H2TPP in 
1, 2-dichloroethane, in a 3.5 mm thickness cell. Light from 
a He–Ne laser with wavelength λ = 632.8 nm with power 
5 mW was first passed through a beam expander and a 
spatial filtering unit. A collimating lens of focal length 
160 mm and diameter 60 mm was used to collimate probe 
laser beam. The second harmonic of a 50 mW cw diode-
pumped Nd:YAG laser beam at 532 nm is aligned colline-
arly with the collimated probe beam by a dichroic mirror. 
These beams pass through the sample. Right behind the 
sample using a suitable band-pass filter the pump beam is 
intercepted but the probe beam strikes G1. The distance 
between the planes of G1 and G2 is chosen as 70 mm. 
Gratings G1 and G2 with a period of 1/100  mm were 
installed on suitable mounts. The holders of the gratings 
can be rotated around the optical axis to adjust the angle 
between the gratings. The sheared interferograms were 
recorded by a charge-coupled device CCD detector (The 
DCC1545 M-GL THORLABS) having 1024 × 1280 pixels 
with each pixel area 5.5 × 5.5 μm2.

In Figure 5, in the first row from the left to right, three 
typical shearing interference patterns, respectively before 
the pump beam illumination, after the pump beam illu-
mination at the maximum state of fringes’ deformations, 
and at the stable state of fringes’ deformations are shown. 
Their corresponding phase maps are shown in the second 
row and the pure phase maps correspond to the deforma-
tions induced by the thermal lens on the fringes maps are 
given in the third row. At the recoding of the patterns, the 
pump beam power was 2 mW, the concentration of H2TPP 
in 1,2-dichloroethane was 10−5 M, and the interference 

(the Beer law experiment) is plotted for H2TPP (Figure 
4). It is observed that departure from linearity occurs at 
concentrations greater than ca. 5 × 10−5 M.

Figure 4 demonstrates the changes in the UV-visible 
spectrum of H2TPP caused by increasing the porphyrin 
concentration. The broadening of the Soret band (red 
curve) occurs at a concentration of 10−4 M that is very 
close to the concentration in which departure from line-
arity was observed (Figure 3).

Optical measurements and results

In this section, details of the measurement process of 
the thermal nonlinear refractive index n2 of H2TPP in 
1,2-dichloroethane by the double-grating interferometry 
are presented. Also, we present the measurement of the 
temperature changes inside the sample induced by the 
pump beam.

Figure 3.  Visible spectral changes upon the increase of H2tpp concentration from 10−6 (violet curve) to 5  ×  10−3  M (black curve) in 
1,2-dichloroethane. the dashed green curve (c = 10−4 M) shows the minimum concentration required for aggregation of H2tpp.

Figure 4. Beer law experiment for H2tpp in 1,2-dichloroethane at 
room temperature.
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For calculation of the temperature changes, according 
Equation (2), we need to have the thermo-optical coeffi-
cient of the sample, dn

dT
. This coefficient can be determined 

by an experimentally measurement of the refractive index 
of the sample at various temperatures. For the dichlo-
roethane solution this changes are given in Figure 8.

It is mentioning that due to the very low concentrations 
of H2TPP (10−6 to 5 × 10−3 M) the data of Figure 8 are more 
or less valid for the 1,2-dichloroethane solutions of H2TPP.

Now using Equations 1 and 2 and the pure phase maps 
of the successive frames, the sample temperature changes 
can be determined at successive frames were recorded at 
different times from the moment of turning on of the 
pump beam. In Figure 9 calculated temperature changes 
for a 10−5 M solution of H2TPP in 1,2-dichloroethane after 
turning on of the pump beam are presented.

With a pump beam power of 2  mW, a maximum 
temperature change of ca. 0.25  K is measured. As it is 
seen in Figure 9, by passing the pump beam through the 
sample, temperature of the sample increased rapidly in a 
few second time interval, reaches to a maximum value, 
decreases slightly, and gets an almost constant value. This 
phenomenon can be interpreted by considering the effect 
of particle displacement in the opto-thermally induced 
temperature gradient in the sample that is well-known 
as the Soret effect. Further consideration concerning this 

pattern of the stable state was recorded about 34 s after 
turning on of the pump beam.

Evolutions of refractive index profiles after turning 
on of the pump beam for a 10−5 M solution of H2TPP in 
1,2-dichloroethane are shown in Figure 6. The time of 
recoding of the patterns from the moment of the turning 
on of the pump beam are written above each of the maps.

In Figure 7 refractive index profiles, along lines consist 
the maximum values of the refractive index changes for 
the 2D maps of Figure 6, are illustrated.

The pure phase map, Δφ, corresponds to the deforma-
tions induced by the thermal lens on the fringe map is 
calculated by difference of the phase map of the fringes 
at a given time after turning on of the pump beam and 
the phase map of the fringes captured before passing the 
pump beam through the sample. Refractive index changes 
in the sample at a given time is obtained using (11)

 

where � is wavelength and L is the sample length. Now 
using following relation one can estimate temperature 
changes inside the sample at given times after passing 
pump beam:
 

(1)Δn =
�

2�L
Δ�,

(2)Δn =
dn

dT
ΔT .

Figure 5.  typical shearing interference patterns recorded, respectively, before the pump beam illumination, after the pump beam 
illumination at the maximum state of fringes’ deformations, and at the stable state of fringes’ deformations are shown in the first row 
from the left to right. in the second row their corresponding phase maps are shown. in the third row the pure phase maps correspond 
to the deformations induced by the thermal lens on the fringes maps are shown. the pump beam power was 2 mW, the concentration 
of H2tpp in 1,2-dichloroethane was 10−5 M, and the interference pattern of the stable state was recorded about 34 s after turning on of 
the pump beam.
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For each measurement, the used pump beam power is 
presented.

Based on the data of Table 1, in Figure 10, the maxi-
mum values of the measured induced refractive indexes 
for different concentrations of H2TPP are plotted for two 
sets of measurements performed on the same sample, two 
days and two weeks after the preparation of the samples, 

phenomenon, is the subject of another work in our group 
which will be appeared other place.

In Table 1, the measured data for the nonlinear refrac-
tive index of the 1,2-dichloroethane solution at different 
concentrations of H2TPP are presented. For given concen-
trations of the sample, two sets of data were prepared after 
2 days and after 14 days from the samples preparation. 

Figure 6.  evolutions of refractive index profiles after turning on of the pump beam for the concentration 10−5  M of H2tpp in 
1,2-dichloroethane solution. the time is written above each of the maps shows the recoding time of the pattern from the moment of the 
turning on of the pump.the pump beam power was 2 mW.

Figure 7. refractive index profiles along lines consisting maximum values of refractive index changes for 2d maps are shown in figure 6.
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catalyze the aerobic photooxidation of different organic 
compounds as well as themselves (23, 24). Accordingly, 
ageing of porphyrin solution in the presence of molecular 
oxygen and visible light may lead to partial decomposition 

respectively. As it appears from Figure 10, after two weeks, 
a good stability for the observed thermal nonlinearity is 
observed in most of the porphyrin concentrations. It is 
worthy to mention that, Porphyrins as photosensitizers can 

Figure 8. refractive index changes in 1,2-dichloroethane as a function of temperature (22).

Figure 9. calculated temperature changes after turning on of the pump beam with a power of 2 mW for a 10−5 M solution of H2tpp in 
1,2-dichloroethane.

Table 1. nonlinear refractive index for different concentrations of H2tpp

H2TPP 
Concentration

Measurements were done on the samples after 2 days from 
the sample preparation

Measurements were done on the same samples after 
14 days from the sample preparation

Power (mW) Δn (×10−4) n2 (cm2/W) (×10−4)
Error 
(%) Power (mW) Δn (×10−4) n2 (cm2/W) (×10−4)

Error 
(%)

10−6 50 0.385 0.0226±0.001 4.42 50 0.324 0.02±0.0017 8.5
2×10−6 50 0.572 0.0435±0.0022 5.05 50 0.523 0.053±0.0023 4.339
5×10−6 50 1.635 0.068±0.0023 3.38 50 1.535 0.119±0.0039 3.277
10−5 20.5 1.349 0.266±0.0039 1.46 19.3 1.363 0.272±0.00624 2.294
2×10−5 13.8 1.573 0.429±0.013 3.03 11.5 1.473 0.474±0.01 2.109
5×10−5 4.04 1.163 1.04±0.022 2.11 3.67 1.1016 1.09±0.0457 4.192
10−4 3.6 1.613 1.6±0.042 2.62 3.4 1.4732 1.6±0.053 3.312
2×1−4 3.7 2.37 2.5±0.29 11.6 1.8 1.3658 2.7±0.083 3.074
5×10−4 1.64 1.582 3.6±0.1 2.77 1.6 1.3658 3.11±0.112 3.601
10−3 1.59 1.611 3.2±0.077 2.40 1.5 1.5737 3.925±0.17 4.331
2×10−3 1.6 1.34 3.1±0.05 1.61 1.5 1.4628 3.6±0.115 3.194
5×10−3 2 1.267 2.27±0.11 4.84 1.5 1.3818 3.4±0.127 3.735
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H2TPP in 1,2-dichloroethane. In parallel, we have meas-
ured the thermal nonlinear refractive index of H2TPP 
in 1,2-dichloroethane. In this work, a detailed investi-
gation on the thermal nonlinear properties of H2TPP in 
1,2-dicoloroethane using the double-grating interferom-
eter set-up is presented. Influence of the self-aggregation 
on the thermal nonlinear optical response of H2TPP at 
different concentrations is manifested. It was found that 
the value of nonlinear refractive index of H2TPP increases 
by increasing its concentration up to 5 × 10−4 M and then 
decreases at higher concentrations. The refractive index 
of the dichloroethane solution of H2TPP was found to 
be depended on the concentration of the used porphy-
rin. Beer law experiment for H2TPP revealed that self 
aggregation of H2TPP occurs at concentrations greater 
than ca. 5 × 10−4 M. After this concentration, self aggre-
gation of H2TPP leads to the formation of H and J aggre-
gates. Accordingly, the refractive index measured after 
5 × 10−4 M belongs to the porphyrin aggregates rather than 
the single molecules dissolved in dichloroethane. Finally, 
the stability of the observed thermal nonlinearity for a 
period of two weeks after the preparation of the samples 
was verified.
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of porphyrins. Also, degree of aggregation of porphyrins 
and the size of porphyrin assemblies depends on the age-
ing time. The results of this study show that the porphy-
rin solutions are stable at least for ca. two weeks. Further 
ageing needs the removal of oxygen from the porphyrin 
solution. Furthermore, the solution should be kept under 
dark conditions.

It should be mentioned that, in the measurements, fluc-
tuations of the pump and probe laser powers were about 
2% that were considered in the error analysis.

Because in the measurement method, from the com-
parison of the probe beam phases at an area that the pump 
beam passes through the sample and at an area consid-
erably away from the path of the pump beam, refractive 
index and temperature changes are determined, accessing 
to an environmentally stable lab is not necessary. Though, 
we have prepared a thermally stable condition for the lab 
as possible as.

Conclusion

In this work, for the first time, we proposed the use of 
double-grating interferometry technique for study of 
fluid dynamic induced by a thermal lens. By the proposed 
method, as it is a timesaving method, any changes in the 
refractive index and temperature of a given sample that 
can be induced by different physical or chemical processes 
are measurable. In this paper, we have presented a detailed 
procedure for determining the temperature changes 
induced by the pump beam inside the sample. A maxi-
mum temperature changes of ca. 0.25 K with a pump beam 
power of 2 mW was measured for a 10–5 M solution of 

Figure 10. Maximum values of the measured induced refractive index at different concentrations of H2tpp. two series of the measurements 
were done on the same samples after 2 and 14 days from the sample preparation.
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