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Abstract We report a large positive third-order optical

nonlinearity of synthesized oligoazine derivatives (OADs)

using z-scan technique at 532 nm by Q-switched Nd:YAG

laser. Optical band gap of OADs shrinks with increasing

repeated units. Origin of large cubic nonlinearity is in the

extensive p-electron delocalization. We obtained the val-

ues of vð3ÞR � ð0:78� 3:98Þ � 10�11 esu and vð3ÞI � ð0:21�
1:95Þ � 10�11 esu in OADs. Moreover, values of optical

nonlinearity of OADs show reasonable agreement with the

theoretically predicted values. We have shown OADs

could be used as good reverse saturable absorber and self-

focusing materials. Optical limiting, due to reverse satu-

rable absorption, has also been successfully demonstrated

at 532 nm.

1 Introduction

Third-order nonlinear optical (NLO) materials with large

optical nonlinearity are needed for numerous optoelec-

tronic device applications including self-focusing, optical

limiting, optical switching, and data storage [1–7]. A wide

variety of optical materials have been investigated to obtain

a large and tailored optical nonlinearity for matching the

requirements of efficient NLO devices [8, 9]. There is a

great deal of interest in developing organic materials for

NLO devices because these materials have advantages of

synthetic flexibility, high damage resistance, and large

optical nonlinearities [10]. In particular, conjugated poly-

mers have attracted imperative attention for designing

NLO devices as they show extended p-electron delocal-

ization along the chain length and electron-donating/

accepting character [8]. In the recent past, third-order NLO

property of conjugated systems like polythiophenes, poly-

acetylenes, polyenes etc. were investigated, and their cubic

optical nonlinearity found to be 10-12–10-13 esu [11, 12].

Oligoazine is a p-electron conjugate system having an

alternate pair of carbon and nitrogen atoms and electron-

donating amino group at terminals. The presence of pair of

nitrogen atoms in oligoazine derivatives (OADs) provides

increased stability toward oxidation and hydrolysis so that

materials are environmentally stable. In addition, nitrogen

atoms in OADs lead to a wide variety of possible structure

modification and also act as electronic perturbation [13].

These properties stimulated our interest to synthesize and

investigate third-order NLO properties of OADs and

demonstrate their possible functional applications for

optoelectronic/photonic. Various techniques have been

deployed to study the third-order NLO properties of con-

jugated system, but each technique has its own merit and

demerit, and therefore, they occupy a special place in

nonlinear optics [8, 9]. Among them, z-scan technique [14]

has a great advantage because of its simplicity and

high sensitivity by which one can investigate nonlinear

absorption and refraction via open- and closed-aperture

measurements, respectively. In addition, signature of non-

linear refractive index can also be deduced.
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In the present work, optical nonlinearity of OADs has

been investigated by z-scan technique and obtained a large

cubic optical nonlinearity. We found an enhancement in

optical nonlinearity of OADs occurs due to increase in

extensive p-electron delocalization along the chain and

electron-donating amino group with increasing sequence of

repeated units. To the best of author’s knowledge, the study

of NLO response of OADs is first time reported by using

z-scan technique. Results suggest that reverse saturable

absorption (RSA) is a responsible mechanism for nonlinear

absorption and also optical limiting in OADs, while posi-

tive nonlinear refractive index having origin in electronic

response leads to self-focusing of optical beam. We found

among OADs, heptamer (repeat unit = 7) is one of the

most promising candidate materials for optical limiting and

self-focusing at 532 nm.

2 Experimental

2.1 Materials

Yellow powder samples of methyl-substituted oligoazines

(H2N–[N=C(CH3)–C(CH3)=N]n–NH2) with repeat unit =

2, 3, 5, and 7 (also known as dimer, trimer, pentamer and

heptamer) were synthesized by chemical route described

elsewhere [13]. 2, 3-butanedione (97 %), hydrazine

hydrate (AR grade), and glacial acetic acid (99.9 %) were

purchased from Sigma-Aldrich and used as received. Sol-

vents like ethanol, tetrahydrofuran (THF), and ether were

of analytic grade which are also purchased from Sigma-

Aldrich and used without further purification. The synthe-

sis scheme of OADs is illustrated in Fig. 1.

Elemental analysis of yellow powder (as prepared)

samples was performed by Perkin-Elmer 2400 CHN ele-

mental analyzer to identify elements. As-prepared samples

were also analyzed by 1H and 13C NMR spectroscopy

recorded by 400 MHz Bruker (Avance-II) FT NMR spec-

trophotometer. Fourier transform infrared (FTIR) spectra

of the samples were recorded on a Perkin-Elmer spectro-

photometer in KBr disks. Also, the ultraviolet visible

(UV–VIS) spectra of samples were recorded using a dual

beam UV–VIS spectrophotometer (Shimadzu 2550).

2.2 Z-scan experiment

In order to study the NLO properties of OADs, single

beam z-scan technique [14] was used because this tech-

nique allows for simultaneous measurement of nonlinear

refraction and nonlinear absorption of the materials.

Figure 2 shows schematic sketch of the experimental

setup for measurement of third-order NLO parameters.

The experiment was performed using a Q-switched

frequency doubled Nd:YAG laser (Quanta system, HYL-

101) having a 5 nsec pulse at 532 nm with pulse repeti-

tion rate of 10 Hz. The Gaussian laser beam (verified by

knife-edge experiment) was tightly focused to a 19.4-lm

spot. First of all, the z-scan experimental setup was cal-

ibrated with CS2 to measure third-order nonlinear

absorption and refraction coefficients of powder OADs

dissolved in THF (&1 mM concentration) and was kept

in a quartz cell (sample holder) of 1.0-mm path length (l).

Thin sample approximation, i.e., l \ z0 (z0 ¼ pw2
0=k is the

Rayleigh range, where w0 is the spot size of the beam) for

all the samples was ensured. The samples were mounted

on a xyz translation stage (THORLABS-PT-3-1), and it

was translated along the z-axis with respect to the focal

point. The transmitted pulse energy was collected by a

detector (Thorlab DET 110) and was analyzed by

200-MHz digital storage oscilloscope (Tektronix TDS

2024). In this work, intensity of the laser was kept

&0.2 GW/cm2, and we noticed that scattering and ther-

mal effects were very weak at this intensity and hence

neglected them without losing the generality of the

problem [15]. Moreover, low repetition rate of the laser

allows one to neglect the contribution of pulse-to-pulse

build-up effect [16]. For optical power limiting study, the

samples in quartz cuvette were placed just behind the

focus of the laser beam. By varying the input energy, the

change in the output of the laser energy was recorded

using DigiRad (R-752) universal radiometer.

3 Results and discussion

3.1 Characterizations

The elemental analysis data (see Table 1) shows that the

percentage of carbon in OADs gradually increases as their

number of repeated units (i.e., chain length) increases. In

Table 1 1H and 13C NMR, data is also given, where its

spectra are shown in Figs. 3 and 4, respectively. In 1H

spectra, peak at 1.805 (±0.015) ppm is due to methyl

groups attached to imine carbons in OADs chain, while a

peak due to amino proton was found in range

5.50–5.55 ppm. The more extensive conjugation of the

oligoazine p-system leads to increased deshielding of

protons so that the observed resonances are all downfield of

the corresponding chemical shift of the dimer resonance.

The 13C NMR spectra of OADs show strong resonances in

the two different range: near 8.0–15.5 ppm, attributed to

the methyl carbons and near 149.0–165.5 ppm, due to

imine carbons.

The FTIR spectra of the prepared OADs recorded in the

range 400–4,000 cm-1 are shown in Fig. 5. It is pertinent

to mention here that the spectra of OADs resemble with its
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monomer spectrum reported elsewhere [5]. Various

absorption bands/peaks are described as follows: t
(asymmetric stretch NH2) 3,340 cm-1, t (symmetric

stretch NH2) 3,290 cm-1, t (symmetric stretch C–H)

2,930 cm-1, t (internal deformation NH2) 1,615–1,620 cm-1,

t (C=N stretching) 1,570 cm-1, t (asymmetric deforma-

tion C–CH3) 1,470–1,475 cm-1, t (C–CH3 stretching)

1,375 cm-1, t (N–N stretching) 1,110 cm-1, and t (N–H

rocking) 690–715 cm-1. Some peaks between 950 and

1,100 cm-1 are unassigned but are probably associated

with single vibration along the molecular backbone [13].

FTIR results support NMR data of OADs. To this end, we

discussed the percentage of carbon, hydrogen, and nitrogen

and how it influences delocalization of p-electron in

backbone. Further, it was confirmed by FTIR data.

The z-scan technique mainly depends on absorption

spectra of the samples. The linear absorption spectra of

OAs are shown in Fig. 6 in which absorption bands (around

280 and 300 nm) attribute to p?p* transition. This tran-

sition leads to strong charge transfer in OADs [18]. It is

also noticed that OADs exhibit hyperchromic and batho-

chromic effects with increasing chain length. Furthermore,

assuming OADs as direct band-gap materials, their optical

band gap (Eg) are extracted from linear absorption coeffi-

cient (a) by using well-known Tauc relation [19]. Figure 7

shows ht versus (aht)2 plot for all the samples. This plot

depicts a gradual decrease in Eg as number of repeated

units increases. This characteristic of OADs makes them

promising optical materials for obtaining a large and tai-

lored third-order nonlinearity (v(3)) because vð3Þ / E�6
g
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[20]. In particular, (Eg) of heptamer is nearly 0.94 smaller

than that of dimer (Ru = 2), and as results (v(3))heptamer

becomes larger than the (v(3))dimer. This result suggests that

optical response of OADs can be tailored through their

synthesis flexibility for future molecular engineering.

3.2 Z-scan

An open-aperture transmission of all the samples was

measured in the far field to find out their respective

Fig. 3 1H NMR spectra of OADs

Fig. 4 13C NMR spectra of OADs

Table 1 Elemental, 1H NMR

and 13C NMR data of OADs
Samples Elemental analysis Major peaks

Percentage of C, H, and N 1H NMR 13C NMR

C H N

Dimer

Calc. 48.94 8.20 42.86 1.82 (3H) 9.5, 12.0 and 15.5

Found 48.82 8.12 42.96 5.52 (2H) 149.5 and 165.0

Trimer

Calc. 51.78 7.98 40.25 1.81 (3H) 9.0 and 15.0

Found 51.69 8.0 40.17 5.50 (2H) 149.5, 158.5 and 165.5

Pentamer

Calc. 54.27 7.73 38.0 1.80 (3H) 9.0 and 15.5

Found 54.35 7.62 37.85 5.50 (2H) 150.0 and 159.0

Heptamer

Calc. 55.40 7.65 36.94 1.79 (3H) 8.0 and 15.5

Found 55.02 7.57 37.9 5.55 (2H) 149.0 and 160
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nonlinear absorption coefficients. Figure 8 shows a

decrease in transmittance around the focal point of all the

scanned samples, which is indicative of nonlinear absorp-

tion in OADs. In this figure, symbols represent experi-

mental transmission data, while solid lines are obtained by

fitting the experimental data to the nonlinear transmittance

given by relation [14] Tðz; S ¼ 1Þ ¼
P1

m¼0
�q0ðzÞ½ �m

ðmþ1Þ3=2

for q0(z) \ 1; with q0ðzÞ ¼ bI0Leff

ð1þz2=z2
0
Þ, and Leff ¼ 1�½

expð�alÞ�=a�. Here z is the sample position, while b, I0, and

Leff are the nonlinear absorption coefficient, intensity of

light at the focus, and effective length of the sample,

respectively. Open-aperture experimental data of OADs are

found fit well for typical values of b and their corresponding

imaginary part of third-order susceptibilities (Imvð3Þ) are

also evaluated (see Table 2). Nonlinear absorption coeffi-

cient may include instantaneous two-photon-type absorp-

tion and excited-state absorption (ESA)/reverse saturable

absorption (RSA). In general, in each of the wavelength

region, the nonlinear absorption of the materials depends

mainly on the laser–matter interaction time and cross-sec-

tion area of excited states. The nonlinear absorption

observed in OADs can be explained by using a five-level

model [21] involving the states including singlet states (S1

and S2) and triplet states (T1 and T2), and every electronic

energy level involves several vibronic levels as shown in

Fig. 9. On interaction with a 5-ns laser pulse at 532 nm,

OADs get excited from the S0 to upper vibrational levels of

S1 via instantaneous two-photon-type absorption. Through

nonradiative decay within picosecond time scale, the exci-

ted molecules can relax to the lowest vibrational level of S1.

We consider S1–S2 transition does not deplete the S1 state

because the S1–S2 transition takes place in much shorter

time than the pulse duration. From S1, electrons are trans-

ferred to T1 via intersystem crossing and subsequently

transition T1–T2 (triplet–triplet absorption) occurs. With

excitation of laser pulse on the nanosecond scale, which is

true in our case, triplet–triplet excited-state absorption

(ESA) is expected to make significant contribution to non-

linear absorption. Furthermore, Fig. 8 depicts normalized

transmittance minima occurring around the focal plane,

which infer ESA turns to RSA character in all the samples

[21]. This feature has been confirmed by comparing mag-

nitude of cross section of the ground state ðrS0
Þ and cross

section of first triplet excited state (rT1
) of the sample.

Following Henari et al. approach [20], numerical value of

ðrS0
Þ and (rT1

) were obtained (See Table 2) and found that

rT1
[ rS0

in all the samples, which confirms RSA is

responsible mechanism for nonlinear absorption in OADs.

Now, we focus our study on signature and magnitude of

nonlinear refractive index (n2) of OADs. For this purpose, a

Fig. 5 FTIR spectra of OADs
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closed-aperture measurements of z-scan were performed

for all the samples, and normalized transmittance (sym-

bols) are shown in Fig. 10, wherein the solid lines are

obtained by fitting relation Tðx;D/0Þ ¼ 1þ 4 D/0j jx
x2þ1½ � x2þ9½ � with

x = z/z0 and D/0j jð¼ ð2p=kÞðn2Þexp tI0LeffÞ is the phase

change. The value of D/0j j is calculated from the peak-

valley transmittance difference (DTP�V) using equation

[14], for DTP�V ¼ 0:406 1� Sð Þ0:25 D/0j j; D/0j j � p, where

S is the linear transmittance of a far-field aperture

(S = 0.39 in this work). We fitted our closed-aperture data

to the theoretical model [14], which provides excellent

agreement for typical values of (n2)exp t and also obtained

corresponding real part of third-order optical susceptibili-

ties (Revð3Þ) (See Table 2). It is clearly evident from

Fig. 10 that all the samples exhibit prefocal valley and

post-focal peak characteristics, which is a direct indication

of positive nonlinear refractive index (positive lens), and it

suggests OADs can also be used as a good self-focusing

materials around 532 nm. The observed refractive nonlin-

earity is electronic in origin because in OADs, amino group

donates electron which respond almost freely to an applied

optical field [14, 22]. Moreover, peak-valley character of

OADs satisfies the condition of DZP�V� 1:7z0 (Where,

DZP�V is the separation between the maxima and minima

of the closed-aperture curves), thus confirming the refrac-

tive nonlinearity is due to electronic process [14]. In order

to test experimentally obtained values of nonlinear

refractive index of samples, we have used well-known

Boling-Glass-Owyoung (BGO) empirical formula [23]:

ðn2Þcalc ¼
ðgf Þðn2

0
þ2Þ2ðn2

0
�1Þ2

48pn0�hx0ðNf Þ (where n0, f, and N are back-

ground refractive index, oscillator strength, and density of

molecules in units of mol/cm3, respectively, while (gf) is

the free parameter set equal to 3). The calculated and

experimental values of nonlinear refractive index are given

in Table 2. Here, we assumed, dispersion behavior of linear

polarizability (al), and nonlinear refractive index of OADs

are similar in nature under the consideration of off-resonant

transition regime (i.e., Eg\�hx0). This assumption allows

one to consider origin of n2 solely in electronic effect and

neglect contribution of nuclear motion or reorientation

effects.

One of the necessary steps in improving the NLO

properties of conjugated polymers is to gain a basic

understanding of the relationship that exists between

third-order nonlinearity and second hyperpolarizability

c½vð3Þ / c�. The second hyperpolarizability (c) describes

the nonlinear induced electronic polarization per molecule

[24], which is related to (n2)exp t as: cexp t ¼
4ðn2Þexp tn

2
0
e0c

3L4N
,

where L is the local field factor which in the Lorentz

approximation is given by L ¼ ðn2
0 þ 2Þ=3: While calcu-

lated values of second hyperpolarizability (ccalc) are

obtained by relation ccalc ¼
ga2

l

�hx0
(here, g is the free param-

eter). Computed values of cexp t and ccalc are summarized in

Table 2. In this table, one may notice that measured values

show reasonable agreement with the theoretically predicted

values for dimer and trimer, while agreement is deprived

for the case of pentamer and heptamer. This is because as

the number of repeated units increases, on one hand, n2 and

c varies significantly, and on the other hand, solubility

problem arises [25]. Moreover, the BGO empirical formula

was obtained by considering several assumptions [23] and

was found to predict n2 within an average accuracy of
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about 30 % for a variety of types of crystal [26]. It is

expected that a better match between experiment and the-

ory could be obtained by measurement of the transmittance

(open and closed aperture) as a function of intensity for

OADs. This study will be subject of future communication.

The investigation of cubic nonlinearity of OADs sug-

gest that triplet–triplet transition (RSA) is sole mechanism

for nonlinear absorption, while nonlinear refraction having

origin in electronic response leads to self-focusing of

optical beam. Generally, in p-conjugated oligomers/poly-

mers, the charge cloud formed by conjugated p-electrons

has the capability of being strongly deformed under the

effect of an external optical field [12]. The electron movesT
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in large molecular orbitals, formed by the linear super-

position of carbon Pz atomic orbitals, which results in

enhancement of v(3) with increasing repeated units.

Interestingly, reported values (summarized in Table 2) are

larger than the values measured in OADs using third

harmonic generation technique [27] and quoted for dif-

ferent conjugated polymers like polyenes [28], thiophene,

oligomers [25], and polyazine monomer [5] under similar

experimental conditions. Z-scan measurements were also

demonstrated separately for an empty quartz cell and pure

THF with aforesaid experimental conditions. It was

noticed that nonlinear absorption and refraction of empty

quartz cell and pure THF were found negligible, and

hence, study of nonlinear absorption and refraction of the

solution attribute to only OADs. The expected errors

(obtained from experimental and fitting procedure) in

these measurements were estimated to be around 12 %.

The main source of errors in the experimental data arose

from: (1) uncertainty in determining the focused spot size

(and therefore, the intensity at the sample) from the

measured divergence, (2) Rayleigh range and absorbance,

(3) laser power fluctuations, and (4) uncertainty in the

fitting procedure.

An ultimate practical goal for designing OADs with a

large cubic nonlinearity is to incorporate them into

optoelectronic and photonic devices, and hence, possi-

bility of optical limiting and optical switching in OADs

were examined around 532 nm by using a nanosecond

pulse laser. For optical limiting, the measurements were

performed in open-aperture configuration and are plotted

in Fig. 11. In this plot, straight lines represent linear

transmittance in the absence of nonlinear absorption

contribution. Nonlinear absorption in all samples

enhances with increase in input energy, due to

enhancement of triplet–triplet absorption (RSA), which

results in a deviation from their linear transmittance. It is

also noticed that OADs having more number of repeated

units block the incident light more effectively at higher

incident energy than the OADs having less number of

repeated units (see Fig. 11). Among OADs, heptamer

show largest absorption cross-section area (rT1
), and

therefore, it is one of the most promising candidate

materials for RSA around 532 nm and hence for optical

limiting also. Furthermore, the possibility of optical

switching is also examined via figure of merit ðFOM ¼
bk=ðn2Þexp tÞ [29] and found that FOM ranges 3.47–6.15.

This result suggests that contribution of nonlinear

absorption dominates over nonlinear refraction, which

impedes good optical switching behavior.

4 Conclusions

In summary, OADs were synthesized by chemical route,

and the percentage of content of as-prepared samples

was analyzed. Also, the as-prepared samples were char-

acterized by 1H and 13C NMR and FTIR spectroscopy.

Linear and third-order NLO properties of OADs were

determined. We found that optical band-gap shrinks as

more repeated units are introduced into the oligoazine

backbone and leads to lengthen its p-conjugation. The

third-order NLO absorption and refraction coefficients

and also second hyperpolarizability of OADs have been

obtained by z-scan technique with frequency doubled,

Q-switched 5 nsec Nd:YAG laser at wavelength 532 nm.

The dependence of NLO coefficients on number of

repeated units have been investigated, and it is found

that magnitude of NLO coefficient increases with

increasing number of repeated units. This result indicates

that optical nonlinearities of conjugated system may

synthetically tailored by varying length of conjugated p-

systems and by evaluating the effects of their electron-

donating groups. Measured values of optical nonlinearity

of OADs show reasonable agreement with the theoreti-

cally predicted values. We found RSA is a responsible

mechanism for nonlinear absorption and optical limiting

in OADs at 532 nm. In addition, the signature of non-

linear refractive index in OADs is positive, and hence,

these derivatives could be used as good self-focusing

materials. OADs investigated here are possible promising

candidate optical materials for the development of

optoelectronic and photonic devices like self-focusing

and optical limiting at 532 nm. Further extension of this

work to study the effect of intensity on OADs in nano-

and picosecond time scale shall be the subject of future

communication.
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