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Numerical analyses on optical limiting performances of chloroindium
phthalocyanines with different substituent positions*
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Optical limiting properties of two soluble chloroindium phthalocyanines with a- and B-alkoxyl substituents in
nanosecond laser field have been studied by solving numerically the coupled singlet-triplet rate equation together with
the paraxial wave field equation under the Crank—Nicholson scheme. Both transverse and longitudinal effects of the laser
field on photophysical properties of the compounds are considered. Effective transfer time between the ground state and
the lowest triplet state is defined in reformulated rate equations to characterize dynamics of singlet—triplet state population
transfer. It is found that both phthalocyanines exhibit good nonlinear optical absorption abilities, while the compound with
a-substituent shows enhanced optical limiting performance. Our ab-initio calculations reveal that the phthalocyanine with
a-substituent has more obvious electron delocalization and lower frontier orbital transfer energies, which are responsible

for its preferable photophysical properties.
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1. Introduction

Materials exhibiting significant nonlinear optical effects
have drawn wide attention on account of their potential ap-
plied value as optical limiters in protection of eyes and opti-

t.[1=4 Reverse saturable absorp-

cal sensors against intense ligh
tion (RSA) is an especially effective mechanism in produc-
ing large nonlinear absorption.>-8! This mechanism requires
two criteria. First, the material must have a larger excited
state absorption (ESA) cross section than the ground-state ab-
sorption (GSA) cross section. Second, the lifetime of the ex-
cited state must be long enough.”! A variety of organometal-
lic and organic materials have been found to fulfill these cri-
teria, among which phthalocyanines (Pcs) with large delocal-
ized m-conjugated electron systems are promising candidates
because of their extraordinary mechanical properties, environ-
mental stability, and ease of process ability.!10-12]

However, most of the Pcs are easy to aggregate and show
poor solubility in common solvents because of strong inter-
actions among molecules, which is not conducive to their

13141 Fortunately, Pcs’ solubility can be effec-

application. !
tively improved by introducing substituted groups.!>! Dif-
ferent kinds and positions of the substituents may cause dif-
ferent effects on their physicochemical performances.!'®!7]
Nyokong et al. provided a review focusing on the photochem-
ical and photophysical properties of metallophthalocyanine
complexes containing main group metals and some unmetal-

lated phthalocyanine complexes.!'”! Snow et al. synthesized a
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series of methyl-terminated oligooxyethylene-substituted ph-
thalocyanines with different peripheral substitutions, indicat-
ing that both tetra-- and tetra-f3-substituted compounds were
reverse saturable absorbers in the visible region of the spec-
trum, but the former had larger nonlinear absorption coeffi-
cient and could be a useful optical limiter.['®!

Recently, Wang et al. synthesized two soluble heavy-
metal phthalocyanine derivatives, namely, tetra-o-(2-
ethylbutoxy) chloroindium phthalocyanine (o-InPcCl) and
tetra-f3-(2-ethylbutoxy) chloroindium phthalocyanine (-
InPcCl), and studied their optical limiting (OL) behaviors in
THF solution with a 532-nm nanosecond laser. It was found
that a-InPcCl was superior to 3-InPcCl as OL material.!'"!
To give an insight into the physical mechanism, we theoret-
ically investigate the photophysical properties of these two
phthalocyanines in this paper. The dynamics of pulse propa-
gation and photoabsorption are studied by solving numerically
the coupled rate equations and paraxial wave equations. Rate
equations for the generally used five-level model are reformu-
lated into one equivalent rate equation according to the time

5.1201 Paraxial wave equation

hierarchies of the studied system
together with the rate equation is solved in the local time frame
by use of Crank—Nicholson numerical method. Our simu-
lation results are in good agreement with the experimental
measurements in Ref. [19]. Ab-initio calculations on the elec-
tronic structures of these compounds indicate that a-InPcCl

has extended electron delocalization and lower frontier orbital
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transfer energies, which means that a-InPcCl can be more
efficiently excited in photophysical processes and possesses
better OL properties than 3-InPcCl.

2. Outline of theoretical methods

We simplify the transition scheme as a generalized five-
level model (Fig. 1) when considering the interaction between
the molecule and the optical laser field. This scheme takes into
account two sequential two-photon absorption (TPA) chan-
nels: (So — S1) X (S — S,) and (So — S1) x (T} — T»). Here
the coherent one-step TPA and one-photon transition Sop — S,
are ignored because the frequency of the light is tuned around
the resonance frequency of the one-photon transitions between
two adjacent states (So — S1), (S1 — Sy), and (T1 — T2).

2.1. Rate equations in nanosecond time domain

Rate equations for populations of the singlet and triplet
states involved in the studied processes can be written as fol-
lows:

d
jtpSo = —}’(f)(PSo _p51)+E1p51 +1Ir,p1,

0
(at +1—$'1 +y0)p51
= I5,ps, — ¥s(t)(ps; — Ps,) + Y(t)(Ps, — Ps; )5

9
<8t +an)psn = ¥5(1)(ps, = Ps,):

P
<8t +FT2>PT2 =y (t)(pr, — Pn), 1)

where ¥(t), ys(¢), and yr(¢) are respectively the field-induced
rates of one-photon transitions So — S, S1 — S, and T1 — T>.
The 7. is the rate of intersystem crossing transition §; — 7.
Is,, Is,, I, and I, are the decay rates of the states S, Sy, T1,
and T5, respectively. Rate equation for the population of the
state 77 is not given in Eq. (1) because the population p7, can
be got through the particle conservation law ) p; = 1.

k
It is convenient to express the one-photon induced transi-
tion (m — n) rate through the corresponding transition dipole

moments d,,, or the photon absorption cross sections G, 2!

Y (t) _ |dmn|21(t) Iun _ Gmnl(t) Iy,
" 3FZZC(":O 'Qr%m +Frr%n ho Qr%m + szn ’

2

where (1) is the intensity of the field, I = cgy|E|* /2, and
Qn = O — Wy 1s the detuning of the light frequency @ from
the resonant frequency @,. I, is determined by the sum
of the lifetime broadenings of the two levels and the inhomo-
geneous broadenings. In solutions, inhomogeneous broaden-
ings are the largest ones, so I, is set to be the same value of
hl,,, = hI" = 0.1 eV for all transitions.

For the studied system, Is,, I, are of the magnitude of

_1_

ps~!, % and I7, are of the magnitude of ps ns~! and ps!,

respectively, while the laser pulse stays of the ns magnitude.
Due to the different timescales of the system, numerical simu-
lation will be time-consuming. However, one can divide the
system into fast subsystem (S;,S,,7>) and slow subsystem
(So, T1) under the condition!2*-2?!

T, 57 > (I3, + % + (1) + %) 7",
(I3, +15(0) ™", (I + (). 3)

Here 7 is the pulse duration and 7gt is the effective population
transfer time from the ground state Sy to the lowest triplet state
Ti.

The condition (3) indicates that populations of the excited
states follow adiabatically the slow dynamics of Sp and T;
states. Thus one can mathematically disregard the time deriva-
tives in Eq. (1) except for the equation of the ground state pop-
ulation and lowest triplet state population. Finally one can
obtain the following single time-dependent equation for the
ground state instead of the rate equations (1) to describe the
population dynamics of the multilevel molecules:

%ps() = —W()ps, +11,P(1) = Q(ZT( SSO @
tsr(t) = 1/0@), w) =

where ¢(t) = tsr(t)I7, P(¢),
YD) + T,00). (1) = %/(, +%+7(1). P) =
1/(1+wr,(t)), and Q(r) = P(¢)[1 +w(t)(1 +ws(1))].
Auxiliary quantities w(r), ws(t), wr,(r) have physical
meanings of relative probabilities for radiative one-photon

transitions S; — So, S, — S1, and 7> — T7, respectively,2"]
Y() (1)
w(t) = ————— wst) = =—""—,
) I§, + %+ () st I5, + (1)
(1)
wp(t) = =—————. 5
2.2. Paraxial wave equation
Considering the incident laser field
g(r,t) = E(r,t)cos(k-r — ot), (6)

Maxwell’s equations can be reduced to the well-known parax-
ial wave equation within the slowly varying envelope approx-
imation (SVEA), which can be reformed through the photon
absorption cross section as follows:

0 noa i . Now: ., On
e+ s )o=-(F3= - )m

where A is the transverse Laplace operator, which can be

written as
A L= iz + li + i 872
arr  radr  rro¢p?
in cylindrical coordinates, k = nop®/c, ng is the equilibrium
refraction index, On is the light-induced deviation of the re-

fraction index from the equilibrium value ng, and Gy is the
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total photoabsorption cross section and given by
Otot = 05,5, (pSO - pSl) + 0s,s, (Psl - pSn)
+0nT (pT1 - PT2)~ (®)

2.3. Calculation details

The incident laser field is isotropic in the transverse di-
rection and has a form of a Gaussian beam

E(r,z,T) = &(T) mzz)e p( W;EZ)>
XexP( 21:z —it Z)>’

(z)
{ (i)] £ =arn ).

T():t—n()Zo/C, l():?'lfwo/l, )

where T =t — noz/c is the retarded time, [y is the Rayleigh
length, w(z) is the beam width, R(z) is the radius of the Gaus-
sian spherical wave, and {(z) is the Gouy phase. In simula-
tions, paraxial equation (7) is solved with the boundary condi-
tions rE(r,z,T) = 0 for r = 0, 5w(z).

%9

In—Cl

= —OCH,CH(CH,CHs),
(a) (b)

Nar
N\
——Cl .
A ly g
N , / fy(t) FS1 '””‘." 1
‘_-"—"FTl

The temporal shape of the initial pulse is also modeled by
a Gaussian shape

go(t) = 80671/2((t710)/r)21n2’ (10)
where 7 is the half width at half maximum (HWHM). In
the present work, simulations are performed for T = 7.0 ns,
to =2.57, wyp = 1 mm, and ny ~ 1. Considering that the focal
point of the Gaussian pulse and the center of the medium are
both localized at z = 0, the entry of the pulse is at zo = —L/2,
where L is the length of absorbing cell.

The studied molecular structures of a-InPcCl and B-
InPcCl, as well as the scheme of transitions, are presented in
Fig. 1. To perform numerical simulations, relaxation rates and
resonant transition energies as well as one-photon absorption
cross sections (A = 532 nm) of these compounds are extracted
from the experiments (see Table 1).['%) Lifetimes of excited
states (S, T») which usually lie in the picosecond region are
assumed to be 1/I5, = 1/I7, = 1 ps. The one-photon transi-
tion cross section O, s, is set to be 1.0 x 1072! m2.122 In order
to save computational time, the simulations are performed for
relatively high concentrations and short propagation distances
compared with experimental parameters using the scaling re-
lation Neg1Leal = NexpLexp (Leal = 0.8 mm, Ley, = 1.0 cm).

vs(t) Is, T,

“ .~.,.\“ 'YT( t) Fl'-z
Ve -

So | &

Fig. 1. Structures of (a) o-InPcCl, (b) B-InPcCl, and (c) the scheme of transitions.

Table 1. Photophysical parameters of a:-InPcCl and -InPcCl.19!

Mol. Egys,/eV Er1,/eV /108 5! T, Ius O,s,/107 18 cm? o115/ 08,5, Nea/10%* m—3
a-InPcCl 1.71 2.12 11.2 18.0 1.37 237 1.30
B-InPcCl 1.77 248 1.19 28.6 10.0 113 0.31

Ab-initio calculations for a-InPcCl and B-InPcCl are per-
formed as follows. Time-dependent DFT/B3LYP method im-
plemented in Gaussian09 package!??! is employed to obtain
the optimized geometric and electronic structures. 6-31G* and
Lanl2dz basis sets are chosen for light atoms and heavy-metal
indium (In) atom, respectively. Frontier orbitals and charge
density differences between charge transfer (CT) states and
ground states are visualized for understanding the mechanism

of the photophysical properties of the molecules.

3. Results and discussion

It can be seen from Eq. (4) that dynamics of the popu-
lation is mainly defined by the effective transfer time 7sT be-
tween the ground state Sp and the lowest triplet state 77, which
depends crucially on the intensity of pulse. Figure 2 shows
this characteristic time without taking into account the propa-
gation effect. Due to the Gaussian distribution of the pulse, the

central part with higher intensity leads to shorter population
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transfer time. Moreover, influence of the substituent position
on the population transfer process is shown. At the same level
of the field intensity, population transfer rate from the ground
state Sy to the triplet state 77 for a-InPcCl is always faster than
that for B-InPcCl on account of the larger intersystem cross-
ing rate 7y of a-InPcCl, indicating that a-InPcCl has better
nonlinear optical properties.

104

— «a-InPcCl
— — [-InPcCl

10%¢

t/ns

Fig. 2. (color online) Response time of population transfer between
the singlet and the triplet states So — 77 for a-InPcCl (solid line)
and f-InPcCl (dashed line) without propagation of the pulse (z = 0).
Ip = 4 x 1012 W/m?2.

In order to investigate the role of substituent position
played on OL performance of InPcCl, intensity transmittances
of a-InPcCl and B-InPcCl are given in Fig. 3.
that both compounds exhibit outstanding nonlinear absorption

It shows

properties while the OL performance of a-InPcCl is prefer-
able. As shown in Fig. 3(a), transmittances of a-InPcCl and
B-InPcCl decrease remarkably with the increase of input in-
tensity, which is consistent with the experimental findings. "]
Molecules on the ground state Sy are excited to the singlet
excited state S; by absorbing the first photon, then part of
the populations on S state relaxes nonradiatively to the first
triplet state 77 through the fast intersystem crossing process
(see Fig. 1(c)). Molecules in the excited states S or 77 will
then absorb another photon to be promoted to the higher ex-
cited states S,, or T>. In the case that the ESA cross section
is larger than the GSA cross section, RSA will occur and the
output intensity of the pulse will be strongly attenuated. Fig-
ure 3(b) displays the transmittance of pulse intensity as a func-
tion of the medium thickness with Iy = 4 x 10'2 W/m2. It is
obvious that the longer the propagation distance, the stronger
the absorption. Interestingly, InPcCl with substituent at the
a position has much lower transmittance than that with sub-
stituent at the  position owing to its faster intersystem cross-
ing rate Y and larger photoabsorption cross section ratio of the
lowest triplet state to the ground state (see Table 1). For laser
dynamics in the nanosecond scale, the lifetime of the triplet
state on the magnitude of microsecond is too long to be active,
while the fast intersystem crossing plays a dominating role un-
der this condition.

Lor @
\
\ — «a-InPcCl
§ 0.8 \ — — - f-InPcCl
&
s 06}
Z
£ 04r
E
0.2
0 400 800 1200 1600
Input fluence/mJ-cm~2
10 - —— a-InPcCl  (b)
S . - — — (-InPcCl
5 0.8F
3
S
=
g 0.6
n
g
~
E o04f
O'20 0.2 0.4 0.6 0.8
L/mm
Fig. 3. (color online) Intensity transmittance (a) as a function of

the peak intensity of the incident field through the absorbing medium
(z=0.4 mm) and (b) as a function of the thickness of the medium at
Iy = 4 x 10'2 W/m? for a-InPcCl (solid line) and B-InPcCl (dashed
line).

To visualize directly the OL performance of the two ph-
thalocyanines, we present the output energy fluence of the field
as a function of the input fluence at z = 0.4 mm in Fig. 4(a).
The OL behavior is clearly demonstrated as expected and
shows a good agreement with the experimental measurement
in Ref. [19]. One can see that the output fluence increases
slowly as the input fluence increases and becomes saturated af-
ter the OL threshold /iy, which is defined as the point at which
the transmittance is half of the initial linear transmittance. The
saturated transmittance of a-InPcCl is 46 percent smaller than
that of B-InPcCl (0.14 for o-InPcCl and 0.26 for B-InPcCl at
z = 0.4 mm with the initial fluence of 1600 mJ-cm~2). In-
tuitively, the better OL performance of a-InPcCl may orig-
inate from «a-InPcCl’s larger concentration since the trans-
mittance depends on both the propagation distance and the
molecular concentration. To get rid of such confusion, dif-
ferent propagation distances for a-InPcCl and B-InPcCl are
chosen in Fig. 4(b) by satisfying the condition that the prod-
ucts of propagation distances with concentrations are equal for
a-InPcCl and -InPcCl, namely, N, L% = NgILB. As shown
in Fig. 4(b), with the same input fluence, the output fluence
of a-InPcCl is still much smaller than that of 8-InPcCl under
the above condition, which indicates that the superior optical
power limiting ability of a-InPcCl results from the inherent
molecular attributes.

013302-4



Chin. Phys. B  Vol. 25, No. 1 (2016) 013302

~ 800
‘5 (a)
© —a— a-InPcCl
S 600F —e— B-InPcCl
~
Q
Q
g
k| 400
=
o
2.
= 200
@)
O i 1 1 1 1
0 If 15400 800 1200 1600
Input fluence/mJ-cm—2
800
q (b)
g —a— o-InPcCl
E 600 —e— [-InPcCl
>~
]
O
§ 400
=
=
+
3
2 200
2 I
© |

[ 1 1 1
00 ]{i‘ 400 I, 800 1200 1600
Input fluence/mJ-cm—2

Fig. 4. (color online) Output fluence versus input fluence for a-InPcCl
and B-InPcCl (a) at the same propagation distance of 0.4 mm and (b) at
different propagation distances of 0.16 mm and 0.64 mm, respectively.

I and 151 are the OL thresholds for a-InPcCl and B-InPcCl, respec-
tively.

Dynamics of population transfer for o-InPcCl on axis of
the light beam without pulse propagation is shown in Fig. 5.
At relatively low intensity Iy = 4 x 10! W/m? (Fig. 5(a)),
population transfer mainly takes place in the ground state Sg
and the lowest triplet state 7;. The S; state is also slightly
populated, indicating the contribution of the sequential chan-
nel (So — S;) X (T1 — T») to be the main mechanism of
nonlinear absorption. However, for a rather high intensity
Ip =4 x 10'> W/m? (Fig. 5(b)), populations on the 7> state are
observable due to the excited triplet state absorption 7y — 7.
This can be verified from the obvious time delay ot relative
to the ground state absorption Sy — S1. One can also see from
Fig. 5 that for a higher intensity, the response of the population
transfer to the field is faster and the populations are saturated
before the end of the pulse. Taking the radial distribution of
the Gaussian pulse into consideration, figure 6 displays the
transverse distribution of ps, and pr, near the entrance of the
medium. When the light intensity is large enough, it transfers
almost completely the population from the Sy state to the 7;
state. The populations can be efficiently accumulated on the
T, state, mainly benefiting from the fast intersystem crossing
process and the long lifetime of the triplet state. The subfig-
ures on the upper part of Fig. 6 show that the population trans-
fer process occurs preferentially near the axis of the light beam
where the field intensity is high and the effective transfer time
is short (see Fig. 2).

1.0

0.5

(a)
I() =4x101" W/m2

t/ns

Fig. 5. (color online) Population evolutions of different states on the
axis of the light beam (r = 0) without propagation of the pulse (z = 0).
(a) Iy = 4 x 101! W/m?, (b) I = 4 x 1012 W/m?.
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Fig. 6. (color online) Temporal and spatial evolutions of populations of
(a) the ground and (b) the lowest triple states near the entrance of the
medium. Iy =4 x 10'2 W/m?.
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During pulse propagation, both transverse and longitudi-
nal shapes of the Gaussian pulse will change dramatically on
account of inhomogeneous photoabsorption and saturation ef-
fects. Figure 7 shows 2D maps of the output field intensity
after passing through the absorbing medium of 0.8 mm long.
One can see clearly that the rear part of the pulse is intensively
attenuated and the shape of the pulse is strongly deformed dur-
ing propagation, which is more severe in Fig. 7(b) for the in-
cident field with higher intensity. The main reason is that for
the front part of the pulse where the field intensity is weak,
the linear GSA Sp — S| mainly occurs, while for the latter
part of the pulse with higher field intensity, the state 7 is fast
populated by intersystem crossing process. Therefore, the se-
quential TPA (Sop — S1) x (T1 — Tz) takes the dominating role
and the pulse is drastically decreased. For the rear part of the
pulse, although the field becomes weak, since the population
has already been accumulated in the triplet state 77, the field is
still strongly absorbed due to the strong ESA 77 — T;. These
different absorption mechanisms of different parts of the pulse
result in different radial distributions of the transmitted field.

T

E 6r r=0 mm

z C - - -r=0.5 mm

2 0.8 - - r=10 mm

= r

5 I I I

S

=

= L
——t =16 ns
— - -t=18 ns
[----t=20ns

r/mm

N\
\
M|

ol
5 10 15 20 25 30 350 08

1.6

t/l’lS I(r,L/2,t)/10"" W-m~?2
7
g 4 0
z L - 9.3E10
s 2r I |19En
S C 2.8E11
£ 0 3.7E11
240
=
3.5 -
| —t=13ns
3.0 ——t =15 ns
g 25 L ----t=17ns
£ 20
~

15 20 25 30 350 2 4
t/ns I(r,L/2,t)/10" W-m~2

Fig. 7. (color online) Temporal and spatial evolutions of output field
intensity after passing through the absorbing medium (z = 0.4 mm). (a)
Ip =4 x 10" W/m?, (b) Iy = 4 x 10'2 W/m?.

The strong nonlinear TPA (So — S1) x (T — T») gives
rise to the excellent OL behavior of the molecule. As we
can see from Table 1, a-InPcCl has a higher triplet to sin-
glet states ratio of the absorption cross sections, suggesting
that it has better optical limiting performance. In order to get a
more essential understanding of the physical mechanism, ab-
initio calculations on the geometric and electronic structures
of the compounds are employed. Figure 8 displays the high-
est occupied molecular orbitals (HOMO), the lowest unoccu-
pied molecular orbitals (LUMO) and the charge variations be-
tween the charge transfer states and the ground states of «-
InPcCl and B-InPcCl. In the aromatic macrocyclic plane of
the molecules, the extent of the electron delocalization of «-
InPcCl is much larger than that of B-InPcCl, which makes
the intersystem crossing process of o-InPcCl easier to hap-
pen. Thus, a-InPcCl shows stronger optical absorption ability.
Comparing the charge density differences of these two com-
pounds, one can notice that the electrons transfer along the
long axis of the a-InPcCl molecule while they transfer along
the short axis in B-InPcCl, indicating that more electrons are
transferred in a-InPcCl. As is known to all, frontier orbitals
play a decisive role on the physical and chemical properties of
molecules. Table 2 lists the energy differences AE between
some frontier orbitals of a-InPcCl and B-InPcCl. It is note-
worthy that values of ¢-InPcCl are smaller in comparison with
those of B-InPcCl. When interacting with the external field, a-
InPcCl is easier to excite, and thus more energy can be stored
in the medium. Namely, it tends to possess stronger optical
absorption ability.

a-InPcCl

&

a-InPcCl

LUMO

HOMO charge transfer

Fig. 8. (color online) HOMO, LUMO, and the charge variation (the
white and blue areas represent the electron gain and loss, respectively)
between the charge transfer states and the ground states of a-InPcCl
and B-InPcCl

Table 2. Energy differences between the frontier orbitals of a-InPcCl
and B-InPcCl.

AE/(eV, HOMO-) a—InPcCl B—InPcCl
LUMO 2.01691 2.09365
LUMO+1 2.04167 2.09501
LUMO+2 3.76551 3.88633
LUMO+3 4.11022 4.12797
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4. Conclusions

The effect of substituent position on the OL properties
of InPcCl is investigated by utilizing a five-level scheme to
describe the medium and the two-dimensional paraxial wave
equation to depict the field. Dynamics of population, which
is characterized by the population transfer time between the
ground state and the lowest triplet state, as well as evolution
of the laser field, is presented. It is shown that substituent po-
sition has significant effect on the optical power limiting per-
formance of the molecule. Our ab-initio calculations on the
electronic structures of the compounds show that the phthalo-
cyanine with ¢-substituent has extended electron delocaliza-
tion and lower frontier orbital energy differences. This means
that the phthalocyanine with substituent at the a-position has
more active photophysical properties than that with substituent
at the f-position, which is in good agreement with the exper-
imental result. Our computational results provide a guideline
for designing effective optical limiters.
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