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Abstract The geometrical structure, electronic structure,
one-photon absorption (OPA) properties of pyrene and its
derivatives have been theoretically studied by using density
functional theory (DFT) method and Zerner’s intermediate
neglect of differential overlap (ZINDO) methods, and their
two-photon absorption (TPA) properties are calculated by
the ZINDO/sum-over-states method. The results show that
introducing donor groups to pyrene molecule, increasing
the number of donor groups, extending the conjugated
length, or forming circular conjugated dimer can increase
the oscillator strength (f) in the TPA process and ultimately
result in extremely large TPA cross-sections and strong
OPA around 400 nm of pyrene derivatives. All these
results give us some basic principles to design pyrene
derivatives with large TPA cross-sections. This shed light
into the significance of the pyrene derivatives as promising
fluorescent probes in biochemistry when they were linked
to some special recognizing groups.
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1 Introduction

Since two-photon absorption (TPA) phenomenon was first
predicted by Maria Goppert-Mayer in 1931 [1], interest in
TPA materials has increased over the past decade year. Up
to now, materials with large TPA cross-section have been
utilized for a myriad of optical applications such as three-
dimensional (3D) optical storage memory [2, 3], two
photon microscopy [4, 5], upconverted lasing [6], optical
power limiting [7], photodynamic therapy [8] and two
photon fluorescence probe [9]. As a third-order nonlinear
optical process, TPA was induced by simultaneous
absorption of two photons of identical and different fre-
quencies in order to excite a molecule from the ground
state to a higher energy electronic state. Comparing with
linear absorption (one-photon absorption), higher pene-
trating depth and lower scattering light are feasible in TPA
system. The major advantage of TPA activity is that the
absorption light strength of a TPA process dependent on
the square of the irradiance, which makes it possible to
confine the laser excitation in a minute spatial volume and
drops off sharply on all side. But until now, the practical
TPA materials are still limited, explore and research new
materials with potential TPA properties is urgent.

As an excellent TPA material, one of the most important
features is that it must exhibit large TPA cross-section. In a
previous study, we have investigated the TPA properties of
perylene tetracarboxylic derivatives [10]. Results showed
that the molecular n-center with good rigidity will bring on
a large TPA cross-section and be benefit for TPA appli-
cations. Herein we designed and investigated a series of
compounds based on pyrene molecule with good rigidity. It
is reported that pyrene as an attractive m—conjugated group
are one of the most useful fluorogenic unit and it has been
applied in various areas over recent years. For example

@ Springer



266

Theor Chem Acc (2011) 128:265-274

organic semiconductor, liquid crystal, organic light-emit-
ting diodes and photoactive polypeptides [11-14]. Espe-
cially pyrene can be used as various of microenvironment
probe when it was linked to some special structure as a
fluorescent substituent [15-19]. Generally, these probes
have excellent properties such as with high sensitivity,
good selectivity, and among them, the most important one
is that most of the pyrene derivatives have quite high
fluorescent quantum yields (@) due to its large two-photon
absorption cross-section and this makes them widely used
in biochemistry, such as detection of target DNAs, DNA
hybridization detection, DNA mismatch detection, and
probing DNA sequences, etc. [17, 20-26]. In 2008, Kim
et al. first reported on the utilizing of pyrene as a TPA
material. They synthesized a series of pyrene derivatives
with 4-(N, N-dimethylamino) phenylethynyl group as
substituent [27]. Their investigation reveals that pyrene is
an efficient m-center in two photon materials, and its
derivatives provide large TPA cross-sections (d) and
present high @ nearly to 1.0 which can compare with the
most efficient two photon materials. The J values of these
compounds increase with the number of substituent, but the
intrinsic origin is still unclear. To the best of our knowl-
edge, systemic theoretical study on TPA properties of
pyrene derivatives has not been reported to date. So the
design and detailed investigation on more efficient TPA
materials bearing pyrene as a m-center is necessary and
urgent. Herein, we designed a series of pyrene derivatives
and theoretically studied the intrinsic relations between
molecular structure and one- and two-photon properties,
including (1) molecular structure design and electronic
structure characterize: optimized geometries show that the
planar rigid molecular backbone and extended n-conjugate
provide a possibility of this kind of molecules bearing large
TPA cross-sections, (2) the electronic spectra profile:
monotonic-increasing conjugated length is an effective
measures of Uv—vis spectrum red-shift. Forming circular
conjugated dimer make the Uv—vis spectrum change
slightly, but the oscillator strengths are effectively enlarged,
(3) the TPA property origin: this part reveals that the tran-
sition dipole moment, excitation energy and the oscillator
strength (f) in the TPA process are all the intrinsic origins of
the enlargement of TPA cross-section.

2 Computational method

The TPA process corresponds to simultaneous absorption
of two photons. The TPA efficiency of an organic mole-
cule, at optical frequency w/2m, can be characterized by the
TPA cross-section d(w). It can be directly related to the
imaginary part of the second hyperpolarizability y(—w; o,
—w, w) [28, 29], as shown in Eq. 1:
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where y(—w; w, —w, ) is the third-order molecular
polarizability, s the energy of the incoming photons, c is
the speed of light, ¢y is the vacuum electric permittivity,
n denotes the refractive index of the medium and L corre-
sponds to the local-field factor. In the calculations pre-
sented here, n and L are set to 1 because the isolated
molecule is in the vacuum.

The sum-over-states (SOS) expression to evaluate the
components of the second hyperpolarizability y(—w; o,
—m, w) can be educed using perturbation theory. By con-
sidering a Taylor expansion of the energy with respect to
the applied field, the Cartesian components of y are given
by [30, 31]:
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In this formula o, 5, y and J refer to the molecular axes;
wy, w,, and w3z are optical frequencies and ws = w; +
W, + w3 is the polarization response frequency; » Py 5. 3
indicates a sum over the terms obtained by the six per-
mutations of the pairs (w/up), (wo/w,) and (ws/us); IK> is
an electronic wavefunction with energy hwg relative to the
ground electronic state; y, is the ath (=x, y, z) component
of the dipole operator, (K|fi,|L) = (K|u,|L) — (0|u,]0); the
primes on the summation over the electronic states indicate
exclusion of the ground state. ['g is the damping factor of
excited state K, in the present work, all damping factors ['x
are set to 0.14 eV; this choice of damping factor is found
to be reasonable on the basis of the comparison between
the theoretically calculated and experimental TPA spectra
[32].

To compare the calculated § value with the experimental
value, the orientationally averaged (isotropic) value of y is
evaluated, which is defined as
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where after (y) is taken into Eq. 1, and then the TPA cross

section J is obtained.
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where M;; is the transition dipole moment from the state
i to j; Ej is the corresponding excitation energy, the
subscripts 0, k and n refer to the ground state S,, the
intermediate state S;, and the TPA final state S,, respec-
tively; Auo, is the dipole moment difference between S
and S,,.

In principle, any kind of self-consistent field molecular
orbital theory combined with configuration interaction can
be used to calculate the physical values in the above
expression. In this paper, the Becke’s three-parameter
exchange functional in combination with the LYP corre-
lation functional (B3LYP) and the standard 6-31G* basis
set were used to calculate molecular equilibrium geometry
[33, 34]. Then, UV-Vis spectrum was obtained by single
and double electron excitation configuration interaction
employing ZINDO method [35]. And the calculated tran-
sition dipole moment and the corresponding transition
energy can be used to predict the TPA properties. Then, by
comibiled program FTR-NLO using Eqs. 1-4, we calcu-
lated the second hyperpolarizability y and TPA cross-sec-
tion .
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3 Results and discussion
3.1 Geometry optimization and electron structure

Usually, the important features of molecules with strong
TPA are that endowed with a long extended conjugating
length and substituted by strong donor or acceptor group
which can increase the potential for charge transfer [36—
38]. Based on the compounds reported in Kim’s work [27],
we design a series of pyrene derivatives which is shown in
Fig. 1. Using pyrene molecule as a m-center to keep
molecular planarity and rigidity, the 4-(N, N-dimethyl-
amino) phenylethynyl group was introduced as a donor
substituent to extend the conjugation length. First, mole-
cules P1-P4 were designed by changing the position or
increasing the number of donor groups. The two monomer
backbones S1 and S2 were built by introducing a different
donor group on the basis of P and P2, and T1 and T2 are
their corresponding dimers. Molecule Q was designed by
replacing the substituent R of molecule T2 with R1 to
enhance the donor group strength.

DFT calculations were carried out as implemented in the
Gaussian 03 package of quantum chemical programs [39].
And geometry optimizations of all the pyrene molecules
were completed by using the DFT/B3LYP/6-31G*. Results
showed that all the optimized geometries of pyrene deri-
vatives keep good planarity.

The energies of some frontier orbitals and the energy
gaps between the highest occupied molecular orbital
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Table 1 The energy of the highest occupied orbital (Eyomo) and the energy of the lowest unoccupied orbital (Eyymo)

Energy P P1 P2 P3 P4

S1 S2 T1 T2 0

—5.3264
—1.4800

—4.6796
—1.3328

—4.4747
—1.7119

—4.4730
—1.7138

Enomo(eV)
ELumo(eV)

—4.1764
—1.8050

—5.0695
—1.8050

—4.4619
—1.8947

—4.9182
—2.0700

—4.3696
—2.0134

—4.6409
—2.3277

(HOMO) and the lowest unoccupied molecular orbital
(LUMO) obtained by B3LYP/6-31G* method are listed in
Table 1. For molecule P and its derivatives (P1-P4), as the
number of introducing donor group increased, the energy
of HOMO also increased. And molecule P4 with four
introduced donor groups has the highest energy of HOMO.
Compared with P1, we found that by introducing donor
groups on shoulder position, P2 and P3 have a higher
HOMO energy and a lower energy gap between HOMO
and LUMO (AEg_;). So, we selected P and P2 as the
backbone to construct S1 and S2, and the calculated results
also showed the same phenomenon that S1 and S2 have
higher HOMO energy and lower AEy_; than P and P2 by
introducing more donor groups on shoulder position. For
the dimer molecule T1 and T2, they showed the same
energy trend as the molecule S1 and S2. From Table 1 we
can also found that the dimer molecules T1 and T2 have a
higher HOMO energy and a lower LUMO energy than the
monomer molecules S1 and S2. This may be attributed to
the formation of circular dimers, which extended the
conjugation length, and resulted in smaller energy gaps.
This phenomena was clearly shown in Fig. 2, that the
AEy_; decreases with the extension of the conjugated
length (3.846 eV (P) > 3.347 eV (P1) > 2.763 eV (P2) >
2.759 eV (P3) > 2.371 eV (P4), 3.846 eV (P) > 3.265 eV
(S1), 2.763 eV (P2) > 2.567 eV (S2), 3.265 eV (S1) >
2.848 eV (T1), 2.567 eV (S2) > 2.356 eV (T2)).

3.2 One-photon absorption (OPA) properties

In view of the close relation with TPA properties, the OPA
properties of the pyrene molecules have been calculated by
employing the ZINDO program, on the basis of the equi-
librium geometries calculated by DFT/B3LYP/6-31G*
method. The calculated OPA wavelengths (), the cor-
responding oscillator strength (f) and the transition nature
of the molecules under investigation are listed in Table 2
and some experimental data are given in parentheses. As
shown in Table 2, /lr(nlgx of P2, P3 and P4 (the experimental
values of il(nlgx in toluene solvent have already been
reported [27]) were also calculated by employing TDDFT
B3LYP/6-31G* method. Compared the results obtained by
TDDFT and ZINDO method with the experimental results,
the /lggx calculated by ZINDO method (Table 2) are in
better agreement with the experimental data than that by
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Fig. 2 Molecular orbital diagrams summarizing results predicted by
the B3LYP/6-31G* method

TDDFT method. So, the OPA and TPA properties of all the
pyrene molecules in the following discussions are pre-
dicted by employing ZINDO program.

According to Table 2, molecule P shows only one OPA
peak (A1) ) at 317.1 nm, while its derivatives P1-P4 appear

two OPA peaks, and the 2" values of these two peaks are all
red shifted relative to molecule P. Among them, the higher
energy absorption bands are all located in the ultraviolet
region, no more than 380 nm, while the lower energy
absorption bands are red shifted to the visible light region
gradually. From Table 2, we can also find that as the number
of the donor groups increased, molecule P4 shows a longer

OPA wavelength than P1, P2 and P3 for its extended con-
jugation length. By introducing new donor groups, the AV of

max
the two monomer molecules S1 and S2 show an apparent red
shift compared with their framework molecules P and P2, but
they change a little compared with their corresponding dimer
molecules T1 and T2. The main difference between them is
that the dimers have much larger oscillator strength (f) than
the monomers. The oscillator strength (f) of the dimer
molecule T1 is 1.67721, which is more than two times larger
than the monomer molecule S1. For the dimer molecule T2,
more than two-fold enhancement of OPA intensity is
observed compared with the monomer molecule S2. All these
results showed that the oscillator strength can be effectively
enlarged by adding more conjugated segments or forming
circular conjugation molecule. This was also demonstrated by
molecule Q, which with long conjugation length and strong
donor group shows much larger oscillator strength. As we
know that the A" of all the molecules are mainly contributed
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Table 2 OPA properties of

pyrene derivatives Compound iﬁﬂx /nm f Transition nature
p 317.1 028071 Sy — S, HOMO — LUMO 85%
HOMO-1 — LUMO+1 11%
P1 367.2 167212 Sy — S, HOMO-2 — LUMO+2 15%
HOMO — LUMO+1 67%
339.7 0.97180 Sy — S; HOMO-1 — LUMO 79%
P2 442.6 (489.0™°PFT | 430°*P) 0.95997 So = S HOMO — LUMO 84%
365.0 0.94972 Sy — S; HOMO-1 — LUMO 44%
HOMO — LUMO+1 22%
P3 437.5 (487.1TPPFT 431°%p) 146752  So — S, HOMO — LUMO 84%
319.9 0.57938 Sy — S;p  HOMO-2 — LUMO 16%
HOMO-1 — LUMO+2 22%
HOMO — LUMO+3 18%
P4 494.0 (565.37TPPFT | 508°*P) 133090 Sy — S; HOMO — LUMO 89%
375.5 233403 Sy — S HOMO-1 — LUMO 43%
HOMO — LUMO+1 25%
S1 389.0 0.77539 Sy — S; HOMO — LUMO 75%
S2 4623 120972 Sy — S HOMO — LUMO 87%
365.3 1.12528 Sy — Sy HOMO-2 — LUMO 21%
HOMO-1 — LUMO 10%
HOMO — LUMO+1 16%
T1 402.8 1.67721  Sg — S HOMO — LUMO 53%
HOMO-1 — LUMO+1 38%
T2 461.6 248988 Sy, — S, HOMO — LUMO 48%
HOMO-1 — LUMO+1 44%
356.5 0.64499 Sy — Ss HOMO-1 — LUMO+4 14%
HOMO — LUMO+6 17%
348.5 593928 S, — Ss HOMO-3 — LUMO 13%
HOMO-2 — LUMO+1 14%
HOMO — LUMO+3 14%
Q 461.6 266419 Sy — S, HOMO-1 — LUMO 46%
HOMO — LUMO+1 45%
353.9 6.16283 Sy — Ss HOMO-3 — LUMO 14%

HOMO-2 — LUMO+1 14%
HOMO-1 —» LUMO+-2 12%
HOMO — LUMO+43 11%

by some lower energy excitations of the important excited
states, such as HOMO to LUMO, HOMO-1 to LUMO, and
HOMO to LUMO+1. The A" in lower energy absorption
bands are mainly characterized as HOMO — LUMO transi-
tion. This is just corresponding to the trend of AE, ;.

In addition, the calculated D values of most of the
molecules studied located around 400 nm, which indicated
that these pyrene derivatives retained a good transparency.

3.3 Two-photon absorption (TPA) properties

Based on correct OPA spectra, TPA properties are calcu-
lated by the ZINDO and FTRNLO programs. The calculated

TPA maximal absorption wavelength (iﬁgx), imaginary part
of the second hyperpolarizability (Imy), the maximal TPA
cross-section (d,.4), and the transition channel are all listed
in Table 3. The TPA values related to the experimental
wavelengths are listed too. The TPA spectra in the incident
wavelength are also constructed in Fig. 3 to provide a clearer
comparison between the molecules studied. Almost all the
pyrene derivatives studied in this work present two TPA
peaks except P4, and the ¢ values in the shorter wavelength
band are larger than that in the longer wavelength band. For
molecule P1, P2, and P3, as the substituents introduced, the ¢
values are all increased; furthermore, the 6 values in the
shorter and longer wavelength band for each molecule are
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Table 3 TPA properties of pyrene derivatives

Compound iﬁjx /nm Imy/1 x  8/(107°° cm* s photon™") Transition nature
10** esu
P 407.04 3,373 335.81 So = S HOMO-3 — LUMO 21%

HOMO-2, HOMO — LUMO, LUMO+2 12%
HOMO, HOMO — LUMO, LUMO 21%

341.18 5420  768.03 So = Sso HOMO-1 — LUMO+8 21%
Pl 548.61 20,834  1,141.77 So = S17 HOMO-2 — LUMO+1 17%
HOMO — LUMO+6 27%
423.74 28,556  2,623.31 So = S4p HOMO-3 — LUMO+2 12%
HOMO-2, HOMO-1 — LUMO, LUMO+2
13%
HOMO-1, HOMO — LUMO, LUMO+1 20%
P2 568.22 (760°*P, 7137NPO) - 33411  1,706.86 (230°*P, 165“™P%) S, - S;s HOMO-3 — LUMO 39%
HOMO — LUMO+1 12%
HOMO — LUMO+7 23%
476.50 112,868  8,199.46 So = Sz HOMO-1 — LUMO+3 16%
HOMO — LUMO+38 15%
HOMO, HOMO — LUMO, LUMO 15%
P3 522.26 (7605, 7317™NPO) 77729 4700.53 (490°P, 3477NPOy ) 5 S,, HOMO-4 — LUMO 16%
476.50 156,221  11,348.87 So = Ssop HOMO — LUMO+8 11%
HOMO-1, HOMO — LUMO, LUMO+2 10%
HOMO, HOMO — LUMO, LUMO 31%
P4 541.42 (820°*P, 736“™PO) 345834  19,459.78 (1,150°*, So = S3; HOMO-2 — LUMO+1 24%
5577NPO) HOMO — LUMO+2 21%
HOMO, HOMO — LUMO, LUMO 16%
S1 527.60 5235  310.21 So = S17 HOMO-3 — LUMO 11%
HOMO-1 — LUMO+3 23%
HOMO — LUMO+5 13%
422.00 48,129  4,457.65 So = Szo HOMO-1 — LUMO+7 19%
S2 736.25 10,467 31848 So = S3 HOMO-1 — LUMO 27%
HOMO — LUMO+2 20%
HOMO, HOMO — LUMO, LUMO 11%
506.89 173,322 1,1126.7 So = S33 HOMO-2 — LUMO+2 14%
T1 508.14 34,837 222548 So = Sso HOMO-1 — LUMO+3 18%
HOMO-1 — LUMO+6 15%
439.04 171,462  14,672.23 So — S76 HOMO, HOMO — LUMO, LUMO+1 16%
T2 611.97 47457 2,090.15 So = S»; HOMO-1 — LUMO+5 17%
511.91 473,809  29,822.97 So — Sss HOMO-1, HOMO — LUMO, LUMO+1 12%
Q 604.80 80,510  3,630.44 So = S1o HOMO-5 — LUMO+1 13%
HOMO-1 — LUMO+5 22%
HOMO — LUMO+7 15%
506.89 512,695 32,913.3 So = Ss; HOMO-3 — LUMO+1 21%

increased in a same extent. For molecules T1, T2, and Q, as
the cyclic conjugation formed and the donor group intro-
duced, 0. in the longer-wavelength band shows about
sevenfold larger than that of S1 and S2, but the enhancement
of dnax in shorter wavelength band is just about threefold.
This is more beneficial to TPA application in practical for
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the more enlarged J,,,x in the longer wavelength band.
Insight into the relations between the J values and molecular
structures, we found that the J values of the longer and
shorter wavelength bands of studied molecules are all
enlarged as the donor groups introduced into the backbone
or formed the cyclic conjugation. Analyzing the impact
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factors of d,,,x according to three-state model [32, 36], the
TPA cross-section is proportional to the square of M, and
M;,, and it is inversely proportional to the square of the
energy detuning term (Ey, — Eg,/2). So, when the donor
groups are introduced into the molecules or formed the
cyclic conjugation, the My, and My, values increase (Fig. 4),
and lead to the J values increase too. For molecules S1 and
S2, the ¥ values are largely red shifted compared with
molecules P and P2, and the ¢ values corresponding to the
shorter wavelength bands are greatly enhanced, while the ¢
values located in the longer wavelength bands are decreased
as the new conjugation segments introduced. This can also
be explained by the three-state model, and from which we
deduce that the transitions correspond to shorter wavelength
bands can effectively increase the intramolecular charge
transfer (ICT) when new conjugation segments are intro-
duced. Comparing the 6 values of the dimers (T1 and T2)
with their monomers (S1 and S2), we found that the  values
corresponding to the longer wavelength band are enlarged
more than seven times, while the ¢ in shorter wavelength
band just increases about three times. According to the
calculated transition dipole moments (Fig. 4), the M, and
M, values of T1 and T2 in short or long wavelength band are
larger than their corresponding values of S1 and S2. So, it is
obvious that the changing trend of TPA cross-sections can be
explained by the three-state model too. Compared the ¢
values of the longer wavelength bands of T1 with that of T2,
they do not change greatly, but only with a 7 time
enhancement compared with the pyrene backbone. The .«
value of the shorter wavelength band (511.91 nm) of

@ Springer

molecule T2 reaches 29,822.97 GM, about 40 times
increases along with the A? shifts from 341.18 to
511.91 nm.

The above results show that increasing the number of
introduced donor group or forming a circular conjugated
dimer can greatly increase the oscillator strength (f) of
maximum OPA peak; meanwhile, the 0 values are also
effectively enlarged. So, we further studied the relations
between them in the present study. Figure 5 shows the
relationship between d,,,, and the product of the fy; and f;,
(fox: the f between the ground state and intermediate state;
fin: the f between the intermediate state and final state in
the TPA process; Concluding ¢ in the shorter and longer-
wavelength bands). We can found that with the number of
donor group increasing, the product of the fy; and f;,, versus
the dnax Of P, P2, and P4, presents a well linear relation-
ship. For S1, T1, S2, and T2, the plots of . versus the
product of the fy, and f,, are averagely distributed along the
fitted line. Thus, we can deduce that the J and the product
of fo, and f, are proportional to each other, which sug-
gested that f is another important impact factor for ..

In order to further investigate how the molecular
structures affect the frontier molecular orbital and confirm
the internal factors which can affect TPA properties, we list
the molecular orbitals related to main transitions in TPA
process in Fig. 6. The electron densities of HOMO are
distributed orderly of almost all the molecules and they are
well-proportioned on the main body (pyrene) and the
conjugated segments, while the electron densities of
LUMO are all locate at pyrene main body. It is found that
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Fig. 6 Contour surfaces of the frontier orbitals relevant to OPA and TPA for the studied molecules

the electron transfer occurred between the donor group and
the main body during the TPA process, and the molecules
exhibited large J,,,«x has high electron transfer efficiency,
such as molecule P4. So, the d,,, of pyrene derivatives are
enlarged by introducing donor groups and extending con-
jugation length. Observing the frontier orbitals of mole-
cules T2 and Q, we can also find that replacing the methyl
group with phenyl on the substituent R do not extend the
distributions of electron density on occupied orbitals
effectively, and the electron transfer related to phenyl
group during the TPA process changes little. So the d,,,, of
molecule Q increases un-obviously compared with mole-
cule T2.

4 Conclusion

The geometrical structure, OPA and TPA properties, and
electronic structure of pyrene derivatives were studied

theoretically. Calculated results show that almost all the
pyrene derivatives exhibit two TPA peaks. Introducing the
donor group to pyrene, increasing the number of donor
group and extending the conjugated length make the
maximum TPA position bathochromic shift and the AE_;
decrease, and they are all efficient ways to enlarge the
maximum TPA cross-section (d,,,x) of pyrene derivatives.
Furthermore, changing the donor group position can also
affect the . that is, introducing donor groups on
shoulder position and locating them at diagonal position,
can lead pyrene molecules exhibit large d,,,,. Insight into
the circular conjugated pyrene molecule, it is an effective
way to increase the d,,x by forming the circular conjugated
system, but when introducing donor group to the circular
system the increasing trend will be diminished. This can be
illustrated by the molecular orbital analysis. Furthermore,
the Onax s proportional to the product of fy; and f;,, which
can be enhanced as the number of conjugated donor group
increased or a circular conjugated dimer formed. Taken

@ Springer
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together, the present work theoretically studied the OPA
and TPA properties of pyrene derivatives, which give us
some basic principles to design pyrene derivatives with
large TPA cross-sections. This shed light into the signifi-
cance of the pyrene derivatives as promising fluorescent
probes in biochemistry when it was linked to some special
recognizing groups.
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