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GRAPHICAL ABSTRACT

A series of D-mt-A type two-photon absorption organic salts based on pyridinium were and synthesized.
Experimental results revealed the dyes possess the largest 2PA cross sections in the near infrared region
(NIR) and display maximum two-photon absorption cross sections within the narrow wavelength range
from 950 to 970 nm. Furthermore, the 2PA cross section values present enhanced trend in turn with the
lengthen of the alkyl chain. In addition, we used the Lippert-Mataga equation to evaluate the dipole
moment changes of the dyes with photoexcitation, the results are corresponding with linear and nonlin-
ear optical properties of the dyes.
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ABSTRACT

A series of stilbazolium salts based on donor-m-acceptor (D-m-A) structure have been synthesized and
fully characterized. Photophysical properties including linear absorption, one-photon excited fluores-
cence (OPEF), two-photon absorption (2PA) properties were systematically investigated. The results sug-
gest that increasing electron-releasing character of the terminal group leads to a more pronounced
donor-to-acceptor intramolecular charge transfer (ICT). In addition, the dyes possess the largest 2PA cross
sections in the near infrared region (NIR) and display maximum two-photon absorption cross sections
within the narrow wavelength range from 950 to 970 nm and BL3 exhibits a large nonlinear refractive
index coefficient and possesses very large values of the real part of the cubic hyperpolarizability > at
960 nm. Furthermore, the initial density functional theory (DFT) and time-dependent density functional
theory (TD-DFT) calculations provide reasonable explanations for their absorption spectra, meanwhile we
used the Lippert-Mataga equation to evaluate the dipole moment changes of the dyes with photoexcita-
tion, the results are corresponding with linear and nonlinear optical properties of the dyes.
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Introduction

Optical materials with striking two-photon absorption effect
have been the focus of intense current research. Such materials
are of great scientific and technologic interest for applications in
the areas of data processing, up-converted lasing, three-dimen-
sional fluorescence microscopy, biological imaging [1-8]. All the
applications depend critically on the availability of new materials
with high two-photon absorption (2PA) cross sections. Therefore,
significant effort has been devoted to the development of them.

The promise of diverse applications has stimulated many stud-
ies with organic 2PA materials over recent years. For those 2PA-
based applications, the demand for rationally designed organic
compounds that exhibit sufficiently large 2PA cross section is con-
sequently escalating. The combination of several structural param-
eters, such as increasing the internal charge transfer and
dimensionality of the molecule/extending m-conjugated system
within a molecule, is closely related to molecular 2PA [9-12]. Stil-
bazolium salts are the best studied amongst such materials [13-
16].

Up to now, there are many molecular design strategies were put
forward to provide guidelines for the development of stilbazolium
salts with large 2PA cross sections. In this context, we launched a
program changing the phenylamine substituents which were
introduced to molecules as the donor, and the molecular m-elec-
tron conjugated system was enlarged by forming —CH=CH— in
4-position of phenylamine. The cationic pyridinium unit as accep-
tor groups were bound on other side of vinyl bond. These dyes
show negative solvatochromism in absorption spectra. Further-
more, they exhibits peak intense two-photon fluorescence-emis-
sion within narrow wavelength range.

Experiments
General

All chemicals used were of analytical grade and the solvents
were purified by conventional methods before use. The 'H NMR
spectra were performed on Bruker 400 MHz spectrometer with
TMS as the internal standard. Elemental analysis was performed
on Perkin-Elmer 240 instrument. Mass spectra were determined
with a Micromass GCT-MS (ESI source). IR spectra were recorded
on NEXUS 870 (Nicolet) spectrophotometer in the 400-
4000 cm ™! region using a powder sample on a KBr plate.

Optical measurements

The one-photon absorption (OPA) spectra were obtained on a
UV-265 spectrophotometer. The one-photon excited fluorescence
(OPEF) spectra measurements were performed using a Hitachi F-
7000 fluorescence spectrophotometer. OPA and OPEF of BL1-BL3
were measured in solvents of different polarities with the concen-
tration of 2.0 x 10~ mol L. The quartz cuvettes used are of 1 cm
path length. The fluorescence quantum yields (&) were deter-
mined by using Rh6G (in ethanol, @ =0.94) as the reference
according to the literature method [17]. Quantum yields were cor-
rected as follows:

An?D,
s = (AZn%Di)

where the s and r indices designate the sample and reference sam-
ples, respectively, A is the absorbance at /ex, # is the average refrac-
tive index of the appropriate solution, and D is the integrated area
under the corrected emission spectrum [18].

The TD-DFT {B3LYP|LANL2DZ]} calculations were performed on
the optimized structure. All calculations were performed with the
GO3 software, the TDDFT calculation of the lowest 25 singlet—
singlet excitation energies were calculated with a basis set
composed of 6-31 G(d) for C N H O atoms.

For time-resolved fluorescence measurements, the fluorescence
signals were collimated and focused onto the entrance slit of a
monochromator with the output plane equipped with a photomul-
tiplier tube (HORIBA HuoroMax-4P). The decays were analyzed by
‘least-squares’. The quality of the exponential fits was evaluated by
the goodness of fit (2).

Two-photon absorption (2PA) cross-sections (6) of the samples
were obtained by two-photon excited fluorescence (TPEF) method
[19] at femtosecond laser pulse and Ti: sapphire system (680-
1080 nm, 80 MHz, 140 fs) as the light source. The samples were
dissolved in DMSO at a concentration of 1.0 x 107> mol L~'. The
intensities of TPEF spectra of the reference and the samples were
determined at their excitation wavelength. Thus, 2PA cross-section
(6) of samples was determined by the following equation:

Pres Crof Mry F

0= Oref @ ¢ n Fy

where the ref subscripts stand for the reference molecule (here
Rh6G in ethanol solution at concentration of 1.0 x 103 mol L'
was used as reference). 6 is the 2PA cross-sectional value, c is the
concentration of the solution, n is the refractive index of the solu-
tion, F is the TPEF integral intensities of the solution emitted at
the exciting wavelength, and @ is the fluorescence quantum yield.
The 6, value of reference was taken from the literature [20].

BL1, BL2, BL3 were synthesized by the following reactions
(shown in Fig. 1).

Synthesis

Preparation of 1,4-dimethylpyridinium iodide

1,4-Dimethylpyridinium iodide was synthesized according to
the literature method [21]. White powder product 4 was collected.
Yield 90%. Mp: 155 °C. IR (KBr, cm™!) selected bands: 3451 (m),
3023 (m), 1644 (s), 1517(m), 1517 (m), 1477 (m), 1289 (s), 1182
(s), 1043 (m), 809 (s), 697 (s), 485 (s). '"H NMR (400 MHz, de-
DMSO): 2.61 (3H, s), 4.29 (3H, s), 7.97 (2H, d, J=6.4 Hz), 8.84
(2H, d, J = 6.4 Hz); M*(MS/ESI), 108.48.

Preparation of substituted aminobenzaldehydes

4-(N, N-Dialkylamino)benzaldehyde was synthesized according
to the literature method [22]. At room temperature, the com-
pounds are pale yellow oil. For 4-(N, N-diethylamino)benzaldehyde,
IR (KBr, cm™") 2974 (m), 1665 (s), 1598 (s), 1566 (m), 1528 (s),
1470 (m), 1409 (s), 1357 (s), 1330 (m), 1179 (s), 1002 (w), 839
(m), 591 (w); '"H NMR (400 MHz, dg-acetone), d (ppm): 1.19 (6H,
t, J=7.0Hz), 3.51(4H, m), 6.80 (2H, d, J=8.8 Hz), 7.69 (2H, d,
J=9.2 Hz), 9.68 (1H, s). For 4-(N, N-dibutylamino)-benzaldehyde, IR
(KBr, cm™!) selected bands: 2958 (s), 2931 (m), 2871 (m), 1669
(s), 1596 (s), 1525 (s), 1464 (w), 1405 (s), 1367 (s), 1313 (w),
1224 (m), 1168 (s), 814 (s), 607 (m), 510 (m); 'H NMR (400 MHz,
dg-acetone), d (ppm): 0.94 (6H, t), 1.38 (4H, m), 3.40 (4H, m),
3.42 (4H, t), 6.76 (2H, d,), 7.65 (2H, d), 9.67 (1H, s).

Preparation of BL1

BL1 was synthesized according to the literature method [23],
red solid was collected. Yield: 96%. FT-IR (KBr, cm™!) v: 2922 (w),
1643 (w), 1589 (s), 1521 (m), 1475 (w), 1437 (w), 1373 (m),
1330 (m), 1163 (s), 1037 (m), 708 (m). 'H NMR (400 MHz, dg-CD5.
COCD3): 8.68 (d, 2H), 8.04 (d, 2H), 7.90 (d, 1H), 7.18-7.17 (q, 9H),
6.94-6.90 (t, 8H), 6.80-6.77 (t, 6H), 4.17 (s, 3H), 3.02 (s, 6H); M*
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Fig. 1. The synthesis routes of target compounds.

(MS/ESI), 239.251. Anal. Calc. for C4oH30BN,: C, 86.01: H, 7.04; N,
5.02. Found: C, 86.04; H, 7.08; N, 5.07.

Preparation of BL2

BL2 was synthesized according to the literature method [24],
red solid was collected. Yield: 95%. FT-IR (KBr, cm™!): 2968 (w),
1643 (W), 1584 (s), 1525 (s), 1468 (W), 1434 (w), 1408 (m), 1327
(m), 1172 (s), 1152 (s), 1037 (m), 706 (m). 'H NMR (400 MHz, CDs.
COCDs-dg): 8.62 (d, 2H), 8.04 (d, 2H), 7.89 (d, 1H), 7.59 (d, 2H), 7.35
(s, 8H), 7.14 (d, 1H), 6.94-6.91 (t, 8H), 6.79-6.75 (q, 6H), 4.35 (s,
3H), 3.53-3.48 (q, 4H), 1.22-1.18 (t, 6H); M" (MS/ESI), 267.283.
Anal. Calc. for C43H43BN,: C, 85.99; H, 7.39; N, 4.78. Found: C,
86.02; H, 7.38; N, 4.82.

Preparation of BL3

Using a 100 mL one-necked flask fitted with a stirrer and a con-
denser, 2.33 g (0.01 mol) 4-(N, N-dibutylamino)-benzaldehyde,
2.35g (0.01 mol) of compound 1,4-Dimethylpyridinium iodide,
and 30 mL of absolute ethanol were mixed. Five drops of piperidine
were added to the mixture. Then the solution was heated to reflux
for 4 h. After cooling, 3.46 g (0.01 mol) of sodium tetraphenylbo-
rate was added into the solution. The solution again was heated
to reflux for 10 min. A red solid formed after cooling. The solution
was filtered, and the solid was washed twice with ethanol and
water, respectively. Red solid product BL3 was collected. Yield:
90%. FT-IR (KBr, cm™'): 2955 (w), 2927 (m), 2866 (w), 1643 (w),
1587 (s), 1525 (s), 1471 (w), 1404 (w), 1368 (m), 1327 (m), 1213
(m), 1172 (s), 1037 (m), 709 (m). 'H NMR (400 MHz, CD;COCD5-
de): 9.9 (s, 1H), 7.68 (d, 2H), 6.77 (d, 2H), 3.45-3.41 (t, 4H), 1.65-
1.57 (q, 4H), 1.41-1.36 (q, 4H), 0.97-0.94 (t, 6H). M* (MS/ESI),
323.391. Anal. Calc. for C46Hs:BN,: C, 85.96; H, 8.00; N, 4.36.
Found: C, 85.98; H, 8.02; N, 4.38.

Results and discussion
Structural features

In these structures, the cationic pyridinium can offer net posi-
tive charge for the molecular, and the large conjugate system
which is composed of phenylamine, vinyl and cationic pyridinium
ensures the large ionic radius. In addition, we can learn from the
crystal data of BL1 in literature [23] and BL2 in our previous work
[24], the C—C bond lengths of BL2 (C5—C7: 1.485A, C8—C9:
1.477 A) which link the benzene ring and pyridine ring are located
between the normal C=C double bond (1.32 A) and C—C single
bond (1.53 A), which show that there is a highly m-electron delo-
calized system in BL2, it is the necessary condition for it bearing
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Fig. 2. Linear absorption spectra of all compounds in DMSO solution with
2x10°°M.
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Fig. 3. One-photon excited fluorescence (right) spectra of all compounds in DMSO
solution with 2 x 10" M.

strong 2PA response. For another, the linkage between the benzene
ring and pyridine ring for BL2 are shorter than BL1 (C8—C9:
1.513 A, C4—C7: 1.545 A). It suggests that dye BL2 possesses a
higher delocalization within the molecule and more charge-trans-
fer features of the ground state in the solid state compared with
those of the dye BL1, which make the dye highly promising candi-
dates for two-photon absorption materials.
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Table 1
Photophysical properties of compounds BL1-BL3 in several different solvents.
Compound Solvents Jmax® (Emax’) Jimax’ @ 7/ps®
Ethyl acetate  479(2.74) 576 0.0451 105
THF 476(3.92) 583 0.0203 289
Ethanol 475(6.03) 590 0.0119 92
BL1 Methanol 473(5.22) 587 0.0048 41
Acetonitrile 465(5.35) 599 0.0042 3
DMF 465(5.47) 595 0.0043 68
DMSO 464(4.80) 601 0.0072 97
Ethyl acetate  490(2.43) 583 00094 152
THF 494(4.65) 594 0.0137 166
Ethanol 491(6.39) 590 0.0154 99
BL2 Methanol 483(7.12) 595 0.0034 56
Acetonitrile 483(6.15) 606 0.0018 46
DMF 483(4.76) 605 0.0068 89
DMSO 479(5.92) 603 0.0126 137
Ethyl acetate  479(2.34) 596 0.0108 196
THF 480(2.75) 601 0.0184 231
Ethanol 491(2.79) 596 0.0127 119
BL3 Methanol 486(2.69) 598 0.0043 85
Acetonitrile 485(2.44) 606 0.0063 77
DMF 484(2.87) 603 0.0116 116
DMSO 483(2.57) 605 0.0059 179
@ Peak position of the longest absorption band.
> Maximum molar absorbance in 10* mol~'Lcm™".
€ Peak position of SPEF, exited at the absorption maximum.
d

Quantum yields determined by using Rh6G as standard.

Linear optical properties

The UV-vis absorption and one-photon fluorescence spectra of
the dyes in different solvents are shown in Figs. 2 and 3 and
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1S-3S, and the relevant photophysical properties of these dyes
are summarized in Table 1.

Linear absorption

As shown in Table 1, one can observe that absorption bands for
all dyes feature one intense absorption band between 460 nm and
490 nm with the corresponding molar extinction coefficient
(~50,000 M~ cm™ '), which originates from the © — ©* or intramo-
lecular charge transfer (ICT) transition. The bands exhibit slightly
blue shifted in high polar solvents such as acetonitrile and DMF
which is a feature of zwitterionic hemicyanine type dyes. This phe-
nomenon is attributed to a relatively high polar mesomeric form,
which is predominant in the ground state leading to a blue shift
of the absorption band [25].

As shown in Fig. 2, for BL1-BL3, with the lengthen of the alkyl
chain, the absorption bands exhibit slightly red shift in turn, this
phenomenon might attributed to the substitution of the n-butyl
(BL3) for methyl (BL1), ethyl (BL2) in phenylamine moiety which
possesses higher electron-donating ability. The results suggest that
increasing electron-releasing character of the terminal group leads
to a more pronounced donor-to-acceptor ICT [26].

One-photon excited fluorescence (OPEF)

One can observe from Table 1, the fluorescence emission peaks
for all dyes incline to red shift as the solvent polarity increase, indi-
cating that the dipole moment of them in the excited states are lar-
ger than that in the ground states, and an increase in the polarity of
the solvent will lower the energy level of the charge transfer ex-
cited states [27]. By comparison of the absorption spectral features
of BL1-BL3, the fluorescence emission bands for them display a
resemble regularity due to the electron-donating ability of the
phenylamine group.
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Fig. 4. Frontier molecular orbital diagrams for compounds BL1-BL3.
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Table 2
Excitation energy (E), corresponding wavelength (2), oscillator strength (f) and major contribution of BL1-BL3.
Compound E (eV) /. (nm) f Composition (C) Character
BL1 2.7520 450.52 1.230 149(H) > 152(L + 2)(0.67982) ICT
BL2 2.7064 465.56 1.2005 157(H-1) - 159(L)(0.64326) IcT
BL3 2.6710 47451 1.0078 173(H) — 175(L + 1)(0.54365) ICT

Meanwhile it can be found that the photophysical properties of
all dyes show low quantum yield (<10%). The behaviour is due to
certain nonradiative decay mechanisms that may arise as a result
of ‘twisted intramolecular charge geometry’ (TICT) [28]. From
Table 1 we can observe that the fluorescence lifetime of these dyes
is short, thereby supporting the assumption that because of the
nonradiative decay arised as a result of TICT enhancing the
quenching efficiency.

TD-DFT studies

TD-DFT computational studies were performed to elucidate the
electronic structures of the ground state of BL1-BL3. The sche-
matic representation of the molecular orbitals of them was exhib-
ited in Fig. 4, and Table 2 shows the energy and composition of ICT.
Fig. 4 shows the calculated frontier orbitals of BL1-BL3, the energy
band were all tentatively assigned to ICT. Therefore the initial DFT
and TD-DFT calculations provide reasonable explanations for their
absorption spectra.

In addition, as we known, the most widely used to evaluate the
dipole moment changes of the dyes with photoexcitation is the
Lippert-Mataga equation [29],

B 2Af 5
AV = rtgohcas (Me o) +b M
_ 2 _
Af = e—1 n‘—1 2)

2¢e+1 2m2+1

in which Av=v.,s — Vem stands for Stokes shift, v,,s and ver, are
absorption and emission (cm™!), h is the Planck’s constant, c is
the velocity of light in vacuum, a is the Onsager radius and b is a
constant. Af is the orientation polarizability, p. and pg are the di-
pole moments of the emissive and ground states, respectively and
&o is the permittivity of the vacuum. (g — ,ug)2 is proportional to
the slope of the Lippert-Mataga plot.

Plots of the Stokes shifts as a function of the solvent polarity
factor Af are shown in Fig. 5. Only the data involving the aprotic
solvents are shown because application of this analysis with
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Fig. 5. Lippert-Mataga plots for BL1-BL3.

solvents where specific solute-solvent interactions are present is
not appropriate. As shown in Fig. 5, the slope of the best-fit line
is related to the dipole moment change between the ground and
excited states (ue—pg). The slopes of all three lines are different:
8566, 5711, and 6714 cm™! for dye BL1, BL2, and BL3, respectively.
So the values of u.-pg were calculated as 11.5 D for dye BL1, 16.5 D
for dye BL2, and 18.6 D for dye BL3, respectively (Eq. (1)). The large
values of dye BL3 indicates that the molecule in the excited state
has an extremely polar structure, especially for dye BL3, corre-
sponding with their linear and nonlinear optical properties [30].

Two-photon excited fluorescence

As shown in Fig. 2, there is no linear absorption in the wave-
length range 680-1200 nm for all the compounds in DMSO, which
means that there are no energy levels corresponding to an electron
transition in this spectral range. If frequency up-converted fluores-
cence appears upon excitation with a tunable laser in this range, it
should be mainly attributed to TPEF. The spectra obtained by using
the optical excitation wavelength 960 nm are shown in Fig. 6. In all
the cases, the output intensity of two-photon excited fluorescence
was linearly dependent on the input laser, thereby confirming the
2PA process (shown in Fig. 7).

As shown in Fig. 6, it can be seen clearly that the two-photon
excited fluorescence intensity of BL1-BL3 present enhanced trend
in turn, which may due to the electron-donating ability of the ter-
minal group. The growth of the alkyl chain increases the electron
density of the bridge, favoring the ICT along the extended 7 bridge
from terminal donor to acceptor group.

TPA cross-sections

As shown in Fig. 8, two-photon absorption cross sections (§) of
BL1-BL3 were measured in the wide wavelength range from 840
to 1000 nm. The maximum values in DMSO are 242, 335 and 405
GM respectively (Table 3), which present enhanced trend in turn,
this may due to the electron-donating ability of the terminal group
as well. In addition, from these data, it can be observed that the

Two-photon excited fluorescence intensity

T
600

625 650
Wavelength (nm)

675 700 725

Fig. 6. The two-photon fluorescence spectra of BL1-BL3 in DMSO (c=1.0 x 103).
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Fig. 8. Two-photon absorption cross sections of BL1-BL3 in DMSO vs excitation
wavelengths of identical energy of 0.300 W.

Table 3

The largest TPA cross section of BL1-BL3 in DMSO vs. Excitation wavelength 960 nm.
Compound BL1 BL2 BL3
5/GM 242 335 405

dramatically larger two-photon absorption cross sections appear in
the narrow pathlength about 950-970 nm, which is corresponding

with our previous work [31], it may result from that there are
excited-states (S;-S,) distributing in a much narrow energy band
[32].

TPA coefficient § and ¥

Considering above, we singled out BL3 which possessed the
largest two-photon absorption cross sections (J), the coefficient B
and % of BL3 were measured by the Z-scan technique [33,34].
In the present experiments, a 1 x 10~ M solution of BL3 in DMSO
contained in a 1.0 mm path-length quartz cell for Z-scan measure-
ments was performed at 960 nm. The TPA coefficient § and %* cal-
culation method can be obtained according to literature methods
[35]. Fig. 9 shows the normalized transmittance plotted as a func-
tion of the sample position (z) measured by using open aperture
and closed aperture Z-scan technique at 960 nm. Table 4 shows
the third-order nonlinearity parameters of BL3. From these data,
it can be seen that BL3 exhibits a large nonlinear refractive index
coefficient and possesses very large values of the real part of the
cubic hyperpolarizability % at 960 nm. This behaviour should
establish the foundation for its device application [15(j)].

Conclusions

A series of D-m-A type two-photon absorption organic salts
(BL1, BL2, and BL3) based on pyridinium were synthesized. Linear
absorption, one/two-photon excited fluorescence behaviour and
the excited-state lifetimes have been systematically investigated.
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Fig. 9. Normalized open-aperture (left) and closed-aperture (right) Z-scan transmittance of BL3 in DMSO (0.001 M) at 960 nm.

Table 4

Open- and closed-aperture Z-scan measurement data for the third-order nonlinearity parameters of BL3.

n, Extrapolated to solute
(cm?/W)

Re (%)) extrapolated to

solute (esu) to solute

2PA coefficient o, (cm/GW) extrapolated Two-photon cross section

Im (%) extrapolated to

o (GM) solute (esu)

2.60 x 10710 1.44 x 10712 0.024

829.77 1.02 x 107"

The relationships between the structures and photophysical prop-
erties of them can be understood based on both the experimentally
and theoretically. In the experimental part: it was found that the
dyes showed solvent-polarity-dependent fluorescence in the
visible region. In addition, the dyes possess the largest 2PA cross
sections in the near infrared region (NIR) and display maximum
two-photon absorption cross sections within the narrow wave-
length range from 950 to 970 nm. Furthermore, the 2PA cross
section values present enhanced trend in turn with the lengthen
of the alkyl chain and BL3 exhibits a large nonlinear refractive
index coefficient and possesses very large values of the real part
of the cubic hyperpolarizability *) at 960 nm. In the theoretical
part: the initial DFT and TD-DFT calculations provide reasonable
explanations for their absorption spectra, meanwhile the calcula-
tion results of the Lippert—-Mataga equation are corresponding with
linear and nonlinear optical properties of the dyes. The results
reported in this paper provide a useful design and synthesis
strategy for the two-photon absorbing materials.
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