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Introduction

Large conjugated organic molecules have attracted lots of
academic interest in the field of electronics and photonics.’ In
this direction, fusing monomers with conjugated electronic
structures such as acene,> pentarylenebis(dicarboximide),®
porphyrin,* and polycyclic aromatic hydrocarbons® through
covalent bonds provides an efficient approach to access various
extended systems.>” In addition to the extension in the mono-
mer plane, expanding systems are also able to be realized along
the perpendicular direction to the monomer plane via w7
interactions. This has been clearly demonstrated by metal-
locene sandwich compounds, p-oxo bridged phthalocyanine
compounds and the sandwich-type tetrapyrrole metal
compounds.® The latter species were fabricated by the
complexation of large metal ion(s) with tetrapyrrole macro-
cycles, exhibiting effective inter-ring -7 interaction. The lack
of multiple-decker sandwich-type tetrapyrrole compounds with
more than three layer stacking structure leads to the rare
investigation over their expanding effect originated from
intramolecular -7 interactions. Recently, tetrakis-, pentakis-,
and hexakis(tetrapyrrole) rare earth-cadmium compounds with
quadruple-, quintuple-, and sextuple-decker molecular config-
uration just prepared by the smart use of divalent cadmium
ions.”

“Beijing Key Laboratory for Science and Application of Functional Molecular and
Crystalline Materials, Department of Chemistry, University of Science and
Technology Beijing, Beijing 100083, China. E-mail: jianzhuang@ustb.edu.cn

Key Laboratory of Photochemical Conversion and Optoelectronic Materials, Technical
Institute of Physics and Chemistry, Chinese Acadeny of Science, Beijing 100190, China
‘Department of Chemical Engineering and Biotechnology, National Taipei University of
Technology, Taipei 10608, Taiwan

+ Electronic supplementary information (ESI) available: 'H NMR spectrum of 4
and open aperture Z-scan results. See DOI: 10.1039/c9ra07847a

i These two authors contributed equally to this study.

This journal is © The Royal Society of Chemistry 2020

increasing the stacked tetrapyrrole number, significantly improving the nonlinear optical properties
including effective imaginary third order molecular hyperpolarizability and optical limiting threshold.

In the present case, it is a good opportunity to systematically
explore the -7 interaction-linked extension effect of sandwich-
type compounds. To this end, a series of sandwich compounds
{[(Pc*)Sm][(Pc*)Cd,(Pc*),|[Sm(Pc*)]} (n = 0-3) (3-6) have been
devised and prepared, Scheme 1. Comparative electrochemical
and theoretical studies clearly reveal the effective -7
interaction-induced electronic structure change in the expand-
ing system for 3-6 along with increasing the stacked tetrapyr-
role number in the direction perpendicular to phthalocyanine
chromophore, which in turn improves their nonlinear optical
properties as demonstrated by the nonlinear absorption coef-
ficient and optical limiting threshold.

Results and discussion

Synthesis of 3-6

Homometallic tris[2,3,9,10,16,17,23,24-octa(butyloxy)phthalocya-
ninato] samarium(m) triple-decker complex (Pc*)Sm(Pc*) Sm(Pc*)
(3) was isolated in a yield of 50% by monomeric phthalocyanine,
2,3,9,10,16,17,23,24-octa(butyloxy)phthalocyanine (Pc*), reacting
with samarium(u) ions in 1,2-4-trichlorobenzene (TCB), Fig. S1
(ESIt). For 4-6, these compounds were able to be generated form
the reaction between Sm(Pc*), and Cd(OAc), in TCB at 220 °C due
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Scheme 1 Schematic molecular structures of tris-to hexakis(ph-

thalocyaninato) metal complexes {[(Pc*)Sm][(Pc*)Cd,(Pc*),l[Sm(Pc*)]}
(n =0-3) (3-6).
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to the pyrolysis of double-decker compound into monomeric
phthalocyanine, leading to the complicated assembly between
monomeric compound, double-decker and divalent cadmium
ion, Fig. S2 (ESIf). In this process, some unstable species with
multiple-decker configuration with more than six-deck structure
was monitored, however, were too unable to be separated. For 5
and 6, they are known compound, and their synthesis, charac-
terization and purity were reported before.””

Electronic absorption spectra of 3-6

The electronic absorption spectra of 3-6 recorded in toluene are
shown in Fig. 1. For the triple-decker compound 3, the
absorption at 362 nm with a shoulder band at 338 nm is
assigned to the phthalocyanine Soret band, and a main band at
646 with two shoulder bands at 592 and 688 nm belongs to the
phthalocyanine Q bands. Increasing the number of stacking
phthalocyanine via a bridging divalent cadmium ion leads to
the slight red-shift of Soret band (354 nm) as well as a blue-shift
of main Q band (634 nm) in quadruple-decker species 4 in
comparison with that of 3. The similar molar absorbance
coefficients for corresponding bands between 3 and 4 indicate
that the addition of a phthalocyanine ligand and one divalent
cadmium ion gives a new expanding system. Further intro-
ducing phthalocyanine on the multiple-decker sandwich-type
complexes, the Soret and Q bands (346 and around 640 nm,
respectively) of 5 and 6 were significantly broadened, and their
molar absorbance coefficients were seriously reduced due
mostly to the twist angle difference originating from the
complicated inter-ring -7 interactions in these compounds.®”
In addition, these results indicate that all phthalocyanine
ligands in multiple-decker sandwich-type complexes are effec-
tively integrated into a molecular system.

Electrochemical behaviors of 3-6

The electrochemical behaviors of 3-6 were determined by cyclic
voltammetry in CH,Cl,. As detailed in Fig. S3 and Table S1
(ESIY), these compounds exhibits three/four ligand-associated
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Fig. 1 UV-vis spectra of 3—-6 with the concentration of 50 x
107% mol L™! in toluene.
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oxidation potentials together with two reduction potentials.
The first oxidation potential (corresponding to the HOMO
energy level) gradually decreases from 0.33 V for 3, 0.22 V for 4,
0.12 V for 5, to 0.06 V for 6, while the first reduction potential
(corresponding to the LUMO energy level) similarly diminishes
from —0.85 V for 3, —0.95 V for 4, —1.05 V for 5, to —1.09 V for 6,
revealing the increase of the respective HOMO and LUMO
along with the in the stacked
phthalocyanine-deck number. These results clearly disclose the
presence of the perpendicular extension within the sandwich-
type compounds in the direction to the tetrapyrrole plane
following the increased stacking number of phthalocyanine. As
a consequence, the HOMO-LUMO gap deduced from the
difference of the first oxidation and first reduction potentials
does not change significantly along with the increase of the
stacked phthalocyanine-deck number most probably associated
with the effective 7-7t interaction-induced extension effect,'*
which only very slightly decreases from 1.18 V for 3,1.17 V for 4,
1.17 V for 5, to 1.15 V for 6, Table S4 (ESIT). In addition, on the
basis of the plots of the first oxidation and first reduction
potentials versus the reciprocal of the conjugated stacked
phthalocyanine number N for the series of {[(Pc*)Sm][(Pc*)
Cd,(Pc*),]J[Sm(Pc*)]} (n = 0-3) (3-6), Fig. 2, the first oxidation
and reduction potentials (—0.20 and —1.34 V, respectively) of

energy level increase

the extended sandwich-type species with “infinite” stacked-deck
number were estimated from the intercept values of the fitting
plots.** The deduced HOMO-LUMO gap of 1.14 V indicates the
presence of saturation effect for HOMO-LUMO gap of 5.

Theoretical calculations

To further confirm the - interaction-induced extension effect
of 3-6 along with the increase of the phthalocyanine-deck
number, density functional theory (DFT) calculations were
carried out on the series of sandwich-type derivatives {[(Pc)
La(Pc)Cd,,(Pc),][La(Pc)]} (n = 0-2) (a-c) at the level of B3LYP/
LanL2DZ (ESIt).* The frontier orbital couplings of the intra-
molecular phthalocyanines and corresponding energy levels for
the series of sandwich-type complexes with triple-, quadruple-,
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Fig. 2 Plots of the first oxidation and reduction potentials [vs. SCE] as
a function of the reciprocal of the stacked phthalocyanine-deck
number for 3—6.
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and quintuple-decker molecular structure are shown in Fig. S4-
S7 (ESIT). As can be seen, the frontier coupling orbitals of these
multiple-decker compounds are originated from the HOMO/
LUMO(x)/LUMO(y) of the monomeric phthalocyanine rings
with doping very tiny metal component, leading to the delo-
calized configuration over the sandwich system for the multi(-
phthalocyaninato) metal triple-, quadruple-, and quintuple-
decker complexes.® According to the calculation, the HOMO
energy level increases from —4.94 eV for (Pc)La(Pc)La(Pc) (a),
—4.78 eV for (Pc)La(Pc)Cd(Pc)La(Pc) (b), —4.68 eV for (Pc)La(Pc)
Cd(Pc)Cd(Pc)La(Pc) (c), and the LUMO energy level similarly
raises from —3.34 eV for a, —3.30 eV for b, —3.27 eV for ¢,
resulting in a diminished HOMO-LUMO gap from 1.60 eV for a,
1.48 eV for b, to 1.39 eV for c. These results well explain
experimental findings about the decrease of HOMO-LUMO gap
from 3 to 5. Herein, it is worth noting that the trial for calcu-
lation over the sandwich-type hexakis(phthalocyaninato) lan-
thanum(m)-cadmium(u) sextuple-decker compound (Pc)La(Pc)
Cd(Pc)Cd(Pc)Cd(Pc)La(Pc) (Cq9pHosCdsLa,Nyg) were failed due
to the limited calculating ability for the present system con-
taining 341 atoms.

Nonlinear optical properties of 3-6

The third order nonlinear optical properties of the series of
sandwich-type complexes 3-6 in toluene were comparatively
studied by employing Z-scan technique with 532 nm Nd-YAG
laser as light source with 5 ns pulse width, and the results are
shown in Table 1. Concentration-dependent reverse saturation
absorption curves have been observed for the quintuple-decker
compound 5, as a representative of 3-6. The third order
molecular hyperpolarizability of 5 is increased following the
concentration from 1.0 x 107°, 2.0 x 107> to 1.2 X
10~* mol L' in toluene under an open-aperture configuration,
Fig. 3a. This is also true for the other three sandwich-type
complexes. The effective imaginary third order molecular
hyperpolarizability (Im{x’)}) as the nonlinear refractive
component of 3-6 was deduced by using the popular formula.*®
The plot of the (Im{x®*}) at the concentration of 1.2 x
10~* mol L ™" as a function of the stacked phthalocyanine-deck
number, N, in the multi(phthalocyaninato) samarium-
cadmium compounds {[(Pc*)Sm][(Pc*)Cd,(Pc*),|[Sm(Pc*)]} (n =
0-3) (3-6) clearly shows a linear relationship with the fitting
equation of Im{x®} = 9.37 x 107 "N + 1.16 x 10 '? where R =
0.999, Fig. 3b, revealing the effect of the m-m interaction-
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Fig. 3 (a) NLO absorptive property of 5 in toluene solution under an
open-aperture configuration. (b) Plot of (Im{x®}) for at the concen-
tration of 1.2 x 10~* mol L1 in toluene, as a function of the stacked
phthalocyanine-deck number, N, in {[(Pc*)Sm][(Pc*)Cd,(Pc*),]
[Sm(Pc*)]} (n = 0-3) (3-6).

optical properties of the series of sandwich-type complexes.
This result is in line with that revealed for the one-dimensional
covalently-linked extended systems with coplanar structure.**

Optical limiting properties of 3-6

For the purpose of further confirming the effect of the m-m
interaction-induced expansion on the nonlinear optical prop-
erties of the sandwich-type complexes, the optical limiting (OL)
properties of 3-6 in toluene with the initial transmittance of 0.7
at 532 nm have also been systematically probed with In(Pc*)Cl
as reference. Similar to the reference compound, the whole
series of sandwich-type compounds {[(Pc*)Sm][(Pc*)Cd,,(Pc*),]
[Sm(Pc*)]} (n = 0-3) (3-6) exhibit characteristic transmittance
profile of OL materials with the linear transmittance at 0.7
before ca. 100 mJ cm 2 laser input fluence, Fig. 4, which
however gets decreased along with the further increase of the
input fluence. The OL threshold, denoted as the incident energy
at which the transmittance is half of the initial linear trans-
mittance,'* was revealed to be ca. 0.40, 0.32, 0.28, and 0.37 m]
cm 2 for 3-6, respectively. The OL threshold of the sandwich-
type compounds gets decrease along with the increase in the
phthalocyanine-deck number in the order from 3, 4, to 5 due to
the fast-cooling and recombination in photo-induced electron-
hole gas mechanism.* The slightly weaker OL performance of
sextuple-decker 6 relative to that of the quintuple-decker 5 is not
clear at this stage but most probably associated with the factors
including concentration difference, twist angle, and odd-even
difference in the stacked phthalocyanine deck number of the
sandwich-type complexes. However, it is worth noting that the

induced expansion in the perpendicular direction of the OL threshold for the series of sandwich-type multi(-
phthalocyanine chromophore on the third order nonlinear phthalocyaninato) metal complexes, in particular the
Table 1 The effective imaginary third order molecular hyperpolarizability (Im{x®}) data for the series of sandwich-type complexes 3-6
(am{x®})/esu

Concentration 3 4 5 6

1.0 x 10> mol L™" 5.31 x 10" 5.39 x 107'* 5.84 x 10" 5.98 x 107 *?
2.0 x 10> mol L™* 5.76 x 10 ' 5.86 x 10" 6.88 x 10 ' 1.04 x 10"
1.2 x 10 * mol L™" 1.29 x 107" 1.41 x 107" 1.61 x 10" 1.91 x 107"

This journal is © The Royal Society of Chemistry 2020
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Fig.4 OL properties of 3—6 in toluene with the initial transmittance (7)
of 0.7.

quintuple-decker 5 is comparable with that for the excellent
optical material In(Pc*)Cl, 0.27 mJ cm ™2, obtained under the
same experimental condition, clearly revealing the potential of
these multi(phthalocyaninato) metal sandwich-type complexes
as effective OL materials along with increasing the stacked
phthalocyanine-deck number.

Experimental

Note: All the reagents and solvents were used as received. The
compounds H,Pc* was prepared according to the published
procedure.>™”

Physical measurement

"H NMR spectra were recorded on a Bruker DPX 400 spec-
trometer in CDCl;. Spectrum was referenced internally using
the residual solvent resonances (6 = 7.26 for "H NMR). Elec-
tronic absorption spectra were recorded on a Hitachi U-4100
spectrophotometer. MALDI-TOF mass spectra were taken on
a Bruker BIFLEX III ultra high resolution Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer with alpha-
cyano-4-hydroxycinnamic acid as matrix. Elemental analysis
was performed on an Elementar Vario El III. The open aperture
Z-scan measurements and optical limiting property were
carried out using a nanosecond laser at 532 nm.

Synthesis of Sm[Pc*],

A mixture of 4,5-dibutoxyphthalonitrile (300 mg, 0.28 mmol),
Sm(acac);-xH,O (80 mg), n-pentanol (5 mL), and DBU (50 uL)
was heated at 150 °C under nitrogen for 8 h. After being cooled
to room temperature, the organic solvent was removed under
reduced pressure. The residue was subjected to chromatog-
raphy on a silica-gel column using CHCl; as eluent. Following
the green fraction containing H,Pc*, dark green band contain-
ing double-decker Sm[Pc*], was obtained. The crude product
was purified by repeated chromatography followed by recrys-
tallization from CHCI;/MeOH in a yield of 15%. Due to the
sample containing two kinds of oxidation states, the NMR
spectrum was not collected.
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Synthesis of [(Pc*)Sm(Pc*)Sm(Pc*)] (3)

A mixture of metalfree 2,3,9,10,16,17,23,24-octa(butyloxy)
phthalocyanine (30 mg, 0.028 mmol) and Sm(acac);-xH,O (12
mg) in dry 1,2-4-trichlorobenzene (TCB) (2 mL) was heated to
reflux under nitrogen for 5.0 h. After being cooled to room
temperature, the volatiles were removed under reduced pres-
sure. The residue was chromatographed on a silica gel column
using CHCI; as the eluent to give a green band firstly, which
contained the unreacted H,Pc* and double-decker compound
Sm(Pc*),. Further elution with CHCIl;/CH;OH (95:5) gave
a blue band containing the triple-decker complex 3. Further
repeated biobead column chromatography followed by recrys-
tallization from chloroform and methanol gave the pure target
heterometallic tetrakis[2,3,9,10,16,17,23,24-octa(butyloxy)
phthalocyaninato] samarium complex in the yield of 50%.
6 7.37 (s, 16H, H* for outer Pc*), 6.53 (s, 8H, H* for center Pc*),
4.27 (m, 16H, -OCH,- for center Pc*), 4.10 (m, 6.3 Hz, 32H,
—-OCH,- for outer Pc*), 2.08 (m, 16H, ~-OCH,CH,- for center
Pc*), 1.95 (m, 32H, ~-OCH,CH,- for center Pc*), 1.80 (m, 16H,
-O(CH,),CH,- for center Pc*), 1.63 (m, 32H, -O(CH,),CH,- for
outer Pc*), 1.22 (t, 24H, -O(CH,);CHj; for center Pc*), 1.09 (t,
48H, —-O(CH,);CHj; for outer Pc*). MALDI-TOF MS: an isotopic
cluster peaking at mj/z 3568.90, caled for Cy3,H;14Ny,, [M]
3568.83. Anal. calcd for Ci9,H,40N»40,,Sm,%: C 64.62; H
6.78; N 9.42. Found: C 64.12; H 6.42; N 9.68. A,.x N (log ¢) in
toluene: 338(5.18), 362(5.28), 592(4.49), 646(5.57) and 688(4.61).

Synthesis of [(Pc*)Sm(Pc*)Cd(Pc*)Sm(Pc*)] (4)

A mixture of Cd(OAc),-2H,0 (5.3 mg, 0.02 mmol) and neutral bis
[2,3,9,10,16,17,23,24-octa(butyloxy)phthalocyaninato] ~ samrium
double-decker compound Sm(Pc*), (0.04 mmol) in dry TCB (3 mL)
was heated to reflux under nitrogen for 2.0 h. After being cooled to
room temperature, the volatiles were removed under reduced
pressure. The residue was chromatographed on a silica gel column
using CHCI; as the eluent to give a green band, which contained
the unreacted Sm(Pc*),. Further elution with CHCl;/CH;O0H
(95 : 5) gave a blue band containing the quadruple-decker complex
{[(Pc*)Sm][(Pc*)Cd(Pc*),[Sm(Pc*)]} (4). Further repeated biobead
column chromatography followed by recrystallization from chlo-
roform and methanol gave the pure target heterometallic tetrakis
[2,3,9,10,16,17,23,24-octa(butyloxy)phthalocyaninato] samarium-
cadmium quadruple-decker complex 4 in the yield of 26%. Some
species including 5, 6, and other unknown multiple-deckers will
also be generated due to the pyrolysis of double-decker compound
Sm(Pc*),. 5 and 6 were separated by using biobead column
chromatography and the recrystallization from chloroform and
methanol with the yield of 10 and 6%, respectively. '"H NMR
(CDCl3, 400 MHz): 6 7.13 (s, 16H, H* for outer Pc*), 6.82 (s, 16H, H*
for center Pc*), 4.22-3.98 (m, 64H, -OCH,- for center and outer
Pc*), 2.17 (m, 32H, -OCH,CH,- for center Pc¥*), 1.92 (m, 64H,
—-OCH,CH,- for outer Pc* and -O(CH,),CH,- for center Pc*), 1.61
(m, 32H, -O(CH,),CH,- for outer Pc*), 1.31 (t, 48H, ~O(CH,),CH,
for center Pc*), 1.07 (t, 48H, -O(CH,);CHj for outer Pc*). MALDI-
TOF MS: an isotopic cluster peaking at m/z 4770.68, caled for
Ci32H114N15, [M]" 4770.61. Anal. caled for CyseH320CdN;,05,Sm,-
-CHCl,: C 63.12; H 6.61; N 9.16. Found: C 63.35; H 6.90; N 9.18.

This journal is © The Royal Society of Chemistry 2020
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Amax N (log €) in toluene: 354(5.46), 580(4.59), 634(5.57) and
702(4.74).

Synthesis of [(Pc*)Sm(Pc*)Cd(Pc*)Cd(Pc*)Sm(Pc*)] (5) and
[(Pc*)Sm(Pc*)Cd(Pc*)Cd(Pc*)Cd(Pc*)Sm(Pc*)] (6)

These two compounds were prepared according to the pub-
lished procedures.”” For 5, Amax nNm (loge) in toluene:
346(5.42) and 642(5.24). For 6, Apn.x nm (log¢) in toluene:
346(5.32) and 640(5.12).

Computational details

Density functional theory (DFT) of hybrid B3LYP functional
with Becke exchange®® and Lee-Yang-Parr correlation® has
been employed to calculate the molecular orbitals of a series of
multi-deckers. In all cases, the LanL2DZ basis set, which applies
Dunning-Huzinaga full double-£ (D95) basis functions on first-
row elements and Los Alamos effective core potentials plus DZ
functions on all other atoms, was used.*®¢ For the reason of
time efficiency, Sm(i) ion was replaced by La(m) ion, meanwhile
the substitute groups were also deleted in the sandwich-type
stacked tetrapyrrole metal complexes 3-5. All the calculations
were carried out using the Gaussian 03 program.**

Conclusions

In a summary, perpendicular ©-m interaction-induced exten-
sion within a series of sandwich-type tetrapyrrole complexes
have been clearly confirmed by electrochemical and theoretical
investigations. Such effective extension plays an important role
in the improvement of their nonlinear optical properties. These
results not only introduce unique m-m interaction-induced
extension effect in influencing the electronic structures of
sandwich-type tetrapyrrole compounds, but also evidence such
extension effect on the molecular functions, which will be
helpful for the design, of novel m-m interaction-involving
compounds/materials towards the practical applications.
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