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We have synthesized a series of tetrakis(ethynyl)pyrenes functionalized with N,N-dimethyaniline and 1-
(trifluoromethyl)benzene as a peripheral electron-donor and electron-acceptor moiety, respectively. In
solvatochromic studies, compounds with one peripheral donor and three peripheral acceptors (2), with
two donors and two acceptors (3 and 4), with three donors and one acceptor (5) show enhanced charge
transfer compared with tetra-donor (6) and tetra-acceptor (1) compounds. The redox peak reversibility
depends on the number of peripheral donors and acceptors appended to tetrakis(ethynyl)pyrenes as well
as on their substitution pattern as revealed by cyclic voltammetric studies. The photophysical and
electrochemical properties of compounds 1e5 have been compared with compound (6) reported re-
cently by J.-W. Oh et al. [Angew. Chem., Int. Ed. 2009, 48, 2522e2524]. The density functional theory (DFT)
based calculations such as spin density distribution (SDD) of cation/anion radicals, electrostatic potential
(ESP) density distribution, non-adiabatic reduction potentials (NRP) for cation radicals, and vertical
detachment energy (VDE) for anion radicals supported the experimental observations. The differences in
oxidation peak reversibility for different substitution pattern have been rationalized by calculated static
first hyperpolarizability (b). Our observations would be helpful in designing new ECL-active materials,
where ECL (electrogenerated chemiluminescence) efficiency can be improved through improving radical
stability.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Pyrene is a polycyclic aromatic hydrocarbon (PAH).1 Pyrene-
based organic materials have been used for many purposes, espe-
cially formolecular electronic devices such as organic light emitting
diodes (OLEDs),2 electronic skin, etc. The fluorescence properties of
pyrene have made its derivatives suitable to be used as biological
probes for the investigation of structural properties of proteins and
peptides,3 DNA recognition,4 surfactant micelles and vesicles
properties.5 Both photophysical and electronic properties of pyr-
enes have been exploited in optoelectronic devices such as organic
photovoltaic cells (OPV),6 organic field-effect transistors (OFETs),7

organic lasers, solar cells, etc. More recently, authors have used
the cruciform-type8 structure of alkynylpyrene with peripheral
multidonors substitution to prepare very efficient electrogenerated
chemiluminescence (ECL) materials.9a The key of these versatile
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applications of pyrene derivatives is based on the way of multifold
tuning of structureeproperty relationships. Subtle changes in
structure can greatly alter not only the physical properties like
solubility and stability in ambient air, but also the optical and
electronic properties such as energy gap, electron affinity and
electron transfer efficiency; even stability of cation or anion pro-
duced after electron donation or acceptance depends on structural
changes at the molecular level.10 The electrochemically generated
cation and anion radical stabilities at the vicinity of electrode are
very important criteria for showing ECL, which is a light emission
from the excited-state molecules during electrochemical reac-
tions.9e11 There are very few examples9a,10 of improving radical
stability for improving ECL efficiency. Bard et al.10a have improved
the stability of oxidized fluorene compound for ECL by modifying
the fluorene ring to 9,90-spirobifluorene derivatives. Although
pyrene derivatives are well known for their poor ECL properties
because of the instability of cations produced electrochemically, we
observed, in our previous work,9a that ECL efficiencies of the pyrene
derivatives increase proportionally with the number of peripheral
donors, which correspond to their improved cation radical stability.
There is no report of using peripheral acceptors appended to
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Scheme 2. Synthesis of 2e5. Reagents and conditions: (a) PdCl2(PPh3)2, CuI, PPh3,
Et3N, toluene, 100 �C, 2 h.

Y.O. Lee et al. / Tetrahedron 68 (2012) 1704e1711 1705
alkynylpyrene unit for investigating cation or/and anion radical
stability for ECL.

In this present work, we have prepared a series of alkynylpyrene
derivatives (Scheme 1), where pyrene acts as central acceptor
moiety,9 N,N-dimethylaniline and 1-(trifluoromethyl)benzene act,
respectively, as peripheral donor and peripheral acceptor moieties.
An ethynyl group acts as a bridge between central acceptor and
peripheral donor (D-p-cA, cA¼central acceptor) and between
central acceptor and peripheral acceptor (cA-p-A) as well. The
reason of using peripheral acceptor is that it may communicate
with peripheral donor through central acceptor, which can extend
the electronic conjugation for intramolecular charge transfer
(ICT).10b,11a,12 We have varied the number of peripheral donor and
acceptor groups appended to alkynylpyrene unit keeping the total
number of peripheral donor and acceptor groups fixed, as to
monitor the electrochemically produced radical stability. Keeping
this in mind, we have also changed the substitution pattern of the
peripheral donor and acceptor groups where the number of pe-
ripheral acceptors (or donors) is same. While the reported cruci-
form systems contain either peripheral donor or acceptor arms9a,b

only, the present systems contain both peripheral donor and ac-
ceptor arms. We then studied photophysical and electrochemical
properties of the synthesized compounds and compared themwith
a standard compound of similar kind, which is already reported in
the literature.9a Finally, we have explained the observed cationic
and/or anionic radical stability at the molecular level by density
functional theory (DFT) based theoretical calculations.
Fig. 1. Steady-state absorption and fluorescence spectra of 2e6 in various solvents.
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Scheme 1. Schematic molecular structures of 1e6.
2. Results and discussion

The synthetic route for preparation of a series of 2e5 is depicted
in Scheme 2. Compounds 1 and 6 were prepared by adaptation of
procedures reported earlier.13 Sonogashira cross-coupling of
1,3,6,8-tetrabromopyrene with 4-ethynyl-N,N-dimethylaniline
gave a mixture of 7e10, which were able to be isolated as pure
compounds by silica mediated column chromatography.
Compounds 2e5 were obtained by Sonogashira coupling of 7e10
with 4-ethynyl-benzotrifluoride.
We investigated the optical properties of 1e6, and their selected
spectroscopic data are shown in Fig. 1 and summarized in Table 1.
The absorption of 1 peaked at 467 nm; however, this is bath-
ochromically shifted by 34e42 nmwhen any electronwithdrawing
group (eCF3) is replaced by an electron donating group (eNMe2) in
2, implying that the HOMOeLUMO gap in the molecule is de-
creased due to the increased conjugation length from the periph-
eral donor (N,N-dimethyl aniline) to the peripheral acceptor (1-
(trifluoromethyl)benzene) moiety. It is noted that replacement of
two or more acceptor groups in 1with donor groups does not make
a considerable change to the absorption peak position relative to
that of 2. Compounds 3 and 4 having same number of donor and
acceptor groups did not show significant differences in peak posi-
tion of the lowest-energy absorption band. In comparison to the
absorption spectra, emission spectra show some significant spec-
tral shifts depending on the number of acceptor and donormoieties
in the tetrakis(ethynyl)pyrenes. This may be related to the excited-
state dipole moment of the molecule as well as the solvent polarity.
Among 1e6, compound 2 shows the largest Stokes shift (steady
state) in dichloromethane, and 1 shows the smallest. If the Stokes
shifts for 1e6 are measured in same solvent (meaning that the
solvent polarization function in the LipperteMataga equation14

would be the same for 1e6), according to the LipperteMataga re-
lation, experimentally observed Stokes shift order:
2>3z4>5>6>1 should follow the differences between ground-
and excited-state dipole moments (Dm) for the six compounds. The
value of Dm, in a D-p-cA-p-A system depends on how intra-
molecular charge transfer (ICT)10b,12 occurs from peripheral donor
to peripheral acceptor units.



Table 1
Parameters obtained from optical studies for 1e6

Compd lmax
abs [nm]a lmax

em. [nm] Stokes shift [cm�1] Fb

1 467 491 1047 0.98
2 501 627 4011 0.43
3 506 608 3315 0.42
4 509 605 3117 0.45
5 506 576 2401 0.65
6 508 562 1891 0.60

a Recorded at the lowest-energy wavelengths.
b Using Rhodamine 6G in CH2Cl2. Ff¼0.95 in EtOH. The photophysical data were

obtained in CH2Cl2.

Table 2
Parameters obtained from electrochemical, optical and theoretical studies for 1e6

Compd Epc [V] Epa [V] DEgap
elec

[eV]a
DEgap

opt

[eV]b
DEgap

calcd

[eV]c
HOMO
(eV) (calcd)

LUMO
(eV) (calcd)

1 d d d 2.65 2.50 �5.44 �2.94
2 �1.81 0.28 2.09 2.47 2.32 �4.97 �2.66
3 �1.79 0.32 2.11 2.45 2.23 �4.65 �2.42
4 �1.76 0.24 2.10 2.43 2.28 �4.67 �2.38
5 �1.90 0.13 2.03 2.45 2.32 �4.42 �2.10
6 �1.95 0.12 2.07 2.44 2.37 �4.18 �1.80

a Electrochemical band gap calculated from the difference between the two redox
peak potentials.

b HOMOeLUMO gap calculated from the lowest-energy UVevisible absorption
band maximum in CH2Cl2.

c HOMOeLUMO gap calculated by DFT method at B3LYP/6-31G(d) level of theory.
The photophysical and electrochemical data were obtained in CH2Cl2.
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From this viewpoint, we may predict that 2, with one periph-
eral donor and three peripheral acceptor arms, is the best com-
pound with the most ICT. Compound 5 with three peripheral
donors and one peripheral acceptor has weaker ICT than 2. Given
the two or three peripheral donor moieties in a molecule, the
effect of electronic delocalization due to cross-conjugation be-
tween the peripheral donor moieties is expected to be significant.
This may be a reason for the weaker ICT in 5 in comparison with 2.
Another possibility can also be discussed in this regard. N,N-Di-
methyl aniline unit is known as a stronger electron-donor while 1-
(trifluoromethyl)benzene unit is known as an weaker acceptor.
Therefore, adding more than one peripheral donor has little fur-
ther effect in 5, whereas in 2, three weaker acceptors plus the
pyrene system (which is also a weaker acceptor) translates into
a relatively strong acceptor, that is coupled to a strong NMe2 do-
nor. Another notable finding is that the ICT in 6 (D-p-cA system) is
stronger than in 1 (A-p-cA system). The quantum yields for fluo-
rescence, measured relative to Rhodamine 6G in ethanol as
a standard,15 were also determined for 1e6 in CH2Cl2 solution and
given in Table 1. All the compounds have high quantum yields,
which is a requirement for the compounds to be used as ECL-
active materials.

The electrochemical behaviours of 2e6 were investigated by
cyclic voltammetry (CV) with Bu4NPF6 in CH2Cl2 (0.1 M) on a Pt
electrode as summarized in Fig. 2 and Table 2. Oxidation peaks of
2e6, which may originate from the removal of one electron from
the amino segment in peripheral donor groups, appear at
0.12e0.32 V. Easier oxidations are observed with increasing
number of peripheral donor groups appended to the tetrakis(e-
thynyl)pyrenes. In comparison with 2 (one peripheral donor
group), oxidation peak of 6 (four peripheral donor groups) is
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Fig. 2. Cyclic voltammograms of 2e6 (0.5 mM) for a Pt electrode with Bu4NPF6 in
CH2Cl2 (0.1 M). Scan rate¼100 mV s�1.
cathodically shifted by w200 mV. In addition, the reversibility of
the oxidation peak increases with the number of peripheral donor
groups, indicating enhanced cation radical stability. Despite the
fact that 3 and 4 have same number of donor and acceptor groups,
they have different oxidation peak positions and reversibility,
implying, respectively, different ease of oxidation and different
cation radical stability (3 and 4 exhibit oxidation peaks, re-
spectively, at 0.32 and 0.24 V; 4 exhibits better reversibility).
Compounds 2e5 displayed reversible reduction peaks located
at �1.76 to �1.95 V. The reduction potential follows an opposite
trend to the potential, in which the more difficult reductions are
observed with increasing number of donor groups (2/6). In ad-
dition, reversibility of the reduction peaks diminished with in-
creasing donor groups. This means that anion radical stability
decreases with increasing number of donor groups (2/6). In
other words, anion radical stability increases with increasing
number of acceptor groups (6/2). However, compounds (2e4)
having one or two donor groups (conversely with three or two
acceptor groups, respectively) do not exhibit much change both in
reversibility and reduction potential. From the perspective of both
cation and anion radical stability, 4 and 5 are better candidates
than the others (even than 6),9a which may make them eligible for
ECL applications.

To get insight into radical stabilities at the molecular level,
computational studies were performed on compounds 1e6 by
using density functional theory (DFT) at B3LYP/6-31G(d) level of
theory in a suite of Gaussian 09 W programs.16 The HOMO
(highest occupied molecular orbital) energy level raises on going
from 1 to 6 (Table 2). This is consistent with literature reports for
D-p-A system, where HOMO energy level raised upon in-
troduction of donor groups.10b Interestingly, LUMO (lowest un-
occupied molecular orbital) energy level also follows the same
trend (Table 2). The HOMOeLUMO gaps calculated from compu-
tational studies, electrochemical measurements (the difference
between the oxidation and reduction potentials) and lowest-
energy absorption band maxima are listed in Table 2. The calcu-
lated band gaps from DFT and UVevisible spectral bands are in
good agreement, displaying almost same energy gaps for com-
pounds 2e5. The little differences in band gaps from DFT and
UVevisible spectral bands are associated with the interactive
mediums, where solvent contributions on the band gaps have
been neglected in theoretical calculations. The band gaps ob-
tained from electrochemical measurements are relatively smaller
than the values obtained from DFT and UVevisible spectral
bands.17 However, the electrochemically measured band gaps for
2e6 are, on an average, same and within experimental error limit
(�5%). For 2e6, the HOMO is localized in the peripheral donor
arms with some degree of orbital coefficient on pyrene core,
whereas LUMO is located mainly on peripheral acceptor arms
with some degree of orbital coefficient on pyrene core (Fig. S1).
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Therefore, it is expected that probable intramolecular charge
transfer (ICT) occurs from peripheral donor arms to peripheral
acceptor arms through pyrene core (D-p-cA-p-A). We have the-
oretically studied spin density distribution in radical cations/an-
ions of 1e6 to understand the radical stability at the molecular
level. We have considered the net spin, which leads to a differ-
ence between the electron densities for the spin up (alpha) and
spin down (beta) states. Fig. 3 gives the spin density isosurfaces of
singly occupied molecular orbitals (SOMO) of cations and anions
for compounds 1e6. In the case of cation radicals SOMOs corre-
spond to their HOMOs (Fig. S1, Supplementary data). As shown in
Fig. 3, the net spin density in the SOMOs of 2e5 resides on the
pyrene core as well as on the donor arms and the density de-
localization18 occurs with increasing number of donor groups
(2/6). This overall electron spin density delocalization in the
SOMO surfaces supports the enhanced cation radical stability in
going from 2 to 6, because electron-deficient cation radical pro-
duced after oxidation needs immediate electron density to be
thermodynamically stable and that can be supplied from other
electron-rich peripheral donor arms. It can also be supported
form calculated electrostatic potential (ESP) density distribution.
The electrostatic potential density surfaces of the neutral mole-
cule (centre), cation (left), anion (right) of compound 2 have been
shown in Fig. 4. In Fig. 4, it is evident that positive charge (blue) of
cation radicals resides mostly on donor arms along with pyrene
core, whereas negative charge (red) of anion radicals resides
mostly on acceptor arms along with pyrene core, implying that
positive charge distribution in cation radicals depends on number
of donor arms and negative charge distribution in anion radicals
depends on number of acceptor arms. It is interesting to notice
that although 3 and 4 have same number of donor groups, the
cation radical produced from 3 is not so stable (i.e., the oxidation
peak is not reversible, Fig. 2) whereas the cation radical produced
from 4 is very stable. In the case of anion radicals SOMOs corre-
spond to their LUMOs (Fig. S1, Supplementary data). The spin
density of anion is located basically on the pyrene core and in
acceptor arms. The pyrene core in 1e6 is known as electron-
deficient moiety.1,9a Therefore, the pyrene core together with
acceptor arms functionalized with electron withdrawing groups
(eCF3) will delocalize the excess electron density in the molecule
after it is being reduced. Consequently, the anion radical stability
increases with increasing number of acceptor groups (6/2). The
anion radical produced after reduction in 6 is the least stable
among 2e6 because there are no acceptor arms attached to pyr-
ene core. The calculated non-adiabatic reduction (cati-
on/neutral) potential (NRP)9a for the cation radicals of 1e6 are,
respectively, �6.31, �5.83, �5.46, �5.45, �5.17, and �4.90 eV,
which indicates that compounds with less number of peripheral
donor groups (1e4) are more stable upon addition of one electron
than the compounds with more number of peripheral donor
groups (5 and 6). Conversely, cation radicals with more number of
peripheral donor groups (5 and 6) are more stable than that with
less number of peripheral donor groups (1e4), which are con-
sistent with the analysis based on photophysical and electro-
chemical measurements. It is noted that cation radicals of 3 and 4
(with same number of peripheral donor groups), according to the
calculated non-adiabatic reduction potential, have little difference
in their stability. However, in cyclic voltammograms (Fig. 2), 3 and
4 have distinct differences in oxidation peak reversibility. On the
other hand, the calculated vertical detachment energy (VDE)9a

(anion/neutral) of anion radicals 1e6 are, respectively, 2.11,
1.84, 1.58, 1.58, 1.31, and 1.02 eV, which implies that anion radical
stability increases on going from 6 to 1, which are also consistent
with our experimental observations.

To understand the differences between 3 and 4 in oxidation, we
have calculated the molecular static first hyperpolarizability (b),19
which can help to understand the geometry or electronic de-
formation of the molecules under external electronic perturbation.
The details of static first hyperpolarizability tensor components for
3 and 4 are listed in Table S1 (Supplementary data). We could not
check the experimental b values, as we did not get any single crystal
for those compounds. However, we would find here the qualitative
understanding about the cation radical stabilities of 3 and 4 from
the calculated b values. The calculated total static first hyper-
polarizability (b) of 3 is w56,515�10�30 esu, which is w974-fold
larger than that of 4 (58�10�30 esu). The non-centrosymmetric
geometry of 3 may be responsible for such large b value20 in 3.
The large b in 3 suggests that electron density from the electron-
rich region (NMe2-funtionalized arms) can be highly deformed
towards electron-deficient region (eCF3 functionalized arms),
which may reduce the stability of cation radicals produced elec-
trochemically during oxidation process. This may be a possible
reason for the less stability of cation radical of 3 compared to 4. It is
noteworthy that the hyperpolarizability effect becomes less sig-
nificant in the present target molecules when the number of pe-
ripheral donor groups increases (or the number of peripheral
acceptor groups decreases). On the contrary, we observed very little
differences between 3 and 4 in the reduction region of the cyclic
voltammograms. The reduction peaks for both the compounds are
reversible. The peaks occur at almost same position,w�1.78 V. The
reasons may be the presence of central acceptor unit (pyrene
moiety) along with the two peripheral acceptor groups in both the
compounds, where central acceptor unit and two peripheral ac-
ceptor groups simultaneously can participate to stabilize the anion
radicals, dominating over the effects of different substitution pat-
tern of the acceptor groups in tetrakis(ethynyl)pyrenes.

3. Conclusions

Wehave synthesized a series of donor-pyrene-acceptor (1e5) by
varying the substitution pattern and the number of functional
groups in tetrakis(ethynyl)pyrenes, and performed their photo-
physical, electrochemical and computational studies. The redox
potentials and radical stability of 2e5 have been compared with
a standard ECL-active material of the similar kind (compound 6 in
the present article) reported in Ref. 9a. From electrochemical re-
versibility, it is observed that cation radical stability enhances with
the number of peripheral donor groups and anion radical stability
enhances with the number of peripheral acceptor groups appended
to tetrakis(ethynyl)pyrenes, while the total number of peripheral
donor and acceptor groups is fixed (here the total number is 4).
These experimental observations are also supported by theoretical
calculations based on density functional theory (DFT). The net spin
density is mainly located in peripheral donor arms along with
pyrene core in case of cation radical, whereas it is located in pe-
ripheral acceptor arms along with pyrene core in case of anion
radical, which implies that cation and anion radical stability at the
molecular level depends, respectively, on number of peripheral
donor and acceptor arms. The predicted radical stability at the
molecular level from calculated non-adiabatic reduction potential
(NRP) and vertical detachment energy (VDE), respectively, for cat-
ions and anions of 1e6 are also consistent with the experimental
observations. In addition, differences in stability of cation radicals
in oxidation process for the different substitution pattern (3 and 4)
have been rationalized with the calculated static first hyper-
polarizability (b). Therefore, we may conclude that electrochemical
properties of thematerials can be controlled by varying the number
of functional groups, characteristics of functional groups (electron
withdrawing or donating) and substitution patterns, which, in turn,
may control the ECL efficiency of the materials. Studies of the ECL
properties for these compounds would be interesting as 4 and 5
have a possibility of being stronger ECL materials compared to 6.



Fig. 3. The spin density isosurfaces (at a value of 0.0004 a.u.) of singly occupied molecular orbitals (SOMO) of cation and anion radicals for compounds 1e6. Blue and green areas
refer to regions of positive and negative spin density, respectively.
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Fig. 4. The calculated electrostatic potential (ESP) density of 2 (middle), after removing
one electron from 2 (left), and after adding one electron to 2 (right). The more blue and
more red, respectively, indicate more positive and more negative electrostatic poten-
tials. Isovalue of the isosurfaces is 0.0004 a.u.
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4. Experimental section

4.1. Spectroscopic measurements

Absorption spectra were recorded on a Hewlett-Packard 8453
diode array spectrophotometer with 20 M solution of 1e6 in CH2Cl2
and photoluminescence spectrawere obtained with Hitachi F-7000
fluorescence spectrometer with a 1 cm standard quartz cell using
3 M solution conditions in various solvents, respectively. The fluo-
rescence quantum yields were determined by using Rhodamine 6G
as the reference by the literature method.15

4.2. Electrochemistry measurements

Cyclic voltammetry (CV) was carried out using an electro-
chemical analyzer (CH Instruments 624C); 1 Hz stepwise poten-
tials were generated for 20 s using a CHI 624C. Electrochemical
experiments were referenced with respect to the Ag/AgCl refer-
ence electrode. All potentials were measured by the addition of
ferrocene as an internal standard, where Eo(Fcþ/Fc)¼70 mV ver-
sus Ag/AgCl. A platinum disk (2 mm diameter) working electrode
was polished on a felt with 0.05 mM alumina (Buehler), rinsed
with water and sonicated in absolute ethanol for 5 min. Then
it was dried with Ar gas flow before each experiment. Dichloro-
methane solutions for CV measurement contained 0.5 mM tetra-
kis(ethynyl)pyrenes, respectively, and 0.1 M TBAPF6 as an
electrolyte.

4.3. Computational details

The geometries of compounds 1e6 and the geometries of their
corresponding cation/anion radical species were optimized at
B3LYP/6-31G(d) level of theory. The frontier molecular orbital en-
ergy and orbital surfaces, spin density distribution (SDD) surfaces,
electrostatic potential (ESP) density surfaces, non-adiabatic re-
duction potential (NRP), vertical electron detachment energy (VDE)
and static first hyperpolarizability (b) were also calculated at the
same level of theory using optimized geometries. The non-
adiabatic reduction potential (NRP) for cation radicals and vertical
electron detachment energy (VDE) for anion radicals were calcu-
lated by using the following relation.9a

NRP for cation radical ¼ EcðneutralÞ � EcðcationÞ (1)

VDE for anion radical ¼ EaðneutralÞ � EaðanionÞ (2)

where, Ec (cation) and Ea (anion) are, respectively, energy of the
cation and anion radical species. Ec (neutral) and Ea (neutral) rep-
resent the energy of the neutral system bearing, respectively, the
optimized structure of the cation and anion radicals. The static first
hyperpolarizability (b) was calculated analytically by density
functional theory (DFT). The total static first hyperpolarizability
(btot) was estimated by the following relations.19

btot ¼
��
bxxxþbxyyþbxzz

�2þ�
byyyþbyxxþbyzz

�2

þ�
bzzzþbzxxþbzyy

�2�1=2 (3)

The details of static first hyperpolarizability tensor components
for 3 and 4 are listed in Table S1 (Supplementary data). The elec-
tronic excitation energies were calculated by using time-
dependent density functional theory (TDDFT) at B3LYP/6-31G(d)
level of theory. As we were interested only in qualitative results,
we did not use any other diffuse functions in the basis set for
calculating hyperpolarizability or electronic excitation energies.
All calculations were performed using the Gaussian 09 W program
package.16

4.4. 1-[(4-N,N-Dimethylaminophenyl)ethynyl]-3,6,8-tris[(4-
trifluoromethylphenyl)ethynyl]pyrene (2)

Compound 7 (100 mg, 0.172 mmol), PdCl2(PPh3)2 (21 mg,
0.03 mmol), CuI (12 mg, 0.063 mmol), PPh3 (76 mg, 0.288 mmol),
and 4-ethynyl-benzotrifluoride (116 mg, 0.688 mmol) were
added to a degassed solution of triethylamine (40 ml) and tol-
uene (60 ml) under Ar. The resulting mixture was stirred at
100 �C for 2 h. The solvent was removed under vacuum to give
crude mixture. Compound 2 (32 mg) was obtained after column
chromatography (silica gel, hexane/dichloromethane, 7:3, v/v).
Mp 280e290 �C. IR (KBr pellet, cm�1): 2200 (C^C), 1609, 1522,
1359 (CeN), 1323. 1H NMR (400 MHz, CDCl3): d 8.62 (d, J¼9.4 Hz,
1H), 8.59e8.54 (m, 3H), 8.34 (d, J¼3.8 Hz, 2H), 7.77 (d, J¼7.9 Hz,
6H), 7.71 (d, J¼8.3 Hz, 4H), 7.56 (d, J¼8.8 Hz, 4H), 6.70 (d,
J¼9.2 Hz, 4H), 3.05 (s, 6H). 13C NMR: spectrum could not be
recorded due to inadequate solubility. HRMS: calcd 849.2078,
found 849.2073.

4.5. 1,8-Bis[(4-N,N-dimethylaminophenyl)ethynyl]-3,6-bis[(4-
trifluoromethylphenyl)ethynyl]pyrene (3)

Compound 8 (80 mg, 0.124 mmol), PdCl2(PPh3)2 (20 mg,
0.028 mmol), CuI (11 mg, 0.058 mmol), PPh3 (70 mg, 0.267 mmol),
and 4-ethynyl-benzotrifluoride (105 mg, 0.62 mmol) were added to
a degassed solution of triethylamine (40 ml) and toluene (60 ml)
under Ar. The resulting mixture was stirred at 100 �C for 2 h. The
solvent was removed under vacuum to give compound 3. The crude
product was then subjected to column chromatography (silica gel,
hexane/dichloromethane, 7:3, v/v) to yield 3 (55 mg) as a red
powder. Mp 271e280 �C. IR (KBr pellet, cm�1): 2194 (C^C), 1606,
1522, 1358 (CeN), 1320. 1H NMR (300 MHz, CDCl3): d 8.65 (s, 2H),
8.51 (s, 2H), 8.31 (s, 2H), 7.77 (d, J¼7.7 Hz, 4H), 7.64 (d, J¼8.3 Hz,
4H), 7.58 (d, J¼8.9 Hz, 4H), 6.72 (d, J¼8.3 Hz, 4H), 3.05 (s, 12H). 13C
NMR: spectrum could not be recorded due to inadequate solubility.
HRMS: calcd 824.2626, found 824.2626.

4.6. 1,6-Bis[(4-N,N-dimethylaminophenyl)ethynyl]-3,8-bis[(4-
trifluoromethylphenyl)ethynyl]pyrene (4)

Compound 9 (30 mg, 0.046 mmol), PdCl2(PPh3)2 (10 mg,
0.014 mmol), CuI (6 mg, 0.032 mmol), PPh3 (25 mg, 0.095 mmol),
and 4-ethynyl-benzotrifluoride (40 mg, 0.24 mmol) were added
to a degassed solution of triethylamine (15 ml) and toluene
(30 ml) under Ar. After stirring at 100 �C for 2 h, the red pre-
cipitate was filtered and washed with toluene and then re-
crystallization from CHCl3 to afford the pure desired compound as
a red powder (38 mg). Mp >300 �C. IR (KBr pellet, cm�1): 2191
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(C^C), 1606, 1522, 1362 (CeN), 1323. 1H NMR (300 MHz, CDCl3):
d 8.75 (d, J¼9.6 Hz, 2H), 8.68 (d, J¼8.9 Hz, 2H), 8.41 (s, 2H), 7.82 (d,
J¼7.9 Hz, 4H), 7.70 (d, J¼7.9 Hz, 4H), 7.60 (d, J¼8.3 Hz, 4H), 6.70 (d,
J¼8.9 Hz, 4H), 3.06 (s, 8H). 13C NMR: spectrum could not be
recorded due to inadequate solubility. HRMS: calcd 824.2626,
found 824.2631.

4.7. 1,3,6-Tris[(4-N,N-dimethylaminophenyl)ethynyl]-8-[(4-
trifluoromethylphenyl)ethynyl]pyrene (5)

Compound 10 (250 mg, 0.352 mmol), PdCl2(PPh3)2 (20 mg,
0.03 mmol), CuI (13 mg, 0.071 mmol), PPh3 (77 mg, 0.290 mmol),
and 4-ethynyl-trifluoromethyl benzene (120 mg, 0.710 mmol) are
added to a degassed solution of triethylamine (50 ml) and toluene
(100 ml) under Ar. The resulting mixture was heated at 100 �C with
stirring for 2 h. After the mixture was cooled, the red precipitate
was filtered and washed with toluene and then recrystallized from
CHCl3 to afford the pure desired compound as a red powder
(232 mg). Mp >300 �C. IR (KBr pellet, cm�1): 2191 (C^C), 1607,
1528, 1362 (CeN), 1318. 1H NMR (400 MHz, CDCl3): d 8.71 (q,
J¼8.0 Hz, 3H), 8.61 (d, J¼9.2 Hz, 1H), 8.35 (d, J¼3.9 Hz, 2H), 7.82 (d,
J¼8.2 Hz, 4H), 7.69 (d, J¼8.9 Hz, 4H), 7.60 (d, J¼7.9 Hz, 6H), 6.73 (d,
J¼8.2 Hz, 6H), 3.06 (s, 18H). 13C NMR: spectrum could not be
recorded due to inadequate solubility. HRMS: calcd 799.3174, found
799.3175.

4.8. Compounds 7e10

1,3,6,8,-Tetrabromopyrene (10.0 g, 19.3 mmol), PdCl2(PPh3)2
(100 mg, 0.142 mmol), CuI (27 mg, 0.142 mmol), PPh3
(75 mg, 0.286 mmol), and 4-ethynyl-N,N-dimethylaniline (1 g,
6.89 mmol) were added to a degassed solution of triethylamine
(200 ml) and toluene (350 ml) under Ar. The resulting mixture
was stirred at 100 �C for 2 h. The solvent was removed under
vacuum to give a mixture of compounds 7e10. Compounds 7
(201 mg, yellow solid), 8 (189 mg, yellow orange solid), 9 (38 mg,
yellow orange solid) and 10 (335 mg, red orange solid) were
separated by column chromatography (silica gel, hexane/
dichloromethane, 7:3, v/v).

4.8.1. 1,6,8-Tribromo-3-[4-(N,N-dimethylamino)phenylethynyl]pyr-
ene (7). Mp 252e260 �C. IR (KBr pellet, cm�1): 2185 (C^C), 1591,
1524, 1363 (CeN), 1062. 1H NMR (300 MHz, CDCl3): d 8.75 (d,
J¼8.9 Hz, 1H), 8.56e8.43 (m, 5H), 7.60 (d, J¼8.5 Hz, 2H), 6.74 (d,
J¼8.6 Hz, 2H), 3.06 (s, 6H). 13C NMR: spectrum could not be
recorded due to inadequate solubility. HRMS: calcd 578.8833,
found 578.8833.

4.8.2. 1,8-Dibromo-3,6-bis[4-(N,N-dimethylamino)phenylethynyl]
pyrene (8). Mp >300 �C. IR (KBr pellet, cm�1): 2185 (C^C), 1606,
1522, 1358 (CeN), 1166. 1H NMR (300 MHz, CDCl3): d 8.71 (s, 2H),
8.45 (d, J¼9.6 Hz, 4H), 7.61 (d, J¼8.9 Hz, 4H), 6.73 (d, J¼8.6 Hz, 4H),
3.05 (s, 12H). 13C NMR (100 MHz, CDCl3): d 156.7, 133.8, 133.2, 131.2,
129.7, 127.7, 126.6, 125.2, 121.2, 120.2, 112.1, 109.8, 98.9, 85.7, 40.4.
HRMS: calcd 646.0463, found 646.0439.

4.8.3. 1,6-Dibromo-3,8-bis[4-(N,N-dimethylamino)phenylethynyl]
pyrene (9). Mp >300 �C. IR (KBr pellet, cm�1): 2190 (C^C), 1606,
1523, 1369 (CeN), 1197. 1H NMR (400 MHz, CDCl3): d 8.71 (d,
J¼9.8 Hz, 2H), 8.50 (d, J¼9.3 Hz, 2H), 8.45 (s, 2H), 7.58 (d, J¼9.1 Hz,
4H), 6.74 (d, J¼8.9 Hz, 4H), 3.05 (s, 12H). 13C NMR: spectrum could
not be recorded due to inadequate solubility. HRMS: calcd
644.0463, found 647.0463.

4.8.4. 1-Bromo-3,6,8-tris[4-(N,N-dimethylamino)phenylethynyl]pyr-
ene (10). Mp >300 �C. IR (KBr pellet, cm�1): 2189 (C^C), 1608,
1525, 1362 (CeN), 1197. 1H NMR (300 MHz, CDCl3): d 8.69 (q,
J¼9.0 Hz, 3H), 8.44 (d, J¼9.4 Hz,1H), 8.38 (d, J¼12.9 Hz, 2H), 7.59 (d,
J¼8.8 Hz, 6H), 6.73 (d, J¼8.7 Hz, 6H), 3.06 (s, 18H). 13C NMR
(100 MHz, CDCl3): d 150.58, 150.51, 133.44, 133.32, 133.21, 133.17,
131.16, 131.35, 131.04, 130.64, 127.59, 126.66, 125.57, 124.23, 120.56,
120.15, 120.01, 119.94, 112.11, 112.08, 110.21, 110.15, 109.92, 98.50,
97.78, 97.72, 86.39, 86.29, 85.95, 40.46, 40.45, HRMS: calcd
709.2093, found 710.2069.
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