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Proton-Triggered Octopolar NLO Chromophores

Inge Asselberghs!, Gunther Hennrich,* * and Koen Clays**

Department of Chemistry, Usrsity of Lewen, Celestijnenlaan 200 D, 3001 Len, Belgium, and
Departamento de Qmica Organica, Universidad Autmoma de Madrid, Cantoblanco, 28049 Madrid, Spain

Receied: March 9, 2006; In Final Form: March 23, 2006

Cs-symmetric, octopolar 1,3,5-alkynylbenzenes with terminal pyridyl substituents are presented which show
an increase up to 17-fold in the second-order NLO activity upon protonation while maintaining their octopolar
character, as confirmed by the depolarization ratios measured.

Introduction materials in which the molecular units arrange in a non-
centrosymmetric fashio. Despite the growing impact that
octopolar systems are having in the field of nonlinear optics,
only one report on organic NLO octopoles with switchable
second-order nonlinearity has been published sé*firetal—
organic alkynyl compounds wit@3; symmetry display switch-
able third-order nonlineariti€’d.As observed for acetylenic and
vinylic pyridinium systems of different geometrigstheoretical
calculations on octopolar trisacetylene benzenes suggest that
the second-order hyperpolarizabilffycould increase more than
an order of magnitude upon introduction of positive charges at
the pyridyl end groups, compared with the neutral speies.

The sustained advance in the design of organic materials for
second-order nonlinear optics (NLO) and the ongoing exploita-
tion of new fields of application has kept NLO in the spotlight
of scientific interest for more than two decades riotore
recently, the intriguing concept of modulating electronic,
magnetic, and optical properties on the molecular level by an
external stimulus has been extended to the field of nonlinear
optics? Driven by the demand for electro-optic devices and
biological sensing systems, functional molecules have been
designed whose NLO properties respond to electrochemical or
chemical inputs such as protons or metal catfofise molecule
design follows the same rules as those that apply for conven- . .
tional linear optical devices. A chromophore unit is equipped Results and Discussion
with a Complexation site or an e|eCtr0Chemica||y active unit in Synthesis_These considerations led us to design the trispy_
a way that guarantees efficient electronic communication over ridyl compoundsl—3 as second-order NLO chromophores with
the whole conjugated systehTypically, in linear chemosen-  octopolar symmetry and study their potential as proton-
sitive systems of the donevr-acceptor type, the electron density  switchable molecular devices (Figure 1). Compodis been
of the terminal donor or acceptor site is altered upon interaction reported in the literature previously and is referred to in this
with a catonic species, resulting in a modulation of the internal study for comparisof’
charge transfer (CT) character of the dye mole€lltimately,  compoundsl—3 are readily synthesized by threefold Sono-
this leads to a change in the (nonlinear) optical response. Thisgashira cross-coupling of the respective triethynylbenzenes with
design principle can be easily applied to nonlinear optical the corresponding bromopyridines (Schemé8Gompound2
chromophore$.In recent examples, the two-photon absorption  has recently been reported as a ligand in a coordination polymer
and fluorescence properties of linear NLO chromophore systemsyithout giving experimental details on its synthesis or charac-
have been modulated upon cation bindirg protonation/ terization data other than X-ray structure analy8ighe Cs
deprotonatior, respectively, at the terminal donor substituent. symmetry of these molecules is reflected by only #@ NMR

Various research groups have approached the preparation okjgnals for the central benzene unit, as well as the reduced
organic electro-optic materials following different strategies to nymber of seven or five signals, respectively, for the three
bridge the gap between single molecules and NLO-active bulk pyrigylethynyl systems in each molecule.
materials. Steady adyances in pc_JIed polymer systems are being " | inear Spectroscopy.Compoundd—3 show narrow, intense
reported; among which the design of bulky, dendritic chro-  ahsormtion maxima around 300 nm with a pronounced vibronic
mophores is occupying a prime positi$hA different strategy  gyrycture, together with a weakly absorptive shoulder situated
to overcome the antiparallel alignment of dipolar chromophores 4.5.,nd 335 nm. In comparison, the protonated formd-e8
has been introduced by Zyss et al. with the proposition of gishjay broad, red-shifted absorption bands with high molar
octopolar compounds for nonlinear optics. Octopolar molecules gpsoryivities (Table 1, Figure 2). In particular, the protonated
are non-centrosymmetric systems with no dipole morkent. o of 3 displays a broad, unstructured absorption band

Because of the absence of a dipole moment, the undesiredygicative of the pronounced charge transfer (CT) behavior of
possibility of an antiparallel alignement of single molecules in the octopolar3®.

the bulk phase is eliminated. A steadily increasing number of
octopolar molecules with a great structural variety has given
rise to NLO-active polymeric, crystalline, and liquid crystalline

The existence of only one clear isosbestic point during the
H* titrations allows for the unequivocal assignment of only two
defined species, a neutral and a fully threefold protonated one,
« E-mail._gunther.hennrich@uam.es. Whl|e. the partlglly protonated forms suppo'seqlly coe;xsj in
t University of Leuven. solution. Assuming a pseudo 1:1 (i.e., 3:3) binding stoichiom-
* Universidad Autnoma de Madrid. etry 20 the [K, values derived from the titration curves are in
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Figure 1. 1,3,5-Tris(pyridylethynyl)benzene derivativés-4.
SCHEME 1: Synthesis of Compounds 3

Py
I I
R R Py-er R R 1:R = H, Py = 2-pyridyl; 42%
Pd(PPh3),Cl,, Cul 2:R = CHy, Py = 2-pyridyl; 47%
Y N ~PrNH, 70°C, 18 h F AN 3: R = CHg, Py = 4-pyridyl; 26%
R Py R Py
TABLE 1: Spectroscopic Data for 1-3, Their Protonated the bathochromic shift of the CT absorption band is a first hint
Forms, and Crystal Violet (CV) that elevated quadratic hyperpolarizabilities can be expected for
AabdNM Aem(Lex)/nm Py mng  Puoxsoo®  Pxod® ¢ the charged trispyridyls. For the experimental determination of
1 308 350(318) 001 1702 2242 8+1 1.2 the second-order nonlinear optical molecular polarizability, or
13+ 338  452(318) <0.01 ns. 8013 19+3 2.4 first hyperpolarizabilitys of octopolar molecules lacking all
2 315 362(325) 0.03 10&32 29+2  9x1 11 dipolar properties, only hyper-Rayleigh scattering (HRS) can
2°F 340 467(325) <0.01 ns. 17811 38+2 1.6 be used, since there is no orienting interaction with an applied
3 313  363(321) 0.04 8219 37+3 12+3 13 Y o e
3 338 483(321) 001 ns. 62823 14645 1.7 elgctrlg field: Addltlona}lly, an electric field would cause
cV 583 n.s. 338- 60 178432 1.3 migration, rather than orientation, for the protonated octopoles

. . ) because of their ionic nature. Therefore, frequency-resolved
"n.s.: no two-photon fluorescence signal detectddynamic hy- femtosecond HRS with fluorescence demodulation has been
perpolarizability at 800 nm in I8° esu, HRS data obtained in THF. A
¢ Static hyperpolarizability in 16° esu, HRS data obtained in THF ~ applied here. For the octopoles measured at 800 nm, we have
HClaq ¢ Accuracy+0.1. used the octopolar molecule Crystal Violet with a reference
value of 338x 10730 esu for its octopolafux value (thez-axis
the typical range for donor-substituted pyridine derivatites. being the unique molecular axis perpendicular to the molecular
Full protonation is reached in the sub-millimolar range 2or  Xy-plane). Because of the identical molecular symmetry for
and3 and in the millimolar range fot, respectively. reference and unknowns, there is no need for conversion
Likewise, the structured fluorescence bands of the neutral between dipolaf,;,and octopolaphyperpolarizability tensor
compounds are broadened and red-shifted more than 100 nncomponents.
upon protonation, yielding the weakly emissive charged trispy- As has been previously observed for similar octopolar
ridinium derivatives ofl—3 (Table 1, Figure 3). The samples structures and as can be expected from the linear (one-photon)
are excited at their isosbestic points as obtained from the UV  fluorescence spectra (Figure 3), multiphoton fluorescence is
vis titrations fex(1) = 318 NM;Aex(2) = 325 NM;lex(3) = 321 detected when excited with strong IR pul3&sThe additional
nm). contribution to the NLO HRS signal at 400 nm has been
Overall, this linear spectroscopic behavior is characteristic eliminated by a high-frequency fluorescence demodulation
for efficient, degenerate charge transfer from the central benzenetechnique based on a femtosecond repetitively pulsed laser
core to the electron-deficient pyridyl subunits in the periphery operating at 800 nrff This method results in a value for the
and is in accordance with the properties of similar pyridylacety- accurate, fluorescence-free, dynamic hyperpolarizabfityoo),
lene system&? a relative fluorescence contribution value, and a fluorescence
Nonlinear Optical Spectroscopy. On the basis of the lifetime (z7). With the application of the three-level model for
appropriate three-level model for such octopolar chromophéres, octopoles, a value for the dispersion-free static hyperpolariz-
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Figure 2. Absorption ofl (left), 2 (middle), and3 (right); c = 107> mol L™t in THF—water (1% v/v), upon addition of Hg} the inset shows the
titration plots monitored at the absorption maxima for the respective protonated species.
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250 ization ratiosp are defined as the ratio between the scattered
HRS intensity with polarization parallel to the fundamental
200+ vertical laser polarization and the scattered HRS intensity with
polarization perpendicular to it. As a comparative value, the
depolarization ratio for Crystal Violet is obtained as £3®.1.
Ideally, this value should be 1.5, but for realistic nonzero
apertures, this value can go do##The inferior depolarization
ratio values for the neutral (highly fluorescent) species compared
with their charged counterparts can be explained as a conse-
< guence of partial rotational relaxation between excitation and
350 400 450 500 550 600 emission. However, the range of depolarization values obtained
wavelength / nm is clearly in agreement with the octopolar symmetry of all
Figure 3. Emission spectra of, 2, and3; ¢ = 2 x 107 mol L% in species investigated. The largdor 13+ (and to a lesser extent
THF—water (1% v/v); and of the protonated forms, in THHClconc for 3%%) can be understood in terms of relative solvent
(1% viv). contribution to the signal. The depolarization values of the neat
solvents (THF or THFHCl,,) amount to 2.4 and 2.2, respec-
ability (Bxxo) can be obtained. This value is corrected for the tively. Because of the increased absorption by the protonated
different degree of resonance enhancement, based on thepecies at the second harmonic wavelength, a lower protonated
different spectral positions of the charge transfer electronic solute concentration is used to avoid self-absorption of the HRS
resonances. signal. From the small contribution to the signal in the particular

The observed fluorescence quenching and red-shift of the case of13*, a strong influence of the default (solute-free) value
emission upon protonation results in a disappearance of thejs retained?” The pH at which the HRS measurements are
(multiphoton) fluorescence contribution to the HRS signal at performed ensure a full threefold protonated species with
400 nm. Additionally, the observation of a constant hyperpo- octopolar symmetry rather than the presence of a partially
larizability value as a function of the modulation frequency protonated dipolar species.
guarantees that the highvalues observed for the protonated
structures are free from any multiphoton fluorescence contribu- Conclusions
tion.

The hyperpolarizabilities for the neutral species are modest
but in good agreement with previous reports on similar denor
acceptor substituted octopolar systéfsThe presence of
genuine donor substituents CHz) on the central benzene core
leads to enhanceg-values. This becomes obvious when
comparing the values in Table 1 farwith 2, and3 with the
previously reported (Bux = 31 x 10730 esu)}’

The generation of charged pyridinium units upon protonation
converts the relatively inefficient neutral structures into highly
efficient octopoles with degenerate charge transfer from the
electron-rich core to the electron-deficient periphery. The proton-
triggered NLO response is reflected most significantly by a 17-
fold increase of the dynamic hyperpolarizabiljyyxsoo from
37 x 10730 esu for3 to 623 x 10720 esu for the threefold
protonated3®t. This value is among the highest reported so far
for organic octopolar system&-eAgain, in the case of the triply General Conditions. All solvents and reagents were used
charged compounds, the relative values of the hyperpolarizability as purchased. Thin-layer chromatography was performed on
reflect the electron donor strength of the core (benzene vsAlugram Sil G/UV254-coated aluminum sheets (Macherey-
mesitylene) and the degree of conjugation with the periphery Nagel) with UV detection at 254/365 nm. NMR spectra were
(2- vs 4-pyridinium). recorded on Bruker AC-200'{l) and Bruker AC-300 ¢C)

This comparison is also valid for the static hyperpolarizability spectrometers in deuterated chloroform (deuteration grade
(Bxxx0) although the increase only amounts to a factor of 12 for >99.80%) with the solvent signal serving as the internal
compound3. This is caused by the larger resonance enhance-standard. Mass spectra were recorded on a HP1100MSD
ment of the dynamic hyperpolarizability value f8#" with spectrometer. Spectroscopic measurements were performed
respect to3 (compareiqps of 313 nm for3 with 338 nm for using freshly distilled, HPLC-quality solvents, and are solvent-
33%). So, not only are the nonlinear optical properties triggered corrected. UV-vis spectra were measured on an HP 8453
by protonation, but this stimulation concomitantly induces a (Hewlett-Packard) spectrophotometer. A Perkin-Elmer LS50B
lowering in the transition energy, thereby triggering longer- luminescence spectrometer was employed for the fluorescence
wavelength absorption. Finally, it is the combination of both studies, in a four-sided quartz cell at room temperature in a
linear and nonlinear optical properties triggered by protonation right-angle geometry. Quantum yields were determined using
that results in an effective dynamic response at optical wave- 2-aminopyridine in 0.1 N k5O, as the standaréf.
lengths triggered by such stimulus. Materials. General Procedure for the Synthesis of the 1,3,5-

In agreement with the linear optical absorption spectroscopy Tris[(pyridyl)ethynyllbenzenek—3. Bromopyridine (3.0 mmol)
of the existence of only one isosbestic point, indicative of only is stirred together with Pd(PB)aCl, (106 mg, 0.15 mmol) and
two defined species, i.e., the neutral and the threefold protonatedCul (28 mg, 0.15 mmol) in degassed diisopropylamine (10 mL)
one, we observe depolarization rati@§ for both species that ~ for 30 min at room temperature before the respective trisethy-
conform with an octopolar molecular symmetry. HRS depolar- nylbenzene derivative (1.0 mmol) is added. The mixture is

150+

100+

rel. fluorescence int.

501

Protonation of the terminal pyridyl groups of octopolar 1,3,5-
trisalkynylbenzenes results in a pronounced red-shift and
broadening of their absorption and fluorescence bands, strongly
augmenting their CT character. In accordance with the three-
level model and as predicted by theoretical calculati§ribe
second-order NLO response of the trisalkynylbenzenes presented
can be triggered by protonation, leading to highly efficient
octopolar systems which exhibit exceptionally higtvalues.
Apart from potential applications of these NLO-active com-
pounds in electro-optic materials or in biorelated sensing
devices, the nonlinear optical HRS measurements contribute also
to the fundamental understanding of the observed processes on
the (supra)molecular level.

Experimental Section
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heated at 70°C for 18 h. The solvent is removed, and the it has been experimentally observed that the solvent dependence
remaining solid suspended in water (100 mL) and extracted with for the apolar octopoles is negligible indeed (a variation of 20%
dichloromethane (3< 50 mL). The combined organic layers at most). Therefore, the values for the hyperpolarizability can
are dried (MgS@ and concentrated in vacuo to give the be directly compared between neutral and protonated species,
resulting crude product, which was purified as described below. even if these values have been determined in different solvents.

1,3,5-Tris[(2-pyridyl)ethynyl]lbenzené)( The crude product
is purified by column chromatography (40:1 gH,—MeOH)
and subsequent recrystallization from nitromethane. Yield, 42%;
mp 193-195°C. 'H NMR (8): 8.64 (bs 3H), 7.79 (s, 6H),
7.73 (m, 3H), 7.53 (d) = 8.1 Hz, 3H), 7.25 (m, 3H:3C NMR
(0): 150.0, 142.8,136.1, 135.2,127.4,123.2, 123.1, 89.8, 86.9.
EI"—HRMS: found, 381.1255; calculated for#;5Ns,
381.1267.R; = 0.46 (20:1 CHCIl,—MeOH).

1,3,5-Tris[(2-pyridyl)ethynyllmesitylen@), The crude prod-
uct was purified by column chromatography (10:1 CH—
EtOH) and subsequent recrystallization frdPnOH. Yield, 47%;
mp 216-218°C. *H NMR (d): 8.60 (d J= 4.7 Hz, 3H), 7.64
(t, J= 7.8 Hz, 3H), 7.50 (dJ = 4.8 Hz, 3H), 7.21 (tJ=6.3
Hz, 3H), 2.77 (s, 9H)3C NMR (9): 150.0, 143.9, 143.4, 136.0,
127.2, 122.7, 120.5, 96.7, 86.1, 20.4."EHRMS: found,
423.1740; calculated for4gH21N3, 423.1735R: = 0.59 (20:1
CH,Cl,—MeOH).

1,3,5-Tris[(4-pyridyl)ethynyllmesitylen&), The crude prod-
uct was purified by column chromatography (20:1 £H—
MeOH) and subsequent recrystallization from EtOH. Yield,
26%; mp 242C.H NMR (0): 8.61 (bs6H), 7.37 (dJ=5.5
Hz, 6H), 2.70 (s, 9H)3C NMR (9): 149.8, 143.7, 131.2, 125.3,
120.7, 95.0, 90.6 20.3. E+HRMS: found, 423.1731; calcu-
lated for GoH21N3, 423.1735R; = 0.20 (20:1 CHCI,—MeOH).

Hyper-Rayleigh Scattering. The fundamental wavelength
for the generic femtosecond laser (titanitsapphire) is 800
nm, resulting in the HRS signal, and potential (multiphoton)
fluorescence contribution, at 400 nm. By measuring at succes-
sively higher modulation frequencies, the fluorescence contribu-
tion is demodulated. The high-frequency limit of the HRS signal
is completely free of multiphoton fluorescence and is, hence, a
fluorescence-free signal. This is important in the case of the
neutral species which exhibit not only linear (one-photon)
fluorescence indeed at 400 nm, but also showed the typical
frequency-dependent demodulation of the HRS signal at 400
nm. From the observed frequency dependence of the HRS
signal, both a hyperpolarizability and a fluorescence liftime can

be deduced. For the protonated octopoles, we observed ag

constant hyperpolarizability value as a function of modulation
frequency, precluding any MPF contribution at 400 nm,

corroborated by the red-shift away from this wavelength and
lower fluorescence quantum yield. Typical estimated uncertain-
ties of the hyperpolarizability values amount to on average
<15% (see Table 1).

Because of the nature of the protonation experiment, the
neutral octopoles were measured in THF, while the experiments
on fully protonated octopoles were performed in THClyq
(1% v/v). The reference molecule was dissolved in methanol.
For dipolar molecules, a solvent dependence for the first
hyperpolarizability has been observed. Indeefi; galue (the
vectorial part of the hyperpolarizability tensor, as determined
by electric field induced second-harmonic generation) for the
dipolar moleculepara-nitroaniline, has been reported between
16.3 in apolar dioxane and 38.4 in the polar NR¥Rdence,
the experimentally determined variation in fhievalue amounts
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