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Second Hyperpolarizability of Ethynyl-Linked Azobenzene Molecular Wires
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A series of oligomers consisting of ethynyl-linked azobenzene units was prepared using Pd-catalyzed cross
coupling. The linear and nonlinear optical properties of the oligomers were investigated. The molecular second
hyperpolarizability,y, followed the power lawy 00 n?12:0.95 (n is the number of repeat units) for unusually

large molecular lengths exceeding 360 conjugated bord® (1m). The exceptional exciton delocalization
length is attributed to the rigidity of the conjugated backbone.

Optical switching! optical limiting? 3-D microfabrication, A complete synthetic scheme is available in the Supporting
and two-photon microscopyall require materials with a large  Information. The resulting oligomers have a rigid conjugated
third-order optical nonlinearity. Conjugated organic materials backbone that is essential for nonlinear optical applications.
have long been a focus of this research due to their extemded  The apsorption spectra of the oligomers are shown in

network and synthetic flexibility. An important structufe  g,hnorting Information Figure S.2A. Absorption spectra indicate
function parameter of these mate'rlals is the Increase in Secondstrong electronic coupling between azobenzene chromophores.
hyperpolanza_blhty,y, upon extension of the (_:onjug_ated back- As was previously reported for other poly azo compoutids,
ggggiblg d cfjc;ri\rjlugtzfdos\:grcimers, t:aevfk:glutloins;:)r:‘gssgfctgrr: d the extinction coefficient increases linearly upon elongation of
g b SRR vm the conjugated backbone (Figure S.2B). The oligomers also

?ggee;?odiﬁzab;wé (?; tgecrgr?;gmer.rﬁgnsfaﬁz nbuerﬂgsir o:)fof show a bathochromic (red) shift as more repeat units are added.

conjugated systems has been studied experimentally and theot O €XaMpleima= 460 nm forn = 9, Amay = 487 nm forn
retically# The resultant power laws typically apply to the first — 27, andxlmax = 496 nm forn = 36. The gvquUon of the
several members of an oligomer series. As more repeat unitsbathochrpmlc shift with increasing conjugatlon_ length can also
are added, the power law enhancement ¢4 > 1) saturates, ~ P& described by a power law; for the azo oligomesa [J
and y/n becomes independent of (a = 1) because of the  N°%*0%% Typically, Amax increases linearly witm.!? The
existence of the proper thermodynamic lithittor one- smaller exponent for the azo oligomers is a consequence of the
dimensional molecular wires, the saturation length is typically unusually small bathochromic shift (36 nm over 27 repeat units).
reached after about 60 conjugated bonds, which correspond toThe small bathochromic shift ensures the optical transparency
molecular lengths of<10 nm>~7 that is required for nonresonant nonlinear optical applications
One-dimensional molecular wires are essentially extemded and suggests that the energies of the electronic excited states
networks of widely studied chromophores such as stilbene (PPV)do not vary significantly over the range of our oligomers.
or tolane (PPEJ. In this letter, we describe the effect of  There is no evidence for saturation of the bathochromatic
incorporating another widely studied chromophore, azobenzene ghitt for oligomersn < 36. This contrasts with a series of
into extended molecular wires. For conjugated azo oligomers, phenylethynyl oligomers, where the red shift was found to

nor;lmeialr Ienharrllcement of is observed at unprecedented g rate after approximately 27 repeat ubitBue to the close
molecular lengths. structural similarity between phenylethynyl oligomers and the

OHex azo oligomers studied here, the extension of the effective
Ny conjugation length most likely results from inclusion of the azo
N = functionality in the conjugated backbone.
n

Med The y values were determined using degenerate four wave
mixing (DFWM) at 780 nm with 100 fs laser puls&sThe
To determine the length dependence of the second hyper-oligomers were studied in tetrahydrofuran (THF) solutions, and
polarizability, a series of oligomers were synthesized using Pd- neat THF was used as a reference (susceptibjffty.r = 1.4
catalyzed cross couplirfglkoxy groups have been added to 10-22 2 \v-2).1214 The second hyperpolarizability length
the azobenzene units to improve the solubility of the oligomers. gependence for oligomers= 1—150 is summarized in Figure

+ Comesponding author. E-mail: dkuciauskas@veu.edu 1. They values were determined using an analysis described
TVirgmi;’Comnﬁonwea&h University. R in the Supporting Information. Previously, we showed that, for
* NAWCWD. oligomern = 55, the third-order nonlinearity is electronic, and
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umber of repeat units, n Figure 2. DFWM kinetics for n = 27 oligomer solution in THF

(concentration 317M, B) and for THF referencea). The polarizations
of all optical beams used in the experiment were vertical. The solid
lines are Gaussian fits to the data with widths (fwhm) equal to 128 fs.

Figure 1. Plot showing that the second molecular hyperpolarizability,
y, increases according to the power lawl n>129-95for azo oligomers
n = 2-36.

we have determined the two-photon absorption coefficientand  The length dependence of the hyperpolarizability,was
a nonlinear change in the index of refraction for this com- studied experimentally and theoretically for several organic
pound** compounds in order to determine the value of expormesmd
As shown in Figure 1, the hyperpolarizabilipydata could the molecular length at which approaches its thermodynamic
be described using a power law pf= y,n212:0.05m5 /=2 for limit (at the thermodynamic limit, properties begin to scale
oligomersn = 2—36 . The small increase for the monomer linearly with an increase in molecular siZe):18 Theoretical
= 1 can be attributed to the end group contribution, white studies have shown that the saturation length of the hyperpo-
55 andn = 150 oligomers deviate from this power law due to larizability is directly related to the exciton coherence size in
the expected saturation effeéts. The most important finding  conjugated oligomer&!8 Therefore, the exciton delocalization
of this study is the exceptional range of molecular lengths, length in the conjugated ethynyl-linked azobenzene oligomers
2—36, that show a stronger than quadratic increasg (and is exceptionally large, and these oligomers exhibit molecular
bathochromic absorption shifts). The molecular length in this wire characteristics at molecular lengths up to 50 nm. The values
series of oligomers reachest9 nm, and the longest oligomer  of exponenta predicted in theoretical studies are highar=
consists of >360 conjugated bonds. This is a significant 3—5) than those observed for our oligomé#s. However,
improvement over the scaling behavior of other molecular wires. exponenia = 2.124 0.05 is similar to values found for other
For instance, poly(triacetylene) oligomers and oligothienylen- conjugated oligomersa = 2.5 for polyenes,a = 2.46-2.64
ethynylenes both showed saturation around 60 conjugatedfor poly(triacetylenes}, and a = 2.4 for oligothienylenethy-
bonds>~7 This corresponds to an effective conjugation length nylenes® The similarity of the exponerd value found here to
of 7.5 nm for the poly(triacetylene) series. those describing other conjugated systems is somewhat unex-
The increasing azo oligomer length from= 1 ton = 36 pected given the much smaller linear absorption bathochromatic
leads to>2000 times amplification of. Calculated per repeat  shifts for the azo oligomers. This result suggests that the extent
unit, the hyperpolarizability increases27 times when compar-  of electron delocalization could be different in the electronic
ing n = 1 andn = 36 oligomers: y3¢/36 = 127 x 1074° m® states that define the linear and nonlinear optical properties of

V2, while y; = 4.7 x 1074 m® V2. The estimateg, = 2 x
1074° m°> V2 value is typical for small organic molecules,

azo oligomerg?
Next, we consider if direct excitation into excited states of

including DR1 azo dyes that are often used in photonics the oligomers contributes to the nonresonant hyperpolarizability,

applicationst*

y. The DFWM experiments were carried out at different

The extraordinarily long effective conjugation length of the excitation intensities (the optical signals had an expected cubic
azo oligomer could be a result of the rigid structure of the dependence on the excitation intensity) and at different oligomer
backbone. The oligomers do not have obvious points of concentrations. A representative DFWM kinetics trace for the
conformational flexibility. Cis-trans isomerization around the n = 27 oligomer and the THF reference is shown in Figure 2.
azo bond of azobenzene moieties is a widely studied processThe THF reference and oligomer solution data can be fitted
that could potentially have an influence on thenetwork?® with a Gaussian function having the same width (full width at
We see no evidence of this isomerization in the linear absorption half-magnitude, fwhm= 128 fs). In the case of resonant
spectra of the oligomers. The same observation was made forexcitation, in which excited states could form by one-photon
other conjugated polymers with azobenzene in the backbBone. or two-photon absorption, DFWM kinetics would have a
Phenyl group rotation could also break conjugation. While the different, slower decaying, temporal profife.The ultrafast,
phenyl groups can rotate at room temperature in PRRe excitation pulse limited, DFWM kinetics indicate that resonant
influence of the azo group on the threshold for phenyl ring processes do not contribute to the DFWM signals.
rotation, and hence its impact on conjugation, is not known.  No one-photon absorption is expected at 780 nm based on
Our results suggest that the azo group enhances conjugatiorthe oligomer linear absorption spectra. The DFWM kinetics in
through the backbone. Figure 2 indicate that two-photon absorption at 780 nm is also
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negligible (the same conclusion is obtained from the excitation vis) of the oligomers and the details of the DFWM experiment.
intensity dependence and concentration dependence studies; s€khis material is available free of charge via the Internet at http://
the Supporting Information). Similar results were obtained in pubs.acs.org.
open-aperture&Z-scan experiments on symmetric azobenzene
compoundg® Such experiments directly probe two-photon References and Notes
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