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a  b  s  t  r  a  c  t

Many  azobenzene-based  applications  rely  on variations  in  the  ‘head’  group  of  the  chromophores.  We
present  a method  to chemically  modify  azobenzenes  quickly  and  easily,  and  report  the  effects  that  these
modifications  have  on  the properties  of  the azobenzene  chromophores.  Using  now  common  ‘click’  chem-
istry,  we  have  developed  a methodology  which  can  be  applied  in  a one-pot  fashion  to  rapidly  vary  the
molecular  structure,  permitting  the  synthesis  of  libraries  of dyes  while  allowing  for  the retention  of
photophysical  characteristics.  We  validate  this  synthetic  approach  as not  changing  the  nature  of  the
chromophores  in  our testing  of  17 derivatives,  indicating  that  this  is a good  strategy  for  easy and  rapid
molecular  tailoring.  The  results  of  this  study  will facilitate  the use of  these  versatile  molecules  in mate-
rial  science,  as  it  renders  diverse  structures  attainable  within  one  day  instead  of standard,  multi-day
syntheses  per  chromophore.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Azobenzenes have become a favourite photoswitch to effect
molecular and macromolecular change [1,2]. Azobenzene’s
microsecond timescale switching and high resistance to photo-
bleaching – between 105 and 106 switches before fatigue [3] – are
two of the superior properties which have led to its increasing use.
These advantages have enabled azobenzene to make a large impact
in vastly different fields from biological signalling [4–8], and con-
trol of peptide and protein structure [9–11], to photo-mechanical
material changes [12–16], where the ultimate function is derived
from functionalization at the end(s) of the azobenzene.

The variety of possible synthetic routes to produce azoben-
zene [17,18] allows for easy tuning of the chromophore absorbance
which triggers isomerization from the stable trans state to the
metastable cis state. Molecular substitution, for example with
ortho-methoxy [19] or fluoro [20] groups, allows for easy activation
of these chromophores with visible light coupled with long cis half-
lives. Many fields of Science and Engineering are interested in azo
switches, and the applications demonstrated at this point – such
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as controlling biological signalling and function – can no longer
be met  with off-the-shelf commercial dyes and require substantial
synthetic undertakings, as the applications require different func-
tionalities, or ‘head’ groups, appended to the azobenzene core and
often large families of head groups for screening. These designer
target structures can be met  by synthetically experienced groups,
but their complexity is hampering developments in less syntheti-
cally oriented fields. To enable researchers in all fields a more even
footing in developing novel chromophores and architectures, com-
pletely new reactions and approaches are required which remove
the need for specialized glassware, synthetic expertise, and inert
conditions, and enormous preparation times, currently from days
to many months.

We  present here our approach to quickly and easily modify
azobenzene chromophores in a single step while fulfilling these
criteria, allowing new architectures from shelf-stable reagents
using pre-determined facile reaction conditions on the hours
timescale which can be applied in a one-pot fashion. The now
ubiquitous ‘click’ chemistry is a facile method to vastly diversify
the chemical structure of these azo-chromophores, and impor-
tantly retains the photophysical characteristics of the dye constant.
This strategy allows for a ‘bottom-up’ approach where an alkyne-
functionalized azo ‘body’ can be attached to a ‘foot’ such as a
polymeric tail and using ‘click’ chemistry can be tailored with the
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desired ‘head’ group to impart specific form or function. This is in
contrast to the ‘top-down’ approach which often requires different
conditions for each functional chromophore.

There are several reactions that fall into the ‘click’ category–fast,
high-yielding, regiospecific, and tolerant of functional groups.
Among these are thiol-ene reactions [21], Diels–Alder cycload-
ditions [22], and copper-catalyzed alkyne-azide cycloadditions
(CuAAC) [23–26]. Azobenzenes with ‘clickable’ functionalities have
been used in various previous molecular and material applications
[27–31]. However, not all of these applications employ ‘click’ func-
tionality directly pendant to the azobenzene, and none investigate
the effect of different ‘head’ groups to on photophysical changes
to the chromophore. Given the ease with which organic azides can
be synthesized opens up a vast library of interesting structures for
study [32]. Added advantages of using ‘click’ chemistry are its com-
patibility with most functional groups [33] and easy application to
polymers and films [24].

With the goal of preparing shelf-stable, highly functionalized
small molecules and polymers with rigid linkers, the logical choice
was to employ CuAAC with an alkyne functionality placed on the
azobenzene. Organic azides can either be generated in situ or safely
handled in small amounts [32,34] as they can be rapidly synthe-
sized as needed to couple to the prepared alkynyl-azobenzene.
A comparable method reported by the Feringa group employs a
Staudinger–Bertozzi ligation, however our design doesn’t require
a bulky diphenyl phosphine bound to the azobenzene and bene-
fits from faster reaction kinetics [35]. To keep these syntheses as
efficient and facile as possible, all reactions except for Sonogashira
couplings were conducted under atmospheric conditions at room
temperature. We  selected a 2:1 tetrahydrofuran:water blend with
copper sulfate and sodium ascorbate as these conditions provided
mild reaction and easy workup conditions [17,23,24].

2. Materials and methods

2.1. Material synthesis

Full synthetic details can be found in the Electronic Supplemen-
tary Information File. With the goal of keeping these syntheses
as facile as possible, using the mildest conditions allowable, all
reactions except for Sonogashira couplings (dry solvent, nitro-
gen atmosphere) were conducted under atmospheric conditions
at room temperature. 1H NMR  spectra were acquired at 300 K, on a
Varian-Mercury 300 MHz  or 400 MHz  spectrometer while 13C NMR
were acquired on a Varian-Mercury 300 MHz  NMR. Chemical shifts
are reported in ppm on the �-scale using either the solvent signal
for reference or internal TMS  standard. High resolution mass spec-
trometry (HR-MS) was acquired on a Thermo Scientific Exactive
Plus Orbitrap. Samples were ionized using either atmospheric-
pressure chemical ionization (APCI) or electrospray ionization (ESI).
All observed ions in positive and negative ionization modes are
reported.

Trimethylsilylacetylene was obtained from Oakwood Chemicals
(West Columbia, SC, USA), while N-(2-bromoethyl)phthalimide,
(2-bromoethyl)benzene, (2-bromoethyl)cyclohexane,
1-bromobutane, 2-bromoethylphosphonate, and 4-bromo-2,2-
diphenylbutyronitrile were obtained from Alfa Aesar (Ward Hill,
MA,  USA). All other chemicals were obtained from Sigma–Aldrich
corporation (St. Louis, MO,  USA).

All clicked N,N-diethylaniline model compounds (4–20)
were synthesized in the same fashion. In a 50 mL  round-
bottom flask equipped with a stir bar, 50 mg  N,N-diethyl-4-((4-
ethynylphenyl)diazenyl)aniline (180 �mol, 1 equiv.), 720 �L 1 M
CuSO4 (36 �mol, 0.2 equiv.) and 14 mg  sodium ascorbate (72 �mol,
0.4 equiv.) were dissolved in 15 mL  2:1 THF:water. An excess of

azide was  added (540 �mol, 3 equiv.) and the solution was left to
stir for two  days to ensure complete reaction. Unless otherwise
specified, the THF was removed under reduced pressure and the
aqueous phase was  extracted with 40 mL  ethyl acetate. The organic
phase was washed twice with 40 mL water then once with 40 mL
brine, dried with MgSO4, and filtered. When needed, the crude
products were purified using silica gel chromatography with ethyl
acetate and hexane in a 0–40% gradient.

2.2. Optical characterization

Optical characterization was  performed in dry spectral grade
tetrahydrofuran (THF) on a Cary Bio 300 UV/vis for all compounds
to measure the �max. For Compounds 1 and 3–16, the t½ was also
measured by tracking the time-dependant rise in absorption of the
�max for 240 min  following irradiation with a full spectrum white
bulb for 10 s at 224 mW/cm2. For Compound 2 due to its much
faster decay kinetics, a pump-probe laser setup, using a Melles Griot
Series 43 argon-ion laser was employed. The pump beam was typ-
ically in the range of 50 mW with a pump cycle of between 5 and
10 s to induce isomerization and ensure sample saturation back to
the trans state. The pump irradiation time (∼100–200 ms) was fast
enough to avoid heating the sample, so the kinetic measurements
can be considered to have been acquired at room temperature [36].
The probe beam was  chopped mechanically at 1410 Hz, attenuated
to between 8 and 120 �W (as needed) and passed through the sam-
ple into a photodiode detector, where the intensity was recorded
as a function of time.

Extinction coefficients were measured by diluting a known
amount of each chromophore in spectral grade THF in several con-
centrations and taking an average to minimize measurement error.
The extent of isomerization was determined by irradiating THF
solutions of each azobenzene derivative with a 405 nm diode laser
widened through a lens to a power of 6 mW/cm2 for 1 min. Further
irradiation was  demonstrated to provide no greater conversion to
the cis form and this wavelength was more successful in induc-
ing isomerization than white light or other wavelengths. The cis
conversion was  calculated by taking the absorbance value at the
trans �max in the cis photostationary state and dividing by the all
trans absorbance value. This gives a maximum trans content in solu-
tion. The minimum cis content is then that value subtracted from
1, and is considered the minimum value since the trans absorbance
is lower but some of the absorbance at this wavelength comes as
contributions from the n→�* transition and the cis �→�*  transi-
tion. These could only be fully deconvoluted by achieving a 100%
cis sample which is not possible in solution for these species.

3. Results and discussion

Our first concern in exploring molecular variation with this
approach was whether the addition of different ‘head’ groups
would affect the desired photophysical character of the azoben-
zene, such as accelerating thermal reconversion of the trans to
cis state and red-shifting the absorption [3,37]. The structures in
our first study (Scheme 1) compared the coupling of an electron-
withdrawing nitrobenzene (4) on a simple dye (3) with a disperse
red 1 analogue (2) and an aminoazobenzene (1) to determine the
effects of substitution. As seen in Fig. 1, the expected slight red-
shift in the �max upon derivatization of 3 from 1 results from
the alkyne group, which is mildly electron-withdrawing and con-
tributes to a slightly extended � conjugation system [38,39]. The
CuAAC reaction of the alkyne results in a non-conjugated aromatic
junction, electronically separating the two halves of the chro-
mophores. This feature insulates the absorbance characteristics of
the azobenzene from the added ‘head’ group, even in the case of
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