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ABSTRACT: A variety of azobenzenes were synthesized to
study the behavior of their E and Z isomers upon
electrochemical reduction. Our results show that the radical
anion of the Z isomer is able to rapidly isomerize to the
corresponding E configured counterpart with a dramatically
enhanced rate as compared to the neutral species. Due to a
subsequent electron transfer from the formed E radical anion
to the neutral Z starting material the overall transformation is
catalytic in electrons; i.e., a substoichiometric amount of
reduced species can isomerize the entire mixture. This pathway
greatly increases the efficiency of (photo)switching while also
allowing one to reach photostationary state compositions that are not restricted to the spectral separation of the individual
azobenzene isomers and their quantum yields. In addition, activating this radical isomerization pathway with photoelectron
transfer agents allows us to override the intrinsic properties of an azobenzene species by triggering the reverse isomerization
direction (Z → E) by the same wavelength of light, which normally triggers E → Z isomerization. The behavior we report
appears to be general, implying that the metastable isomer of a photoswitch can be isomerized to the more stable one catalytically
upon reduction, permitting the optimization of azobenzene switching in new as well as indirect ways.

■ INTRODUCTION

Azobenzene continues to be one of the most widely used
photochromic molecules due to the vastly different properties
of its E and Z isomers and its ready availability, either
commercially or by facile synthesis.1−3 The isomerization
around azobenzene’s central NN double bond drastically
changes the geometry of the molecule, its polarity, and
electronic properties.4 Substitution on the aromatic rings
affects many properties, including the absorption wavelength
of both isomers and their photoisomerization quantum yield as
well as the thermal half-life of the metastable Z isomer. As with
most photoswitchable molecules, these properties are generally
intrinsic to the molecules themselves.5,6

We were motivated to exploit the difference in the electronic
levels of the two isomers of azobenzene,7 following the
successful use of other photoswitch families, such as diary-
lethenes8,9 and spiropyrans,10 in this context. Over the past half
century, during which the reversible electrochemistry of
azobenzene has been investigated,11 generally two sequential
one-electron reductions have been observed.12 Neta and
Levanon compared the radical anions derived from Z and E
azobenzene spectroscopically and concluded that the same
species were formed upon reduction, implying that there must
be a mechanism for rapid Z → E isomerization from the Z
azobenzene radical anion.13 In agreement with this finding,
Laviron and Mugnier observed no difference in the resulting
two one-electron waves between the E and Z isomers at scan

rates slower than 2 V/s;14 however, higher scan rates and lower
temperatures shifted the Z isomer’s cathodic peak potential by
+60 mV relative to the E isomer. In protic solvents, there is an
additional pH dependence, with identical cathodic half-wave
potentials of the E and Z isomers at pH < 11, and a +180 mV
shift in the half-wave potential of the Z isomer at pH > 11.15

The gaps between the cathodic peak potentials of the Z and E
isomers in protic environments are highly dependent on the
nature of the solvent used and range from +50 mV at pH 7 in
10% ethanol buffer16 to over +120 mV in neat ethanol17 to
+200 mV in aqueous dioxane.18 On the basis of these
principles, Fujishima and co-workers developed a memory
device using Langmuir−Blodgett films of an azobenzene
derivative on an indium tin oxide transparent electrode, at
which point after writing with light the formed Z isomer could
selectively be reduced to the corresponding hydrazo compound
due to a +400 mV shift in potential as compared to the E
isomer in the aqueous environment.19

Photomodulated voltammetry (PMV) enabled Grampp and
co-workers to distinguish the reduction potentials of the two
azobenzene isomers, as they observed a cathodic shift of the
reduction potential by −60 mV for the Z isomer in DMF.20

The authors suggested that the use of PMV allowed for this
observation as the technique is better suited to measure the
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potential of short-lived species and postulated that the Z
azobenzene radical anion rapidly isomerizes to the correspond-
ing E radical anion, resulting in only the E isomer potential
being measured in conventional cyclovoltammetry (CV)
experiments.
Over the past three decades, diarylethenes (DAEs) have

emerged as complementary and very versatile photochromic
compounds.21,22 DAEs have also been switched electrochemi-
cally as demonstrated for the first time by Branda and co-
workers, reporting both oxidatively induced electrocyclic ring-
opening23 and ring-closing.24 The direction of electrochemi-
cally induced switching depends on the relative thermodynamic
stability of the two isomers, with oxidation of the metastable
species serving as an alternative to optical excitation for
triggering isomerization. Importantly, the ring-opening was
shown by Branda to be a catalytic process,23 in which the ring-
opened radical cation oxidizes a second ring-closed molecule to
propagate the reaction. This process has been initiated through
electrocatalysis, through direct oxidation, or through photo-
electrocatalysis25 using photoelectron transfer agents to oxidize
the ring-closed DAE and initiate the catalytic cycle.26 Similar
catalysis has been shown in dithiazolythiazoles, where the
current efficiency was calculated to be as high as 900%.27 In
parallel and seemingly unrelated work, increased thermal Z →
E isomerization rates of azobenzenes in the presence of
nanoparticles have been reported. Depending on the nature of
the azobenzene and the surface functionalization of the
nanoparticles, up to 40 molecules of azobenzene could be
quantitatively isomerized from the Z to the E isomer,28 and the
observed rate acceleration was quantified to be between 1 and 6
orders of magnitude.29 The exact mechanism of the enhanced
thermal Z → E isomerization of azobenzene on a (flat or
curved) gold surface was explored theoretically and exper-
imentally, and the authors suggested that an electron transfer
from the azobenzene to the nanoparticle was the preferred
reaction pathway.30 The resulting azobenzene radical cation
was postulated to have a much shorter thermal half-life.
Here we detail a comprehensive investigation of the

electrocatalytic switching of azobenzenes and show that it is a
general phenomenon. For this purpose we studied the
electrochemistry of more than a dozen different azobenzene
derivatives, which all exhibit identical cathodic peak potentials
of both their E and Z isomers due to rapid isomerization of the
Z azobenzene radical anion. To access the elusive Z isomer
radical anion, we prepared a cyclic derivative, in which Z → E
isomerization is geometrically prohibited, and observed the
expected higher cathodic peak potential relative to its E isomer.
From spectroelectrochemical studies we derived a mechanistic
model to rationalize the catalytic Z → E isomerization upon
electrochemical reduction. This reduction of the Z isomer takes
place at absolute potentials smaller than that necessary for
reduction of the E isomer, although we demonstrate that the Z
isomer’s LUMO level is in fact higher in energy than the E
isomer’s LUMO level. However, relaxed electron affinities
calculated by means of the ΔSCF approach suggest that there is
almost no difference between Z and E isomers. Anyway, the
reason for this unusual behavior is the tremendously
accelerated thermal Z → E isomerization of the radical anion
as compared to that of the neutral azobenzene. Chain
propagation via electron transfer from the E isomer radical
anion to the Z isomer allows one to rapidly isomerize a solution
of Z azobenzene with a substoichiometric amount of electrons
(Figure 1).

In addition, we demonstrate the use of photoelectron
transfer agents to induce this catalytic isomerization. The use
of this alternative pathway, as opposed to direct azobenzene
excitation, opens the door to tune the wavelength required for
isomerization and to render the quantum yield independent
from chemical functionalization of the azobenzene itself. We
show that one can even override the isomerization preference at
a given wavelength, obtaining E enriched photostationary states
(PSS) at wavelengths that would typically provide Z enriched
PSS mixtures.

■ RESULTS AND DISCUSSION
Reduction Potential of E and Z Azobenzenes. Upon

conversion of the flat and fully π-conjugated E isomer to the
twisted Z isomer, the extent of π-conjugation is reduced,
leading to a shift of both the HOMO (n) and LUMO (π*)
levels to higher energies as confirmed computationally.7,31 For
the parent azobenzene 1, the LUMO energy of the E isomer is
calculated to be −2.77 eV, being 0.27 eV lower as compared to
the Z isomer with ELUMO = −2.50 eV (see Table S7 in the
Supporting Information, calculated with B3LYP/6-311++G**,
solvent corrected for acetonitrile using the polarizable
continuum model). However, taking relaxed ΔSCF electron
affinities, we find almost no difference between Z and E isomers
in their tendency to accept an electron (see Table S7). In
agreement with these findings, our voltammetry experiments
employing a rotating ring-disc electrode (RRDE) yielded the
same results for both isomers (Figure 2), suggesting that the
cathodic peak potential as well as the kinetic stability of the
radical anion derived from the Z isomer and the E isomer are in
fact identical.
Another possible explanation for equal peak potentials could

be that a very efficient conversion of the Z to the E isomer is
induced upon reduction to the radical anion. To test this
theory, we designed the cyclic azobenzene derivative 3, in
which the Z configuration is locked (see molecular structure
determined by single crystal X-ray diffraction, Figure S25 in the
Supporting Information) and compared it to its linear analogue
2 that is able to interconvert between its E and Z isomers, E-2
and Z-2, respectively (Figure 3, top). Optical spectra in a
variety of solvents and over a temperature range from −100 to
100 °C verify that locked azobenzene Z-3 indeed does not
undergo any detectable thermal or photoinduced isomerization
(see Figure S24 in the Supporting Information). Subsequent
cyclic voltammetry experiments of azobenzene 2 (Figure 3,
bottom) resemble the ones conducted with the parent
azobenzene 1; i.e., the reduction of the E and Z isomers

Figure 1. Light induces E → Z isomerization of azobenzene while an
alternative wavelength of light or heat triggers the reverse isomer-
ization. In this work we show that efficient and quantitative Z → E
isomerization can be triggered by a catalytic amount of electrons,
which can be supplied directly or indirectly with the aid of a
photoelectron transfer agent.
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occurs at the same potential of Ep
c = −1.73 V (all potentials are

reported vs Fc/Fc+). In the case of the cyclic azobenzene Z-3, a
reduction potential that is 250 mV more negative than the
cathodic peak potential of the linear isomers was measured.
Computations place the LUMO of the Z-3 at −2.31 eV
compared to −2.62 eV for Z-2, both of which are higher than
the LUMO level of the E-2 isomer at −2.84 eV. Therefore, we
assign the measured cathodic peak potential in the case of Z-3
to correspond to the LUMO level of the Z isomer, which in the
case of linear analogue 2, and most other azobenzene
derivatives, is not accessible experimentally. Although the
reduction Z-3 is reversible, the anodic wave in the CV at −1.4
V is indicative of a subsequent reaction of the radical anion.
Spectroelectrochemistry of E and Z Azobenzene. The

clearly distinct cathodic peak potentials of the electronically
rather similar Z azobenzenes Z-2 and Z-3 indeed support a
chemical transformation triggered during the course of the
electrochemical measurement in the case of Z-2. Using an
additional method such as optical absorption spectroscopy
during the cyclovoltammetry measurement allows for the
observation of each species generated in the course of the
overall reduction−oxidation process from the neutral azoben-
zene to the radical anion and back to the neutral azobenzene.
Azobenzene derivative 4 was selected for this study due to the
greatly enhanced thermal half-lives of ortho-fluorinated Z
azobenzenes at room temperature and the high Z isomer
content of 90% in the photostationary state (PSS) upon
irradiation above 500 nm.31,32 A slow reduction process was
initiated at a speed of 10 mV/s, and the corresponding UV−vis
spectra were recorded every 10 mV. The potential was

measured from 0.22 to −1.52 V and back to 0.22 V giving
rise to a total of 301 spectra (see Figures S33 and S34 of the
Supporting Information). Upon an increase of the (absolute
value of the) reductive potential the spectra show a strong
decrease in the absorbance of the initial π → π* transition of E-
4 and emergence of new bathochromically shifted bands at 493,
625, and 691 nm attributed to the formed radical anion of E-4.
This assignment is based on the similarity with spectra of
previously reported azobenzene anion radicals33 and the fact
that exactly 1 equiv of electrons was transferred at the
maximum absorbance and hence reflects the concentration of
the formed species as measured by coulometry. Since the
reduction is fully reversible, the final spectrum after cyclic
voltammetry is identical to the initial spectrum of E-4.
The same spectroelectrochemical experiment was carried out

with a solution of azobenzene 4, irradiated to its PSS containing
90% Z-4 (Figure 4, top). Already at a potential of −0.91 V,
clearly before reaching the onset of the reduction peak, the
spectrum undergoes a dramatic change characterized by a sharp
increase in the π→ π* band with a concomitant decrease of the
n → π* transition. These spectral changes clearly show that Z
→ E isomerization is occurring before the reduction to the
radical anion is actually taking place. In contrast to the
formation of the radical anion, where 1 equiv of electrons is

Figure 2. Voltammetry of unsubstituted E azobenzene E-1 (top) and
Z azobenzene Z-1 (as the PSS mixture containing 83% Z-1, bottom)
with a rotating glassy-carbon ring-disc electrode, showing identical
cathodic peak potentials of the E and Z isomers and a comparable
stability of the formed radical anion species. Instrument details: r1 =
2.850 cm; r2 = 3.125 cm; r3 = 3.975 cm, N0 = 0.398, rotation = 1000
rpm, [1] = 5 × 10−4 M in 0.1 M Bu4NPF6 acetonitrile solution.

Figure 3. Chemical structures of the two isomers of azobenzene
derivative 2 (top). A Z-enriched mixture containing 81% of Z-2 is
obtained by irradiating E-2 with 365 nm light. The cyclic azobenzene
analogue 3, which is locked as the Z isomer (middle, single crystal X-
ray diffraction structure shown as ORTEP plot with 50% probability
ellipsoids), and corresponding cyclic voltammograms in acetonitrile
(bottom), showing a 250 mV higher reduction potential of Z-3 as
compared to E-2 and Z-2, which are identical.
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necessary to transform the bulk solution, the initial Z → E
isomerization requires far less than 1 equiv of electrons as
judged by the negligible current of 1.4 μA (see Figure 4, top).
Subsequent further increase of the reductive potential leads to
formation of the radical anion of E-4 (Figure 4, bottom)
showing that the involved species over the entire potential
range are identical to the ones observed in the direct reduction
of E-4 as described above (see also Figure S34 in the
Supporting Information). In both cases, the species recovered
after a full reduction−oxidation cycle is the E isomer.

In our studies, we investigated 13 different azobenzene
derivatives (Table S2), both as their pure E isomers and the Z-
rich PSS mixtures, and all compounds showed a similar Z → E
isomerization event occurring approximately 150−350 mV
before the cathodic peak potential, corresponding to the radical
anion of the E isomer (the onset of this isomerization is
tabulated in Table S5). At the employed scan rate (10 mV/s)
there is a negligible amount of isomerization before the
electrochemically induced event. Note that thermal isomer-
ization can be excluded as we studied several fluorinated
azobenzenes with thermal half-lifes of up to 2 years.31 In
addition to dramatically increasing the thermal half-life,32

fluorine substitution strongly affects the cathodic peak
potential, which was measured between −1.18 and −2.00 V
(see section 4.16 in the Supporting Information). Importantly,
in all of the investigated derivatives, the acceleration of the Z →
E isomerization was similar, indicating that it is independent of
the cathodic peak potential.
In view of our results, the reductively induced Z → E

isomerization process seems to be general, and because only a
small amount of current is flowing through the sample during
the reaction, it cannot be stoichiometric in electrons.
Integrating the region of the cyclic voltammogram where the
Z → E isomerization takes place yields a current only
approximately 5% of the value required to reduce the entire
amount of azobenzene present in solution to the radical anion.
Therefore, this experiment for the first time provides direct
evidence that the Z → E isomerization is indeed electro-
catalytic,34 as has been suggested in previous literature
reports,14,20 and as a result explains why direct measurement
of the Z isomer’s cathodic peak potential using standard
electrochemical techniques is not feasible. The fact, however,
that the isomerization event occurs anodically shifted from
where computation and our experiments with the locked Z
azobenzene 3 suggesting that the cathodic peak potential of the
Z isomer should occur can be explained with the aid of Nernst’s
equation (eq 1):

= ° +
⎛
⎝⎜

⎞
⎠⎟E E

RT
zF

a
a

ln1/2
ox

red (1)

According to this equation, the half-wave electrode potential
(E1/2) of a given redox process (involving z electrons at a given
temperature T) depends on the standard potential (E°) and the
ratio of the activity coefficients of the two involved redox-active
species (aox and ared). In the case of a fully reversible redox
process, the second term vanishes since aox = ared and hence
E1/2 = E°. Indeed, for E azobenzene, the half-wave electrode
potential equals the standard potential. In the case of the
reduction of Z azobenzene, however, the formed Z radical
anion undergoes rapid Z → E isomerization; hence, the
concentration of this species is constantly depleted, and the
system is pulled out of equilibrium such that E1/2 ≠ E°. As a
result, positive shifts of E1/2 relative to E° are observed, which
in the investigated derivatives range between 150 and 350 mV,
corresponding to ratios of the neutral Z isomer and its
corresponding radical anion (aox:ared) in the order of 340:1 to
830 000:1. This shift explains why the formation of the Z
radical anion occurs prior to reaching the cathodic peak
potential, which is required to form the E radical anion.
From these data we postulate the mechanism sketched in

Figure 5 (left), which explains why the reduction process is
catalytic once the Z azobenzene radical anion (Z•−) enters the

Figure 4. UV−vis spectral changes during cyclovoltammetry of Z-4:
Initial and efficient Z → E isomerization in the range from −0.91 to
−1.05 V (top) followed by generation of the E-4 radical anion in the
range from −1.06 to −1.40 and back to −1.30 V (bottom). All spectra
were acquired in a 1 mm quartz cuvette, with Pt electrodes in the
presence of 0.1 M Bu4NPF6. c = 5 × 10−4 M, Pt electrode, −0.15 V →
−1.30 V → −0.15 V, dE/dt =10 mV/s.
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cycle. Upon initiation by reducing a small amount of Z isomer,
the formed Z•− isomerizes extremely rapidly to the radical
anion of the E isomer (E•−),13,14 which subsequently transfers
an electron to another neutral Z isomer to propagate the cycle.
The calculated electron affinities (see Table S7 in the
Supporting Information) suggest that the electron transfer
equilibrium (KeT) between the azobenzene isomers and
specifically from E•− to substrate Z to yield Z•− and product
E is almost thermoneutral. The subsequent removal of Z•− via
rapid and irreversible isomerization (kiso) to the thermodynami-
cally favored E isomer drives the equilibrium to the product
side.
In order to rationalize the origin of the fast thermal Z → E

isomerization taking place in the radical anion, the activation
barriers for both the charge-neutral azobenzene as well as the
corresponding radical anion were evaluated computationally
(Figure 5, right). While the thermodynamic driving force for
Z → E isomerization is nearly identical in both cases, i.e.,
ΔG(Z → E) = 13.4 kcal/mol versus ΔG(Z•− → E•−) = 13.8
kcal/mol, the energy of the transition state in the case of the
radical anion isomerization (ΔG⧧ = 19.6 kcal/mol) is much
lower as compared to the charge-neutral case (ΔG⧧ = 37.4
kcal/mol). This tremendously decreased thermal barrier in the
case of the radical anion leads to a dramatic rate enhancement
by 13 (!) orders of magnitude at 298.15 K, i.e., from kΔ = 1.9 ×
10−5 s−1 to kiso = 3.3 × 108 s−1. This calculated rate acceleration
is in qualitative agreement with the experimental 6 orders of
magnitude increase measured by Zhao and co-workers for
electric field enhanced Z → E isomerization in azobenzene
liquid crystals35 as well as the 2 orders of magnitude increase
seen by Enomoto and co-workers in Langmuir−Blodgett
films,36 with both studies conducted in the absence of an
electrolyte. In previous work by our own and the Grill group,
we could show that, at very low temperatures of 7 K and in
ultrahigh vacuum, azobenzene Z → E isomerization could only
occur in the junction of the scanning tunneling microscope,
implying a significant reduction of the isomerization barrier
under the influence of a strong electric field.37−39 Computa-
tions were performed with B3LYP/6-311++G** ((for full

computational details see section 6 of the Supporting
Information, and for results see Table S8).

Photoelectrocatalytic Switching. On the basis of the
above electrocatalytic switching mechanism, we were interested
in exploiting indirect excitation to induce the Z → E
isomerization.5,40 We selected an iridium complex, fac-tris(2-
(3-p-xylyl)phenyl)pyridine iridium(III) (Ir(dmpppy)3)),
known to be an efficient photoelectron transfer agent,41 since
its LUMO energy level is higher in energy than that of
azobenzene providing the thermodynamic driving force for
efficient photoelectron transfer. We investigated the parent
azobenzene 1, which was irradiated at 365 nm to its Z-rich PSS
containing 83% of Z-1, before the iridium complex was added
and the solution was degassed. In the absence of any
Ir(dmpppy)3, upon irradiation with light of 365 nm, the PSS
remains unaffected and contains 17% E-1 (Figure 6). In

contrast, with the addition of only 0.5 mol % of Ir(dmpppy)3
this yield increases to 40% E-1. Increasing the iridium to the
azobenzene ratio leads to a concomitant increase in the E
content of the PSS (Figure 6, inset) until a saturation limit is
reached, as in our experiments an increase of 6.67 to 10 mol %
Ir(dmpppy)3 led to only a slight improvement in the PSS. The
observed concentration dependence supports a photoinduced
electron transfer from the excited Ir(dmpppy)3 complex to the
Z azobenzene thereby forming the Z azobenzene radical anion
and initiating the catalytic cycle.
The extent of photochemically induced switching that can be

achieved in a photochromic system is described by the PSS at a
specific irradiation wavelength. Typically, only direct excitation
is being considered, and hence, the PSS is defined by the ratio
of the extinction coefficients of the two interconverting isomers
and the ratio of the quantum yields for the forward and
backward reactions, all at the employed irradiation wavelength.
In our case, however, we have to furthermore consider indirect
excitation via the iridium complex. The efficiency of initiating
the radical chain is governed by the kinetics of the
photoinduced electron transfer from the excited iridium
complex to the Z isomer. Therefore, the overall composition

Figure 5. Proposed mechanism and reason for observed rate
acceleration: Upon initial azobenzene photoisomerization (blue
arrow), the formed Z isomer can undergo thermal Z → E
isomerization either via its neutral form (black box) or via its radical
anion (magenta box). The latter pathway involves a radical chain
reaction, which after initial reduction using catalytic amounts of
electrons to form the radical anion Z•− involving rapid isomerization
to E•− (red arrow) followed by an electron transfer equilibrium
(magenta arrows) to yield the neutral E product and regenerate Z•− to
propagate the chain. The thermoneutral electron transfer equilibrium
(KeT) is driven by the extremely rapid and irreversible isomerization
step (kiso), which in the case of azobenzene at room temperature has
been calculated to be accelerated by 13 orders of magnitude as
compared with that of neutral Z → E isomerization (right).

Figure 6. Catalytic reductive Z → E isomerization of parent
azobenzene 1 triggered by photoinduced electron transfer from an
iridium complex (Ir(dmpppy)3): Upon addition of catalytic amounts
of Ir(dmpppy)3 to the Z-rich PSS mixture (containing 83% of Z-1)
and subsequent irradiation at 365 nm, the amount of E isomer in the
PSS is substantially improved (inset, top right) while also the
isomerization rate is dramatically increased.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b10822
J. Am. Chem. Soc. 2017, 139, 335−341

339

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10822/suppl_file/ja6b10822_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10822/suppl_file/ja6b10822_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b10822/suppl_file/ja6b10822_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b10822


of the PSS should be given by eq 2 (derived in section 5.1 of
the Supporting Information):

ε φ

ε φ ε φ
= +

*λ

λ λ
→

→ →

E
Z

k[ ]
[ ]

[Ir ]Z Z E

E E Z E E Z

PSS

PSS

PSS 2

(2)

In the case of azobenzene 1, when we irradiate with 365 nm
light, where the E isomer absorbs preferentially, the PSS
becomes enriched in Z isomer (83% Z-1) as dictated by the
first (left) term shown in black on the right side of eq 2.
However, upon addition of an appropriate photoelectron
transfer agent, i.e., the iridium complex, an additional second
(right) term on the right side of eq 2 becomes increasingly
important. In fact, this indirect excitation pathway drives the
photoreaction in the opposite direction (and can only drive it
in the Z → E direction!) of the direct excitation route and
allows one to override the intrinsic photochromic behavior of
the switch in a tunable fashion. Importantly, in such sensitized
systems the ratio of E and Z azobenzene can be constantly
varied as a function of the iridium concentration, and hence, we
could successfully overcome the boundaries of a conventional
photostationary state, i.e., not being limited by intrinsic
quantum yields and absorption spectra of the azobenzene
isomers!
Our system is closely related to photoredox catalytic systems

in the literature,42−44 where photoexcitation of a catalyst
(typically, but not necessarily a transition metal complex) drives
electron transfer to activate the substrate, which subsequently
undergoes a particular chemical transformation after which the
catalyst is regenerated by back electron transfer. While the term
photoredox catalysis relates to the catalytically active species
being present in substoichiometric amounts, the process itself is
not necessarily catalytic in electrons.34 In our case, however, the
iridium complex is present in catalytic amounts, and the
product of the initial photoinduced electron transfer, i.e., the
radical anion, itself becomes the catalyst. Formation of Z•−

followed by immediate isomerization provides E•−, from which
there is an inherent competition between the propagation of
the catalytic chain (involving electron transfer to another
neutral Z isomer) or back electron transfer to the formed
oxidized Ir(IV) complex. This competition is reflected in the
saturation behavior with increasing concentration of the iridium
complex (see inset in Figure 6).
Last but not least, we want to point out that our system

certainly could be improved. For example, we were not able to
identify a suitable photoelectron transfer agent with an
absorption wavelength completely separated from the azoben-
zene absorption. The overlapping spectra (see Figure S61 in the
Supporting Information) are the reason why our attainable PSS
is limited to 76% E isomer. Although the photoredox catalysis is
highly efficient, as demonstrated by more than doubling the E
content with as little as 0.5 mol % iridium complex, even at an
amount of 10 mol % iridium direct absorption of approximately
one-fifth of the photons by the azobenzene prevents
quantitative Z → E isomerization.

■ CONCLUSION
We have investigated the electrochemistry of a variety of
azobenzene derivatives as their E and Z isomers. In all examples
we found rapid thermal Z → E isomerization, which can be
induced reductively by a catalytic amount of electrons. This
isomerization process is independent of thermal half-life and
cathodic peak potential and occurs before reaching the cathodic

peak potential of the E isomer. This overall catalytic process is
enabled by the dramatically accelerated isomerization on the
radical anion potential energy surface; i.e., Z•− → E•− is 1013

times faster than Z → E, and driven by the buildup of the
thermodynamically more stable E isomer.
Our work clarifies the mechanism and generality of previous

observations regarding the electrochemical switching of Z
azobenzenes,13,20 and follows similar observations of electro-
chemical switching in diarylethenes,23,26,27 stilbenes,45,46 and
thioindigos.47,48 Through the use of computational methods,
we elucidate that the potential energy surface of the radical
anion allows for a dramatic increase in the rate of thermal Z →
E isomerization. As opposed to the reductive ring-closing
observed in some fulgides,49 the observed isomerization is
catalytic. We are convinced that in many families of
photoswitches this phenomenon is general and currently
underexploited. For example by initiating this electrocatalytic
switching process using an iridium complex as a photoelectron
transfer agent, azobenzenes can conveniently be isomerized via
indirect excitation. Such coupled systems provide photosta-
tionary states that are no longer solely dependent on the
isomerization quantum yields and extinction coefficients of the
individual isomers of azobenzene (or another photoswitch), but
instead can be tuned by adjusting the concentration of the
photoelectron transfer agent. Using this new blend of
photochromism and photoredoxcatalysis opens the door to
more efficient and orthogonal remote control over functional
molecular systems, materials, and devices with light.
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