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Abstract: Azo compounds are efficient electron acceptors.
Upon one-electron reduction they generally isomerize form-
ing the thermodynamically most stable radical anion. Herein
we show that the size of the central ring in 1,2-diazocines and
diazonines has a ruling influence on the configuration of the

one-electron reduced species. Markedly, diazonines, which
bear a central nine membered heterocycle, show light-
induced E/Z isomerization, but retain the configuration of the
diazene N=N moiety upon one-electron reduction. Accord-
ingly, E/Z isomerization is not induced by reduction.

Introduction

Azo compounds have gained substantial relevance in technical
and medical contexts. They can be selectively and reversibly
switched between their E/Z isomers thermally or by irradiation
at characteristic wavelengths. Whereas the E isomer reveals a
’stretched’ arrangement of the two substituents at the central
N=N moiety, the Z orientation causes a strain between two
phenyl rings resulting in rather space-consuming (bulky)
arrangement of the substituents. Accordingly, molecules com-
prising an azo moiety display unique properties depending on
the prevailing isomer. This is for example, illustrated using azo
moieties in self-healing polymers,[1–4] where switching between
E and Z leads to an intrinsically differing topology causing

remarkable macroscopic effects (softness/hardness of the
material). The higher bulkiness of substituted Z isomers vs. the
E is the basic principle in photopharmacology.[2,5–8] When azo
moieties substituted with residues containing potential ligands
are connected to transition-metal complexes in a way that the
ligand atoms can interact with the metal cation depending on
the prevailing E or Z isomer low- and high-spin states can
selectively be populated. This finds applications particularly as
switchable contrast agents[9–12] and in selective paramagnetic
relaxation enhancement in NMR.[13]

Photoswitching requires a high quantum efficiency for the
E $Z isomerization and for obtaining a reasonable penetration
depth (e.g., in blood-supported tissue), the wavelength re-
quired for the switching should be in the visible region, ideally
within the so called “phototherapeutic window” (650–900 nm),
and the absorption maxima of the two isomers should be well
separated.
Accordingly, many derivatives based on the parent azoben-

zene (1) have been introduced. Bridged compounds (e.g. 2–8,
Scheme 1), are more stable in their Z arrangement.[14–20] This is a
particular advantage because the “bulkier” Z isomers are
generally inactive whereas the E isomers are sterically less
demanding thus being the active forms in terms of binding to
substrates. Accordingly, photo-induced Z $E photoisomeriza-
tion causes activation of functionalities in systems containing
bridged azo moieties as photoresponsive units. Moreover, it has
been shown that azo compounds with a strained geometry and
those with aliphatic substituents form rather persistent radical
ions upon one-electron reduction (or oxidation).[14,21–32] Whereas
it has been shown that electron transfer causes efficient and
rapid Z $E conversion in non-bridged azo compounds with
advantageous reduction potentials,[26,33–40] the changes in mo-
lecular configuration upon one-electron reduction in bridged
azobenzene derivatives have not been addressed.
To obtain insights whether electron transfer is a likely

pathway to induce Z $E isomerization in bridged azo deriva-
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tives, we investigated azo derivatives 1–8 (Scheme 1) based on
their redox potentials, absorption spectra, geometry, and the
electronic structures of the resulting radical anions. The
corresponding spectroscopic and calculated data will provide a
systematic basis to evaluate the reduction-induced configura-
tional isomerization (topology) in bridged derivatives 2–8.

Results and Discussion

Redox Potentials

Generally, azo compounds exhibit at least two consecutive one-
electron reductions producing a radical anion, and subse-
quently a dianion (Figure S1).[41] Whereas the first electron
transfer is essentially reversible, this is not the case for the
second. For the isomerizations discussed here only the first step
leading to radical anions is relevant.
Standard cyclic voltammetry (with 0.1–1 Vs� 1 scan rates) of

E- and Z- azobenzene (1) shows matching cyclic voltammo-
grams (CV). Starting with either E- or Z-1, one electron reduction
leads to the radical anion E-1*� , which is subsequently oxidized
to the parent E-1. The Epc–Epa peak separation for the first
reduction process of E-1 is 70 mV. The use of fast scan rates (2–
1000 Vs� 1) and photo modulated voltammetry (PMW), allowed
for the observation of Z-1*� , and indicate that Z-1 is reduced at
slightly more negative potential (60 mV, shifted in cathodic
direction) than the E isomer. Furthermore, Z-1*� rapidly converts
to E-1*� in a catalytic cycle, producing E-1 upon re-oxidation.
Consequently, the Epc–Epa peak separation is slightly larger for Z-
1,[42] and PMW indicated a slight solvent dependence of the
reduction potentials in organic solvents.[43]

We have performed CV experiments for the bridged azo
derivatives 2–8, all of which exist as Z isomers in their parent
form with E-1 serving as the reference (Table 1. Figure S1). The
reduction peak potentials, Epc, of 2–8 in the Z form range
between � 1,51 and � 1.77 V vs. Fc+/Fc (Table 1). These values
are clearly less negative than those of parent Z-1 (� 1.94 V vs.
Fc+/Fc). Furthermore, the Z-derivatives of 2–8 show large Epc–
Epa peak separations (270-780 mV, Table 1). CV experiments
with three consecutive cycles, indicated shifted curves after
each run (Figure S2). We ascribe this to a chemical follow-up
reaction of the Z-type radical anions 2*� –8*� . Based on the

substantial negative charge at the N=N moiety (mirrored by the
14N hyperfine couplings, described in the EPR section below),
the Z-type radical anions of 2–8 act as strong (electrogenerated)
bases. Such bases (A*� ) tend to disproportionate yielding the
neutral parent compound (A) and the corresponding dianion
(A2� ).[44,45] The latter then reacts with protic impurities in DMF,
forming the mono-protonated dianion (HA� ), which is further
protonated to hydrazine derivative (H2A, Scheme 2). In addition,
a nucleophilic attack of the monoprotonated dianion (HA� )
onto DMF is likely, forming an additional redox-active species.
These latter products are oxidized at much less negative
potentials (with Epa - Epc peak separations of 100–700 mV

[46–50]

compatible with the data in Table 1 (270–780 mV)). Such a
reactivity has been thoroughly established for a series of
azobenzene derivatives with restricted conformational freedom
embedded in monolayers.[49–53]

We have also followed the electrochemical reduction of the
thermodynamically less stable E isomers of 3–8 (an E isomer of
2 could not be verified). To that end, solutions of 3–8 in DMF
with electrolyte present, were irradiated with high power light

Scheme 1. Structures of the investigated compounds.

Table 1. Electrochemical data for 1–8 (scan rate 300 mVs� 1; solvent,
degassed DMF; supporting electrolyte 0.1 molL� 1 TBAClO4; pseudo refer-
ence electrode, Ag wire; counter electrode and working electrode Pt (for 7,
and 8, Au wire); potentials are referenced to Fc+/Fc.

Compound Epc/V Epa/V (Epc–Epa)/mV

E-1[a] � 1.82 � 1.75 70
E-1 � 1.88[b] � 1.79[c] 70[d]

Z-1 � 1.94[e]

2 � 1.69 � 1.07 620
3 � 1.68 � 1.05 630
4 � 1.74 � 0.98 760
5 � 1.66 � 0.91 750
Z-6 � 1.77 � 0.99 780
E-6 � 2.07 � 1.94 130
Z-7 � 1.61 � 1.09 520
E-7 � 1.99 � 1.93 60
Z-8 � 1.51 � 1.24 270
E-8 � 1.93 � 1.87 60

[a] This work; [b] The value of � 1.88 V vs Fc/Fc+ was obtained by
recalculating the literature value of � 1.39 V vs SCE (in DMF)[57] from
polarographic measurements; [c] The value of � 1.79 V vs Fc/Fc+ was
obtained by recalculating the literature value of � 1.32 V vs SCE (in
DMF)[57] from polarographic measurements; [d] The value of 70 mV was
obtained by taking jEpc–Epa j = (1.39 V–1.32 V);

[57] [e] The value of � 1.94 V
vs Fc/Fc+ was obtained by recalculating the literature value of � 1.40 V
� 0.060 V vs SCE.[42]
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emitting diodes (LEDs, at appropriate wavelengths) until a
photo stationary state (PSS) was accomplished. The amount of
the E isomer in the PSS depends on the quantum yield of
isomerization and the irradiation wavelength. For 3–8, a ca. 70–
90% enrichment of the E isomer can be achieved. However, the
thermal half-life of E-4 (t1/2=89 s @ 20 °C) is too short to allow
recording CVs attributable to the E isomer. In the case of Z-3 (t1/
2=4.5 h @ 29 °C) and Z-5 (t1/2=3.5 d @ 27 °C)[54,55] the respective
E isomers are thermally stable enough for electrochemical
measurements. The CVs for E-3 and E-5 are identical to those of
the corresponding Z isomers. This observation points to a
similar behavior for E-3(E-5) as observed for Z-1. That is, E-3(E-5)
upon reduction produce E-3*� (E-5*� ), which rapidly isomerize to
the corresponding Z*� isomers. This can be traced back to the
lower energy barrier for the E!Z isomerization in the radical
anion (an anti-bonding π orbital is occupied weakening the
N=N bond) compared with the neutral species and the
relatively flexible diazocine skeleton. Furthermore, Z-3*� (Z-5*� )
undergo a further chemical reaction (once again due to the
high spin density at the nitrogen atoms) to the monoproto-
nated dianion and/or hydrazine derivatives, which are sub-
sequently oxidized allowing for the formation of parent Z-3(Z-5)
(in analogy to the CVs starting with pure Z-3(Z-5)).
Diazonine derivatives 6–8, comprising trimethylene bridge,

however, reveal a remarkable behavior: E and Z isomers provide
clearly distinct CVs (Figure 1). For the parent Z isomer of
compound 6 (black curve in Fig 1a) we observed a broad

reduction peak, Epc, at � 1.77 V (vs. Fc
+/Fc) with a re-oxidation

at � 0.99 V presenting a large (Epc - Epa) separation of 780 mV.
Upon irradiation with 405 nm LED of the freshly prepared
solution of 6, we reached PSS with Z/E ratio of 1 :3 (E-6, t1/2 >2
weeks[54]), the CV of this solution showed an additional
reduction (Epc= � 2.07 V accompanied with Epa= � 1.94 V, vs.
Fc+/Fc, Epc� Epa=130 mV). We attribute this peak to the E
isomer (Figure 1a and Table 1). This assignment is based on the
findings from an investigation on related crown-ether-bridged
azobenzenes, where it was shown that geometries resembling
the Z configuration have anodically shifted Epc values vs. E
isomers.[56] DFT calculations provide an explanation for the
observation of two distinct radical anions E- and Z-6*� . A
saddle-point search for the E/Z isomerization of 6*� yielded a
transition state with one imaginary frequency being 60 kJmol� 1

higher in energy than E-6*� (Figure S5). The much smaller (Epc -
Epa) separation for the E-isomer is in line with a more extended
electron delocalization into phenyl rings for E-6*� than for Z-6*�

(cf. DFT calculations, Figure S33). Accordingly, the excess of the
negative charge at N=N moiety diminishes. Consequently, the
E-type radical anions are less basic than their Z-type counter-
parts and the reaction sequence shown in Scheme 2 is not
observable. This is substantiated by a multi-cycle CV experiment
lacking the potential shifts detected for the Z-derivatives
(Figure S6).
Diazonines 7 and 8 display a redox behavior related to that

of 6 for their E and Z isomers (Figure 1b and c, Table 1, and

Scheme 2. The (electro)chemical behavior of azo compounds upon one electron reduction.

Figure 1. Cyclic voltammograms of a) E and Z-6 b) E and Z-7, c) E and Z-8 (scan rate, 300 mVs� 1 solvent, degassed DMF; supporting electrolyte 0.1 molL� 1

TBAClO4; a pseudo reference electrode, Ag wire; counter electrode and working electrode Pt (for 7, and 8, Au wire); potentials are referenced to Fc
+/Fc.
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Figure S3 and S4). In the case of 7 the two hydroxy protons
lead to additional peaks (Figure S4) likely connected with
follow-up reactions of the primary radical anion of E/Z-7. The
electron withdrawing groups CH2OTBS lead to the slightly more
positive Epc values for 8. The characteristic feature of diazonines
6–8 is their persistence vs. Z $E isomerization upon one-
electron reduction.

Spectroelectrochemistry

Our in-house built spectroelectrochemical cell allows us to
couple irradiation, UV-Vis spectroscopy, and cyclic voltammetry
enabling the observation of in-situ UV-Vis spectra during the
potential controlled electrolysis (Figure S7).
As established by the CV experiments, E isomers of 3–5

rapidly convert to their Z isomers upon reduction. Correspond-
ingly only the Z isomers of those compounds could be
subjected to potential controlled electrolysis. To that end, Z-2-5
were reduced under potential controlled conditions (applied
potential is kept constant through the experiment), while
following the temporal changes in the absorption spectra.
Derivative Z-2 did not show any change in the absorption
spectra up to the maximum applied potential of � 1.90 V (vs.
Fc+/Fc). Z-isomers of 3–5 were reduced to their radical anions
by applying potentials being 40–90 mV more positive vs. the
corresponding Epc values (Table 1). The reduction time was
adjusted to prevent the buildup of undesired side products.
The results are presented in Figure 2 and the curves below the

optical spectra indicate the temporal change of the absorbance
for the bands at the wavelengths marked in the spectra.
Diazocine derivatives 3–5 show new bands above 450 nm,
which can be attributed to the corresponding radical anions
based on similarity with previously reported spectra for the
reduction of azobenzene derivatives.[40,58] For Z-4 a potential of
� 1.70 V (vs. Fc+/Fc) was applied to observe the newly formed
bands with maxima at 470 nm and 500 nm. For compounds Z-3
and Z-5 a potential of � 1.60 V (vs. Fc+/Fc) was sufficient to
obtain spectra showing the long-wavelength absorptions (Fig-
ure 2).
For diazonine Z-6 applying � 1.60 V (vs. Fc+/Fc) leads to the

appearance of a new absorption band at 523 nm, which is
attributable to radical anion Z-6*� (Figure 3a, see also below).
After electrolysis, the characteristic band of Z-6 remains
unchanged (black and red curve in Figure 3a). This is borne out
by 1H NMR analysis of the reaction mixture before/after the
spectroelectrochemical experiment (potential-controlled reduc-
tion), which reveals no new peaks that could be attributed to E-
6 thus excluding Z!E isomerization via the radical anion
(Figure S8). Irradiating parent Z-6 at 405 nm (high power LED)
leads to a 75% enrichment of E-6 in solution (PSS). For control,
we have performed a 1H NMR analysis of the PSS in DMF in the
presence of the supporting electrolyte (0.1 molL� 1 TBAClO4) to
exclude that the solution used for the spectroelectrochemical
measurement already causes thermal isomerization. Even after
letting the solution at room temperature for 24 h, the NMR
spectrum was invariant (Figure S9). After performing the
potential-controlled electrolysis on the PSS of 6 (E/Z=3 :1) the

Figure 2. Potential controlled reduction of diazocine derivatives. a) reduction of Z-3 by applying the potential of � 1.60 V, b) reduction of Z-4 by applying the
potential of � 1.70 V, c) reduction of Z-5 by applying the potential of � 1.60 V. The time profiles of the emerging bands are shown in d), e), and f). Potentials
vs. Fc+/Fc.
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UV-vis spectra show only minimal conversion of E-6 to Z-6
indicated by a weak band emerging at 405 nm (red curve in
Figure 3b). This observation is substantiated by the 1H NMR
analysis, which showed basically unchanged NMR signals and
signal intensities after electrolysis (Figure S10 and S11). When
the potential was turned off (after 200 s, physical disconnection
of the electrodes via relay from the potentiostat), for both, the
Z and the E isomer the band at 523 nm decayed within ca.
100 s indicating the short lifetime of the radical anions under
our experimental conditions.
Derivative 7 with two alcoholic OH groups at the central

position of the trimethylene bridge undergoes a proton transfer
at the stage of the radical anion thus impairing further potential
controlled electrolysis experiments (see Figure S12). However,
compound E/Z-8 having tert-butyldimethylsilyl (TBS) substitu-
ents resembles the reactivity described above for 6 (see
Figure S13).
Another test for the unique behavior of Z-6 is provided by

redox cycling. We have performed an experiment, in which the
potential alternates between � 1.60 V (reduction of Z-6) and
� 1.20 V (value chosen to be lower than Epa of Z-6, that is lower
than the oxidation potential of 6-H) while simultaneously
monitoring the UV-Vis spectrum of the solution. The time for
the reduction and the oxidation steps was arbitrarily chosen to
be 2.5 min. Figure 4a shows a contour plot of the UV-vis spectra
vs. time (the voltage vs. time profile is presented on the left
side of the graph) indicating the decomposition of Z-6. This can
be additionally substantiated from Figure 4b, showing the UV-
vis spectra at the end of every reduction cycle, once again
indicating the decomposition of Z-6*� with every consecutive
cycle, insert in the Figure 4b shows the absorbance at 523 nm

vs. time, correlated to the cycling potential. Using LC–MS data
obtained from the reaction solutions, we have identified
hydrazine 6-H (Scheme 3) as the main product, providing
further evidence about the hydrazine 6-H as the dominant
species in the overall redox process of Z-6. This observation is in
line with CV experiments and the previously reported electro-
chemical behavior of azo compounds.[41,58, 59] However we could
not establish any traces revealing that E-6 is converted to its Z
isomer via one-electron reduction (Scheme 3, red arrow).[57,60]

EPR spectroscopy

The radical anions of 1, 2, 3, and 6 have already been reported
many years ago,[14,22, 27, 29] however, their formation via E or Z
precursors and the connection of the radical anions to redox
potentials and optical spectra is elusive. We have, therefore,
included these derivatives into our discussion (the correspond-
ing spectra are presented in the Supporting Information).
Selected EPR data of radical anions generated from 1–6 and 8 is
presented in Table 2.
The EPR spectra of radical anions derived from azo

compounds are essentially dominated by a 1 :2 : 3 : 2 : 1 quintet
pattern produced by the two equivalent 14N nuclei (Figure 5)
except 4 and 5, where the two nitrogen nuclei are inequivalent
(see Table 2). This is caused by the highly dominating part of
the spin population residing at the N=N moiety. 1H isotropic
hyperfine coupling constants (hfcs) attributed to the aromatic
substituents provide additional information on the electron
delocalization and topology of anions 1*� –6*� and 8*� .

Figure 3. Potential controlled electrolysis a) of Z-6 at a potential of � 1.60 V (working electrode, vs Fc/Fc+); b) of E-6 (75% in the PSS) with � 1.80 V (working
electrode, vs Fc/Fc+). Inserts at a) and b) show the corresponding time profiles of the absorbance at 523 nm. In both cases, the electrochemical cell was
disconnected after t=200 s.
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Previous publications reveal that the radical anions of
aromatic but also those of aliphatic azo compounds are π-type
radicals and the variations of the 14N hfcs reflect the amount of
the spin residing at the N=N π system. Accordingly, the higher
the 14N hfc the more the charge and the spin are confined to
the azo moiety.

The radical anion of parent azobenzene, E-1*� , reveals a 14N
hfc of ca. 0.5 mT and the highest 1H hfc attributable to the
aromatic protons in the 4,4’ positions (ortho) in the phenyl
substituents amounts to 0.32 mT (Table 2). The 14N hfcs and the
1H hfcs assigned to the 4,4’ positions are additionally suitable
candidates to monitor electron delocalization in 1*� –6*� and
8*� . In 2*� , the monomethylene bridge between the two

Figure 4. Potential toggling experiment of Z-6. a) UV-vis spectrum vs. time presented as a contour graph, with a legend on the left side indicating the time
profile of the toggling potential. b) UV-vis spectra of the reaction mixture at seven points during the experiment, each point representing the final time for
the reduction part of the overall cycle. Insert shows absorbance at 523 nm vs. time.

Scheme 3. Electrochemical reduction of E/Z-6 and the formation of 6-H by protic impurities.
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benzene rings only allows a slightly bent Z-type arrangement of
the azobenzene moiety impairing electron delocalization
toward the benzene rings. Accordingly, the 14N hfc rises (vs. E-
1*� ) to 0.654 mT whereas the ortho 1H hfc decreases to
0.305 mT mirroring a higher spin population at the nitrogen
atoms with an attenuated delocalization into the benzene rings.
Parent diazocine and diazonine radical anions 3*� and 6*� reveal
significantly higher, rather similar 14N hfcs of 0.927 and
0.969 mT, respectively, and, in parallel, smaller 1H hfcs for the
4,4’ hydrogens. These data closely resemble those of alkyl azo
derivatives 9*� –11*� [22,27,28,38] having 14N hfcs between ca. 0.8 and
1 mT. This provides evidence that in 3*� and 6*� the spin and
the charge are confined to the central azo moiety (π-type
radicals) and is in very good agreement with our DFT
calculations (Figure 6a and b, see Figure S33).
Derivative 5*� reveals rather small 14N hfcs of 0.567 and

0.485 mT (two non-equivalent nitrogen nuclei in 5*� , Table 3).
Both values are close to that of azobenzene radical anion 1*�

and to 2*� where the aromatic π systems are essentially
coplanar to the N=N moiety and a substantial portion of the

spin is delocalized onto the benzene rings. Accordingly, 5*�

must adopt a topology substantially differing from the related
(central diazocine ring) derivatives 3*� and 4*� possessing

Table 2. EPR data for radical anions 1*� –6*� and 8*� , solvent THF, counterion K+ (the data reflect the values used for the simulations of the EPR spectra and
are based on ENDOR measurements together with DFT calculations for the assignments, see Supporting Information, errors �10%).

Radical g factor[b] 14N hfc/mT 1H hfc/mT
anion 2,2’ 3,3’ 4,4’ 5,5’ 6,6’ CH2

1*� [a] - 0.478 (2 N) 0.211 0.062 0.320 0.089 0.294
2*� [a] 2.0037 0.654 (2 N) 0.234 0.083 0,305 0.132 – 0.132
3*� [a] 2.0041 0.927 (2 N) 0.098 0.065 0.113 0.076 - 0.154
4*� [c] 2.0039 0.967/0.850 0.035 0.065 0.004 0.183 0.014

0.001 0.245 0.150 0.319
5*� 2.0037 0.567/0.485 0.279 0.141 0.220 0.141 0.316
6*� 2.0036 0.969 (2 N) 0.184 0.114 0.220 0.114 0.196

0.013
8*� 0.969 (2 N)

[a] Values are in agreement with those reported in the Ref. [29,11]. Signs are omitted. [b] Exp. error: �0.0002. [c] Assignments based on calculations, see
Supporting Information.

Figure 5. EPR spectra of 6*� a) experimental spectra recorded at 200 K together with simulation, b) experimental spectra at temperature from 220 K to 270 K.

Table 3. Experimental (by simulation, 14N ENDOR not detectable) and
calculated 14N hfcs/mT for 1*–6*� and 8*� –11*� (counterion, K+) together
with the assignment to geometries (see Figure 7) based on b3lyp/6-31g(d)
calculations. The calculated data with the best match with the experimen-
tal values are in italics.

Radical anion Exp. 14N hfc Configuration/Conformation and Calc. 14N
hfc
Z E1[a] E2[a]

1*� 0.478 (2 N)
2*� 0.654 (2 N) 0.63 1.60
3*� 0.927 (2 N) 1.02 1.25
4*� 0.967/0.850 0.97/0.99 1.38/1.42
5*� 0.567/0.485 1.09/1.08 0.82/0.58 1.40/1.40
6*� (8*� ) 0.969 (2 N) 0.97 0.56 1.16
9*� 0.918 (2 N)
10*� 0.878 (2 N)
11*� 0.80 (2 N)

[a] E1/E2 applies to diazocine 5, see text.
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clearly higher 14N hfcs (0.927 and 0.967/0.850, respectively). This
is borne out by DFT calculations, predicting the smallest 14N
hfcs for a E1 configuration of 5*� (Figure 7). The calculated 14N
data, in this case are not as well matching with the experiment
as those for the remaining derivatives; nevertheless, the
predictions are clearly substantially smaller than for a Z or E2
configurations of 5*� and using bigger 14N hfcs for the spectral
simulation does not produce any match with the experimental
spectrum.
Diazonine derivatives 6*� –8*� have shown remarkable cyclo-

voltammograms (Figure 1) implying that the Z and E topology
in the parent compounds is retained upon reduction. Unfortu-
nately, the reduction potential of the Z isomer is less negative
than that of the E isomer (� 1.77 vs. � 2.07 V vs. Fc+/Fc) and Z-6
is always a well distinguishable component of the PSS (Z/E=

1 :3, see Supporting Information). Accordingly, the Z isomer is
preferentially reduced via K-metal before E-6 is reduced. This

leads to Z-6*� being the dominating component of the EPR
spectra with E-6*� remaining indistinguishable.
The UV-Vis spectra taken from the EPR samples resemble

those assigned to the radical anions based on the investigations
by spectroelectrochemistry.

Overall Considerations

In general, this investigation of the bridged azobenzenes 2–8
has shown, that one-electron reduction of the parent com-
pounds yields radical anions with well-distinguishable geo-
metries and electronic structures. The combination of EPR data,
one-electron reduction potentials ((spectro)electrochemistry),
optical spectra, and DFT calculations reveals rather specific
geometry changes when going from the parent neutral azo
derivatives to the radical anions. The character of the bridging

Figure 6. a) Structures of alkyl azo derivatives 9–11, b) Selected LUMOs of 1, 6, 10 (see the Supporting Information for the remaining derivatives.[61]

Figure 7. Calculated geometries of 3*� –6*� .
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units and the corresponding conformational flexibility of the
central rings have a substantial influence on the redox
potentials, charge distribution, reactivity (protonation) and the
topology of the radical anions 1*� –8*� . Whereas parent
azobenzene 1 has been shown to rapidly form its thermody-
namically preferred E-1*� isomer and the relatively rigid
derivative 2 only slightly planarizes upon reduction, derivatives
3*� and 4*� retain a Z-type topology of the azo moiety, in which
the spin and the charge are mainly concentrated at the azo π*
orbitals. In the case of 5*� the experimental parameters indicate
a more planar E-type topology allowing substantial delocaliza-
tion of the spin and the charge into the benzene rings. For 5,
there is an additional interplay of two E conformers (E1 and
E2)[15] being populated in the parent state and the two
conformations are translated into the radical anion, 5*� .
Diazonines 6–8 reveal a particularly noteworthy feature: In
contrast to the other derivatives, one-electron reduction does
not lead to E/Z isomerization.

Experimental Section

Cyclovoltammetry

Cyclovoltammetry measurements of azobenzene derivatives 1–8
was performed on an Autolab PGSTAT12 potentiostat (Eco Chemie
BV, The Netherlands) connected to a PC running the software
package Nova 2.1.4 (Metrohm, The Netherlands) in degassed DMF
as a solvent containing 0.1 molL� 1 tetrabutylammonium
perchlorate (TBAClO4) as electrolyte employing Ag wire as a pseudo
reference electrode, Pt wire as the counter electrode, and as a
working electrode. the concentration of compounds 1–8 was at
1 mmolL� 1 level, ferrocene was added to the solution after record-
ing the CV of the compound and the measurement was repeated
to reference the Ag electrode. The E1/2 potential of ferrocene-
ferrocenium couple was in good agreement with the literature
value in all cases.[4]

Spectroelectrochemistry

The self-made spectroelectrochemical cell is constructed from
machined PTFE with two CaF2 optical windows separated by 6 mm
and equipped with a three-electrode setup using Ag wire as
pseudo reference electrode later referenced to Fc+/Fc, Pt wire as a
counter electrode, and Pt mesh electrode as the working electrode.
The light path is perpendicular to the CaF2 optical windows passing
through the Pt mesh working electrode. Optical fibers are used to
direct the light from the light source through the cell to the
spectrometer (J&M Analytik AG, Essingen, Germany, UV-vis spec-
trometer equipped with 1024-pixel diode array detector, using
stabilized Deuterium, and halogen lamp as the light source). In
addition, the cell contains an inlet and outlet for liquid and can be
sealed, thus permitting the measurements under oxygen-free
conditions. Autolab PGSTAT12 potentiostat (Eco Chemie BV, The
Netherlands), was used for the potential controlled electrolysis.

EPR Spectroscopy

Continuous-wave EPR spectra were recorded using a Bruker X-band
spectrometer (EMX, 100 kHz field modulation) equipped with the
temperature control unit (Eurotherm B-VT 2000). Typical conditions
for spectra acquisition were: 2 mW of RF power and 0.1 mT field

modulation amplitude. The compounds have been reduced to the
corresponding radical anions using a potassium mirror in a tandem
EPR cell under strict oxygen and water-free conditions. The tube
was connected to the high vacuum line, after three cycles of
evacuation, flame drying, and filling with argon one compartment
was filled with the compound to be reduced. The potassium mirror
was prepared by sublimation of potassium under high vacuum in
another compartment. Followed by condensation of extra dry
tetrahydrofuran (THF) to the compartment with the compound to
be reduced. The solvent was degassed by three freeze and thaw
cycles and the tube was sealed off. Shortly before measurement,
the solution was cooled down and allowed to react with metallic
potassium. The g factor was obtained using 2,2-Diphenyl-1-(2,4,6-
trinitrophenyl)-hydrazyl (DPPH) in THF as external reference.

ENDOR Spectroscopy

The ENDOR spectra were recorded on a Bruker ESP 300 X-band
spectrometer equipped with the temperature control unit (Euro-
therm B-VT 2000).

DFT Calculations

All calculations were performed using the GAUSSIAN09 program
package.[61] Using the B3LYP/tzvp protocol.[62,63] The geometries of
the neutral compounds served as the starting point for calculating
those of the corresponding radical anions. To account for solvation
effects the conductor-like polarizable continuum model (cpcm)[64]

was used to model THF, which is the solvent used for the samples
for the EPR experiments (chemical reduction with K-metal in THF).
It is known that calculations on N-centered radical anions at the
B3LYP/tzvp level underestimate the 14N hfc.[65] Therefore, the
geometries of the radical anions were additionally optimized at the
B3LYP/6-31g(d)[66] level, which produces higher values that fit the
experimental data better. The energies and geometries for the
isomers of 6 were taken from Ref. [67].
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