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ABSTRACT: The physicochemical properties of highly stable
supramolecular donor−acceptor (D−A) complexes of a bis(18-
crown-6)azobenzene (weak π-donor) with a series of bis-
(ammonioalkyl) derivatives of viologen-like molecules (π-accept-
ors) in acetonitrile were studied using cyclic voltammetry, UV−vis
absorption spectroscopy, 1H NMR spectroscopy, and density
functional theory (DFT) calculations. The crystalline structures of
the bis(crown)azobenzene and its complex with a bis-
(ammoniopropyl) derivative of 2,7-diazapyrene were determined
by X-ray diffraction analysis. In solution, all of the supramolecular
D−A complexes studied have a pseudocyclic structure owing to
ditopic coordination of the ammonium groups of the acceptor to
the crown ether moieties of the donor. These complexes show somewhat lower stability as compared with the previously studied
complexes of the related derivative of stilbene (strong π-donor), which is explained by the relatively weak intermolecular charge-
transfer (CT) interactions. Time-dependent DFT calculations predict that the low-energy CT transition in the D−A complex of the
bis(crown)azobenzene with a bis(ammoniopropyl) derivative of 4,4′-bipyridine lies between the local ππ* and nπ* transitions of the
azobenzene. The absorption band associated with the CT transition is indiscernible in the spectrum since it is overlapped with broad
and more intense ππ* and nπ* bands. It was found that the E → Z photoisomerization quantum yield of the bis(crown)azobenzene
decreases by almost an order of magnitude upon the complexation with the 4,4′-bipyridine derivative. This effect was tentatively
attributed to the intermolecular electron transfer that occurs in the 1ππ* excited state of the azobenzene and competes with the 1ππ*
→ 1nπ* internal conversion.

1. INTRODUCTION

Organic electron donor−acceptor (D−A) complexes in which
the charge-transfer (CT) electronic transition occurs at a lower
energy than the local transitions of the donor and the acceptor
are commonly called CT complexes. They are used in various
fields of materials science and chemistry, such as the
development of organic solar cells,1 field-effect transistors,2,3

and “off−on” fluorescent sensors,4 as model systems for
studying ultrafast electron-transfer reactions5 and as artificial
light-harvesting antenna models.6−8 CT complexes play
important roles in biological systems;9−12 the examples are
DNA UV-damage repair13 and magnetic field sensing.14 The
formation of CT complexes can be observed upon the
interaction of biomolecules with drugs.15−17

In solutions, organic D−A complexes normally show a very
low thermodynamic stability and, therefore, cannot be
observed at low concentrations of the components. This
problem can be solved by using molecular self-assembly
methods. Previously, we reported on a comprehensive study of
complexes of bis(18-crown-6)stilbene (E)-1 (strong electron

donor) with viologen-like compounds (electron acceptors)
containing two ammonioalkyl groups (Scheme 1).4,5,18,19

These D−A complexes in MeCN solutions are characterized
by very-high-stability constants (K1:1 up to 109.4 M−1) due to
ditopic coordination via hydrogen bonds and demonstrate low-
intensity absorption bands in the visible region, associated with
intermolecular CT electronic transitions.
Herein, we report the results of a study of similar

supramolecular D−A complexes involving bis(18-crown-6)-
azobenzene (E)-2 that has a weaker electron-donating ability
as compared with that of stilbene (E)-1.
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Azobenzene derivatives are used as molecular photoswitches
in various fields,20−26 in particular, in photopharmacol-
ogy.27−32 It was shown that the complexation of functionalized
azobenzene derivatives with biologically active molecules can
allow one to control the properties of the latter with light.
Theoretically, the photoswitchable behavior and other proper-
ties of azobenzenes in complexes with molecules having strong
electron-withdrawing moieties can be significantly influenced
by intermolecular CT interactions. However, the magnitude of
this influence is rather difficult to predict since donor−
acceptor complexes involving azobenzene derivatives have not
been studied.

2. RESULTS AND DISCUSSION

2.1. Redox Properties. The redox properties of
azobenzene (E)-2 and supramolecular complexes (E)-2·3b
and (E)-2·(E)-4a,b were studied using cyclic voltammetry at a
glassy carbon electrode in MeCN containing Bu4NClO4 (0.1
M). The cyclic voltammetry data for stilbene (E)-1,
compounds 3b and (E)-4a,b, and complexes (E)-1·3b and
(E)-1·(E)-4a,b were reported previously.4,33 The peak
potentials of the first redox transitions, vs Ag|AgCl|KCl (aq,
sat.), for all of these molecules and complexes are collected in
Table 1. The cyclic voltammograms for azobenzene (E)-2 and
complexes (E)-2·3b, (E)-2·(E)-4a, and (E)-2·(E)-4b are
presented in the Supporting Information (Figure S1).
The first oxidation potential of azobenzene (E)-2 is 370 mV

higher than that of stilbene (E)-1, which indicates a relatively
weak electron-donating ability of (E)-2. The formation of
pseudocyclic D−A complexes (Scheme 1) is accompanied by
anodic shifts of the first oxidation potentials of (E)-1 and (E)-
2. This is explained by two factors:4 first, the radical cations
(E)-1•+ and (E)-2•+ complexed to the tetracationic acceptors
are destabilized due to Coulomb repulsion and, second, the
ammonium groups of the acceptor bound to the crown ether

moieties of the donor exert an electron-withdrawing effect on
the π-conjugated moiety of the donor. The anodic shift ΔEpox
varies from 190 to 240 mV for (E)-1 and from 20 to 60 mV for
(E)-2, depending on the acceptor structure. The lower values
of ΔEp

ox for azobenzene (E)-2 suggest weaker CT interactions
in the D−A complexes of this compound as compared with
those for stilbene (E)-1.33 This suggestion is in agreement with
the data on the stability constants of D−A complexes,
presented in Section 2.2.
The first reduction potentials of acceptors 3b and (E)-4a,b

are shifted to less negative values upon the complexation with
donors (E)-1 and (E)-2. The positive values of ΔEp

red are
tentatively attributed to significant changes in the solvation

Scheme 1. Formation of Supramolecular D−A Complexes Involving Stilbene (E)-1 or Azobenzene (E)-2 as the Electron
Donor and Compounds (3−5)a,b as the Electron Acceptors; Chemical Structures of Reference Acceptors (E)-4c and 5c

Table 1. Peak Potentials of the First Redox Transitions for
Electron Donors (E)-1 and (E)-2, Electron Acceptors 3b
and (E)-4a,b, and Supramolecular D−A Complexes in
MeCNa

species Ep
ox, V Ep

red, V ΔEpox, mV ΔEp
red, mV

(E)-1 1.0 revb −2.48b

(E)-2 1.37 −1.57
3b −0.41 revc

(E)-4a −0.50 revb

(E)-4b −0.50 revb

(E)-1·3b 1.19c −0.38 revc 190 30
(E)-1·(E)-4a 1.24b −0.43 revb 240 70
(E)-1·(E)-4b 1.24b −0.43 revb 240 70
(E)-2·3b 1.42 −0.38 rev 50 30
(E)-2·(E)-4a 1.39 −0.34 rev 20 160
(E)-2·(E)-4b 1.43 −0.41 rev 60 90

aSupporting electrolyte Bu4NClO4 (0.1 M), glassy carbon electrode
vs Ag|AgCl|KCl (aq, sat.), rev denotes reversible (the forward to
reverse peak potential difference is about 60 mV), ΔEp

ox =
Ep

ox(complex) − Ep
ox(free donor), ΔEp

red = Ep
red(complex) −

Ep
red(free acceptor). bFrom ref 33. cFrom ref 4.
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shell of the charged acceptor molecule upon the formation of
pseudocyclic D−A complexes and a specific interaction of the
reduced form of the acceptor with the π-conjugated moiety of
the donor.4

2.2. Photochemical Study. Figure 1 shows the absorption
spectra of azobenzene (E)-2 and its pseudocyclic complexes
with 1,9-diammoniononane diperchlorate (6) and bis-
ammonium bipyridine derivative 3b in MeCN.

The complex formation in both cases leads to a
hypsochromic shift of the intense absorption band of (E)-2
associated with the ππ* electronic transition, which is due to
the electron-withdrawing effect of the ammonium ions bound
to the crown ether fragments of (E)-2 on the azobenzene
moiety. In addition, the complexation with acceptor 3b leads
to a decrease in the intensity of the ππ* transition band and a
discernible increase in the absorptivity at the long-wavelength
edge of the spectrum. These effects are attributable to charge-
transfer interaction and/or other specific interactions between
the bipyridinium and azobenzene moieties of the complex,
which result in a strong deviation from the planarity of the
azobenzene moiety. The deviation from planarity causes a
bathochromic shift and an increase in the intensity of the weak
nπ* transition band of the azobenzene (see the results of
density functional theory (DFT) calculations in Section 2.5).
Complex (E)-2·3b does not exhibit any CT absorption

bands, in contrast to the related complex of stilbene (E)-1,
which shows a clear-cut CT band with the maximum at 493
nm.4 According to time-dependent DFT calculations (TD-
DFT, Section 2.5), the CT transition (azobenzene-to-
viologen) in the (E)-2·3b complex lies in the region between
the local ππ* and nπ* transitions of the azobenzene and is
characterized by a very low oscillator strength. Hence, the CT
absorption band of (E)-2·3b is unobservable because it is
overlapped with the broad and more intense bands associated
with the ππ* and nπ* transitions.
The changes in the spectrum of (E)-2 observed upon the

complexation with acceptors 3a, (E)-4a,b, and 5a,b were
similar to those observed in the case of viologen 3b.
Table 2 shows the stability constants of the bimolecular

pseudocyclic complexes of azobenzene (E)-2 with acceptor
molecules (3−5)a,b and diammonium compound 6 in MeCN.
The reference data available for the corresponding complexes

of stilbene (E)-1 are presented for comparison in the same
table.
The complexes of azobenzene (E)-2 are characterized by a

lower stability compared with the corresponding complexes of
stilbene (E)-1. With diammonium compound 6, the decrease
in log K1:1 is as low as 0.2 and is attributable to the fact that in
(E)-2 the electron density on the crown ether oxygen atoms
directly connected to the benzene rings is somewhat lower
compared to (E)-1. In the case of acceptor molecules (3−5)
a,b, the values of log K1:1 decrease more significantly (by 0.4−
1.0), which indicates weaker CT interactions in the D−A
complexes of azobenzene (E)-2 in comparison with the
corresponding complexes of stilbene (E)-1.
Figures 2 and 3 present the spectrophotometric data on the

steady-state photolysis of azobenzene (E)-2 and complex (E)-

2·3b in MeCN with 365 nm light. In both cases, the
photoirradiation leads to a strong decrease in the intensity of
the ππ* absorption band of the azobenzene and to an increase
in the intensity of the long-wavelength nπ* absorption band.
These spectral changes are due to the E−Z photoisomerization
of (E)-2. The nπ* absorption band of (Z)-2·3b (λmax = 456
nm) is shifted to the red by 4 nm relative to that of free (Z)-2.
The quantum yields of the forward and back E−Z

photoisomerization reactions (φE−Z and φZ−E) of azobenzene

Figure 1. Absorption spectra of azobenzene (E)-2 and its
pseudocyclic complexes with diammonium compound 3b and 1,9-
diammoniononane diperchlorate (6) in MeCN.

Table 2. Stability Constants of the Bimolecular Complexes
of (E)-1 and (E)-2 with Acceptor Molecules (3−5)a,b and
Diammonium Compound 6a

(E)-1 (E)-2

acceptor log K1:1 log K1:1

3a 7.36b 7.0
3b 9.15b 8.2
(E)-4a 9.42b 8.6
(E)-4b 9.08b 8.2
5a 7.72b 6.9
5b 9.39b 8.4
6 6.78c 6.58

aIn MeCN; K1:1 = [D·A]/([D][A]), M−1. bFrom ref 4. cFrom ref 18.

Figure 2. Spectrophotometric data on the steady-state photolysis of
azobenzene (E)-2 in MeCN with 365 nm light: 1 cm cell,
concentration 1.5 × 10−5 M, light intensity 2 × 10−9 mol cm−2 s−1.
The red curve is the spectrum of (E)-2; the dashed curves are the
spectra recorded after irradiation for (1) 10, (2) 20, (3) 30, (4) 40,
and (5) 60 s; the olive curve is the spectrum of the E−Z
photostationary state; and the blue curve is the approximated
spectrum of (Z)-2 (see Section 4.5).
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2 in the free form and as complexes 2·3b and 2·6 are given in
Table 3. The complex formation in both cases has almost no

effect on φZ−E. The formation of complex (E)-2·6 leads to a
moderate decrease in φE−Z, which may arise from an electron-
withdrawal influence of the ammonium ions on the
azobenzene moiety of (E)-2 and/or from steric hindrances
for the photoisomerization in the pseudocyclic complex. The
φE−Z quantum yield of (E)-2 decreases almost by an order of
magnitude upon the formation of complex (E)-2·3b.
Presumably, this is due to the intermolecular electron transfer
from (E)-2 to 3b, which occurs in the 1ππ* excited state of the
azobenzene and competes with the internal conversion to the
1nπ* state (experimental and theoretical studies showed that
the E → Z photoisomerization of unsubstituted azobenzene
takes place in the 1nπ* excited state following fast 1ππ* →
1nπ* internal conversion).34−36

2.3. NMR Spectroscopy Study. Bis(crown)azobenzene
(E)-2 is very similar in structure to bis(crown)stilbene (E)-1;
therefore, the D−A complexes of (E)-2 with diammonium
compounds (3−5)a,b should be structurally analogous to the
corresponding D−A complexes of (E)-1, which have been
studied previously by 1H NMR spectroscopy.4,19

Figures 4 and 5 show the aromatic and aliphatic regions of
the 1H NMR spectra of azobenzene (E)-2, viologen 3b, and
their equimolar mixture in MeCN-d3. The equimolar mixing of
(E)-2 and 3b leads to significant shifts of most proton signals
of both compounds, which indicates the formation of a highly
stable bimolecular complex owing to ditopic coordination of
the ammonium groups of 3b to the crown ether moieties of
(E)-2 (see Scheme 1). The equimolar mixing of (E)-2 with
other acceptor compounds from the series (3−5)a,b also

caused significant changes in the chemical shifts of most
protons (Figures S9−S18, Supporting Information). When the
bimolecular D−A complexes of (E)-2 with (3−5)a,b are
formed, some proton signals of the donor and the acceptor
experience large upfield shifts (up to 0.9 ppm) resulting from
the mutual shielding effect. The signals of most CH2O groups
of (E)-2 show downfield shifts (up to 0.23 ppm) due to the
electron-withdrawing effect of the NH3

+ groups coordinated to
the crown ether moieties of (E)-2 via hydrogen bonds.
It has been previously shown that a high excess

concentration of stilbene (E)-1 (∼0.01 M) in mixtures with
acceptors (3−5)a,b can lead to the formation of termolecular
D−A−D complexes in which the acceptor molecule is
arranged in a stack between two molecules of the donor.4,19

In MeCN, the stability constants of these complexes, K2:1 =
[D·A·D]/([D·A][D]), vary between 101.7 and 103.3 M−1

depending on the acceptor structure. Azobenzene (E)-2 is
also able to form D−A−D complexes with acceptors (3−5)a,b,
as evidenced by an increase in the upfield shifts of the proton
signals of the acceptor with an increase in the excess
concentration of the donor (Figure 4c,d).
The stability constants for complexes of donors (E)-1 and

(E)-2 with acceptors 3−5 and 1,10-diammoniodecane
diperchlorate (7), as measured by 1H NMR titration, are
collected in Table 4. On the whole, the data on the relative
stability of complexes (E)-1·(3−5)a,b and (E)-2·(3−5)a,b are
in agreement with the corresponding data obtained by
spectrophotometry and confirm the conclusion about weaker
intermolecular charge-transfer interactions in the supra-
molecular complexes involving azobenzene (E)-2. Further
evidence for this conclusion is the fact that the complexes of
(E)-2 with model acceptors (E)-4c and 5c having no
ammonium groups are less stable than the corresponding
complexes of (E)-1 (Δlog K1:1 = 0.2−0.3; 1H NMR data on
the complexation of (E)-2 with (E)-4c and 5c are presented in
Figures S19 and S20 in the Supporting Information).
The termolecular D−A−D complexes of (E)-2 with the

diammonium compounds having planar acceptor moieties, viz.
(E)-4a,b and 5a,b, are less stable than the corresponding
complexes of (E)-1 (Δlog K2:1 = 0.2−0.5). The reverse
situation is observed with nonplanar viologens 3a,b. Presum-
ably, this is due to the C−H···π-NN contacts that occur
between the viologen and azobenzene moieties in the sterically

Figure 3. Spectrophotometric data on the steady-state photolysis of
complex (E)-2·3b in MeCN with 365 nm light: 1 cm cell,
concentration 1.0 × 10−5 M, light intensity 2 × 10−9 mol cm−2 s−1.
The red curve is the spectrum of (E)-2·3b; the olive curve is the
spectrum of the E−Z photostationary state; and the blue curve is the
approximated spectrum of (Z)-2·3b (see Section 4.5).

Table 3. Quantum Yields of the Forward and Back E−Z
Photoisomerization Reactions (φE−Z and φZ−E) of
Azobenzene 2 in the Free Form and as Complexes 2·3b and
2·6 in MeCN

φE−Z φZ−E

2 0.22 0.32
2·6 0.17 0.31
2·3b 0.025 0.32

Figure 4. 1H NMR spectra (aromatic region) of (a) viologen 3b (1
mM), (b) azobenzene (E)-2 (1 mM), (c) an equimolar mixture of 3b
and (E)-2, (d) a 1:10 mixture of 3b and (E)-2; MeCN-d3, 25 °C.
Atom numbering is shown in Scheme 1.
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unstrained D−A−D complexes, increasing the complex
stability.
2.4. X-ray Diffraction Study. Azobenzene (E)-2 like

stilbene (E)-1 can adopt two symmetrical conformations, s-
syn,s-syn and s-anti,s-anti, associated with the rotation of the
benzocrown moieties around the single bonds (Scheme 2).
Stilbene (E)-1 was reported to crystallize as an s-anti,s-anti
conformer in the C2/c space group.19 The X-ray analysis of
crystalline azobenzene (E)-2 showed that this compound
despite its geometric similarity to stilbene (E)-1 crystallizes in
a different space group (P21/c) and exhibits a disorder with the
s-syn,s-syn and s-anti,s-anti conformers situated in the same
position with the site occupation ratio of 0.54:0.46 (Figure 6a).
Since the conformers occupy a centrosymmetric position, their
azobenzene moieties are perfectly planar. The bond lengths in
the C(1)−N(1)N(1A) fragment are 1.419(8) and
1.249(11) Å, and those in the C(1′)−N(1′)N(1′A)
fragment are 1.411(10) and 1.288(13) Å. The crown ether
moieties of azobenzene (E)-2 are also disordered.

Figure 6b shows the main components in the crystalline
complex with formula (E)-2·8C2H7Br2N, formed by azoben-
zene (E)-2 and 2-bromoethylammonium bromide (the latter
compound was used in the synthesis of 3a, (E)-4a, and 5a).4,19

The two bromoethylammonium cations in the presented
structure are bound to the oxygen atoms of the 18-crown-6
ether moieties of (E)-2, mainly via bifurcated hydrogen bonds.
The distances N(2)H···O(crown) vary between 2.01 and 2.34
Å, and the bond angles at the H atoms are 127−151°, which
corresponds to moderate-strength hydrogen bonds. The
distance between the nitrogen atoms of the bromoethylammo-
nium ions coordinated with the crown ether moieties of (E)-2
is 13.92 Å. The bis(crown)azobenzene has an s-syn,s-syn
conformation with the bond lengths of 1.423(12) and

Figure 5. 1H NMR spectra (aliphatic region) of (a) viologen 3b (1 mM), (b) an equimolar mixture of viologen 3b and azobenzene (E)-2, and (c)
azobenzene (E)-2 (1 mM); MeCN-d3, 25 °C.

Table 4. Stability Constants for Complexes of Donors (E)-1
and (E)-2 with Acceptors 3−5 and Diammonium
Compound 7, as Measured by 1H NMR Titrationa

(E)-1 (E)-2

compound log K1:1 log K2:1 log K1:1 log K2:1

3a 6.8b 2.72b 6.9 2.92
3b 8.9b 1.79b 7.8 2.59
(E)-4a 9.0b 2.78c 8.4 2.27
(E)-4b 8.9b 3.27c 8.0 2.81
(E)-4c 1.14c 0.86
5a 7.1b 3.22b 6.3 2.79
5b 9.3b 2.34b 7.8 2.04
5c 1.65b 1.45
7 7.58d 7.34

aIn MeCN-d3; 25 ± 1 °C; K1:1 = [D·A]/([D][A]), M−1; K2:1 = [D·A·
D]/([D·A][D]), M−1. The stability constants are measured to within
about ±30%. bFrom ref 4. cFrom ref 19. dMeasured by
spectrophotometry, ref 18.

Scheme 2. Single-Bond Conformers of Azobenzene (E)-2
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Figure 6. Structure (a) of crystalline azobenzene (E)-2 (the bonds in the minor s-anti,s-anti conformer are depicted by hollow lines), (b) of the
main components in crystalline complex (E)-2·8C2H7Br2N, and (c) of the main components in crystalline complex [(E)-2·5b]·MeCN·0.5C6H6.
Thermal ellipsoids are drawn at the 50% (a, b) or 30% (c) probability level; hydrogen bonds are shown with dashed lines, and symbols A are added
to the atoms that belong to the symmetrically related sites.

Figure 7. Packing of the main components in crystalline complex [(E)-2·5b]·MeCN·0.5C6H6.
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1.262(14) Å in the C(1)−N(1)N(1A) fragment. The crystal
unit cell of (E)-2·8C2H7Br2N includes three more independent
bromoethylammonium cations that form multiple hydrogen
bonds with bromide anions. Due to the centrosymmetric
position of the bis(crown)azobenzene in the unit cell, its
chromophoric moiety is perfectly planar.
The main components in the crystalline complex with

formula [(E)-2·5b]·MeCN·0.5C6H6 are presented in Figure
6c. The molecules of azobenzene (E)-2 and diazapyrene 5b
occupy general positions in the crystal unit cell and their
chromophoric moieties are not perfectly planar: the dihedral
angle between the planes of the benzene rings in (E)-2 is 19.4°
and that between the planes of the formally pyridine cycles in
5b is 3.5°. The bond lengths in the C(1)−N(1)N(2)−
C(17) fragment of (E)-2 are 1.430(7), 1.272(7), and 1.474(7)
Å, respectively. The ammonium groups N(3)H3

+ and N(6A)-
H3

+ form directional hydrogen bonds with the oxygen atoms of
the crown ether moieties of (E)-2. The distances N(3)H···
O(1,3,5) and N(6A)H···O(8,10,12) vary between 1.82 and
2.08 Å, and the bond angles at the H atoms are 170−175°. The
distance between the N(3) and N(6A) atoms is 14.90 Å.
As can be seen from Figure 7, the crystalline structure of

complex (E)-2·5b is different from the pseudocyclic
bimolecular structure observed in solution (Scheme 1). In
the single crystal, this complex is observed as a pseudocyclic
tetramolecular structure composed of two molecules of
azobenzene (E)-2 and two tetracations of diazapyrene 5b.
There are two stacked pairs of molecules (E)-2 and 5b in the
tetramolecular complex. The chromophoric moieties of (E)-2
and 5b in each pair are closely spaced and are largely projected
onto each other. The mean planes of these moieties are nearly
parallel to each other (the inclination angle between the planes
is as low as 10.4°). All of this suggests significant π-stacking
interactions between (E)-2 and 5b in the pseudocyclic
tetramolecular complex. At the same time, there are no such
interactions between neighboring tetramolecular complexes.
Other packing patterns have been observed for crystalline
complexes (E)-1·3a, (E)-1·3b, and (E)-1·(E)-4a4,37 and for the
crystalline complex of (E)-2 with a bis(ammoniopropyl)
derivative of (E)-1,2-di(3-pyridyl)ethylene.38

2.5. DFT and TD-DFT Calculations. The molecular
structures of azobenzene (E)-2 and its pseudocyclic complex
with viologen 3b in MeCN were calculated by DFT using the
M06-2X functional and the solution model density (SMD)
solvation model (Section 4.8). The electronic transition
energies for (E)-2 and (E)-2·3b were calculated by TD-DFT
using the CAM-B3LYP functional (Section 4.8). The rationale
for using the CAM-B3LYP functional in the TD-DFT
calculations is given in the Supporting Information (details
of TD-DFT calculations; Table S1 and Figure S2).
Figure 8 shows the most probable conformations of (E)-2

and (E)-2·3b (detailed conformational analysis of (E)-2 and
(E)-2·3b, as well as (E)-1 and (E)-1·3b will be published
elsewhere). According to our calculations, the s-syn,s-syn
conformation of compound (E)-2 predominates in solution.
The azobenzene moiety in (E)-2 adopts almost planar
conformation; the torsion angles between the NN bond
and the benzene rings are as low as 0.31 and −0.31° (Ci-
symmetrical structure). The NN and C−N bond lengths are
1.250 and 1.416 Å, respectively. The macrocyclic fragments of
(E)-2 have a crown-like conformation typical of benzo-18-
crown-6 ethers. Such conformations are observed in the minor
conformer of crystalline (E)-2 and in the crystalline complexes

of (E)-2 with 2-bromoethylammonium bromide and diammo-
nium compound 5b (Figure 6).
Complex (E)-2·3b was calculated in a C2-symmetrical

conformation. The azobenzene moiety in this complex is
nonplanar; the torsion angles between the NN bond and the
benzene rings are 15.3°. The torsion angle between the
pyridinium rings in viologen 3b is 36.6°. The ammoniopropyl
substituents in 3b adopt a trans,gauche conformation. The
distance between the center of the bond connecting the
pyridinium rings and the center of the NN bond of (E)-2 is
3.06 Å.
The theoretical parameters of low-energy electronic

transitions in (E)-2 and (E)-2·3b are presented in Table 5.
The transition energies calculated by TD-DFT were corrected
by subtracting 0.127 eV; the justification for using this
correction factor is given in the Supporting Information
(details of TD-DFT calculations; Table S1 and Figure S2).

Figure 8. Most probable conformations of azobenzene (E)-2 and
complex (E)-2·3b in MeCN, according to DFT calculations; the
complex is presented in two views, and the hydrogen atoms in the
complex are not shown except those of the ammonium groups.

Table 5. Theoretical Parameters of Low-Energy Electronic
Transitions in Azobenzene (E)-2 and Complex (E)-2·3b in
MeCN

compound transition
energya, eV

(nm)
oscillator
strength λmax

b, nm

(E)-2 S0-S1, nπ* 2.91 (426) 0
S0-S2, ππ* 3.28 (378) 1.31 378, 389

(E)-2·3b S0-S1, nπ* (2) 2.81 (441) 0.11
S0-S2, CT (2 → 3b) 2.99 (414) 0.0004
S0-S3, ππ* (2) 3.40 (365) 0.94 371

aThe transition energies calculated by time-dependent DFT were
corrected by subtracting 0.127 eV. bλmax is the position of the long-
wavelength absorption maximum in the observed UV−vis spectrum
(Figure 1).
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The TD-DFT calculations predict an increase in the energy
and a decrease in the oscillator strength of the azobenzene ππ*
transition upon the complexation of (E)-2 with 3b, which is in
agreement with the UV−vis spectroscopy data (Figure 1). The
calculations also predict that the formation of complex (E)-2·
3b should lead to a decrease in the energy and an increase in
the oscillator strength of the azobenzene nπ* transition, as well
as to the appearance of a CT transition (azobenzene-to-
viologen) in the region between the azobenzene ππ* and nπ*
transitions. These data indicate that the absorption rise at the
long-wavelength edge of the UV−vis spectrum of (E)-2,
observed upon the formation of complex (E)-2·3b (Figure 1),
is mostly due to the changes in the characteristics of the
azobenzene nπ* transition. The absorption band associated
with the CT transition in (E)-2·3b is indiscernible in the
experimental spectrum because it has a very low intensity and
is overlapped with the broad and more intense bands
associated with the azobenzene ππ* and nπ* transitions.

3. CONCLUSIONS

The highly stable bimolecular D−A complexes of bis(crown)-
azobenzene (E)-2 with acceptor molecules (3−5)a,b have a
pseudocyclic structure due to ditopic coordination of the
ammonium groups of the acceptor to the crown ether moieties
of the donor. The azobenzene complexes are characterized by
a somewhat lower stability in comparison with the
corresponding complexes of stilbene (E)-1 (strong π-donor),
which is attributable mostly to weaker CT interactions due to
the lower electron-donating ability of (E)-2. The low-energy
CT transition in the D−A complex of (E)-2 with viologen
derivative 3b lies between the local ππ* and nπ* transitions of
the azobenzene and is characterized by a very low oscillator
strength. The absorption band associated with the CT
transition is unobservable since it is overlapped with the
broad and more intense ππ* and nπ* bands. The complexation
of (E)-2 with 3b leads to a decrease in the E → Z
photoisomerization quantum yield of (E)-2 almost by an
order of magnitude, which probably arises from the
intermolecular electron transfer that occurs in the 1ππ* excited
state of the azobenzene and competes with the 1ππ* → 1nπ*
internal conversion.
The results of this study can be used for the targeted design

of new types of photoactive supramolecular systems stabilized
via the formation of numerous hydrogen bonds, in particular,
for the development of optical molecular sensors for acceptor
compounds.

4. EXPERIMENTAL SECTION

4.1. Materials. Bis(18-crown-6)stilbene (E)-1,39 bis(18-
crown-6)azobenzene (E)-2,40 bis(ammonioalkyl)-containing
acceptor compounds 3a,b,4 (E)-4a,b,19,41 and 5a,b,4 and
model acceptor compounds (E)-4c41 and 5c42 were synthe-
sized by known procedures. 1,9-Diammoniononane diper-
chlorate (6) and 1,10-diammoniodecane diperchlorate (7)
were prepared as described previously.38,43 2-Bromoethylam-
monium bromide (Sigma-Aldrich) and MeCN (special purity
grade, water content <0.03%, v/v, Cryochrom) were used as
received.
4.1.1. Synthesis of Complexes of (E)-2 with Compounds

(3−5)a,b and 7 in the Solid State (General Method). A
mixture of bis-crown azobenzene (E)-2 (13 mg, 20 μmol) and
a bis-ammonium compound [(3−5)a,b or 7, 20 μmol] was

dissolved in MeCN (∼5 mL). If necessary, a few drops of
water were added to achieve complete dissolution of the
mixture. The solution was slowly (for 1−2 weeks) saturated
with benzene or a mixture of benzene and dioxane (∼2:1, v/v)
by the vapor diffusion method at room temperature in the
dark. The precipitate thus formed was decanted and dried in
vacuo to give a complex between (E)-2 and (3−5)a,b (or
between (E)-2 and 7) as a fine-crystalline or amorphous
powder. The complexes were obtained in yields of >70%. The
formal 1:1 composition of complexes was proved by 1H NMR
in DMSO-d6 (Figures S3−S8, Supporting Information). In this
solvent, the complexes decomposed to give a mixture of free
components.
Complex (E)-2·3a, dark-orange powder, mp 264−266 °C

dec. IR, ν/cm−1: 3164 (N+−H). Calcd for C32H46N2O12·
C14H22Cl4N4O16·2.5H2O (1339.90): C, 41.23; H, 5.49; N,
6.27; found: C, 41.17; H, 5.18; N, 6.14%.
Complex (E)-2·3b, dark-orange powder, mp 189−191 °C.

IR, ν/cm−1: 3188 (N+−H). Calcd for C32H46N2O12·
C16H26Cl4N4O16·0.5C6H6·1.5H2O (1389.00): C, 44.10; H,
5.66; N, 6.05; found: C, 43.93; H, 5.49; N, 6.02%.
Complex (E)-2·(E)-4a, red-orange crystals, mp 262−265 °C

dec. IR, ν/cm−1: 3177 (N+−H). Calcd for C32H46N2O12·
C16H24Cl4N4O16·0.5C6H6·H2O (1377.97): C, 44.45; H, 5.49;
N, 6.10; found: C, 44.58; H, 5.56; N, 5.71%.
Complex (E)-2·(E)-4b, red-orange crystals, mp 230−233 °C

dec. IR, ν/cm−1: 3198 (N+−H). Calcd for C32H46N2O12·
C18H28Cl4N4O16 (1348.96): C, 44.52; H, 5.53; N, 6.23; found:
C, 44.46; H, 5.54; N, 6.08%.
Complex (E)-2·5a, dark-orange powder, mp 235−236 °C

dec. IR, ν/cm−1: 3178 (N+−H). Calcd for C32H46N2O12·
C18H22Cl4N4O16·0.5C6H6·2.5H2O (1427.00): C, 44.61; H,
5.37; N, 5.89; found: C, 44.56; H, 5.40; N, 5.64%.
Complex (E)-2·5b, dark-orange powder, mp > 250 °C dec.

IR, ν/cm−1: 3191 (N+−H). Calcd for C32H46N2O12·
C20H26Cl4N4O16 (1370.96): C, 45.56; H, 5.29; N, 6.13;
found: C, 45.74; H, 5.21; N, 6.11%.
Complex (E)-2·7, yellow-orange powder, mp 160−165 °C.

IR, ν/cm−1: 3190 (N+−H). Calcd for C32H46N2O12·
C10H26Cl2N2O8 (1023.95): C, 49.27; H, 7.09; N, 5.47;
found: C, 49.17; H, 7.07; N, 5.39%.

4.2. Methods. Melting points (uncorrected) were meas-
ured in capillaries on a Mel-Temp II apparatus. 1H NMR
spectra were recorded on a Bruker DRX500 instrument in
DMSO-d6 and MeCN-d3 using the signal from the solvent as
the internal standard (δH 2.50 and 1.96, respectively). IR
spectra were measured on a Bruker IFS-113V spectrometer in
Nujol between KBr plates. UV−vis absorption spectra were
recorded on a Specord M40 spectrophotometer in quartz cells
with ground-in stoppers. All manipulations with solutions of
azobenzene (E)-2 and its complexes were carried out in a dark
room under red light (daylight induces the E−Z photo-
isomerization). Stationary photolysis was performed using
glass-filtered light of a high-pressure Hg lamp (λ = 365, 405, or
436 nm); the light intensity was measured by chemical
actinometry. Elemental analyses were carried out at the
Microanalytical Laboratory of the A.N. Nesmeyanov Institute
of Organoelement Compounds (Moscow, Russian Feder-
ation); the samples for elemental analysis were dried in vacuo
at 80 °C. Compounds 3−7 and their complexes containing
perchlorate anions are nonexplosive.

4.3. Cyclic Voltammetry. Cyclic voltammetry experiments
were carried out using a three-electrode system. A glassy
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carbon disk (d = 1.8 mm) was used as the working electrode.
The reference electrode was Ag|AgCl|KCl (aq, sat.). A
platinum plate (S = 0.5 cm2) served as the auxiliary electrode.
Cyclic voltammograms were measured in MeCN solutions in
the presence of Bu4NClO4 (0.1 M) at 22 °C. All solutions were
deaerated by argon purging. The potential scanning rate was
200 mV s−1. Ferrocene (1 mM) was used as the internal
reference. The concentrations of reactants were 1 mM.
4.4. Spectrophotometric Titration (SPT). SPT experi-

ments were conducted in MeCN in 1 cm and 5 cm cells. The
stability constants and absorption spectra of complexes were
determined by globally fitting the SPT data to an appropriate
complexation model.44

The stability constant of the 1:1 complex of azobenzene (E)-
2 with 1,9-diammoniononane perchlorate (6) was measured by
direct SPT: the total concentration of (E)-2 was maintained
constant at 4 × 10−6 M (5 cm cell), and the total concentration
of 6 varied incrementally from 0 to 2 × 10−5 M.
The stability constants of the bimolecular D−A complexes

of (E)-2 with acceptor compounds (3−5)a,b were measured
using competitive SPT: the total concentrations of the donor,
(E)-2, and the acceptor were maintained constant at 2 × 10−5

M (1 cm cell), and the total concentration of the competing
donor, (E)-1, varied incrementally from 0 to 1 × 10−4 M. The
known stability constants of complexes (E)-1·(3−5)a,b4 were
used as nonvariable parameters in the global fitting of the SPT
data.
4.5. E−Z Photoisomerization Quantum Yields. The

quantum yields for the forward and back E−Z photo-
isomerization reactions (φE−Z and φZ−E) of azobenzene (E)-
2 in the free and complexed forms were determined from the
kinetics of UV−vis absorption spectra observed upon the
steady-state irradiation of MeCN solutions with 365 nm light.
The absorption spectrum of the pure Z-isomer was calculated
using the spectra of the E−Z photostationary states attained
upon irradiation at different wavelengths (365, 405, and 436
nm) on the assumption that the φE−Z/φZ−E ratio is
independent of the irradiation wavelength. The spectroscopic
data were treated using global analysis methods, as described
previously.45 The photoisomerization quantum yields are
measured to within ±20%.
4.6. 1H NMR Titration. Experiments were conducted in

MeCN-d3 solutions at 25 ± 1 °C. The stability constants for
the termolecular D−A−D complexes (K2:1, M

−1) of donor
(E)-2 with acceptors (3−5)a,b, as well as for the bimolecular
D−A complexes (K1:1, M

−1) of (E)-2 with model acceptors
(E)-4c and 5c, were determined by analyzing the shifts of the
proton signals of the acceptor (ΔδH) as a function of the
concentration of the added donor.4 The total concentration of
the acceptor was maintained constant at ∼1 mM, and the total
concentration of the donor varied from 0 to 10−20 mM.
The stability constants for the bimolecular D−A complexes

of (E)-2 with acceptors (3−5)a,b were measured using
competitive titration:4 the total concentrations of the donor
and the acceptor were maintained constant at ∼1.2 and ∼1.0
mM, respectively, and the total concentration of the competing
reactant, 1,10-diammoniodecane diperchlorate (7), varied
from 0 to 10 mM.
The titration data were treated using the HYPNMR

program.46

4.7. X-ray Diffraction Analysis. Single crystals of
azobenzene (E)-2 were obtained by slow evaporation of a
CH2Cl2−hexane solution (∼1:1, v/v) in the dark. Single

crystals of complexes (E)-2·8C2H7Br2N and [(E)-2·5b]·
MeCN·0.5C6H6 were grown as follows: a mixture of (E)-2
with 2-bromoethylammonium bromide or compound 5b was
dissolved in MeCN, and then the solution was slowly saturated
with benzene by the vapor diffusion method at an ambient
temperature in the dark.
A selected single crystal was coated with perfluorinated oil

and mounted on a Bruker SMART Apex-II CCD diffrac-
tometer [graphite monochromatized Mo Kα radiation (λ =
0.71073 Å), ω scan mode] under a stream of cooled nitrogen
[T = 120(2) K] to measure crystallographic parameters and
intensities of experimental reflections. Data reduction was
performed using the SAINT program.47

The structures were solved by direct methods and refined by
least squares against F2 with anisotropic thermal parameters for
all nonhydrogen atoms using the SHELXL software.48 The
hydrogen atoms were fixed at calculated positions at carbon
and nitrogen atoms and then refined using a riding model.
Crystal data for (E)-2: C32H46N2O12, M = 650.71,

monoclinic, space group P21/c (no. 14), yellow plate, a =
20.838(5) Å, b = 9.193(2) Å, c = 8.4373(19) Å, β =
95.134(5)°, V = 1609.7(6) Å3, T = 120(2) K, Z = 2, μ = 0.103
mm−1, ρcalc = 1.342 g cm−3, 2θmax = 56.00°, 8982 reflections
measured, 3827 unique (Rint = 0.0450), R1 = 0.0885 (2591
reflections with I > 2σ(I)), wR2 = 0.2240 (all data), goodness-
on-fit on F2 = 1.037, 356 parameters, min/max residual
electron density = −0.24/0.36 e ̅ Å−3. AFIX 66, SADI, and
ISOR commands were applied for the disordered moieties to
constrain their geometry and anisotropic thermal parameters.
Crystal data for (E)-2·8C2H7Br2N: C48H102Br16N10O12, M =

2289.95, monoclinic, space group P21/n (no. 14), yellow plate,
a = 16.5989(6) Å, b = 8.1632(3) Å, c = 28.6162(11) Å, β =
92.816(4)°, V = 3872.8(2) Å3, T = 120(2) K, Z = 2, μ = 8.325
mm−1, ρcalc = 1.964 g cm−3, 2θmax = 58.00°, 39 713 reflections
measured, 10 295 unique (Rint = 0.1241), R1 = 0.0823 (6518
reflections with I > 2σ(I)), wR2 = 0.2111 (all data), goodness-
on-fit on F2 = 1.039, 450 parameters, min/max residual
electron density = −2.65/2.12 e ̅ Å−3. Ion Br(5)CH2CH2N-
(5)H3

+ is disordered over two positions with an occupancy
ratio of 0.61:0.39. Atom Br(3) in Br(3)CH2CH2N(3)H3

+ ion
is disordered over two positions with an occupancy ratio of
0.93:0.07. Anion Br(8) is disordered over two positions with
an occupancy ratio of 0.60:0.40. The very high absorption and
thin-plate shape of the crystal resulted in a decrease in the
accuracy of this X-ray diffraction experiment. ISOR command
was applied to constrain the anisotropic thermal parameters of
some atoms of the disordered moieties.
C ry s t a l d a t a f o r [ (E ) -2 ·5b ] ·MeCN ·0 .5C6H6 :

C57H78Cl4N7O28, M = 1451.06, triclinic, space group P1̅ (no.
2), orange block, a = 12.5838(3) Å, b = 16.0616(4) Å, c =
17.8292(5) Å, α = 71.082(1)°, β = 79.353(1)°, γ =
80.748(1)°, V = 3330.45(15) Å3, T = 120(2) K, Z = 2, μ =
0.268 mm−1, ρcalc = 1.447 g cm−3, 2θmax = 58.00°, 31 347
reflections measured, 17424 unique (Rint = 0.0424), R1 =
0.1119 (8683 reflections with I > 2σ(I)), wR2 = 0.3653 (all
data), goodness-on-fit on F2 = 1.139, 923 parameters, min/max
residual electron density = −0.74/1.80 e ̅ Å−3. The benzene
molecule of solvation is situated at a symmetry center and
disordered over two positions with an occupancy ratio of
0.62:0.38. One of the four perchlorate anions is strongly
disordered over two rotationally related positions with an
occupancy ratio of 0.62:0.38. This disorder reduces the
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accuracy of the X-ray diffraction experiment. SADI and ISOR
commands were used in the refinement process.
The crystallographic data for (E)-2, (E)-2·8C2H7Br2N, and

[(E)-2·5b]·MeCN·0.5C6H6 were deposited with the Cam-
bridge Crystallographic Data Centre under numbers CCDC
1985189, 1985190, and 1985191, respectively.
4.8. Computational Details. DFT calculations were

performed using the Gaussian 16 program package.49

Geometry optimizations were carried out with the M06-2X
functional50 and the 6-31G(d) basis set.51,52 To accelerate the
calculations, the two-electron integral accuracy was set to 10−10

(the default value is 10−12). The default optimization criteria
were tightened by six times using the internal option IOp(1/7
= 50). The universal solvation model called solution model
density (SMD)53 was employed to simulate the effects of
MeCN as the experimental solvent. All geometry optimizations
were followed by frequency calculations to verify the nature of
stationary points and to compute thermochemical quantities.
The thermochemical analysis was carried out using a scale
factor of 0.9678 for harmonic frequencies.54 The Gibbs free
energy in solution (Gsoln) was calculated by the formula

= + ΔG E Gsoln soln corr

where Esoln is the electronic energy in solution, and ΔGcorr is
the thermal correction to the free energy, including the zero-
point vibrational energy. The ΔGcorr values were calculated at
the same level of theory as that used for geometry
optimizations, whereas the Esoln values were derived from the
single-point M06-2X calculations with the 6-311G(2df,2p)
basis set;55,56 the large basis set was used to minimize basis set
superposition errors for complexes.
TD-DFT calculations were carried out on the M06-2X/6-

31G(d)/SMD geometries using the CAM-B3LYP functional,57

the 6-311G(2d,p) basis set,55,56 and the SMD solvation model.
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