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The stability and trans-cis photoisomerization properties of a macrocycle constituted of twopara-
aminoazobenzene units connected by two methylene bridges have been investigated by a combination of
experimental and computational techniques. Irradiation at 365 nm leads to a photostationary state in which
only 50% of the azobenzene units have isomerized, in contrast with the behavior ofpara-aminoazobenzene,
whose photoconversion is larger than 80%. In the case of the macrocycle, a faster cisf trans thermal back-
reaction is observed. To assist the interpretation of the experimental results, molecular mechanics and quantum
chemical calculations have been carried out. Of the possible conformers, the most stable trans-trans geometric
isomer has been identified along with the more plausible trans-cis and cis-cis isomers. Ground-state energy
barriers along the NN torsional coordinates were also computed, along with excitation energies and intensities
for the species that can contribute to the photostationary state. The calculations point to a sequential
photoisomerization mechanism and support a predominance of the trans-cis photoproduct with minor
contributions from the cis-cis species. The thermal and photochemical reactivity of the examined macrocycle
is compared to that of previously investigated azobenzenophanes and explained in terms of strain and substituent
effects both concurring to favor the thermal cisf trans back-reaction.

1. Introduction

Azobenzene is a typical molecular switch whose reversible
cis-trans isomerization is associated with remarkable changes
in the structure and chemical properties.1 Introduction of the
photoresponsive azobenzene unit in functional molecules or
organized molecular systems enables the switch, induced by
light, of the functions of these materials.2-7 In macrocyclic
compounds including two azobenzene units the light-induced
isomerization of one photoresponsive unit and the backward
thermal isomerization are usually affected by the size and
conformation of the remaining part of the ring, owing to the
ring strain.4,5 A first example in this sense is represented by
the work of Rau on the photochemical and thermal isomerization
reactions of a [3.3](4,4′)-azobenzenophane, where the azoben-
zene units are connected by-CH2-S-CH2- bridges.8 This
compound was found to photoisomerize reversibly by successive
isomerization of the two units with a photoconversion close to
95%, but the thermal cisf trans isomerization was shown to
be 1000 times faster at room temperature when the other
azobenzene unit is in the trans (t) form than when it is in the
cis (c) form.8 More recent studies have shown that the shorter
the length of the bridges at the para positions of the azoben-
zenophane, the more significant is the effect of the second
azobenzene unit on the isomerization rate of the first, owing to
the strain induced by the cis form. In this regard Tamaoki
showed that the [2.2](4,4′)-azobenzenophane in which two

azobenzenes are connected by-CH2-CH2- bridges9,10 isomer-
izes thermally from the trans-cis (tc) to the trans-trans (tt )
form in only 22 s. Notice that the compound photoisomerizes
readily upon irradiation at 366 nm and a photostationary state
(PSS) in which 88% of thett form has isomerized is obtained.
Tauer and co-workers synthesized a [2.2](2,2′)-azobenzenophane
(1, Chart 1) with bridges formed by two atoms (-CH2-CH2-)
bound at the ortho positions of the photoresponsive units.11 Both
tc and cis-cis (cc) forms were obtained upon irradiation, but
in contrast with the [3.3](4,4′)- and [2.2](4,4′)-azobenzenophanes,
both tc andcc forms were found to thermally isomerize slowly
and the lifetime of thetc form was found to be longer than that
of the cc form.

More recently, an azobenzenophane with linkers consisting
of a single atom at the meta positions has been reported.12,13

The [1.1](3,3′)-azobenzenophane2 (Chart 1) showed stepwise
photoisomerization in solution, and the lifetime of thecc isomer
was found to be three times longer than that of thetc isomer.

These previous studies show that the photochemical and
thermal isomerization properties of azobenzenophanes along
with the stability of the isomeric forms are affected by the
position of the linkers and by their chain length. With this work
we add a new term to the series of investigated cyclic azo
compounds by considering the azobenzenophane4 (Chart 1)
formed by two units ofpara-aminoazobenzene (3) linked by
one-atom bridges. Each aromatic ring in the two photoresponsive
units of the macrocycle is bound to the one atom linker in a
different position, namely, the ortho position for the aminoben-
zene ring and the meta position for the unsubstituted phenyl.
To the best of our knowledge this is the first example of an
azobenzenophane with one-atom linkers binding the two pho-
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toresponsive units at two different positions (meta and ortho).
The effect of strain on the photoisomerization properties and
stability of the various configurational and conformational
isomers of4 is explored by a combination of experimental and
computational investigations, and a comparison with the proper-
ties of model compound3 is presented.

2. Methods

2.1. Experimental Section. Compound 4 was prepared
according to ref 14. Compound3 is a commercial product (from
Aldrich). The absorption spectra were recorded with a Perkin-
Elmer λ40 spectrophotometer on air-equilibrated acetonitrile
(Merck Uvasol) solutions at room temperature (295 K) with
concentrations ranging from 1× 10-5 to 1 × 10-4 mol L-1,
contained in 1-cm quartz cells. Experimental errors: wave-
lengths,(1 nm; molar absorption coefficients,(5%.

Photochemical reactions were performed on the same solu-
tions, thoroughly stirred, using the 365-nm line of a Hanau Q
400 medium-pressure Hg lamp (150 W), isolated by means of
an interference filter. The number of incident photons, deter-
mined by ferrioxalate actinometry15 in its microversion,16 was
on the order of 10-7 Nhν/min in the irradiated volume (3 mL).
The transf cis quantum yields were determined from the
disappearance of theπ-π* absorption band of the trans form
at low conversion percentages (<10%) to minimize the error
caused by the occurrence of the back cisf trans photochemical
and thermally activated isomerization. To the same purpose,

the Φ values reported in Table 1 were obtained from determi-
nation of the quantum yield at successive irradiation timest
and extrapolation fort0 ) 0. The fraction of light transmitted
at the irradiation wavelength was taken into account in the
calculation of the yields.17 Owing to the fast thermal back-
isomerization it was not possible to determine the composition
of the photostationary state of3 and4 by HPLC analysis (and
for 4 by 1H NMR); hence, the absorption spectrum of the
photoproduct (cis isomer), and consequently the composition
of the PSS, was evaluated from a calibrated subtraction of the
spectrum of the residual trans isomer from the absorption
spectrum at the photostationary state after a qualitative optimi-
zation of the calculated curve. The thermal cisf trans
isomerization was studied at room temperature (295 K) by
monitoring the absorption spectral changes versus time for 5.0
× 10-5 mol L-1 solutions previously subjected to exhaustive
irradiation at 365 nm. The concentration values of the cis form
at various times were calculated by means of eq 1

where [c]t is the concentration of the cis form at timet, [t]0 is
the initial concentration of the solution containing the trans form,
Aλ is the absorbance value at wavelengthλ, d is the optical
path length (1 cm), andεt,λ and εc,λ are the molar absorption
coefficients at wavelengthλ of the trans and cis forms,
respectively. The monitored wavelength was that of the absorp-
tion maximum of the trans form, namely, 382 nm for3 and
387 nm for4. The so-obtained [c]t data were satisfactorily fitted
according to a first-order rate equation. The experimental error
on the quantum yield and rate constant values were estimated
to be 10%.

2.2. Computations. The ground-state structure of4 was
initially optimized with molecular mechanics calculations using
the MM3 force field.18 A partial conformational search was
carried out using the general conformational search algorithm
implemented in the Tinker19 software package. The five lowest
frequency normal modes were used to scan the potential-energy
surface, and the energy threshold was set to 100 kcal/mol. The
equilibrium structures of the three isomers [tt , tc, andcc] of
the cyclic azo compound4 obtained from the MM3 calculations
and those of the two isomers [t and c] of compound3 were
subsequently optimized with quantum chemical calculations at
the HF/3-21G level of theory, and the nature of the stationary
points was assessed by computing the corresponding vibrational
frequencies. Estimates of ground-state barriers were obtained

CHART 1: Structural Formula of [2.2](2,2 ′)-Azobenzenophane (1), [1.1](3,3′)-Azobenzenophane (2),
para-Aminoazobenzene (3), and Azobenzenophane (4) Investigated in This Work

TABLE 1: Absorption, Photoisomerization, and Thermal
Isomerization Data

absorption,a

λmax, nm
(ε, M-1 cm-1)

t f c
photoreaction,b

F
%(c)
PSSc

c f t
thermal back

reaction,
k, s-1

azobenzene
t 316(29 000)-442(770) 0.14 95 4.3× 10-6

compound3
t 382(28 000)d 0.15 80 1.7× 10-4

c 343(8700)-447(3200)
compound4
tt 392(32 400) 0.11 50 3.6× 10-4

PSS 388
c unitse 347(3800)-466(2700)

a Air-equilibrated acetonitrile solution and ambient temperature (295
K). b Irradiation at 365 nm.c Fraction of c azobenzene units at the
photostationary state (PSS).d n-π* band overlapped with theπ-π*
band.e Absorption maxima attributed toc units in the photoproduct of
4.

[c]t ) [t]0 -
Aλ

d(εt,λ - εc,λ)
(1)
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by performing relaxed potential energy surface (PES) scans
along the NN torsional coordinate with a step size of 1.0°. The
HF/3-21G equilibrium geometries were employed to calculate
electronic excitation energies with the ZINDO/S semiempirical
Hamiltonian20 combined with configuration interaction singles
(CIS) calculations. To obtain a qualitative picture of theπ-π*
excited-state geometry relaxation, selected excited-state geom-
etry optimizations were performed at CIS/3-21G level of theory.
Ab initio CIS calculations with moderate basis sets are known
to overestimate excitation energies but provide a reliable
description of the geometry relaxation for excited states
dominated by single excitations. Given the large dimension of
the molecules investigated, the orbital space was restricted to
10 × 10. All calculations were carried out with the Gaussian
0321 suite of programs. The visual program Molekel22 was
employed to plot optimized molecular structures.

3. Results

3.1. Photoisomerization Reactions of 3 and 4.The absorp-
tion spectrum of thet isomer of3 in acetonitrile solution is
shown in Figure 1. The spectroscopic data are collected in Table
1. In contrast with azobenzene,3 shows a one-band pattern,
which includes theπ-π* and n-π* absorption features, owing
to the reduced energy gap between the two excited states.23 The
absorption maximum is observed at 382 nm, the remarkable
shift to lower energies compared to azobenzene being induced
by the para amino group.23

The t f c photoisomerization quantum yield and the
composition of the PSS for irradiation at 365 nm are also
reported in Table 1. Figure 1 shows the absorption changes
observed upon irradiation of thet isomer of3 at 365 nm. Such
changes are consistent with thet f c isomerization of the
azobenzene unit: the band with maximum at 382 nm decreases
and is replaced by two bands with maxima at 447 and 352 nm.
The photoisomerization quantum yield of thet form of 3 is
close to that oftrans-azobenzene; conversely, the thermal back
reaction of cis-3 is much faster than that ofcis-azobenzene24

as expected because of the presence of thepara-amino sub-
stituent.25 In our conditions thet form of 3 is quantitatively
regenerated in less than 2 h, starting from the PSS. Indeed, the
activation energy of thec f t thermal conversion is ca. 23 kcal/
mol for azobenzene and its derivatives, except for those
containing substituents which cause intramolecular changes,

such as the production of tautomeric species and thereby
lowering the energy of the activated intermediate.

The presence of a set of clean isosbestic points at 267, 291,
340, and 455 nm, which are maintained throughout the
irradiation, is consistent with the existence of two species,
namely, thec andt forms of3. Since the PSS is reached within
5 min of irradiation, it can be estimated that its composition is
not largely affected by the thermal back reaction. However,
attempts to determine the amount ofc isomer present at the
PSS failed. HPLC analysis of the irradiated solution showed
the presence of thet form only: evidently, in the conditions
and on the time scale of the HPLC experiment, thec form
reverts thermally to thet one. Therefore, the absorption spectrum
of the c form and the composition of the PSS were evaluated
by subtracting the spectrum of thet isomer from that of the
PSS (see Experimental Section). The absorption spectrum of
cis-3 shows two bands in the near-UV region, centered at 343
and 447 nm (Table 1).

The experimental absorption spectra of the two isomers of3
can be compared with the ZINDO/S vertical excitation energies
computed at the HF/3-21G-optimized ground-state geometries
and collected in Table 2. The lowest energyπ-π* transition
of the t form is predicted at 366 nm, in good agreement with
the experimental data. The observedπ-π* transition blue shifts
to 343 nm for thec isomer of3, and similarly the computed
excitation energy increases to 337 nm. Thus, the spectral changes
upon t f c isomerization are correctly reproduced by the
ZINDO/S calculations, except for a slight energy overestimate.
The same trend can be expected for the azobenzenophane4
composed by the two photoresponsive units3.

The solid line in Figure 2 shows the absorption spectrum of
the tt isomer of4 in acetonitrile. The spectrum shows a peak
centered at 392 nm, only slightly red shifted compared to
compound3. Figure 2 shows also the absorption changes
observed upon irradiation at 365 nm. The intensity of the 392
nm band decreases as expected for at f c isomerization of the
azobenzene units, the position of the maximum shifts slightly
to higher energies (ca. 388 nm), and a PSS is obtained after
irradiation for 25 min. Similarly to compound3, owing to the
fast thermal back reaction, the composition of the PSS could
not be measured by HPLC analysis.26 Although, in principle,
the three isomeric forms (tt , tc, andcc) of 4 can contribute to
the PSS, inspection of Figure 2 shows that the intensity of the

Figure 1. Absorption spectrum of a 5.0× 10-5 mol L-1 acetonitrile
solution of3 at room temperature (full line), and absorption spectral
changes on 365 nm irradiation of the same solution for 1.5 (dashed
line), 4 (dashed-dotted line), and 5 (dotted line) min. The latter
spectrum corresponds to the photostationary state.

TABLE 2: MM3 and HF/3-21G Relative Energies for
Compound 3 and Selected Conformers of the Three
Geometrical Isomers of 4, and ZINDO/S Vertical Excitation
Energies Computed for the Lowestπ-π* Transitions

isomer

∆E,
kcal/mol

MM3

∆E,
kcal/mol

HF/3-21G ππ* states, nma (f b)

compound3
t 0.0 366(0.97)
c 20.1 337(0.38)

compound4
tt1(uu) 0.0 0.0 392(0.00)-366(1.68)
tt1(ud) 4.5 5.8 364(0.00)-348(1.50)
tt2(uu) 6.0 7.8 383(0.12)-362(1.50)
tt2(ud) 8.0
tt3(uu) 12.6 16.0 369(0.00)-360(1.54)
tt3(ud) 17.4
tc1 18.5 25.0 361(0.63)-332(0.27)
tc2 17.9 20.6 372(0.56)-347(0.50)
cc1 29.0 40.7 351(0.21)-341(0.21)
cc2 32.2 41.2 364(0.02)-354(0.18)

a Vertical excitation energy for the lowestπ-π* transitions predicted
from ZINDO/S calculations.b Oscillator strength.
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maximum at the PSS has decreased by no more than 50%,
suggesting that only one-half of the availablet photoresponsive
units has isomerized. The presence of a set of clean isosbestic
points at 325 and 464 nm indicates two possible scenarios for
the photoreaction: (i) only two species coexist during the
irradiation, namely, thett and thetc forms, and nearly 100%
of the tc isomer is obtained at the PSS or (ii) the three species
coexist but in this case the spectra of thett , tc, andcc forms
must be simply given by a linear combination of the spectra of
isolated photoactive units in theirt or c forms. The absorption
spectrum obtained by qualitative subtraction of the spectrum
of the reactant from that of PSS is shown in the inset of Figure
2. This spectrum, which can be formally attributed to thec units
in the photoproduct, shows two peaks at wavelengths longer
than 300 nm, namely, centered at 347 and 466 nm. As will be
shown in the next sections, the computational results on the
structure, stability, excitation energies, and intensities of the three
geometric isomers of4 are more consistent with hypothesis i
of coexistence of two (tt andtc) of the three species at the PSS.

3.2. Conformers, Ground-State Structures, andπ-π*
Excitations of the tt Geometric Isomer of 4. The azoben-
zenophane4 forms a ring composed by 16 atoms and bonds.
The CC and CN single bonds confer some flexibility to the
macrocycle, although previously investigated azobenzenophanes
were characterized by larger rings (compound212,13) or a greater
number of single bonds (compound111), with a resulting reduced

stiffness compared to4. The presence of single bonds in the
macrocycle may result in the availability of several conforma-
tions for a given geometric isomer, arising from rotation around
the CC or CN single bonds. Thus, before discussing the
photoisomerization reaction of4, we wish to briefly consider
the conformations that might contribute to the population of
the initially preparedtt geometric isomer of4, subject to
irradiation. Whereas a complete conformation search may
provide the full ensemble of possible conformations, the
following simple considerations restrict the investigation to a
small number of conformers, relevant for the purpose of this
study. First, we can consider that thett geometric isomer of4
can be built by accommodating the twot photoresponsive units
in the three different configurations labeledtt1, tt2, andtt3 in
Chart 2. In the schematic representations of Chart 2, configura-
tions tt1 andtt3 have the two azobenzene units with their NN
double bonds oriented parallel to each other. However, in
configurationtt1 the CNaNb vertexes point inside the macro-
cycle, whereas intt3 they point outside. Finally, in configuration
tt2 the two NN bonds are not parallel. In addition to the
reciprocal position of the two NN double bonds, the-CH2-
bridges can point on the same side (up, up (uu)), as indicated
in Chart 2, or on opposite sides (up, down (ud)). Thus, we may
expect that the lowest energy structures of thett geometric
isomer will be found among thett1(uu), tt1(ud), tt2(uu), tt2-
(ud), tt3(uu), andtt3(ud) conformations. Starting from thett1-
(uu) conformer, we found the energies and structures of the
remaining twouu and the threeud conformers with a partial
conformational search carried out with Tinker.19 The energies
of the structures investigated are collected in Table 2. Most of
the structures found with the molecular mechanics calculations
were re-optimized at the ab initio HF/3-21G level. Both MM3
and ab initio calculations predict the same lowest energy
structure, namely, thett1(uu) conformer, followed by thett1-
(ud) conformer which is computed to be 4.5 kcal/mol (5.8 kcal/
mol from HF/3-21G calculations) less stable. A graphical
representation of the HF/3-21G-optimized structures of thett
conformers of4 is presented in Figures 3 and 4, along with the
most relevant computed geometrical parameters. The CN and
NN bond lengths of the two photoresponsive units in the
macrocycle are similar to those computed for3 and summarized
in Figure 5. In particular, the CN bond connected to thepara-
aminobenzene (1.415 Å in3) is slightly shorter than the CN
bond connected to the unsubstituted phenyl (1.427 Å in3),
owing to the influence of tautomeric species. Inspection of the
three dihedral angles in the region of the NN bond, indicated
in Figures 3 and 4, shows that the nonplanarity of the
chromophore increases foruu conformers in the same order as

Figure 2. Absorption spectrum of a 4.4× 10-5 mol L-1 acetonitrile
solution of4 at room temperature (full line), and absorption spectral
changes on 365 nm irradiation of the same solution for 1, 3, 6, 12, and
25 min (dashed lines). The latter spectrum corresponds to the photo-
stationary state. (Inset) Absorption spectrum of thec units in the
photoproduct (dotted line) obtained by subtraction of the spectrum of
the tt isomer (full line) from that of the photostationary state.

CHART 2: Possible Conformers of the tt Geometrical Isomer of 4
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their relative energy, namely,tt3(uu) > tt2(uu) > tt1(uu). To
assess the quality of the predicted energy differences for the
various conformers of thett geometric isomer, we can compare
the HF/3-21G (19.6 kcal/mol) and MM3 (15.5 kcal/mol) energy
differences between thet andc forms of azobenzene with the
experimental value of about 10-12 kcal/mol.27,28 Considering
the computed overestimate by both methods, we can extrapolate
a lower limit of ca. 3.0 kcal/mol for the energy difference
between thett1(uu) and thett1(ud) forms. Under the above
assumption, for an equilibrated sample at 298 K, the ratio
between the populations of the two lowest energy forms is ca.
5 × 10-3. Thus, the contribution of thett1(ud) form, namely,
the second lowest energytt conformer, can be considered
negligible, and this will hold even more strictly for the
population of the remaining higher energy conformers.

Although such energy considerations underscore the negli-
gible relevance of conformations different from thett1(uu), we
can gain further support to the above conclusion by considering
the spectroscopic properties predicted for the varioustt con-
formers. To this end we evaluated ZINDO/S vertical excitations
energies and intensities for all the HF/3-21G-optimizedtt
structures. The lowestπ-π* transition energies are collected
in the last column of Table 2. As expected, two closeπ-π*
transitions fall in the energy region withλ > 300 nm, owing to
the presence of the two photoresponsive units in the macrocycle.

These are one-exciton delocalized states resulting from com-
binations of the lowestπ-π* state of each azobenzene unit. It
is interesting to note that for thett isomers of4 the total
computed intensity for the twoπ-π* transitions is lower than
twice the intensity of theπ-π* transition of 3, in agreement
with the experimental data (Table 1). Such intensity decrease
can be rationalized by considering that the transition dipole
moments associated with theπ-π* states localized on the
azobenzene units do not lie in the same plane. Generally, the
lowest of the twoπ-π* transitions is predicted to be dipole
forbidden; thus, only the second one is relevant for comparison
with the experimental absorption data. As pointed out in the
previous subsection, the experimental absorption spectrum of
thett form of 4 is similar to that of thet isomer of3. By keeping
in mind the slight overestimate in the ZINDO/S-predictedπ-π*
transition energies for3, we notice that the best agreement is
found for the most stablett1(uu) conformer, whoseπ-π*
transition energy is computed at 366 nm, that is, identical to
that of thet isomer of3. Note that theπ-π* transition energy
computed for the remaininguu conformers is slightly blue
shifted, while it is remarkably blue shifted for the second lowest
energytt1(ud) conformer. We can conclude that the predomi-
nance of thett1(uu) form is supported also by the excitation
energy calculations.

3.3. tt f tc f cc Photoreaction and Structure of tc and
cc Geometric Isomers.The photoisomerization mechanism of
azobenzene has been discussed in several papers, and it has
been recently shown, by high level quantum-chemical calcula-
tions, that the torsional path is preferred not only in theπ-π*

Figure 3. HF/3-21G equilibrium structures of the ground state of the
(a) tt1(uu) and (b)tt1(ud) conformers of thett geometric isomer of4.

Figure 4. HF/3-21G equilibrium structures of the ground state of the
(a) tt2(uu) and (b)tt3(uu) conformers of thett geometric isomer of4.

Figure 5. HF/3-21G equilibrium structure and selected intramolecular
distances of thet andc isomers of3.

Figure 6. CIS/3-21G equilibrium structure of the lowestππ* state of
the tt1(uu) conformer of thett geometric isomer of4.

Stability of a Congested Azobenzenophane J. Phys. Chem. A, Vol. 110, No. 45, 200612389



state but also in the lowest n-π* state.29,30Upon irradiation in
the π-π* region of the dominanttt1(uu) conformer of4, one
or both the photoresponsive units could in principle isomerize.
The large dimension of the macrocycle investigated in this work
prevents the use of the high-level calculations employed in
recent azobenzene studies.29 For this reason here we restrict the
discussion to a more qualitative level with an approach that was
used successfully in a recent investigation on bis(azo) deriva-
tives31 to provide a convincing explanation for their different
photoisomerization behavior and efficiency. First, we wish to
discriminate between the two possible isomerization routes,
namely, (i) the sequential photoisomerization of a single NN
bond or (ii) the simultaneous isomerization of both photore-
sponsive units in the macrocycle. Because the torsional path
will correspond, at least initially, to the preferred deactivation
channel also for compound4, to identify the most favorable
route i or ii above we can inspect, with CIS/3-21G ab initio
calculations, the relaxed excited-state geometry in the lowest
π-π* state of thett1(uu) conformer of4. The most relevant
geometrical parameters are collected in Figure 6. The lowest
energyπ-π* state of tt1(uu) relaxes to a localized structure
characterized by two NN bond lengths remarkably different,
and the molecule loses theC2 symmetry axis. One NN remains
virtually unchanged, and the other increases to 1.337 Å. The
remarkable elongation of a single NN bond, the torsion of which
will be highly facilitated, supports, on one side, the similar
photoisomerization efficiency of4 and3 and, on the other side,
the hypothesis i of a sequentialtt f tc f ccphotoisomerization
mechanism rather than the simultaneous photoisomerization of
the two NN bonds. A similar behavior was observed and
predicted for bis(azo) compounds constituted of a pair of
azobenzene units sharing one of their phenyl rings with the two
azo groups connected meta to the central phenyl.31 The presence
of a localized relaxed structure for compound4, similarly to
the bis(azo) compound mentioned above, can be ascribed to
the efficiency of the electron-phonon coupling mediated by
the asymmetric NN stretching vibrational mode, characterized
by elongation of one NN bond and shortening of the other NN

bond. This interaction drives the localization of the excitation
in the lowestπ-π* state by coupling and mixing the close pair
of π-π* one-exciton delocalized states.

Having established that the first photoisomerization reaction
involves only one of the two photoresponsive units in the
macrocycle, we explored the structure of the more plausibletc
isomer. Owing to the limited flexibility of the azobenzenophane,
the most natural, lowest energy path fort f c photoreaction
involves the motion of thepara-aminobenzene toward the
interior of the basin formed by the macrocycle, as shown in
Figure 7a. The correspondingly HF/3-21G-optimized structure
of the tc isomer, labeledtc1, is shown in Figure 8a. Owing to
ring strain, the two photoresponsive units, along with the two
CH2 bridges, are subject to some distortion in thetc1 isomer.
Indeed, thet unit is not planar, and the dihedrals around the
CN bonds in thec unit are markedly larger than in thec form
of 3. Nevertheless, readjustment of the dihedral angles leaves
the two intramolecular distances of4, indicated in red in the
figure, very similar to those computed for3 (see Figure 5). The
effect of strain is reflected in the larger energy difference
betweentc1 and tt1(uu) (25.0 kcal/mol), compared with the
predictedc-t energy difference of3 which is only 20.1 kcal/
mol at the same level of theory. Note that the higher energy of
thetc1 isomer is associated with a reduction of the energy barrier
for the thermal back reaction. Indeed, the HF/3-21G-computed
ground-state energy barrier along thetc1 f tt1(uu) path is 24.7
kca/mol, compared to ca. 29 kcal/mol computed for thec f t
torsional path in3. Because of the moderate level of theory
employed, the computed energy barriers are overestimated.
Nevertheless, the significant reduction for4 is in agreement with
the observation of a faster backward reaction of the azoben-
zenophane with respect to3 (see section 3.1 and Table 1).

Similarly to thett isomer discussed in the previous section,
several conformers corresponding to thetc geometric isomer
may exist. MM3 conformational analysis calculations have
indeed generated an additionaltc isomer (labeledtc2) 0.6 kcal/
mol more stable than thetc1 structure. HF/3-21G optimization
of the MM3 structure leads to a more remarkable energy

Figure 7. Possible photoisomerization paths for thett1(uu) and tt1(ud) isomers and finaltc photoproducts.
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stabilization of 4.4 kcal/mol. The corresponding structure is
shown in Figure 8b. Inspection of the selected dihedral angles
indicated in the figure shows that thetc2 isomer is characterized
by a slightly reduced strain, compared totc1, which justifies
its lower energy. In contrast withtc1, formation of thetc2
structure fromtt1(uu), as shown in Figure 7b, involves the
motion of thepara-aminobenzene toward the exterior of the
basin formed by the macrocycle, with a concomitant partial
inversion of the CH2 bridge. Inversion of the CH2 bridge will
be associated with an energy barrier not only in the ground state
but also in the excited state, and for this reason we deem highly
unlikely that thett f tc photoisomerization oftt1(uu) will
proceed through path b in Figure 7. Conversely, formation of
the tc2 conformer seems more likely for thett f tc photo-
isomerization oftt1(ud), as shown in Figure 7c, although its
contribution to the formation of the photoproduct will be
negligible owing to the negligible population of thett1(ud)
conformer in the initially prepared compound4. Thus, in
summary, the calculations indicate that thetc component of the
photoproduct will be dominated by thetc1 conformer. In passing
we note that, as expected, the constrain introduced by the
macrocycle induces an asymmetry in the potential energy surface
describing thet f c photoisomerization of each azobenzene
unit, thereby favoring the twisting of the dominant conformer
tt1(uu) in one direction, namely, along path a in Figure 7, rather
than in the other direction, along path b.

It can be expected that prolonged irradiation at 365 nm of
the PSS of4, which must contain at least some amount of the
tc forms (see Figure 2), leads to further isomerization of the
second azobenzene unit in the macrocycle to form theccspecies.
In support of this, CIS/3-21G calculations of structure relaxation
in the lowestπ-π* state of thetc1 species indicate a localized
elongation of the NN bond of thet unit. In line with the
discussion concerning the first step of the photoreaction, we
considered two possible structures for the finalcc product,
corresponding to (i) isomerization of thet azobenzene unit in
tc1 by twisting thepara-aminobenzene inside the basin formed
by the macrocycle, namely, path a in Figure 9, leading to the
final cc1isomer and (ii) twisting thepara-aminobenzene outside
the basin formed by the macrocycle, along path b in Figure 9,
leading to thecc2isomer. Path b can be considered less probable
than path a because the isomerization along this route is
associated with the energetically unfavorable partial inversion
of the CH2 group, as for path b in Figure 7. Thus, the second
isomerization step is expected to occur mainly along path a in
Figure 9, leading to thecc1 conformer, whose energy is
predicted to be lower than that of thecc2 isomer both by
molecular mechanics and by ab initio calculations (see Table
2). The HF/3-21G-optimized structures of thecc1 and cc2
conformers are shown in Figure 10. An interesting feature of
thecc1structure is the proximity of the two NH2 substituents,
which favors formation of hydrogen bonding, as indicated in
the figure, thereby stabilizing this conformer with respect to
cc2.

The possible reasons for the lack of accumulation of thecc
form, as shown by the photochemical experiments, will be
discussed in the next section.

4. Discussion

The results presented in the previous sections point to a
stepwise photoisomerization of the macrocycle with the first
step leading to atc structure. The calculations also indicate that
the energy and intensity of the lowestπ-π* transitions
dominantly localized on thet andc units (Table 2) do depend
on the isomeric form of the neighboring azobenzene unit in the
macrocycle, as expected for a structurally constrained molecule
like 4. Since clean isosbestic points are observed in the
absorption spectra on irradiation of4 at the wavelength of
maximum absorption of thett form, it is reasonable to conclude
that only two compounds are present in the irradiated mixture,
namely, the tt and tc isomers. Therefore, the absorption
spectrum at the PSS is dominated by that of thetc isomer (or
more precisely, according to the calculations, by thetc1
structure) because nearly 50% of thet units have isomerized.
This hypothesis is also supported by the fact that the absorption
spectrum at the PSS reverts to the original spectrum (tt form)
according to a single first-order process, whose rate constant is
faster than that of the corresponding process of3, in line with
the lower energy barrier computed for thetc1 f tt1(uu) process
compared with that of thec f t thermal reaction of3. Thus,
from a spectroscopic point of view, we can identify the
maximum observed at 388 nm in the PSS spectrum with the
π-π* peak due to thetc form. We calculated the ZINDO/S
vertical excitation energies of the lowestπ-π* states for both
the tc1 andtc2 structures. The calculations, summarized in the
last column of Table 2, show a similar trend for the two
structures. Thetc1 isomer is characterized by a lowest energy
π-π* transition at 361 nm, carrying most of the intensity, and
by a second, less intense,π-π* transition at 332 nm, while
the tc2 isomer is characterized by twoπ-π* transitions of

Figure 8. HF/3-21G equilibrium structure and selected intramolecular
distances of thetc1 and tc2 isomers of4.
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similar intensity at 372 and 347 nm. In other words, for both
species the predicted spectrum indicates a minor blue shift of
the overallπ-π* peak, with respect to the spectrum computed
for thett1(uu) form, featuring an intense band at 366 nm. These
changes match closely those observed between the initial

spectrum of4 and that of the PSS and add support to the
conclusion that the PSS state is dominated by thetc form,
although the low resolution of the spectrum prevents a more
precise spectroscopic identification of thetc1 or tc2 species.
The minor difference between the spectra computed for thetc1
andtc2 structures underscores the minor electronic communica-
tion and excitonic coupling that characterizes these compounds.

Noteworthy, thett f tc conversion for macrocycle4 at the
PSS is nearly 100%, that is, larger than thet f c conversion
observed for3 in the same conditions. Considering that the
quantum yield for thet f c isomerization of the (first)
azobenzene unit is similar in3 and4 and that the thermalc f
t isomerization for4 is faster than that for3, it seems reasonable
to suggest that thetc f tt quantum yield is smaller than thet
f c quantum yield for3. However, the filtering effect exerted
by the t units toward thec units in the tc form of 4 at the
irradiation wavelength should also be considered. Further
speculations would be unsafe on the basis of our results.

The observation of the second step of photoisomerization of
4 is hampered by the fast thermaltc f tt back reaction of the
tc isomer. If it occurred, however, one would expect a slower
cc f tc back reaction, as suggested by the computed energy
barrier for thecc1 f tc1 thermal isomerization, which is 28
kcal/mol, that is ca. 3.3 kcal/mol higher than that for thetc1 f
tt1(uu) isomerization. The barrier forcc1 f tc1 reaction
increases also because of the relative stability of thecc1 isomer
with respect totc1. Indeed, the computed energy difference
between thetc1 and cc1 forms of 4 is only 15.7 kcal/mol,
compared to 20.1 kcal/mol for thec-t energy difference of3.
The reduced energy difference is mainly due to the large energy
of the highly strainedtc1 form, which reduces the gap with the
cc1 isomer. The energy of the latter is computed to be 40.7
kcal/mol above that of thett1(uu) form, which is about twice
thec-t energy difference computed for3. This does not imply
that strain is totally absent incc1but rather that it is compensated
by the formation of the hydrogen bond. In conclusion, if a
substantial fraction of the photoproduct had reached thecc form,
we would expect an overall back reaction rate similar to that of
compound3. Conversely, the observation of a thermal reaction
which obeys first-order kinetics and is twice as fast for4
compared to3 is compatible with formation of the soletc form.
We can however attempt to compare the difference spectrum

Figure 9. Possible photoisomerization paths for thetc1 isomer and finalcc photoproducts.

Figure 10. HF/3-21G equilibrium structure and selected intramolecular
distances of thecc1 andcc2 isomers of4.
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show in the inset of Figure 2 (see section 3.1) obtained by
subtracting the initial spectrum of4 from that of the PSS with
the computed spectroscopic data for thecc1 andcc2 species.
The significance of the difference spectrum in the case of
compound4 should be taken with caution since the procedure
to obtain it assumes implicitly that thet units absorb at exactly
the same wavelength for thett andtc species. As indicated by
the calculations, this is only approximately true for4. Under
the above assumptions, the difference spectrum represents the
absorption due to thec units of thetc andcc isomers possibly
contributing to the PSS.

The difference spectrum shows a peak approximately in the
same region (ca. 347 nm) of thec form of 3, although slightly
red shifted. The ZINDO/S-computedc peak oftc1 (see Table
2) is blue shifted by a slight amount (332 nm) compared toc
form of 3 (337 nm). The computed peaks ofcc1 (or cc2) are
red shifted by a larger amount (forcc1 two peaks at 341 and
351 nm with similar intensities, that is an average peak at ca.
346 nm and one peak at ca. 354 nm forcc2). The minor change
in the peak position computed for thetc1 form, rather than the
larger shift predicted for thecc forms, taken with due caution,
seems in better agreement with the experiment.

The lack of accumulation of thecc form upon prolonged
irradiation of the PSS, despite its predicted longer lifetime, points
to a reduced photoreactivity of thet azobenzene units in the
tc1 isomer and/or to a high quantum yield for thecc f tc
process. It is reasonable to propose that the photoreactivity of
the azo units will be dependent on the isomeric form of the
cyclophane (tt , tc, or cc) and on its conformational freedom. A
detailed investigation on this aspect would require more
thorough photochemical experiments together with computa-
tional studies of the excited-state properties and reactivity, which
are beyond the scope of this work.

5. Concluding Remarks

The photoisomerization properties ofpara-aminoazobenzene
3 and azobenzenophane4 have been studied by a combination
of experimental and computational investigations. Both3 and
4 undergo photoisomerization with similar quantum yields upon
irradiation at 365 nm. Whereas thet f c photoconversion of3
is close to 80%, that of4 is only 50%. The backward thermal
reaction is faster than that of azobenzene, and it is twice as fast
for 4 compared to3.

Compound4 is a macrocycle formed by 16 atoms, as the
previously investigated [2.2](2,2′)-azobenzenophane,11 but it
contains a reduced number of single bonds. As a result it is
considerably more stiff and strained than previously investigated
cyclic azo compounds. Six possible conformers of thett
geometric isomer have been identified by means of molecular
mechanics and ab initio calculations, and it has been shown
that only the lowest energy conformertt1(uu) dominates the
population of thett form of 4.

A localized structure has been computed for the relaxed
geometry of the lowestπ-π* excited state of thett1(uu) isomer,
indicating the presence of a relatively strong electron-phonon
coupling mediated through the asymmetric NN stretching
vibration, which overcomes the exciton delocalization and
splitting of the lowest twoπ-π* states of the macrocycle. As
a result, a preference for a sequentialtt f tc f cc photo-
isomerization reaction is suggested.

The most probable photoisomerization path has been identi-
fied by ab initio calculations fortt1(uu) along with the structure
and energy of thetc1 photoproduct. Similarly, the most probable

path and photoproductcc1 for the second step (tc f cc) of the
photoisomerization reaction have been identified.

The presence of the amino groups in para position, responsible
for the faster back reaction of both3 and 4 compared to
azobenzene, along with the remarkable strain of thetc1
photoproduct of4 account for the fast thermal backward rate
of 4. The occurrence of such a process is indeed one of the
reasons for the low photoconversion of4. Although computa-
tions suggest that the strain in thecc form would be counterbal-
anced by formation of a stabilizing intramolecular hydrogen
bond between the two amino groups, thecc form cannot be
obtained in an appreciable amount on irradiation of thetc1
isomer. It is suggested that the conformational constraints of
macrocycle4 can affect the excited-state reactivity of its
constituting azobenzene units.

Molecules such as4, owing to the macrocyclic structure,
conformational properties, and full reversibility of the isomer-
ization reaction, are promising candidates for construction of
light-controlled switches32 and development of photoelastic
devices.33,34
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