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The stability and transcis photoisomerization properties of a macrocycle constituted of pare-
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 behapiaraedminoazobenzene,

whose photoconversion is larger than 80%. In the case of the macrocycle, a fastetraiss 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 stablearesngeometric

isomer has been identified along with the more plausible traissand 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-tianphotoproduct with minor
contributions from the ciscis 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 eistrans back-reaction.

1. Introduction azobenzenes are connected-8@H,—CH,— bridge$%isomer-
izes thermally from the trancis (tc) to the trans-trans (t)

Azobenzene is a typical molecular switch whose reversible ’ ) . )
form in only 22 s. Notice that the compound photoisomerizes

cis—trans isomerization is associated with remarkable changes i ) e .
in the structure and chemical propertiemtroduction of the readily upon irradiation at 366 nm and a photostationary state

photoresponsive azobenzene unit in functional molecules or (PSS) in which 88% of thét form has isomerized is obtained.
organized molecular systems enables the switch, induced byTauer and co-yvorkgrs synthesized a [2.2]iZ2obenzenophane
light, of the functions of these materi@s’ In macrocyclic (1 Chart 1) with bridges formed by two atomsCH,—CH,—)
compounds including two azobenzene units the light-induced Pound at the ortho positions of the photoresponsive thBath
isomerization of one photoresponsive unit and the backward ¢ @nd Cis=Cis (Cc) forms were obtained upon irradiation, but
thermal isomerization are usually affected by the size and N contrast with the [3.3](4;% and [2.2](4,4-azobenzenophanes,

conformation of the remaining part of the ring, owing to the bothtc ar_1dc_cforms were found to thermally isomerize slowly
ring strain5 A first example in this sense is represented by and the lifetime of thec form was found to be longer than that

the work of Rau on the photochemical and thermal isomerization ©f the cc form. L -
reactions of a [3.3](4/#azobenzenophane, where the azoben- Morg recently, an azobenzenophane with linkers consisting
zene units are connected byCH,—S—CH,— bridges® This of a single atom at the meta positions has been repé%t’éd.
compound was found to photoisomerize reversibly by successive 1€ [1.1](3,3)-azobenzenophar(Chart 1) showed stepwise
isomerization of the two units with a photoconversion close to Photoisomerization in solution, and the lifetime of t@somer
95%, but the thermal cis- trans isomerization was shown to  Was found to be three times longer than that of thésomer.

be 1000 times faster at room temperature when the other These previous studies show that the photochemical and
azobenzene unit is in the trar form than when it is in the th_ermal isomerization properties of azobenzenophanes along
cis (c) form® More recent studies have shown that the shorter With the stability of the isomeric forms are affected by the
the length of the bridges at the para positions of the azoben-Position of the linkers and by thel_r chaln_ Iength. With this _vvork
zenophane, the more significant is the effect of the second We add a new term to the series of investigated cyclic azo
azobenzene unit on the isomerization rate of the first, owing to c0mpounds by considering the azobenzenopha(@hart 1)

the strain induced by the cis form. In this regard Tamaoki formed by two units ofpara-aminoazobenzene) linked by

showed that the [2.2](4¢azobenzenophane in which two ©ne-atom bridges. Each aromatic ring in the two photoresponsive
units of the macrocycle is bound to the one atom linker in a

*To whom correspondence should be addressed. A.C.: E-mail different position, namely, the ortho position for the aminoben-
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CHART 1: Structural Formula of [2.2](2,2 ')-Azobenzenophane (1), [1.1](3;3Azobenzenophane (2),
para-Aminoazobenzene (3), and Azobenzenophane (4) Investigated in This Work

N
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1 2

TABLE 1: Absorption, Photoisomerization, and Thermal
Isomerization Data

c—t
absorptior? t—c thermal back
Amax NM photoreactio®, %(c) reaction,
(e, M~1cm™) F PSS k st
azobenzene
t 316(29 000)-442(770) 0.14 95 4.3 10°6
compound3
t 382(28 0009 0.15 80 1.7x 104
c 343(8700y-447(3200)
compound4
tt 392(32 400) 0.11 50 3.610*
PSS 388
cunits 347(3800y-466(2700)

a Air-equilibrated acetonitrile solution and ambient temperature (295
K). PIrradiation at 365 nm¢ Fraction of c azobenzene units at the
photostationary state (PSSy—x* band overlapped with the—z*
band.® Absorption maxima attributed tounits in the photoproduct of
4.

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

NH3

N
N
N
NH;
3 4

the @ values reported in Table 1 were obtained from determi-
nation of the quantum yield at successive irradiation times
and extrapolation foto = 0. The fraction of light transmitted

at the irradiation wavelength was taken into account in the
calculation of the yield$! Owing to the fast thermal back-
isomerization it was not possible to determine the composition
of the photostationary state 8fand4 by HPLC analysis (and

for 4 by TH 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 ecis trans
isomerization was studied at room temperature (295 K) by
monitoring the absorption spectral changes versus time for 5.0
x 1075 mol L™ 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

A,
d(fm - fc,/l)

where [J; is the concentration of the cis form at timhdt]o is

[cl, = [t — 1)

computational investigations, and a comparison with the proper- the initial concentration of the solution containing the trans form,

ties of model compoun@ is presented.

2. Methods

2.1. Experimental Section.Compound4 was prepared
according to ref 14. Compour&is a commercial product (from
Aldrich). The absorption spectra were recorded with a Perkin-
Elmer 140 spectrophotometer on air-equilibrated acetonitrile
(Merck Uvasol) solutions at room temperature (295 K) with
concentrations ranging from £ 105to 1 x 104 mol L4,
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

A, is the absorbance value at wavelengthd is the optical
path length (1 cm), ané;; andec; are the molar absorption
coefficients at wavelengthl of the trans and cis forms,
respectively. The monitored wavelength was that of the absorp-
tion maximum of the trans form, namely, 382 nm f®=nd

387 nm for4. The so-obtained]; 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 df was
initially optimized with molecular mechanics calculations using
the MM3 force field!® A partial conformational search was
carried out using the general conformational search algorithm
implemented in the Tinké? software package. The five lowest

400 medium-pressure Hg lamp (150 W), isolated by means of frequency normal modes were used to scan the potential-energy

an interference filter. The number of incident photons, deter-
mined by ferrioxalate actinome#in its microversiont® was

on the order of 10 Nhw/min in the irradiated volume (3 mL).
The trans— cis quantum yields were determined from the
disappearance of the—s* absorption band of the trans form
at low conversion percentages 10%) to minimize the error
caused by the occurrence of the back-eisrans photochemical

and thermally activated isomerization. To the same purpose,

surface, and the energy threshold was set to 100 kcal/mol. The
equilibrium structures of the three isomets, fic, andcc] of

the cyclic azo compound obtained from the MM3 calculations
and those of the two isomers &nd 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
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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 Lowestz—a* Transitions
AE, AE,
kcal/mol kcal/mol
isomer MM3 HF/3-21G q* states, nr (f °)
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) 45 5.8 364(0.00)348(1.50)
, . s tt2(uu) 6.0 7.8 383(0.12)362(1.50)
300 400 500 600 tt2(ud) 8.0
% (nm) tt3(uu) 12.6 16.0 369(0.00)360(1.54)
tt3(ud) 17.4
Figure 1. Absorption spectrum of a 5.8 10-5 mol L~* acetonitrile tcl 185 25.0 361(0.63)332(0.27)
solution of 3 at room temperature (full line), and absorption spectral tc2 17.9 20.6 372(0.56)347(0.50)
changes on 365 nm irradiation of the same solution for 1.5 (dashed ccl 29.0 40.7 351(0.2H341(0.21)
line), 4 (dasheddotted line), and 5 (dotted line) min. The latter cc2 32.2 41.2 364(0.02)354(0.18)

spectrum corresponds to the photostationary state. ) L . .
P P P y aVertical excitation energy for the lowest-sr* transitions predicted

from ZINDO/S calculations? Oscillator strength.
by performing relaxed potential energy surface (PES) scans
along the NN torsional coordinate with a step size of 1The such as the production of tautomeric species and thereby
HF/3-21G equilibrium geometries were employed to calculate lowering the energy of the activated intermediate.
electronic excitation energies with the ZINDO/S semiempirical ~ The presence of a set of clean isosbestic points at 267, 291,
Hamiltoniarf® combined with configuration interaction singles 340, and 455 nm, which are maintained throughout the
(C|S) calculations. To obtain a qua”tative picture of thez* irradiation, is consistent with the existence of two SpeCieS,
excited-state geometry relaxation, selected excited-state geomhamely, thec andt forms of3. Since the PSS is reached within
etry Optimizations were performed at CIS/3-21G level of theory_ 5 min of irradiation, it can be estimated that its CompOSition is
Ab initio CIS calculations with moderate basis sets are known Nnot largely affected by the thermal back reaction. However,
to overestimate excitation energies but provide a reliable attempts to determine the amount @fsomer present at the
description of the geometry relaxation for excited states PSS failed. HPLC analysis of the irradiated solution showed
dominated by single excitations. Given the large dimension of the presence of theform only: evidently, in the conditions
the molecules investigated, the orbital space was restricted toand on the time scale of the HPLC experiment, théorm
10 x 10. All calculations were carried out with the Gaussian reverts thermally to theone. Therefore, the absorption spectrum

03! suite of programs. The visual program Mole®elas of the c form and the composition of the PSS were evaluated
employed to plot optimized molecular structures. by subtracting the spectrum of tiheisomer from that of the
PSS (see Experimental Section). The absorption spectrum of
3. Results cis-3 shows two bands in the near-UV region, centered at 343
and 447 nm (Table 1).
3.1. Photoisomerization Reactions of 3 and 4 he absorp- The experimental absorption spectra of the two isomeBs of

tion spectrum of the isomer of3 in acetonitrile solution is  can be compared with the ZINDO/S vertical excitation energies
shown in Figure 1. The spectroscopic data are collected in Tablecomputed at the HF/3-21G-optimized ground-state geometries
1. In contrast with azobenzen®,shows a one-band pattern, and collected in Table 2. The lowest enetgy* transition
which includes ther—s* and n—s* absorption features, owing  of thet form is predicted at 366 nm, in good agreement with
to the reduced energy gap between the two excited statée the experimental data. The observeds* transition blue shifts
absorption maximum is observed at 382 nm, the remarkable to 343 nm for thec isomer of3, and similarly the computed
shift to lower energies compared to azobenzene being inducedexcitation energy increases to 337 nm. Thus, the spectral changes
by the para amino groufs. upont — c isomerization are correctly reproduced by the
The t — ¢ photoisomerization quantum vyield and the ZINDO/S calculations, except for a slight energy overestimate.
composition of the PSS for irradiation at 365 nm are also The same trend can be expected for the azobenzenophane
reported in Table 1. Figure 1 shows the absorption changescomposed by the two photoresponsive usits
observed upon irradiation of thasomer of3 at 365 nm. Such The solid line in Figure 2 shows the absorption spectrum of
changes are consistent with the— c isomerization of the thett isomer of4 in acetonitrile. The spectrum shows a peak
azobenzene unit: the band with maximum at 382 nm decreasesentered at 392 nm, only slightly red shifted compared to
and is replaced by two bands with maxima at 447 and 352 nm. compound3. Figure 2 shows also the absorption changes

The photoisomerization quantum yield of thdorm of 3 is observed upon irradiation at 365 nm. The intensity of the 392
close to that ofrans-azobenzene; conversely, the thermal back nm band decreases as expected for-ac isomerization of the
reaction of cis3 is much faster than that afis-azobenzer#é azobenzene units, the position of the maximum shifts slightly
as expected because of the presence ofptire-amino sub- to higher energies (ca. 388 nm), and a PSS is obtained after
stituent?® In our conditions the form of 3 is quantitatively irradiation for 25 min. Similarly to compoun8, owing to the

regenerated in less than 2 h, starting from the PSS. Indeed, thdast thermal back reaction, the composition of the PSS could
activation energy of the— t thermal conversion is ca. 23 kcal/  not be measured by HPLC analy3tsAlthough, in principle,
mol for azobenzene and its derivatives, except for those the three isomeric formst( tc, andcc) of 4 can contribute to
containing substituents which cause intramolecular changes,the PSS, inspection of Figure 2 shows that the intensity of the



12388 J. Phys. Chem. A, Vol. 110, No. 45, 2006

1.61 3]
5
S5

1.21 £
-
k=)

A <

w “,

0.81 500

0.41

0 T T T
300 400 500 600
A (nm)

Figure 2. Absorption spectrum of a 4.4 1075 mol L™ acetonitrile
solution of4 at room temperature (full line), and absorption spectral
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stiffness compared td. 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 @, 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 ttiegeometric isomer of

can be built by accommodating the twphotoresponsive units

in the three different configurations label&d, tt2, andtt3 in
Chart 2. In the schematic representations of Chart 2, configura-
tionsttl andtt3 have the two azobenzene units with their NN
double bonds oriented parallel to each other. However, in

changes on 365 nm irradiation of the same solution for 1, 3, 6, 12, and configurationttl the CNNj, vertexes point inside the macro-
25 min (dashed lines). The latter spectrum corresponds to the photo-cycle, whereas itt3 they point outside. Finally, in configuration

stationary state. (Inset) Absorption spectrum of thenits in the

photoproduct (dotted line) obtained by subtraction of the spectrum of

thett isomer (full line) from that of the photostationary state.

tt2 the two NN bonds are not parallel. In addition to the
reciprocal position of the two NN double bonds, th€H,—
bridges can point on the same side (up, up), as indicated

maximum at the PSS has decreased by no more than 50%In Chart 2, or on opposite sides (up, dowul)). Thus, we may

suggesting that only one-half of the availablghotoresponsive

expect that the lowest energy structures of th@eometric

units has isomerized. The presence of a set of clean isosbestiésomer will be found among thiel(uu), tt1(ud), tt2(uu), tt2-
points at 325 and 464 nm indicates two possible scenarios for (Ud), tt3(uu), andtt3(ud) conformations. Starting from thel-

the photoreaction: (i) only two species coexist during the
irradiation, namely, thét and thetc forms, and nearly 100%

(uu) conformer, we found the energies and structures of the
remaining twouu and the threaid conformers with a partial

of the tc isomer is obtained at the PSS or (ii) the three species conformational search carried out with Tink&The energies

coexist but in this case the spectra of thetc, andcc forms

of the structures investigated are collected in Table 2. Most of

must be simply given by a linear combination of the spectra of the structures found with the molecular mechanics calculations

isolated photoactive units in theiror ¢ forms. The absorption

were re-optimized at the ab initio HF/3-21G level. Both MM3

spectrum obtained by qualitative subtraction of the spectrum and ab initio calculations predict the same lowest energy
of the reactant from that of PSS is shown in the inset of Figure Structure, namely, thét1(uu) conformer, followed by thet1-

2. This spectrum, which can be formally attributed toc¢hmits

(ud) conformer which is computed to be 4.5 kcal/mol (5.8 kcal/

in the photoproduct, shows two peaks at wavelengths longermol from HF/3-21G calculations) less stable. A graphical
than 300 nm, namely, centered at 347 and 466 nm. As will be representation of the HF/3-21G-optimized structures oftthe
shown in the next sections, the computational results on the conformers o# is presented in Figures 3 and 4, along with the
structure, stability, excitation energies, and intensities of the three most relevant computed geometrical parameters. The CN and

geometric isomers of are more consistent with hypothesis i
of coexistence of twot{ andtc) of the three species at the PSS.
3.2. Conformers, Ground-State Structures, andz—mx*
Excitations of the tt Geometric Isomer of 4. The azoben-
zenophanet forms a ring composed by 16 atoms and bonds.
The CC and CN single bonds confer some flexibility to the

NN bond lengths of the two photoresponsive units in the
macrocycle are similar to those computed3@nd summarized

in Figure 5. In particular, the CN bond connected to plaea-
aminobenzene (1.415 A i8) is slightly shorter than the CN
bond connected to the unsubstituted phenyl (1.427 A)in
owing to the influence of tautomeric species. Inspection of the

macrocycle, although previously investigated azobenzenophaneshree dihedral angles in the region of the NN bond, indicated

were characterized by larger rings (compo@#! or a greater
number of single bonds (compouf#), with a resulting reduced

in Figures 3 and 4, shows that the nonplanarity of the
chromophore increases fau conformers in the same order as

CHART 2: Possible Conformers of the tt Geometrical Isomer of 4

NH, NH,
i ~C ; ~C
Hz H

Ny [P Nag 2

NH,
C
Hz

Z Nag,
Nb N Nb Nb
~No Np Nb
©\ 1 Q i )t
c C
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ttl(uu)
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Figure 3. HF/3-21G equilibrium structures of the ground state of the
(a) ttl(uu) and (b)tt1(ud) conformers of thét geometric isomer of.

a)

tt2(uu)

tt3(uu)

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

their relative energy, namelyt3(uu) > tt2(uu) > tt1(uu). To
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Figure 5. HF/3-21G equilibrium structure and selected intramolecular
distances of th¢ andc isomers of3.

Figure 6. CIS/3-21G equilibrium structure of the lowest* state of
the ttl(uu) conformer of thett geometric isomer oé.

These are one-exciton delocalized states resulting from com-
binations of the lowest—x* state of each azobenzene unit. It

is interesting to note that for th# isomers of4 the total
computed intensity for the twa—z* transitions is lower than
twice the intensity of ther—x* transition of 3, in agreement

assess the quality of the predicted energy differences for theWith the experimental data (Table 1). Such intensity decrease
various conformers of thee geometric isomer, we can compare can be rationalized by considering that the transition dipole
the HF/3-21G (19.6 kcal/mol) and MM3 (15.5 kcal/mol) energy moments associated with the-z* states localized on the
differences between thteandc forms of azobenzene with the ~azobenzene units do not lie in the same plane. Generally, the
experimental value of about 1.2 kcal/mol?:28 Considering ~ lowest of the twoz—z* transitions is predicted to be dipole
the computed overestimate by both methods, we can extrapolatdorbidden; thus, only the second one is relevant for comparison
a lower limit of ca. 3.0 kcal/mol for the energy difference With the experimental absorption data. As pointed out in the

between thetl(uu) and thettl(ud) forms. Under the above

previous subsection, the experimental absorption spectrum of

assumption, for an equilibrated sample at 298 K, the ratio thett form of4is similar to that of the: isomer of3. By keeping
between the populations of the two lowest energy forms is ca. in mind the slight overestimate in the ZINDO/S-predicteetr

5 x 1073. Thus, the contribution of th#1(ud) form, namely,
the second lowest energy conformer, can be considered
negligible, and this will hold even more strictly for the
population of the remaining higher energy conformers.

transition energies foB, we notice that the best agreement is
found for the most stablél1(uu) conformer, whoser—a*
transition energy is computed at 366 nm, that is, identical to
that of thet isomer of3. Note that ther—s* transition energy

Although such energy considerations underscore the negli- computed for the remainingu conformers is slightly blue

gible relevance of conformations different from ti&(uu), we

shifted, while it is remarkably blue shifted for the second lowest

can gain further support to the above conclusion by considering €nergytt1(ud) conformer. We can conclude that the predomi-

the spectroscopic properties predicted for the varibuson-

nance of thetl(uu) form is supported also by the excitation

formers. To this end we evaluated ZINDO/S vertical excitations €nergy calculations.

energies and intensities for all the HF/3-21G-optimizéd
structures. The lowest—s* transition energies are collected
in the last column of Table 2. As expected, two closer*
transitions fall in the energy region with> 300 nm, owing to

3.3. tt — tc — 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-

the presence of the two photoresponsive units in the macrocycle tions, that the torsional path is preferred not only in ther*
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Figure 7. Possible photoisomerization paths for tittguu) andtt1(ud) isomers and finatc photoproducts.

state but also in the lowestixr* state2°-3°Upon irradiation in bond. This interaction drives the localization of the excitation
the r—a* region of the dominanttl(uu) conformer of4, one in the lowestr—x* state by coupling and mixing the close pair
or both the photoresponsive units could in principle isomerize. of x—xz* one-exciton delocalized states.

The large dimension of the macrocycle investigated in this work  Having established that the first photoisomerization reaction
prevents the use of the high-level calculations employed in involves only one of the two photoresponsive units in the
recent azobenzene studf@$or this reason here we restrict the macrocycle, we explored the structure of the more plausible
discussion to a more qualitative level with an approach that wasisomer. Owing to the limited flexibility of the azobenzenophane,
used successfully in a recent investigation on bis(azo) deriva-the most natural, lowest energy path for- ¢ photoreaction
tives’® to provide a convincing explanation for their different involves the motion of thepara-aminobenzene toward the
photoisomerization behavior and efficiency. First, we wish to interior of the basin formed by the macrocycle, as shown in
discriminate between the two possible isomerization routes, Figure 7a. The correspondingly HF/3-21G-optimized structure
namely, (i) the sequential photoisomerization of a single NN of thetc isomer, labeledcl, is shown in Figure 8a. Owing to
bond or (ii) the simultaneous isomerization of both photore- ring strain, the two photoresponsive units, along with the two
sponsive units in the macrocycle. Because the torsional pathCH, bridges, are subject to some distortion in tb& isomer.

will correspond, at least initially, to the preferred deactivation Indeed, thet unit is not planar, and the dihedrals around the
channel also for compound, to identify the most favorable ~ CN bonds in thec unit are markedly larger than in theeform
route i or ii above we can inspect, with CIS/3-21G ab initio of 3. Nevertheless, readjustment of the dihedral angles leaves
calculations, the relaxed excited-state geometry in the lowestthe two intramolecular distances 4f indicated in red in the
m—m* state of thettl(uu) conformer of4. The most relevant  figure, very similar to those computed f8(see Figure 5). The
geometrical parameters are collected in Figure 6. The lowesteffect of strain is reflected in the larger energy difference
energyzr—ama* state ofttl(uu) relaxes to a localized structure  betweentcl andttl(uu) (25.0 kcal/mol), compared with the
characterized by two NN bond lengths remarkably different, predictedc—t energy difference o8 which is only 20.1 kcal/
and the molecule loses tii& symmetry axis. One NN remains  mol at the same level of theory. Note that the higher energy of
virtually unchanged, and the other increases to 1.337 A. The thetc1 isomer is associated with a reduction of the energy barrier
remarkable elongation of a single NN bond, the torsion of which for the thermal back reaction. Indeed, the HF/3-21G-computed
will be highly facilitated, supports, on one side, the similar ground-state energy barrier along th& — tt1(uu) path is 24.7
photoisomerization efficiency @gfand3 and, on the other side,  kca/mol, compared to ca. 29 kcal/mol computed for ¢he t

the hypothesis i of a sequenttal— tc — cc photoisomerization torsional path in3. Because of the moderate level of theory
mechanism rather than the simultaneous photoisomerization ofemployed, the computed energy barriers are overestimated.
the two NN bonds. A similar behavior was observed and Nevertheless, the significant reduction fois in agreement with
predicted for bis(azo) compounds constituted of a pair of the observation of a faster backward reaction of the azoben-
azobenzene units sharing one of their phenyl rings with the two zenophane with respect ®(see section 3.1 and Table 1).

azo groups connected meta to the central ph&niie presence Similarly to thett isomer discussed in the previous section,
of a localized relaxed structure for compousdsimilarly to several conformers corresponding to tikegeometric isomer
the bis(azo) compound mentioned above, can be ascribed tomay exist. MM3 conformational analysis calculations have
the efficiency of the electronphonon coupling mediated by indeed generated an additiona@isomer (labeledc?) 0.6 kcal/

the asymmetric NN stretching vibrational mode, characterized mol more stable than thel structure. HF/3-21G optimization
by elongation of one NN bond and shortening of the other NN of the MM3 structure leads to a more remarkable energy
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It can be expected that prolonged irradiation at 365 nm of

-173° the PSS o#, which must contain at least some amount of the

a) tCI \/\ tc forms (see Figure 2), leads to further isomerization of the
second azobenzene unit in the macrocycle to fornttpecies.

3 7 ﬁ\ In support of this, CIS/3-21G calculations of structure relaxation

/)_-‘.\ 1416 A 5 in the Io_westn—n* state of thetcl specie_s indic_ate a I_ocalized

\/____ ;~ elongation of the NN bond of thé unit. In line with the

P 6.326 y 4 j discussion concerning the first step of the photoreaction, we
/(/ A considered two possible structures for the filcal product,

corresponding to (i) isomerization of theazobenzene unit in
tcl by twisting thepara-aminobenzene inside the basin formed
by the macrocycle, namely, path a in Figure 9, leading to the
final cclisomer and (i) twisting th@ara-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 CH 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 theccl conformer, whose energy is
predicted to be lower than that of tree2 isomer both by
molecular mechanics and by ab initio calculations (see Table
2). The HF/3-21G-optimized structures of tleel and cc2
conformers are shown in Figure 10. An interesting feature of
the cclstructure is the proximity of the two NHsubstituents,
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 ofdthe

| WL form, as shown by the photochemical experiments, will be
Mﬂ/j. 41° > discussed in the next section.
; 4 h‘ﬁ; 29
b) te2 a0 4. Discussion

The results presented in the previous sections point to a
Figure 8. HF/3-21G equilibrium structure and selected intramolecular stepW|se_phot0|somer|zat|on of the ma_crocyde \_N'th the first
distances of thécl andtc2 isomers of4. step leading to & structure. The calculations also indicate that

the energy and intensity of the lowest—s* transitions

stabilization of 4.4 kcal/mol. The corresponding structure is dominantly localized on theandc units (Table 2) do depend
shown in Figure 8b. Inspection of the selected dihedral angles ©n the isomeric form of the neighboring azobenzene unit in the
indicated in the figure shows that the2 isomer is characterized ~ macrocycle, as expected for a structurally constrained molecule
by a slightly reduced strain, comparedttd, which justifies ~ Ike 4. Since clean isosbestic points are observed in the
its lower energy. In contrast witkcl, formation of thetc2 absorption spectra on irradiation éfat the wavelength of
structure fromttl(uu), as shown in Figure 7b, involves the ~Maximum absorption of tht form, it is reasonable to conclude
motion of thepara-aminobenzene toward the exterior of the that only two compounds are present in the irradiated mixture,

basin formed by the macrocycle, with a concomitant partial ga;?:ﬁ'mtgtettltqeaggstcis'sz?r:;eghber?;(:teéf:g?soanlzz?r(%t:on
inversion of the CH bridge. Inversion of the Cilbridge will mpore recisely. according to the galculations by toe
be associated with an energy barrier not only in the ground state P Y, 9 d

but also in the excited state, and for this reason we deem higthStrUCture) because nearly 50% of thanits have isomerized,
unlikely that thett — tc photoisomerization oft1(uu) wil This hypothesis is also supported by the fact that the absorption

. ) spectrum at the PSS reverts to the original spectrtirfofm)
proceed through path b in Figure 7. Conversely, formation of ;.crding to a single first-order process, whose rate constant is
the tc2 conformer seems more likely for the — tc photo-  aqter than that of the corresponding process,df line with
isomerization oftt1(ud), as shown in Figure 7c, although its  {ha [ower energy barrier computed for tiod — tt1(uu) process
contribution to the formation of the photoproduct will be compared with that of the — t thermal reaction oB. Thus,
negligible owing to the negligible population of tht (ud) from a spectroscopic point of view, we can identify the
conformer in the initially prepared compoundl Thus, in maximum observed at 388 nm in the PSS spectrum with the
summary, the calculations indicate that tbeomponent of the 7 —7* peak due to thec form. We calculated the ZINDO/S
photoproduct will be dominated by thel conformer. Inpassing  vertical excitation energies of the lowest-z* states for both
we note that, as expected, the constrain introduced by thethetcl andtc2 structures. The calculations, summarized in the
macrocycle induces an asymmetry in the potential energy surfacelast column of Table 2, show a similar trend for the two
describing thet — ¢ photoisomerization of each azobenzene structures. Thecl isomer is characterized by a lowest energy
unit, thereby favoring the twisting of the dominant conformer z—zx* transition at 361 nm, carrying most of the intensity, and
tt1(uu) in one direction, namely, along path a in Figure 7, rather by a second, less intense—xz* transition at 332 nm, while
than in the other direction, along path b. the tc2 isomer is characterized by tweo—s* transitions of
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Figure 9. Possible photoisomerlzatlon paths for tie& isomer and finakc photoproducts.

a) ccl

BERE T i

7 5168 ¢

b) cc2

Figure 10. HF/3-21G equilibrium structure and selected intramolecular
distances of thecl andcc2isomers of4.

similar intensity at 372 and 347 nm. In other words, for both

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

Noteworthy, thett — tc conversion for macrocyclé at the
PSS is nearly 100%, that is, larger than the- ¢ conversion
observed for3 in the same conditions. Considering that the
guantum vyield for thet — c isomerization of the (first)
azobenzene unit is similar Band4 and that the thermal —

t isomerization fo# is faster than that foB, it seems reasonable
to suggest that thie — tt quantum yield is smaller than thie

— ¢ quantum yield for3. However, the filtering effect exerted
by thet units toward thec units in thetc 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 therntal— tt back reaction of the
tc isomer. If it occurred, however, one would expect a slower
cc — tc back reaction, as suggested by the computed energy
barrier for theccl — tcl thermal isomerization, which is 28
kcal/mol, that is ca. 3.3 kcal/mol higher than that for tbe—
ttl(uu) isomerization. The barrier foccl — tcl reaction
increases also because of the relative stability otttiesomer
with respect totcl. Indeed, the computed energy difference
between thetcl and ccl forms of 4 is only 15.7 kcal/mol,
compared to 20.1 kcal/mol for the-t energy difference 08.
The reduced energy difference is mainly due to the large energy
of the highly strainedcl form, which reduces the gap with the
cclisomer. The energy of the latter is computed to be 40.7
kcal/mol above that of th&l(uu) form, which is about twice
thec—t energy difference computed f8r This does not imply
that strain is totally absent ttlbut rather that it is compensated
by the formation of the hydrogen bond. In conclusion, if a
substantial fraction of the photoproduct had reachedffierm,
we would expect an overall back reaction rate similar to that of

species the predicted spectrum indicates a minor blue shift of compound3. Conversely, the observation of a thermal reaction

the overallr—z* peak, with respect to the spectrum computed

which obeys first-order kinetics and is twice as fast #r

for thett1(uu) form, featuring an intense band at 366 nm. These compared t@ is compatible with formation of the sote form.
changes match closely those observed between the initialWe can however attempt to compare the difference spectrum
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show in the inset of Figure 2 (see section 3.1) obtained by path and photoproductl for the second stepgd — cc) of the
subtracting the initial spectrum dffrom that of the PSS with photoisomerization reaction have been identified.

the computed spectroscopic data for tied and cc2 species. The presence of the amino groups in para positiesponsible
The significance of the difference spectrum in the case of for the faster back reaction of botB and 4 compared to
compound4 should be taken with caution since the procedure azobenzene, along with the remarkable strain of tbe

to obtain it assumes implicitly that theunits absorb at exactly ~ photoproduct o#4 account for the fast thermal backward rate
the same wavelength for theandtc species. As indicated by  of 4. The occurrence of such a process is indeed one of the
the calculations, this is only approximately true forUnder reasons for the low photoconversion4fAlthough computa-

the above assumptions, the difference spectrum represents théons suggest that the strain in tbeform would be counterbal-
absorption due to the units of thetc andcc isomers possibly anced by formation of a stabilizing intramolecular hydrogen

contributing to the PSS. bond between the two amino groups, tteform cannot be
The difference spectrum shows a peak approximately in the obtained in an appreciable amount on irradiation of ttie
same region (ca. 347 nm) of tleform of 3, although slightly isomer. It is suggested that the conformational constraints of

red shifted. The ZINDO/S-computedpeak oftcl (see Table macrocycle4 can affect the excited-state reactivity of its
2) is blue shifted by a slight amount (332 nm) compared to ~ constituting azobenzene units.

form of 3 (337 nm). The computed peaks @f1 (or cc2?) are Molecules such ag, owing to the macrocyclic structure,
red shifted by a larger amount (fecl two peaks at 341 and ~ conformational properties, and full reversibility of the isomer-
351 nm with similar intensities, that is an average peak at ca. ization reaction, are promising candidates for construction of
346 nm and one peak at ca. 354 nmdoB). The minor change  light-controlled switche¥ and development of photoelastic
in the peak position computed for thel form, rather than the ~ devices®®34

larger shift predicted for thec forms, taken with due caution, )
seems in better agreement with the experiment. Acknowledgment. This work was supported by funds from
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The lack of accumulation of thec form upon prolonged
irradiation of the PSS, despite its predicted longer lifetime, points
to a reduced photoreactivity of theazobenzene units in the
tcl isomer and/or to a high quantum yield for tlee — tc
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