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Abstract: Photoswitch triads comprised of two dihydroazulene (DHA)
units in conjugation to a central trans-azobenzene (AZB) unit were
prepared in stepwise protocols starting from meta- and para-
disubstituted azobenzenes. The para-connected triad had
significantly altered optical properties and lacked the photoactivity of
the separate photochromes. Instead, for the meta-connected triad all
three photochromes could be photoisomerized to generate an isomer
with two vinylheptafulvene (VHF) units and a cis-azobenzene unit.
The photoisomerizations were studied by ultrafast spectroscopy,
revealing a fast DHA-to-VHF photoisomerization and a slower trans-
to-cis AZB photoisomerization. This meta triad underwent thermal
VHF-to-DHA back-conversions with a similar rate of all VHFs,
independent of the identity of the neighboring units, and in parallel
thermal cis-to-trans AZB conversion. The experimental observations
were supported by computations (excitation spectra and orbital
analysis of the transitions).

Introduction

The combination of various molecular photoswitches in specific
arrangements has found interest in recent years for development
of advanced optical devices.!For example, recently, we reported
the rigid macrocycle 1 (Figure 1),['®l containing two units of the
dihydroazulene/vinylheptafulvene (DHA/VHF) photo-
/thermoswitch - and one frans/cis-azobenzene (tAZB/cAZB)
system. Accessibility to a specific state of one photoswitch was
found to depend on the state of the neighboring units. We have
also previously observed that the photochromism of conjugated,
phenylene-bridged DHA dimers depends on whether the bridge is

para- or meta-substituted (as in 1),/ with a significantly reduced
photoactivity for the para-isomer. The parent DHA-Ph (Figure 1),
first reported by Daub and coworkers,®! undergoes
photoisomerization into VHF-Ph that thermally returns to DHA-
Ph; the half-life of the thermal back-reaction is solvent dependent,
being 218 min in MeCN and 545 min in CH,Cl, at 25 °C.“
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Figure 1. Top left: Azulene numbering. Top right: Parent
dihydroazulene/vinylheptafulvene (DHA/VHF) system. Bottom left: trans/cis-
Azobenzene (AZB) system. Bottom right: Triple photoswitch macrocycle 1.

The conjugation between the DHA and AZB photoswitches
is broken in macrocycle 1 by sp®-hybridized carbon atoms,



thereby keeping the units as separate chromophores.l'®! Here we
explore trimeric photoswitches 2 and 3 (Figure 2) where two DHA
units are conjugated to a central AZB by either para- or meta-
linkages. Indeed, the connectivity pattern of AZBs can play a
significant role as shown for example by Wegner and co-
workers.l"?l The overall question we want to address is how the
individual photochromic properties of DHA and AZB are
influenced in these arrangements, and if it is possible to
selectively obtain any of the individual photoisomers shown in
Figure 2. In general, when we refer to para and meta isomers, we
refer to the configuration of both benzene rings of the AZB unit

(strictly, it should be meta, meta and para, para).
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Figure 2. Target molecules 2 and 3 and their six potential photoisomers (with
DHA and VHF in either meta or para positions).

Results and Discussion

Synthesis. Compounds 2 and 3 were synthesized in three steps
from the corresponding bis(acetyl)azobenzenes 4 and 59l
Azobenzenes 4 and 5 were separately subjected to double
Knoevenagel condensation reactions with malononitrile,
ammonium acetate and acetic acid in toluene, Yyielding
crotononitriles 6 (28%) and 7 (85%), respectively (Scheme 1). The
DHA moieties were built in one-pot syntheses by initially adding
two cycloheptatriene rings to 6 and 7 in the presence of EtsN at -
78 °C, to furnish compounds 8 and 9, as complex mixtures
(Scheme 2). The two crude mixtures were subjected to hydride
abstraction  with  tritylium  tetrafluoroborate in  refluxing
1,2-dichloroethane (DCE). Subsequent deprotonation with Et;N
at 0 °C in a DCE/toluene mixture afforded para-VHF-{AZB-VHF 2
and meta-VHF-tAZB-VHF 3, which isomerized to the target para-
DHA-tAZB-DHA 2 (11%, from 6) and meta-DHA-tAZB-DHA 3 (7%
from 7) (Scheme 2) upon heating. The dimers exist as
diastereoisomers due to the stereocenter at C8a of each DHA
(see Supporting Information).
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Scheme 1. Double Knoevenagel condensation of acetyl azobenzenes 4 and 5.
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Scheme 2. One-pot syntheses of 2 and 3. Reagents and conditions: (a)
C7H7BF4, EtsN, CH2Clz, -78 — 25 °C, 1 h; (b) PhsCBF4, DCE, reflux, 1 h (8) or 3
h (9); (c) EtsN, DCE, toluene, 0-25 °C, 1 h; (d) DCE, toluene, reflux, 1 h.

X-Ray Crystallographic Analysis. The trans configuration of the
AZB unit of 2 (in its meso form), 4, 5, 6, and 7 was confirmed by
X-ray crystallographic analyses; molecular structures are shown
in Figure 3.7 Compound 4 has an almost planar rn-system, and
the five-membered rings of the DHA units in 2 are almost co-
planar with the central AZB unit. In contrast, the acetyl or
dicyanovinyl substituent groups are rotated out of planarity with
the AZBin 5, 6, and 7.



Figure 3. Molecular structures obtained by X-ray crystallographic analysis of 4
(top left), 5 (top right), 6 (middle left), 7 (middle right), and 2 from two different
views (bottom) shown with displacement ellipsoids at 50% probability.

Spectroscopic Studies and Isomerizations. The UV-Vis
absorption spectrum of compound 2 in CH,Cl, has a main
peak at Amax =426 nm (Figure 4), which is red-shifted in
comparison to DHA-Ph (Anax=357 nm)¥ and to
unsubstituted AZB  (Amax = 320 nm);®l  this red-shift is
ascribed to the extended conjugation of both DHA and AZB
chromophores in 2 in line with the X-ray structural analysis
(co-planarity of units). Upon irradiation at 415 nm, the
absorption of the main peak decreases by ca. 10%; no other
significant changes take place in the UV-Vis absorption
spectrum upon irradiation, even after extended irradiation
time (2 hours). The original spectrum was regenerated after
one light-heat cycle (half-life estimated to ca. 9 min), which
seems to indicate that a reversible photo-/thermo-switch
event has occurred. Along this line, "H-NMR spectroscopic
studies on a sample of 2 before and after irradiation at 415
nm revealed new signals, particularly visible in the aromatic
AZB region (7.6 ppm) and typical of the trans-to-cis AZB
conversion. No VHF-like signals were detected
(characteristic range 5.9-6.2 ppm), while splitting of DHA’s
H-8a, H-8 and H-3 signals were observed upon careful
expansion (Supporting Information). Moreover, the rising of
a triplet at 3.15 ppm was observed, typical for side-products
resulting from light-induced sigmatropic rearrangement of
the dihydroazulene ring.”! All the signals formed upon
irradiation disappeared within 1 hour, except the triplet at
3.15 ppm, and the pre-irradiation spectrum was to a large
extent regenerated. Hence the NMR spectroscopic studies
on para-DHA-tAZB-DHA 2 may point towards some degree
of reversible formation of DHA-cAZB-DHA, but possibly also
irreversible sigmatropic  transformation of 1,8a-
dihydroazulene into - 1,3a-dihydroazulene (or alike).[®
Ultrafast spectroscopy experiments (vide infra) do not allow
us to confidently identify possible isomerization events for
this compound. We can only state that the lack of a selective
DHA excitation, promoting DHA-to-VHF conversion, is in
accordance with frontier molecular orbitals being distributed
all over the n-conjugated part of the molecule (see Figure
S45 in Supporting information) and with a theoretical
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analysis of the dominant orbitals involved in the excitations
of this molecule (vide infra).

Para-DHA-tAZB-DHA 2
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Figure 4. UV-Vis absorption spectra of 2 in CH2Cl2 upon irradiation at 415 nm
in CH2Cla.

Table 1. Absorption maxima of isomers, photoisomerization quantum yields and
TBR half-lives determined in CH2Cl: (if not otherwise stated) at 25 °C. n.d. = not
determined.

System Amax (NM) (%) ti2 (min)
DHA-Ph / VHF-Ph 357 / 4758 3501, 60kl 5450
tAZB /cAZB 320, 450 (weak) / 280, 15.5/38.8
440 (weak)¥
Isomers of 2 (para) 426 (DHA, VHF, AZB) n.d.
Isomers of 3 (meta) 358 (DHA), 475 (VHF), 140 376
330 (AZB)

[a] Ref. [4]. [b] In methylcyclohexane, Ref. [10]. [c] In toluene, Ref. [10]. [d] Ref.
[8]. [e] tAZB-to-c-AZB / cAZB-to-tAZB; in MeOH at 334 nm, Ref. [11]. [f] At 365
nm.

Compound 3 has a main absorption peak at Amax = 358 nm
with a shoulder at ca. 330 nm (Figure 5); these peaks are
assigned to DHA and AZB m-11* transitions (see computational
study below). Upon irradiation at 365 nm, the 358-nm absorption
decreased, while a new absorption at Amax = 475 nm appeared,
indicating DHA-to-VHF conversions. This photoactivity is in line
with more localized orbitals involved in the transition at one DHA
unit, yet also containing part of the AZB unit (vide infra). In fact, a
small blue-shift in the 330-nm absorption together with an
apparent decrease in intensity indicates a simultaneous tAZB-to-
cAZB isomerization (i.e., a photostationary state, PSS); indeed,
such spectral changes are observed upon irradiation of the simple
AZB 7 (Figure 5). The blue-shift is also supported by a
comparison of calculated spectra of VHF-tAZB-VHF and VHF-
cAZB-VHF (vide infra). The time evolution of the emerging VHF
absorbance at 475 nm during irradiation could be fitted by a
single-exponential function (Figure S2; Supporting Information),
indicating that the two DHA units undergo photoisomerizations
with similar quantum yields. This behavior contrasts a previously
studied? meta-phenylene-bridged DHA dimer, for which the time
evolution of emerging VHF absorbance was only fitted well by a
sum of two exponential functions. The spectral changes upon
irradiation of 3 and thermal back-reactions (TBR) show an



isosbestic point at = 405 nm. The decay in the characteristic VHF
absorption at 475 nm is well described by a single exponential
equation, providing a half-life of 376 min in CH.Cl, at 25 °C. The
photoisomerization quantum yield was roughly estimated to 14%
(365 nm), using a literature protocoll'? (assuming simultaneous
photoisomerization of all photochromes and neglecting TBRs);
this value is significantly smaller than that of DHA-Ph (Table 1).

The photo- and thermoisomerizations of meta-DHA-tAZB-
DHA 3 were next followed by 'H-NMR spectroscopy in CD,Cl
(Figure 6). Upon irradiation at 365 nm, the H-8a signal (5 = 3.88
ppm) decreases for the whole duration of irradiation. The signals
that only increase have been assigned to the two final products of
irradiation, namely meta-VHF-cAZB-VHF and meta-VHF-{AZB-
VHF at & = 6.39 and 7.22 ppm, respectively (see Supporting
Information). There are two other characteristic DHA signals that
increase and decrease in intensity during the experiment at & =
3.78 and 3.80 ppm, assigned to the H-8a protons of meta-VHF-
tAZB-DHA and meta-VHF-cAZB-DHA, respectively. The isomer
contents over time are plotted in Figure 7, top. A steep increase
of VHF-tAZB-DHA corresponding to the first DHA-to-VHF
photoisomerization is observed. The slower rise of cAZB signals
is most likely due to a lower AZB photoisomerization quantum
yield. For the final VHF-AZB-VHF isomer, a PSS of ca. 10%
meta-VHF-tAZB-VHF (pink circles) and 90% meta-VHF-cAZB-
VHF (red squares) is estimated. Figure 7, bottom, shows the TBR
conversions. A single-exponental fit gave a half-life of meta-VHF-
cAZB-VHF of 381 min in CD,Cl, at 25 °C, in good agreement with
the UV-Vis experiments (376 min).
——DHA-Ph
——VHF-Ph
——AZB7

AZB 7 PSS @365 nm

0.02
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Figure 5. Top: UV-Vis absorption spectra of DHA-Ph, VHF-Ph, AZB 7 in CH2Cl2
and the phostationary state of 7 at 365-nm irradiation. Bottom: Spectra of meta-
DHA-tAZB-DHA 3 and meta-VHF-c(t)AZB-VHF 3 formed by irradiation at 365
nm (in CHzClz).

Addition of a Cu(l) salt to VHF-Ph was previously found to
shorten the VHF half-life from 545 to ca. 20 min in CH,Cl, at 25 °C
due to complexation of the CN groups.['® '3 Addition of Cu(l) to a
solution of meta-VHF-cAZB-VHF did indeed accelerate the TBR
and allowed detection of two different rate constants, but Cu(l)

4
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seemed to perturb also the AZB isomerization, and we could not
access selectively meta-DHA-cAZB-DHA in this way. Indeed, it
has been reported that copper complexation by a neighboring
ligand can strongly alter the AZB isomer ratio.['¥

CN CN
NC.
g tAZB-DHA ";7 tAZB-VHF NC
‘ Oﬂ tAZB-VHF
N
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N NG CN c
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°
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Figure 6. Two regions of the "H-NMR spectra (CD2Cl2, 500 MHz) of 3 upon
irradiation at 365 nm for 0, 20, 45, 90, 350, 650 minutes (from bottom to top).
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Figure 7. Top: Fractions of isomers during time of irradiation (365 nm). Bottom:
Fractions of isomers during TBR. In both cases determined by 'H-NMR
spectroscopy.



Ultrafast Spectroscopy. In order to further investigate the
photochemical isomerization mechanism of meta-DHA-tAZB-
DHA 3, we performed transient absorption experiments with sub-
ps time resolution using two different excitation wavelengths, 350
nm and 400 nm, which have been chosen to change the amount
of AZB and DHA directly excited upon light absorption. Indeed,
using 400-nm light, excitation should be prevalently localized on
the DHA moiety, while excitation at 350 nm should be more
equally distributed among the two moieties. The transient spectra
registered upon excitation at 350 nm are shown in Figure 8a,
while those obtained by exciting the sample at 400 nm are shown
in Supporting Information (Figure S37).

400 450 500 550 600 650 700
wavelength(nm)

0.05 -

_i

400 450 500 550 600 650 700
wavelength(nm)

Figure 8. a) Transient absorption spectra of meta-DHA-AZB-DHA 3 recorded in
CH2Cl2 with excitation wavelength of 350 nm; b) EADS obtained by global
analysis of the data reported in panel a).

Comparison of the data reported in Figure 8a and Figure S37
shows that the transient spectra registered at the two excitation
conditions are qualitatively similar. Observing the ultrafast
appearance of excited state absorption bands of the the AZB
moiety also in case of excitation at 400 nm suggests that the
molecular components of meta-DHA-tAZB-DHA 3 are not
completely decoupled, as also suggested by computations (vide
infra). At both the excitation wavelengths the signal is positive in
the entire probed spectral interval, because ground state
bleaching signals, which should appear as negative contributions
in the transient spectra, are partially located outside the probed
spectral range or compensated by positive excited state
absorption bands. The transient spectra are dominated by an
intense positive band, peaked at about 405 nm, which appears
immediately after excitation and progressively decreases in
intensity. A second positive band, very broad and less intense is
observed on the short timescale at wavelengths >600 nm. The
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relative intensity of this red-shifted and short-living excited state
absorption band appears more pronounced in case of excitation
at 400 nm, which suggests its assignment as a band pertaining to
the DHA moiety. At long pump-probe delay a positive band
peaked at about 475 nm is observed for both excitation conditions
(blue lines in Figure 8a). In order to extract quantitative
information about the excited state evolution, the recorded kinetic
traces have been fitted using a global analysis procedure. This
method consists in the simultaneous fitting, with a combination of
exponential functions, of the time traces registered in the full
probed spectral interval. The analysis allows an estimate of the
kinetic constants describing the evolution of the system and the
corresponding spectral components, called EADS (Evolution
Associated Difference Spectra), which evidence the spectral
evolution occurring in the system at a given time, assuming a
sequential kinetic scheme. The obtained EADS are reported in
Figure 8b. The initial spectral component (black line in Figure 8b)
has a short lifetime of 0.4 ps and is characterized by an intense
positive band peaked at about 415 nm and a weaker broad
positive band whose intensity is maximum towards the red edge
of the probed spectral interval. Comparison with previous
literature allows the assignment of the intense band at 415 nm as
an excited state absorption band of the azobenzene moiety, ']
and the broad feature at longer wavelengths as the excited state
absorption band of the DHA moiety.['8! Since both these bands
appear immediately after light absorption, we can conclude that
both the DHA and AZB moieties are excited under our conditions,
as expected at this excitation wavelength. The evolution towards
the second EADS is accompanied by a strong decrease in
intensity of the DHA absorption, while the intense AZB band
narrows and blueshifts, further increasing in intensity.
Furthermore, a shoulder appears in the 450-550 nm interval.
Previous investigations demonstrated that the DHA-to-VHF ring-
opening reaction is extremely fast, occurring within less than 1
ps.['® The reaction can be followed by observing both the
decrease of the DHA excited state absorption at A > 600 nm and
the rise of the VHF product band, peaked at about 450 nm. The
decrease in intensity of the DHA excited state absorption and the
appearance of the shoulder in the 500 nm region can thus be
interpreted in terms DHA-to-VHF ring-opening reaction occurring
also in our case on a short <1 ps timescale. Furthermore, the
increase in intensity of the AZB absorption band peaked at 410
nm observed in the evolution between the initial and second
EADS could be associated to the recovery of the DHA bleaching
which partially compensates it soon after excitation. The AZB S,
absorption band narrows and blueshifts on the 0.4 ps timescale,
which can indicate a relaxation on its excited state, and
completely recovers on the longer 8.7 ps timescale (evolution
from green to bleu EADS). This observation suggests that
isomerization of the two moieties occurs stepwise, starting with
the ultrafast DHA-to-VHF reaction followed by the complete trans-
to-cis AZB conversion on the slower 8.7 ps timescale. The
evolution among the second and third EADS, besides a partial
decrease of the AZB band caused by its isomerization, also
involves the complete recovery of the VHF absorption band,
indicating that the ring opening reaction, proceeding on the
ultrafast 0.4 ps, is followed by a cooling process occurring in about
1.5 ps. Thus, the fast event is DHA-to-VHF isomerization
(occurring at one site according to calculations, vide infra). The
long-living EADS (blue line in Figure 8b) presents a band peaking
at about 470 nm, which can be assigned to the produced VHF



(the cis-AZB has negligible absorption in the visible region) and
has a lifetime well behind the investigated time interval. Selected
kinetic traces are reported in Supporting Information (Figure S38).

We also measured the transient spectra of the para-DHA-
tAZB-DHA 2 to clarify its excited state dynamics. The transient
spectra registered in this case, and reported in Supporting
Information (Figure S39), are completely different from those
acquired for compound 3. The spectrum indeed presents a
negative band peaking at about 400 nm, corresponding to ground
state bleaching of the compound and a broad positive excited
state absorption band peaked at about 610 nm. Bands previously
assigned to the AZB and DHA moieties are no longer observed,
indicating a completely different electronic configuration and a
significant electronic coupling among the various units, which
have no longer individual spectral identity. The transient signal
decays on a fast timescale, with almost no residual intensity in the
full spectral interval observed in about 20 ps. Comparison of the
transient spectra with the computed absorption spectrum for the
para-DHA-cAZB-DHA (Figure 12, vide infra) suggests that the
small positive band peaked at 500 nm observed in the third EADS
(green line, Figure S39), which forms in about 2 ps, could be
indicative of the occurrence of AZB isomerization. The very small
intensity of the residual signal would, however, suggest the
isomerization quantum yield being not very high in this case. We
furthermore remark that the lack of characteristic absorption band
of both the VHA and AZB moieties does not allow a confident
identification of possible isomerization events.

Computational Study. Density functional theory (DFT)
calculations of the UV-Vis absorption spectra of the different
conformations of the studied molecular systems were furthermore
performed. Spectra were calculated in Dalton16!'"! using CAM-
B3LYP/6-311+G(d) and using a Boltzmann weight for conformers
found from the genetic algorithm implemented in OpenBabell'®!
and further optimized in Gaussian16!'®. An analysis of the TD-
DFT excitation energy calculations was performed to examine
which molecular orbitals are mainly involved in the lowest lying
excitations. For more details, we refer to the experimental section.
For both the meta and para triads, calculated excitations and
involved orbitals for all isomers can be found in the Supporting
Information. The discussion below involves the most relevant
excitations.

The calculated spectra of the isomers of the meta triad (3) are
shown in Figure 9. The spectra are in good qualitative agreement
with the experimental ones (when comparing spectra for DHA
dimers or for VHF dimers), although absorption maxima are
slightly offset. For the meta triad system, the light source used in
the steady state experiment was 365 nm, while transient
absorption measurements were performed by both exciting at 350
nm and 400 nm giving similar output. We shall therefore in the
following only consider the lowest lying electronic excitations up
to 335 nm and with a main focus on those close to 350-400 nm.

Starting with meta-DHA-tAZB-DHA, the first electronic
excitation at 444.4 nm mainly involves the molecular orbital on the
AZB subsegment (Figure 10), but it has a very low oscillator
strength of only 1.87 x 10°°. Experimentally, a faint absorption
band can indeed be observed in this region (Figure 5), but the
presence of any trace VHF contributing to this faint absorption
cannot be excluded. The second and third excitations at 349.7 nm
and 342.4 nm (Figure 10) (close to the irradiation wavelength
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used experimentally) have much larger oscillator strengths of
0.302 and 0.333, respectively, and these bands fit well to the main
absorption band (358 nm) and its accompanying shoulder (ca.
330 nm) in the experimental spectrum. Both excitations are
localized on the same DHA subsegment and are likely to initiate
switching of the DHA subsegment to VHF, in accordance with
what was suggested experimentally from the transient absorption
and NMR spectroscopic studies. Yet, the anti-bonding character
of the N=N bond of the high-energy orbitals of the calculated
349.7 nm and 342.4 nm excitations also imply a decrease in the
bond order of this bond, and therefore some accompanying tAZB-
to-cAZB isomerization seems likely. But, indeed, it seemed to
occur a bit slower than for azobenzene itself according to the
ultrafast studies in good agreement with the dominant orbitals of
the transition being on DHA. Still, meta-VHF-cAZB-DHA builds up
on a fast timescale of 8.7 ps and is early accumulated in the
experimental progression as confirmed by NMR spectroscopic
studies (vide supra).

x10*
2.5 —— DHA-tAZB-DHA
DHA-cAZB-DHA
2.0 —— DHA-tAZB-VHF
— DHA-CAZBVHF
! —— VHF-tAZB-VHF
é 1.5 —— VHF-cAZBVHF
7
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W
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Figure 9. Calculated absorption spectra of six isomers of the meta triad 3 (all
DHAs in S configuration); structures at M06-2X/6-311+G(d) level and spectra at
CAM-B3LYP/6-311+G(d) level
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Figure 10. The dominant molecular orbitals involved in the first (left; Oscillator
strength: 1.87 x 10®), second (middle; Oscillator strength: 0.302), and third
(right; Oscillator strength: 0.333) electronic excitation of meta-DHA-tAZB-DHA.

The meta-VHF-tAZB-DHA isomer has an excitation at
347.4 nm (Figure 11) localized on the DHA with an oscillator
strength of 0.294 that should promote further DHA-to-VHF



photoisomerization. Another close-lying excitation at 343.3 nmis
localized on the DHA subsegment with a large oscillator strength
of 0.549, but also reducing the bond order of the N=N bond in the
excited state. Thus, this excitation is likely to promote DHA-to-
VHF photoisomerization, but also tAZB-to-cAZB
photoisomerization. That the AZB photoisomerization takes place
was observed experimentally both by transient absorption
spectroscopy and in the NMR experiments (where meta-VHF-
cAZB-DHA was clearly identified). In summary, at the
experimental irradiation wavelengths of 350-400 nm, DHA-to-
VHF photoisomerization seems to be promoted, but AZB
photoisomerization can accompany the DHA-to-VHF conversions
on account of the reduced N=N bond order characteristic of the
excitations. For the other calculated excitations, we refer to
Supporting Information that also includes analysis of meta-VHF-
cAZB-DHA, meta-VHF-tAZB-VHF, and meta-DHA-cAZB-DHA
transitions.

meta-VHF-tAZB-DHA meta-VHF-cAZB-DHA

° @
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e 729

I 343.3 nm

Figure 11. The dominant molecular orbitals involved in the fifth electronic
excitation of meta-VHF-tAZB-DHA (left; Oscillator strength: 0.549) and in the
fourth electronic excitation of meta-VHF-cAZB-DHA (right; Oscillator strength:
0.294).

The calculated absorption spectra of the isomers of the para
triad (2) are shown in Figure 12. While the spectrum of para-DHA-
tAZB-DHA is in excellent agreement with the experimental one,
none of the calculated spectra (or a combination thereof) describe
the minor change that was observed experimentally upon
irradiation. For the para triad, we shall here focus on para-DHA-
tAZB-DHA for which excitations are calculated at 456.6 nm, 398.3
nm (highest oscillator strength) and 350.2 nm (Figure 13).
Characteristic for all these excitations is that the orbitals are
delocalized over the entire molecule for the excited states, which
may explain the seemingly lack of DHA-to-VHF
photoisomerization. The excitations, of which the 456.6 nm and
398.3 nm ones are close to the experimental irradiation
wavelengths of 400 nm and 415 nm used in the transient
absorption and steady state experiments, respectively, do,
however, decrease the N=N bond order by the anti-bonding
character of this bond in the excited state. This observation could
indicate the possibility for some AZB photoisomerization, albeit a
computationally predicted blueshift in the para-DHA-cAZB-DHA
longest-wavelength  absorption ~was  not  established
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experimentally (not even by any broadening of the absorption
band).

%104
5
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Figure 12. Calculated absorption spectra of six isomers of the para triad 2 (all
DHAs in S configuration); structures at M06-2X/6-311+G(d) level and spectra at
CAM-B3LYP/6-311+G(d) level.
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Figure 13. The dominant molecular orbitals involved in the first (top left;
Oscillator strength: 2.85 x 10%), second (top right; Oscillator strength: 0.313),

and third (bottom; Oscillator strength: 0.00258) electronic excitation of para-
DHA-tAZB-DHA.

Conclusion

In conclusion, two DHA-AZB-DHA triads were prepared from
diacetylated azobenzene precursors. Thus, the DHA units were
constructed in a stepwise manner from a preformed azobenzene
central unit. The compounds were subjected to detailed switching
studies, which revealed strong dependency on the connectivity of
the DHA units to the azobenzene. While some degree of AZB
photoisomerization may take place for the para isomer, this
compound seems best described as one large chromophore
rather than a system of individual photochromes. This description
is in accordance with the linearly conjugated and planar n-system
as verified by X-ray crystallographic analysis as well as with
frontier molecular orbitals distributed over the entire molecule. In
contrast, the meta isomer is able to undergo both AZB and DHA



photoisomerizations, and formation of the individual isomers
could be followed in time by NMR spectroscopy. Both this steady-
state study and the detailed transient absorption spectroscopy
study reveal that photoisomerization of the DHA and AZB
moieties occurs stepwise, with an ultrafast DHA-to-VHF
conversion and a slower frans-to-cis AZB conversion. The
thermal VHF-to-DHA back-reaction seemed to occur with the
same rate for all VHF units, not depending on the isomeric state
of the neighboring units in the triad. In parallel, the AZB unit
isomerized to the more stable frans form, ultimately forming DHA-
tAZb-DHA.

The work has clearly shown how the connectivity is crucial
in the design of multiphotochromic systems when the units are in
direct conjugation with one another. In future work, it will be
interesting to further tune meta-connected triads to selectively
and reversibly access photo-isomers. One particular challenge is
to be able to obtain AZB photoisomerization without concomitant
DHA photoisomerization, and a second one is — if the two DHA
units were different (by suitable functionalization) — to be able to
reach quantitatively all possible combinations <111>, <110>,
<100>, <000>, <010>, <001>, <011>, <101>, where each binary
number 0/1 corresponds to the specific form of the photochrome
(DHA/VHF; cisltrans-AZB). For such advanced data storage
systems, it could also be interesting if the possibility to reach one
specific state would depend on the pathway to it, that is, the
sequence by which the individual units is stimulated.

Experimental Section

General Methods — Synthesis and Experimental Characterizations. All
NMR spectra were recorded at 25.0 °C on a Bruker Avance 500 MHz
instrument with an Observe cryoprobe. All chemical shift values are
reported in ppm relative to the residual solvent signal. Chloroform (CDCls)
On = 7.26 and &¢c = 77.16 ppm. Dichloromethane (CD2Clz) 6x = 5.32 and
Oc = 53.84 ppm. For flash column chromatographic purification of
compounds 2 and 3, the column was covered with aluminium foil to
exclude light. Isolated fractions were kept in the dark. Melting points are
uncorrected. Spectroscopic measurements were performed in a 1-cm path
length quartz cuvette. UV-Vis absorption spectra were recorded on a
Varian Cary 50 UV-Vis spectrophotometer equipped with a Peltier heat
exchange unit by scanning wavelengths from 800 to 230 nm at a rate of
600 nm/min. Photoswitching experiments were performed using ThorLabs
M365L2 LED lamp for irradiation at 365 and ThorLabs M415L4 LED lamp
for irradiation at 415 nm. The photoisomerization quantum yield of 3 was
measured using a high concentration regime (absorbance above 2 at
wavelength of irradiation) using potassium ferrioxalate / tris(1,10-
phenanthroline) as chemical actinometer. Anhydrous CH2Cl2 was obtained
using Innovative Technology model PS-MD-05 solvent drying system.
Tritylium and tropylium tetrafluoroborates were prepared according to
literature procedures.*?% Heptanes were technical grade; all other
solvents were HPLC-grade. Solvents and reagents were purchased from
Sigma-Aldrich and used without further purification. CH2Cl2 was degassed
by sonication and nitrogen bubbling prior to use in UV-Vis experiments.

(E)-4,4’-Bis(1,1-dicyanoprop-1-en-2-yl)azobenzene 6. In a 50 mL
round-bottomed flask, compound 4 (246 mg, 0.92 mmol) was dissolved in
PhMe (10 mL). To the solution were successively added malononitrile
(253 mg, 3.83 mmol), NH4OAc (285 mg, 3.89 mmol) and AcOH (0.50 mL,
8.31 mmol). The reaction vessel was equipped with a Dean-Stark trap and
heated to 130 °C (oil temperature). The resulting mixture was refluxed and
stirred for 3 hours after first signs of H20 in the trap. The solution was
cooled and decanted into a separatory funnel with brine (20 mL), washed
with additional brine (3 x 20 mL), dried over anhydrous MgSQO4 overnight,
filtered and concentrated under reduced pressure. The crude product was
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purified by flash column chromatography (SiO2, CH2Cl2, 100 mL fractions).
Main fraction was concentrated under reduced pressure to yield 6 (95 mg,
0.26 mmol, 28%) as a red solid. Rr= 0.47 (CH2Cl2). M.p. 189-190 °C. 'H-
NMR (500 MHz, CDCls) 6 8.06 (d, J = 8.5 Hz, 2H), 7.74 (d, J = 8.5 Hz, 2H),
2.70 (s, 3H) ppm. '3C-NMR (125 MHz, CDCl3) 6 174.1, 154.2, 138.7, 128.7,
123.9,112.6, 85.9, 24.4 ppm (1 signal missing presumably due to overlap).
HRMS (ESP+) m/z = 363.13542 (M+H"); calc. for (C22H1sNs*) = 363.13527.

(E)-3,3’-Bis(1,1-dicyanoprop-1-en-2-yl)azobenzene 7. In a 50 mL
round-bottomed flask, compound 2 (500 mg, 1.88 mmol) was dissolved in
PhMe (10 mL). To the solution were successively added malononitrile
(496 mg, 7.52 mmol), NHsOAc (434 mg, 5.64 mmol) and AcOH (0.97 mL,
16.92 mmol). The reaction vessel was equipped with a Dean-Stark trap
and heated to 130 °C (oil temperature). The resulting mixture was refluxed
and stirred for 3 hours after first signs of H20 in the trap. The solution was
cooled and decanted into a separatory funnel with brine (20 mL), washed
with additional brine (3 x 20 mL), dried over anhydrous MgSO4 overnight,
filtered and concentrated under reduced pressure. The crude product was
recrystallized by slow evaporation of a CH2Clz/n-heptane solution.
Additional purification was done by flash column chromatography (SiOz2,
CH2Cl2, 100 mL fractions). Main fraction was concentrated under reduced
pressure to yield 3 (576 mg, 1.19 mmol, 85%) as a red solid. Rf=0.52
(CH2Cl2). M.p. 184-185 °C. "H-NMR (500 MHz, CDClz) § 8.15 — 8.11 (m,
1H), 8.11 =8.08 (m, 1H), 7.73 — 7.67 (m, 2H), 2.73 (s, 3H) ppm. "*C-NMR
(125 MHz, CDCls) 6 174.6, 152.4, 137.1, 130.4, 130.1, 126.8, 121.9, 112.6,
112.5, 86.1, 24.5 ppm. HRMS (ESP+) m/z = 363.13579 (M+H*); calc. for
(C22H15N6*) = 363.13527.

(E)-4,4’-Bis(1,1(8aH)-dicyanoazulen-2-yl)azobenzene 2 (mixture of
diastereoisomers). In a flame-dried, N2 flushed 50 mL round-bottomed
flask, = tropylium tetrafluoroborate (120 mg, 0.67 mmol) and the
crotononitrile 6 (93 mg, 0.26 mmol) were suspended in anhydrous CHzCl2
(10 mL) under a N2 atmosphere. The reaction mixture was stirred and
cooled to —78 °C, and EtsN (0.1 mL, 0.72 mmol) was added dropwise over
0.5 h, after which the reaction mixture was allowed to warm up to room
temperature while stirring. The resulting mixture was concentrated under
reduced pressure and dried under vacuum (~102 mbar) for 45 minutes.
The resulting solids were flushed with N2 and dissolved in dichloroethane
(10 mL), and tritylium tetrafluoroborate (217 mg, 0.66 mmol) was added
under a N2 atmosphere. The reaction mixture was refluxed for 1 h, after
which it was diluted with PhMe (5 mL) and cooled to 0 °C before EtsN (0.1
mL, 0.72 mmol) was added over 10 min. The reaction mixture was
shielded from light and refluxed for 1 h, after which the solvents were
removed under reduced pressure. The crude product was purified by three
step column chromatography: 1) (SiO2, 80-100% CH2Clz/heptanes, 10%
increments, then 0-3% EtOAc/CH2Cl2, 1% increments, 100 mL fractions);
2) (SiO2, PhMe, 20 mL fractions); 3) (SiO2, 20-30% EtOAc/heptanes, 5%
increments, 10 mL fractions). The main fraction was concentrated under
reduced pressure to yield 2 (15 mg, 0.028 mmol, 11%) as an orange solid.
Rr=0.86 (CH2Cl2). M.p.>230 °C decomposes. 'H-NMR (500 MHz, CDCls)
68.05 (d, J = 8.6 Hz, 2H), 7.91 (d, J = 8.6 Hz, 2H), 7.02 (s, 1H), 6.60 (dd,
J=11.3, 6.3 Hz, 1H), 6.52 (dd, J = 11.2, 6.1 Hz, 1H), 6.42 (d, J = 6.1 Hz,
1H), 6.34 (ddd, J = 9.7, 6.1, 2.0 Hz, 1H), 5.86 (dd, J = 10.2, 3.8 Hz, 1H),
3.84 (dt, J = 3.9, 2.0 Hz, 1H) ppm. "®*C-NMR (125 MHz, CDCls) & 153.0,
139.4,138.6, 133.9, 133.2, 131.6, 131.0, 127.9, 127.2, 1241, 122.1, 119.7,
115.1, 112.7, 51.3, 45.3. ppm. HRMS (MALDI*) m/z = 539.19756 (M+H*);
calc. for (CasH23Ne*) = 539.19787.

(E)-3,3’-Bis(1,1(8aH)-dicyanoazulen-2-yl)azobenzene 3 (mixture of
diastereoisomers). In a flame-dried, N2 flushed 50 mL round-bottomed
flask, tropylium tetrafluoroborate (638 mg, 3.59 mmol) and the
crotononitrile 7 (500 mg, 1.38 mmol) were suspended in anhydrous CH2Cl2
(25 mL) under a N2 atmosphere. The reaction mixture was stirred and
cooled to =78 °C, and EtsN (0.41 mL, 2.90 mmol) was added dropwise
over 1 h, after which the reaction was allowed to warm up to room
temperature while stirring. The resulting mixture was concentrated under
reduced pressure and dried under vacuum (~102 mbar) for 45 minutes.
The resulting solids were flushed with N2 and dissolved in dichloroethane



(25 mL), and tritylium tetrafluoroborate (1.139 g, 3.45 mmol) was added
under a N2 atmosphere. The reaction mixture was refluxed for 1 h, after
which it was diluted with PhMe (12 mL) and cooled to 0 °C before EtsN
(0.41 mL, 2.90 mmol) was added over 10 min. The reaction mixture was
shielded from light and refluxed for 3 h, after which the solvents were
removed under reduced pressure. The crude product was purified by three
step column chromatography: 1) (SiO2, 80-100% CH2Clz/heptanes, 10%
increments, then 0-3% EtOAc/CH2Cl2, 1% increments, 100 mL fractions);
2) (SiO2, PhMe, 20 mL fractions); 3) (SiO2, 20-30% EtOAc/heptanes, 5%
increments, 10 mL fractions). The main fraction was concentrated under
reduced pressure to yield 3 (55 mg, 0.102 mmol, 7%) as an orange solid.
Rf=0.64 (CH2Cl2). M.p.>230 °C decomposes. 'H-NMR (500 MHz, CDCls)
68.30 (t, J=1.8 Hz, 1H), 8.02 (ddd, J=7.9, 1.7, 0.9 Hz, 1H), 7.91 (ddd, J
=7.8,1.7,0.9 Hz, 1H), 7.67 (t, J = 7.9 Hz, 1H), 7.06 (s, 1H), 6.60 (dd, J =
11.3, 6.3 Hz, 1H), 6.51 (dd, J = 11.2, 6.1 Hz, 1H), 6.42 (d, J = 6.2 Hz, 1H),
6.34 (ddd, J =10.0, 6.1, 2.0 Hz, 1H), 5.86 (dd, J = 10.2, 3.8 Hz, 1H), 3.84
(dt, J = 3.8, 1.9 Hz, 1H) ppm. *C-NMR (125 MHz, CDCls) & 152.9, 139.4,
138.5,133.8, 131.8, 131.4, 131.0, 130.3, 128.7, 127.9, 124.1,121.8, 121.6,
119.7, 1151, 112.7, 51.3, 45.4. ppm. HRMS (MALDI*) m/z = 539.19730
(M+H*); calc. for (CagH23Ne") = 539.19787.

Transient Absorption Spectroscopy. Femtosecond transient absorption
spectra were measured on a system pumped by a Ti:sapphire
regenerative amplifier (Amplitude Pulsar) operating at 1KHz repetition rate,
and producing 80-fs pulses at 810 nm, with an average output power of
450 mW. The regenerative amplifier was pumped by a home-made
Ti:sapphire oscillator. A small portion of the fundamental laser radiation
was used to produce the white light probe beam, obtained by focusing a
small portion of the fundamental 810 nm beam on a 3 mm thick CaF2
window, kept under continuous rotation to avoid damage. The generated
white light was then divided into a probe and reference beam through a
50% beam splitter. The visible pump pulse at 350 nm was generated by
pumping a commercial optical parametric amplifier (TOPAS-Light
Conversion) with a portion of the fundamental 810 nm light. Excitation light
at 400 nm was obtained through second harmonic generation of the
fundamental laser output using a 1 mm thick BBO crystal. Excitation
powers were about 50-100 nJ. The pump beam polarization has been set
to magic angle with respect to the probe beam by rotating a A/2 plate, to
exclude rotational contributions. Before the generation of the probe light,
the portion of fundamental radiation directed on the probe/reference
pathway was sent through a motorized delay stage, which allows to vary
the relative time of arrival of pump and probe beams and to collect
transient spectra in a temporal interval going up to 1.5 ns. Both pump and
probe were overlapped at the sample position through a 100 mm spherical
mirror. After passing through the sample, the white light probe and
reference pulses were both directed to a flat field monochromator coupled
to a home-made CCD detector. The sample was contained in a 2 mm
quartz cuvette, mounted on a motorized stage in order to minimize
photodegradation. Transient data have been analysed using a global
analysis procedure, which consists of the simultaneous fit at all the
acquired frequencies with sums or combination of exponential decay
functions.?"] Global analysis has been performed using the GLOTARAN
package (http://glotaran.org), employing a linear unidirectional “sequential”
model.?2 The number of kinetic components to be used in the global fit is
determined by a preliminary singular values decomposition (SVD) analysis
performed with the same software.?®!

Computations. Initially, a conformer search was done using the genetic
algorithm implemented in OpenBabell'8l to obtain 100 conformers of the
DHA-cAZB-DHA, DHA-tAZB-DHA, DHA-cAZB-VHF, DHA-tAZB-VHF,
VHF-cAZB-VHF, and  VHF-fAZB-VHF  systems, respectively.
Subsequently, the structures containing VHF subsegments were sorted in
different cis/trans combinations leaving 12 different systems with a number
of conformers each. We then performed PM7 optimization and subsequent
single point energy calculations in Gaussian16'¥ to check for identical
conformers and discarded those resulting in only unique conformers that
were then initially optimized using B3LYP/6-31g/24l in Gaussian16. All
conformers for each of the 12 systems with a Boltzmann weight lower than
5% at 298.15 K were discarded and the remaining conformers were
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reoptimized using the MO06-2X/6-311+G(d)?4¢2%1 methodology in
Gaussian16. These structures were once again sorted using a 5% cutoff
in Boltzmann weight at 298.15 K. Following this procedure ended up with
a maximum of 7 conformers for each of the 12 systems after the final
geometry optimization. For each of the final structures, we performed
linear response single residue calculations using CAM-B3LYP/6-
311+g(d)4e28 jn Dalton 16!'"] to obtain the first 30 excitations energies
and associated oscillator strengths. In order to compare with the
experimental spectra, we did a Boltzmann average of the relevant spectral
data at 298.15 K and calculated UV-Vis absorption spectra of the DHA-
cAZB-DHA, DHA-tAZB-DHA, DHA-cAZB-VHF, DHA-tAZB-VHF, VHF-
cAZB-VHF, and VHF-tAZB-VHF systems by convoluting the vertical
excitation energies using Gaussian functions with a FWHM of 3226 cm™.
Lastly, an analysis of the TD-DFT excitation energy calculations was
performed in order to examine which molecular orbitals are mainly involved
in the lowest lying excitations. The analysis was carried out by visualizing
the pair of molecular orbitals, which has the largest contribution to the
transition for the some of the lowest lying excitations, which constitute the
first and second absorption bands. The visualization of molecular orbitals
was done using Gaussview 6[?7] after checking that the molecular orbital
basis of the Gaussian and Dalton calculations were equivalent. This was
done for the lowest energy conformer of all forms of the para- and meta-
triads. In some cases, the pair of molecular orbitals, which account for the
main contribution to the excitation energies, is equivalent for two different
excitation energies. This displays that the excitations are not simply
described by a single pair of molecular orbitals but rather as a combination
of many, meaning that the picture we show is the main contribution.
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