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Decoupling Fluorescence and Photochromism in Bifunctional Azo
Derivatives for Bulk Emissive Structures
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Abstract: Bifunctional molecules that
combine independent push—pull fluoro-
phores and azo photochromes have
been synthesized to create fluorescent
structures upon light-induced migration
in neat thin films. Their photochromic

fluorescence quantum yields have been
determined in toluene solution. Kinetic
analyses of the femtosecond transient
absorption spectra reveal that the fluo-
rophores evolve in a few picoseconds
into a distorted intramolecular charge-

transfer excited state, strongly stabi-
lized in energy. Radiative relaxation to
the ground state occurred competitive-
ly with the energy-transfer process to
the azo moiety. Introduction of a 10 A-
long rigid and nonconjugated bridge

and emissive properties have been sys-
tematically investigated and interpret-
ed in light of those of the correspond-
ing model compounds. Fluorescence
lifetimes and photoisomerization and

Introduction

Azo-functional derivatives have acquired an indisputable
place as photoactivable systems to switch magnetic,'! elec-
trical,’*'” and optical dichroic" properties in solution
and in the solid state. Light absorption causes photoisomeri-
zation from the more stable E isomer to the Z configura-
tion, %! which is accompanied by dramatic changes in geom-
etry, especially in packed systems such as liquid-crystalline
polymers!'”! or self-assembled monolayers.*!*! The resulting
photomechanical effects have been successfully exploited to
bend™?" or rotate®! azo assemblies, free fluorescent drugs
entrapped in silica nanocontainers,”>*! or open protein ion
channels.”?! Among all the possible signals to be modulated,
fluorescence emission has, however, rarely been consid-
ered,™? especially in the solid state.””! Generally, intrinsic
fluorescence in simple azo derivatives comes at the expense
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between the photoactive units efficient-
ly inhibits the energy transfer while it
imparts enhanced free volume, which
favors photoactivated molecular migra-
tion in the solid state.

fluo-

of photochromism since both processes correspond to com-
petitive relaxation of the excited states involved. A few ex-
amples in the literature report highly fluorescent azo deriva-
tives in which photochromic properties are inhibited
through chromophore aggregation®?) or N=N double-bond
coordination to boron atoms.F3l By contrast, azo units
have been grafted onto molecular beacons to sense the pair-
ing of DNA strands upon fluorescence quenching of a fluo-
rophore placed at the extremity of the second complementa-
ry strand.’? This involves efficient Forster resonant energy
transfer, which operates at a close distance.’>*! Such effi-
ciency stems from the ultrafast azo photoisomerization pro-
cess, which traps any incoming energy and converts it into
radiationless vibrational or photochemical processes.*>!
Avoiding fluorescence quenching by azo units requires mul-
tiple spectral and structural issues to be considered. First,
the emission of the fluorophore needs to be red shifted with
regard to the azo absorption band. Second, the bridge that
links the fluorescent and photochromic units must prevent
deleterious folding and should suppress energy transfer
through bonds or through space. Following these lines, we
synthesized in the past bifunctional molecules made of a red
light-emitting squaraine unit covalently linked to a push-
pull Disperse Red 1-like azo moiety.’"*! Nevertheless, the
emission quantum yield (@;) was severely reduced by 60—
90 % relative to the azo-free squaraine value @;=0.9. For-
mation of weakly emissive states was presumed due to the &
stacking of the azo and squaraine aromatic rings permitted
by the short ethylene linker.*” This prompted us to replace
the squaraine unit with a bulky fluorescent chromophore,
known to emit as non-doped material, and mostly absorbing
in a region of minimum absorption by the azo unit for selec-
tive excitation."”! Additionally, introduction of a long and
rigid spacer between the fluorescent and photochromic unit
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avoids structural m—m stacking and emission quenching by
energy transfer.

In the present work, we show that emission from the tar-
geted fluorophores implies picosecond competition between
the formation of a distorted radiative excited state and the
process of energy transfer to the azo unit. Ultrafast transient
absorption spectroscopy measurements reveal that the pres-
ence of a 10 A-long spacer considerably reduces the energy-
transfer rate at the sole benefit of the fluorophore emission.
Photochromic kinetic studies performed in the ground state
show that the azo photoisomerization quantum yields and
thermal back-reaction rate constants are little affected by
the bridge. This bridge, however, exerts remarkable mechan-
ical properties as evidenced through the fabrication of less
dense thin films amenable to enhanced photoinduced sur-
face deformation. The results reported in these studies rep-
resent the first comprehensive investigations of fluorescence
quenching by azo units by resorting to ultrafast transient ab-
sorption spectroscopy and systematically comparing synthet-
ic bifunctional systems with their corresponding monofunc-
tional models. They open new avenues to the design of fluo-
rescent photoswitchable molecules for tracking photome-
chanically-activated single systems, and provide insight into
the efficiency of azo bulk photomigration, subject to lose
microscopic surroundings.

-
Modular synthesis of fluores- N O
cent azo derivatives and mono-
functional model systems: The NH, 12

bifunctional and monofunction-
i
N

Results and Discussion

ed in Schemes1 and 2. All of
them involve a bis(4'-tert-butyl-
biphenyl-4-yl)aminophenyl unit,
the steric crowding and struc-

al model compounds are depict-

tural twist of which impairs in- N,
termolecular ~ aggregation [ N
The electron-donating phenyla- ?
mino core, connected to an O™OH 13

electron-withdrawing group

(azo or nitro) in the para posi-

mn
tion, imparts strong charge
transfer. Both fluorophores 6 O N O
(fluol) and 8 (fluo2) were ob- @
tained following a Hartwig— N
Buchwald cross-coupling be- N
tween the secondary aromatic 14
amine S and the arylbromides 2 070 azoE

and 4 in the presence of
Cs,CO; as a mild base to avoid
hydrolysis of the ester intro-
duced as a protecting group of
the hydroxyl and carboxyl func-
tions (Scheme 1). After depro-
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Scheme 1. Synthetic pathway to the formation of fluorescent compounds.
i) Thionyl chloride, methanol, pyridine, 0°C, 4 h; ii) BH;—THF, THF, RT,
72 h; iii) acetic anhydride, I, RT, 30 min; iv) Pd(OAc),, diphenylphos-
phineferrocene, Cs,CO;, dry toluene, 80°C, 20 h; v) NaOH,, 3m, THF,
reflux, 20h; vi) 1) NaOH,, 30wt%, ethoxyethanol, reflux, 30 min,
2) HCl 6 m; and vii) DIPC, DPTS, CH,Cl,, RT, 20 h.
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Scheme 2. Synthesis of the photochromic azo and bifunctional compounds. i) 4-Nitrosobenzoic acid, AcOH/
DMSO, RT, 48 h; ii) DIPC, DPTS, CH,Cl,, RT, 12 h; and iii) SOCl,, MeOH, 40°C, 2 h.
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tection in alkaline solution, compounds 7 and 9 were in-
volved in a mild esterification reaction catalyzed by diiso-
propylcarbodiimide  (DIPC)/4-(dimethylamino)pyridinium
p-toluenesulfonate (DPTS) as a coupling agent, thus leading
to the model compound 11 (fluo2-SP) and the bifunctional
azo compound 15 (azo-fluol), respectively (Scheme 2). A
second modular approach allowed us to generate the azo
carboxylic intermediate 13 from reaction between the pri-
mary aromatic amine 12 and 4-nitrosobenzoic acid
(Scheme 2). Subsequent esterification of 13 with the diphe-
nol spacer 10, by following the same protocol as that previ-
ously described, generated the model azo compound 16
(azo-SP). Further esterification of azo-SP was performed
with the diarylaminobenzoic acid 9 to eventually conduct to
the second bifunctional molecule 17 (azo-SP-fluo2) in which
both the azo and fluorescent units were attached through a
10 A-long spacer.

Choice of the Diels—Alder adduct 10 as a linker, synthe-
sized from 2,6-anthraflavic acid,*” was motivated by its rigid
and nonconjugated backbone along with the existing reac-
tive hydroxyl functions. It was systematically reacted in a
twofold excess amount with respect to the carboxylic acids 9
and 13 to minimize diester formation. The monoester prod-
ucts 11 and 16 were easily isolated as pure compounds by
column chromatography. Finally, compared to a synthetic
route toward azo-SP-fluo2, which could have involved
fluo2-SP and 13, the adopted synthetic strategy, based on
azo-SP and 9, allowed us to easily discard by chromatogra-
phy purification any trace of unreacted fluorophore that
could blur the time-resolved and steady-state emission anal-
yses.

Steady-state UV/Vis spectroscopy: All the photophysical
measurements were performed on solutions in toluene in
which both the fluorescent and azo compounds exhibit high
solubility. The absorption spectra of the monofunctional
compounds fluol, fluo2, fluo2-SP, azoE, and azo-SP display
two bands (Figure 1). The first band is invariably located in
the UV range around 320-330 nm and could be ascribed to
biphenylamino core-centered transitions from time-depen-
dent TDDFT calculations (vide infra) and prior comparative
studies. For the fluorophores fluol, fluo2, and fluo2-SP
(Table 1), the second band (4,,,, around 410 nm) could be at-
tributed to a w—m* transition with strong charge-transfer CT
character from the triphenylamino core to the nitro group.
For the azo compounds azoE
and azo-SP (Table 2), a m-m*
(CT) band is observed with A,,,,
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Figure 1. UV/Vis absorption spectra of solutions of a) the monofunctional
model fluorophores fluol, fluo2, and fluo2-SP. b) the monofunctional azo
models azoE and azo-SP, the bifunctional compounds azo-fluol and azo-
SP-fluo2, the stoichiometric mixture of azo and fluorophore models
azoE :fluol and azo-SP:fluo2 in toluene.

Table 1. Steady-state absorption and emission maxima, fluorescence
quantum yields, and fluorescence decay times of solutions of the model
and bifunctional fluorophores in toluene.

Compound Amax(abs) Ana(em) @l 7; [ns]® (fraction
[nm] [nm] He

fluol 408, 324 587 0.085 1.9

fluo2 411, 318 614 0.035 0.91

fluo2-SP 416, 318 625 0.021 0.6 (90%), 0.2
(10%)

azo-fluol 431, 325 590 <107 0.6 (20%), 0.1
(80%)

azo-SP- 439, 320 620 0.022 0.5 (80%), 0.2

fluo2 (20%)

[a] Coumarine 540A in ethanol used as a fluorescence standard, @;=
0.38.1) [b] Excitation was performed at 410 nm and emission was collect-
ed at 600 nm. [c] Fluorescence decays were modeled by a monoexponen-
tial or biexponential law I(t) =a,exp(—t/t,)+aexp(—t/t,) in which the

T,

normalized fraction f; is defined by f; = Z“

units almost matches the minimum absorption wavelength
of the azo units (Figure 1), which allows for quite selective
irradiation of both units. Insignificant electronic interactions
in the ground state between the bridged fluorescent and azo

Table 2. UV/Vis absorption maxima and photochromic properties of solutions of the monofunctional and bi-
functional azo compounds in toluene.

around 470 nm. Similar spectral Compound A, (abs) [nm] k™ [107°s7"] @, DL p (%] ey [mol ' Lem ™) (A, [nm])

features were also noticed for azoE 465, 330 8 035+£0.02 07401 65+3 4500-5000 (467)

the Dbifunctional compounds azo-SP 473, 328 9.8 0.20+£0.02 0.6+0.1 60+2 5000-5500 (473)

azo-fluol and azo-SP-fluo2 azo-fluol 431, 325 6.3 0.15+£0.01 0.6+0.1 60+2 7000-7500 (470)
azo-SP-fluo2 439, 320 10.6 0.21+£0.01 0.6+0.1 58+2 8000-9000 (470)

except that both CT bands
overlapped and led to a broad
absorption in the visible region.
The maximum  absorption
wavelength of the fluorescent
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[a] Rate constant for the thermal Z-F isomerization obtained by a monoexponential fit of the temporal ab-
sorbance evolution of a solution previously prepared to a photostationary state by irradiation at 488 nm.
[b] Quantum yields for photoisomerization. [c] p=[Z]/[E], with [E], the initial concentration of the azo solu-
tion before irradiation and [Z] the concentration of the Z photoisomers generated at the photostationary
state. [d] Computed values using the least-squares method described in the Supporting Information.
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units in azo-SP-fluo2 are apparent from the superimposition
of its experimental absorption spectrum with the calculated
spectrum of a 1:1 mixture of model compounds azo-SP and
fluo2. For the shorter bifunctional compound azo-fluol, the
match between its absorption spectrum and the calculated
spectrum of a 1:1 mixture of fluorophore fluol and azo com-
pound azoE is not perfect. This suggests intramolecular in-
teractions in the ground state and possible m stacking be-
tween the two photoactive units, permitted by the folding of
the flexible alkyl chain.

Whereas the monofunctional azo compounds in fluid tolu-
ene solution are expectedly nonfluorescent, the model fluo-
rophores fluol, fluo2, and fluo2-SP were found to emit in
the orange region at 587, 614, and 625 nm, respectively, far
away from the azo absorption band (Table 1). The large
Stokes shifts of 7500 cm™ for fluol and 8150 cm™ for fluo2
and fluo2-SP are attributed to an extensive geometry distor-
tion in the excited state, as detailed below (see the transient
absorption spectroscopy). The fluorescence quantum yields
(@) were found to be 0.085, 0.035, and 0.021, respectively.
The value of @; dramatically dropped to <10™* for the bi-
functional compound azo-fluol, which displays barely de-
tectable emission centered at 590 nm. By contrast, com-
pound azo-SP-fluo2 exhibits a clear fluorescence signal
around 620 nm characterized by almost the same value of
quantum yield @;=0.022 as that for fluo2-SP (Figure 2a).
Excitation spectra recorded at 620 nm clearly showed that
emission exclusively originates from the fluorescent unit
(Figure 2b). The dramatic 100-fold decrease of @; when
going from fluol to azo-fluol is to be attributed to the close
vicinity of the azo unit and the fluorescent moiety in azo-
fluol, whereas the rigid linker present in azo-SP-fluo2
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Figure 2. a) Normalized emission spectra of solutions of the model fluo-
rophores fluol, fluo2, fluo2-SP, and bifunctional azo-SP-fluo2 compounds
in toluene (4., =420 nm). b) Normalized absorption and excitation spec-
tra (A.,, =620 nm) of solutions of compounds fluo2 and azo-SP-fluo2 in
toluene.

Chem. Eur. J. 2012, 18, 3706-3720

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

allows for efficient electronic isolation of both chromo-
phores.

Frontier molecular orbitals (MOs) and electronic transi-
tions: Ab initio density functional theory (DFT) calculations
were performed to evaluate the degree of electronic interac-
tions in the ground state between the azo and fluorescent
units and to help identify the absorption bands, especially
for the bifunctional systems. The use of the B3LYP function-
al along with the 6-31G(d) basis set provided a good corre-
lation between the energy transitions and the experimental
spectroscopic features reported above. The charge-transfer
transitions responsible for the investigated photoactivity
(photochromism and fluorescence) occur in the visible
region. Therefore the 4'-fert-butylbiphenyl substituents,
which participate only in UV transitions,*!! were simplified
to tolyl groups to reduce computational costs (the corre-
sponding compounds are denoted by s, e.g., sazoE; Fig-
ure S2 in the Supporting Information). For all azo com-
pounds, computations were performed only on the E iso-
mers, which are the exclusive species that exist at room tem-
perature before irradiation.

For the monofunctional azo compounds sazoE and sazo-
SP, the pictorial description of the frontier orbitals shows
strong localization of the electronic density on the tripheny-
lamino core (m-type HOMO) or on the azo N=N double
bond (Table S1 in the Supporting Information). The latter
group supports a lower-energy n-type bonding MO
(HOMO-1 for sazoE and HOMO-2 for sazo-SP) as well
as a m* antibonding MO (LUMO). TDDFT calculations
predict two electronic transitions of n—n* and m—n* charac-
ter in the visible region, which correspond to the HOMO-1
(HOMO-2)—LUMO and HOMO —LUMO charge trans-
fers for sazoE (sazo-SP), respectively. The absorption wave-
lengths are estimated very close at 501/503 nm and 479/
484 nm, respectively, for sazoE/sazo-SP (Table S2 in the
Supporting Information). The oscillator strength f of the
symmetry-forbidden n—st* transition is found to be 50 to 100
times lower than that of the m—m* transition, as commonly
reported for azo derivatives. An additional highly permitted
third transition (f=0.549) is evidenced in the UV region at
328 nm. It features an exclusively azo-located m—m* transi-
tion, as encountered for symmetric azo compounds.

It is worth mentioning the indirect correspondence of the
transition energy ordering with regards to the MO energy
levels of the azo derivatives due to electronic reorganization
and configuration interactions in the excited states. For com-
pound sazo-SP, a fourth transition (HOMO-1—-LUMO)
that involves charge transfer from the rigid bridge could be
identified at 454 nm. Due to its very low oscillator strength
(f=3x107%), the corresponding excited state is formed in a
minor amount upon excitation in the visible region, and its
electronic influence onto the photochromic and fluorescent
properties of the compounds is considered negligible.

The fluorescent compounds sfluol, sfluo2, and sfluo2-SP
invariably present HOMOs localized on the triphenylamino
core, whereas the LUMOs are spread on the nitrophenyl
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moiety (Table S1 in the Supporting Information). It is worth
noting that the ester or benzylic groups do not participate in
the LUMO in accord with their meta position, electronically
decoupled from the 4-aminonitrophenyl unit. Therefore the
HOMO —LUMO transitions are not significantly affected
and occurred around 403-406 nm except for fluo2-SP in
which the HOMO is on the Diels—-Alder bridge (Table S2 in
the Supporting Information). The meta substitution had
indeed been deliberately chosen when devising the mole-
cules, so that the amino-nitro charge transfer and the relat-
ed emissive excited state remained little affected.

The combination of both chromophores in the bifunction-
al systems sazo-fluol and sazo-SP-fluo2 generates MO
wavefunctions, the electronic density of which is again clear-
ly located on each separate chromophore. As depicted
above, the triphenylamino cores provide high-energy occu-
pied orbitals. For both compounds, the HOMO is rather lo-
cated on the azo side, whereas the HOMO-1 for sazo-fluol
(HOMO-2 for sazo-SP-fluo2) is on the fluorophore side
(Figure 3). The bonding n-type MO localized on the azo N=
N double bond is featured by the HOMO-2 (HOMO-3
for sazo-SP-fluo2 since the HOMO-1 is spread again on
the Diels—Alder bridge). Finally, the LUMO and LUMO+1
are also principally developed on the electron-withdrawing

@ LUMO+1 (-1.959 eV)

RN
Q

LUMO (-2.286 V)

HOMO (-5.061 eV)

9 o
o &
| 2
3 1

HOMO-2 (-6.041 eV)

é\t, ° 3#3"
ai:j'
%

Figure 3. Pictorial description of the frontier orbitals for compound sazo-fluol and the corresponding energies

[eV] (DFT computations in the gas phase by using B3LYP/6-31G(d)).
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groups, namely, the azo and nitrophenyl units, respectively.
Eventually, three main transitions in the visible region are
obtained from TDDFT: the n-type azo-based HOMO-2 (or
HOMO-3)—-LUMO at 502nm, the m-type azo-based
HOMO—-LUMO at 483-484 nm, and finally the fluoro-
phore-based HOMO-1 (HOMO-2)—LUMO+1 at 405-
407 nm. Hence, the azo and fluorescent units are quite effec-
tively electronically decoupled in the ground state regardless
of the linker. Since both units appear to interact in azo-
fluol from its experimental absorption spectrum, through-
space intramolecular interactions permitted by the alkyl
chain folding should also be taken into account. This shows
that simple calculations, although they provide a nice de-
scription of the electronic density and MO energies, encoun-
ter several limitations for complex systems in which various
conformations are possible.

Kinetics and quantum yields of photochromic reactions: The
E—Z photoisomerization for all azo compounds was inves-
tigated in toluene upon irradiation at 488 nm at which the
azo units almost exclusively absorb (97% of the light ab-
sorbed by the azo unit against 3% by the fluorophore). The
in situ dynamics of the £—Z photoreaction was followed by
recording UV/Vis absorption spectra. All the solutions were
prepared in the dark before ir-
radiation to avoid partial E—Z
conversion induced by ambient
light. During irradiation, the in-
tensity of the visible band
strongly decreased due to the
isomerization of the E forms
into their less-absorbing Z pho-
toisomers. No shift of the maxi-
mum wavelength occurred for
the monofunctional azo com-
pounds azoE and azo-SP. By
contrast, a hypsochromic shift
was observed for the bifunc-
tional compounds azo-fluol and
azo-SP-fluo2. It originated from
the absorption contribution of
the fluorophore units, which is
stronger than that of the newly
generated Z azo units. For all
compounds, three isosbestic
points could clearly be ob-
served at 560, 410, and 355 nm,
thus indicating the formation of
a single photoisomer (Figure 4).
The rate constants k of the
thermal back isomerization
were determined after the pho-
tostationary state (PSS) had
been reached. The E azo band
recovery at wavelengths at
which the major spectral
changes occur followed a first-

Chem. Eur. J. 2012, 18, 3706-3720
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Figure 4. Time evolution of the absorption spectra of solutions of com-
pounds a) azoE, b) azo-fluol, c) azo-SP, and d) azo-SP-fluo2 in toluene in
the course of irradiation at 485 nm (30 mW cm ). Inset: experimental ab-
sorption decay at the absorbance maximum wavelength and computed
fit.

order kinetic law [Eq. (1)] in accord with the formation of
single Z photoisomers.

[El, = [E]o + ([Elpss—[E]o)exp(—k2) (1)
A slight acceleration of the Z—FE thermal back relaxation

could be noted for the azo compounds that contained the
Diels—Alder bridge since the rate constants k were around
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10x105s™" for azo-SP and azo-SP-fluo2, respectively,
against 6-8x107°s™' for azo-fluol and azoE (Table 2). The
values are similar to those measured for analogous cyano-
substituted aminoazo compounds since both the cyano and
carboxylate groups exert comparable electron-withdrawing
character. Clearly, the presence of bulky or fluorescent
groups in compounds azo-fluol and azo-SP-fluo2 does not
impede the photoisomerization reaction in fluid solutions.

This observation was confirmed through the photoconver-
sion yield p=1—[E]pss/[ E]y and the quantum yields &, and
@, of the photoreactions E—Z and Z—E, respectively.
The latter two parameters were determined numerically
from solving the time-dependent equation [Eq. (2)], which
describes all the processes that take place during irradiation
in which [; features the photon flux absorbed by the species
i at the molar concentration [i]:

dE]/dt = =Ppyl ;s + Pypl; + k[Z] 2)

If 1, designates the incident photon flux at the irradiation
wavelength A, Equation (2) can be written as follows

[Eq. 3)]:
d[E]/dt = —®y, Abs(E)I F + ®,; Abs(Z)I,)F +k[Z]  (3)

in which F=(1—10"2%)/Abs, which is called the photokinet-
ic factor (Abs corresponds to the total absorbance of the so-
lution at the irradiation wavelength A; Abs=(gg[E] +
&,[Z])! in which ¢; is the molar absorption coefficient of the
species i and / the optical pathway of the solution).
Equation (3) can be unambiguously solved when the
molar absorption coefficients ¢; and ¢, of the E and Z
forms, respectively, are known in addition to the value of &
and the composition of the photostationary state. This is
often encountered for P-type photochromes such as diaryle-
thenes or fulgides, the open and closed isomers of which are
both thermally stable and can be isolated. Azo compounds,
referred to as T-type photochromes, give with few excep-
tions™! mixtures of E and Z forms upon irradiation. We
thus scanned a range of possible values for ¢, that provided
the best fits with the boundary conditions p.;,<p<1 in
which pp,;, refers to the minimum conversion yield obtained
from assuming nonabsorbing Z species at the wavelength of
E maximum absorbance (in our case, ppn,~0.5 for all the
azo compounds). The larger ¢, values screened for the bi-
functional compounds azo-fluol and azo-SP-fluo2 stem
from the contribution of the fluorophore units at the Z ab-
sorption maxima (467-470 nm). They were calculated to be
2300 cm 'mol 'L and 2800 cm 'mol 'L from the molar ab-
sorption coefficients of 6 and 8, respectively (Figure 5; see
the Supporting Information). The estimated values of p,
Dy, Dy, and e, are reported in Table 2 at the maximum
variation wavelength. In accord with the few data available
in the literature, the photoinduced back reaction Z—FE was
systematically found to be more efficient than the E—Z
photoisomerization. The @, value was nearly constant for
all compounds (®,;=0.7£0.1 for azoE, 0.6+0.1 for azo-
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Figure 5. Modeling of the absorption spectra of the Z species after irradi-
ation of solutions of the monofunctional a) azoE, c) azo-SP and bifunc-
tional b) azo-fluol, d) azo-SP-fluo2 compounds in toluene. The different
spectra in bold lines correspond to the computed absorption spectra of
the Z isomer as a function of the indicated molar absorption coefficients
of the Z isomers. Inset for each compound: absorption spectra before ir-
radiation at 485 nm and at the photostationary state (PPS).

fluol and azo-SP-fluo2; Table 2). These values correlate
well with those reported for two push—pull azo derivatives,
Disperse Red1 (DR1; @,,=0.70) and 4-(dimethylamino)-
4'-nitroazobenzene (DNAB; @,,=0.74), which nicely vali-
dates our calculations.***! Tt is worth mentioning that the
back-reaction quantum yield for the symmetric azobenzene
has similarly been calculated at 0.4-0.75. This tends to show
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that the Z—F process is little influenced by the structure of
the azo units, unlike the thermal back relaxation and the
photoinduced E—Z photoisomerization. The reaction quan-
tum yield @, was indeed found at 0.35+0.02 for the model
azoester compound azoE, and decreased to 0.15+0.01 for
azo-fluol, 0.20+0.01 for azo-SP, and 0.21 +0.01 for azo-SP-
fluo2. The decrease in @, between the azoester azoE and
the other three compounds is likely to be due to the attach-
ment of a bulky group at the ester side. This latter may
induce larger geometry reorganization of the reactive excit-
ed state, thereby leading to energy loss at the expense of
photoisomerization. The similar photoreactivities of the
monofunctional azo adduct azo-SP and bifunctional com-
pound azo-SP-fluo2 show that the fluorophore unit influen-
ces the azo photoisomerization little. To shed light on the
origin of the fluorescence quenching in the bifunctional
compound azo-fluol while the azo photoreaction was not
impeded, we carried out further time-resolved fluorescence
and femtosecond transient absorption studies.

Time-resolved fluorescence decays and singlet excited-state
lifetimes: The fluorescence decays were measured at the
emission maximum on solutions in toluene upon excitation
at 410 nm, at which the fluorophore units mostly absorb.
They were found to be monoexponential for both mono-
functional fluorophores fluol and fluo2, thus providing fluo-
rescence lifetimes (z;) of 1.9 and 0.91ns, respectively
(Table 1). By contrast, compound fluo2-SP shows a biexpo-
nential decay with a major and a minor lifetime component
of 0.6 ns (80%) and 0.2 ns (20 %), respectively (Figure S2 in
the Supporting Information). The decrease in 7; from fluo2
to fluo2-SP mostly relates to the increasing contribution of
the radiationless processes. When considering the major life-
time decay, the corresponding rate constants k, increased
from 1.0x10°s™! for fluo2 to 1.6x10°s™! for fluo2-SP,
whereas the fluorescence rate constant k; is only slightly af-
fected (fluo2: 3.9x10°s7!, fluo2-SP: 3.5x10° s7'). This again
validates our design strategy that consists of anchoring link-
ers in the meta position of the 4-nitrophenylamine of the flu-
orophore, which did not electronically interfere with the ra-
diative nitrophenylamine intramolecular charge transfer
(ICT) excited state.

When the azo and fluorophore units are connected with a
short spacer as in azo-fluol, the fluorescence decay time
dramatically decreases from 1.9 to 0.6 ns (20%) and 0.1 ns
(80%) (Figure S2 in the Supporting Information). The fluo-
rescence lifetimes of compound azo-SP-fluo2, with the
Diels—Alder bridge inserted between the azo and the fluo-
rescent units, were found to be 0.5ns (80%) and 0.2 ns
(20%), very similar to those measured for fluo2-SP. The
striking contrast between the lifetimes of azo-fluol and azo-
SP-fluo2 is obviously related to the introduction of the
spacer between the fluorescent unit and the energy-scaveng-
ing azo group. Doubts could be cast on the origin of fluores-
cence in azo-SP-fluo2. However, traces of unreacted fluoro-
phore are unambiguously to be ruled out on account of the
synthetic pathway and purification strategy adopted
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(Scheme 2). Moreover, both the fluorescence quantum yield
and lifetime of azo-SP-fluo2 decrease by at least one order
of magnitude relative to those of azo-fluol. Finally, no deg-
radation was observed from the absorption spectra before
and after irradiation. To explain this strong difference in
fluorescence decays between the bifunctional compounds
azo-fluol and azo-SP-fluo2, we have estimated the Forster
energy-transfer rate constant k. from the spectral overlap
factor and interchromophore distances (see the Supporting
Information). The rate constant k, was found to be 4.4x
10"?s7! for azo-fluol, whereas k,=82x10%s™" for azo-SP-
fluo2, almost four orders of magnitude smaller. Aside from
its intrinsic relaxation pathways (internal conversion and in-
tersystem crossing), the excited state of fluorophore azo-
fluol predominantly deactivates through energy transfer to
the azo unit, hence fluorescence is efficiently quenched.
Conversely, in compound azo-SP-fluo2, deactivation by fluo-
rescence (k;=3.5x10°s™") can efficiently compete with
energy transfer. To assess further the role of the spacer,
which appears to be crucial in the photophysics of the bi-
functional compounds, femtosecond transient absorption
spectroscopy studies were carried out.

Femtosecond transient absorption spectroscopy of the mon-
ofunctional azo compounds azoE and azo-SP: Pump-probe
absorption spectra were recorded in toluene in the 350-
800 nm range following excitation at 400 or 500 nm to ad-
dress the fluorophore or the azo moiety, respectively. We
first investigated the monofunctional compounds before an-
alyzing the bifunctional ones. The solutions of all the mono-
functional azo and bifunctional compounds were first pre-
pared in a photostationary state by means of a 488 nm con-
tinuous irradiation, which was maintained throughout the
pump—-probe experiments. This enables data accumulation
with no need to refresh the solution during each pump-
probe experiment as absorbance changes due to £—Z pho-
toisomerization are avoided. The previous time-resolved
fluorescence measurements, performed at 420 nm, had
indeed revealed a 10 % hypochromic change in the azo max-
imum absorption band, which could blur spectral interpreta-
tions otherwise.

The transient absorption (TA) spectra of the monofunc-
tional azo compounds azoE and azo-SP exhibit similar spec-
tral features and two-step ultra-
short dynamics (Figure 6). No
matter which excitation was
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Figure 6. Transient absorption spectra of the model azo compounds azoE
(top) and azo-SP (bottom) in toluene at different time delays after exci-
tation at 400 nm. For clarity, the spectral evolution is separated in two
time domains A) 0-20 ps and B) 32-2500 ps for compound azo-SP. The
pump-probe time delays are displayed.

ished after 32 ps. Global fit analyses performed at the evolu-
tion maximum wavelengths revealed a two-step relaxation
dynamics characterized by the time constants 7, =1.7 ps and
7,=4.4 ps for azoE, and 7,=1.2 ps and 7, =4.5 ps for azo-SP
(Table 3; Figures S3 and S4 in the Supporting Information).
These values are in the same range as those reported in the
literature for push—pull molecules like DR1 (0.9 and
4.7 ps)* or 4-nitro-4'-dimethylaminoazobenzene (0.8 ps and

Table 3. Main time constants 7; averaged over Kinetic analyses performed at various wavelengths related to
the positions of the ground-state bleaching (GSB), transient absorption (TA), and stimulated emission (SE)

employed (400 or 500 nm), the bands.
transient dynamics were found Transient decay time constant [ps] Fluorescence lifetime [ps]
to be the same. Within 3 ps Compound Aexe [nm] T 7 T3 Ty T
after excitation, a negative fluol 400 1.2 22 1900 1900
band that corresponded to the fluo2 400 1.0 9.8 1000 910
ground-state bleaching formed fluo2-SP 400 0.7 25 200, 800 4500 200 (10%), 600 (90 %)

465 N E and SP. azoE 500 1.7 4.4 -
at 46> nm for azok and azo-SF.,,, gp 500 12 45 >2000 -
A positive absorption band si-  azo-fluel 500 13 6 -
multaneously rose at 550 and 400 9 15 100 100 (80%), 600 (20 %)
555 nm for azoE and azo-SP, re-  az0-SP-fluo2 500 1.2 6.5 -

400 12 6,12 170, 600 200 (20%), 500 (80 %)

spectively. Both transients van-
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around 5 ps).[*) The shorter component was attributed to
the exploration by the S; (n—m*) excited state of the poten-
tial energy surface until reaching the conical intersection
and undergoing photoisomerization.P**>*311 The longer
component corresponds to further vibrational cooling of the
hot ground state S, formed after photoisomerization. Our
experiments did not allow us to observe the subpicosecond
conversion of the S,(n—n*) excited state, formed right after
pumping, toward the S;(n-nt*). This ultrafast conversion was
actually reported to operate in fewer than 0.2 ps for DR1
and 4-aminoazobenzene.*! Given the strongly allowed m—*
transition for compound azoE, we can reasonably assume
that the ground state is mainly depopulated after excitation
due to S,(m—m*) population. Since no stimulated fluores-
cence could be observed, we assume that the excited state
S,(m—m*) relaxes down to the S;(n—m*), the radiative conver-
sion of which to the ground state is prohibited by a weak os-
cillator strength (at least ten times as weak as that of S,—S,
as shown through TD-DFT computations).

A broad absorption signal that spanned from 400 to
800 nm and centered at 550 nm was observed for azo-SP
(Figure 6) and decayed in more than 2 ns. This feature is ap-
parently related to the presence of the Diels—Alder adduct.
Product degradation is not the cause of this signal, since the
solution absorption spectrum is the same before and after ir-
radiation. Moreover, nanosecond transient absorption spec-
troscopy (10 Hz frequency, Nd:YAG laser, 10 ns full width
at half-maximum (fwhm), 355 nm excitation) does not show
transient absorption at longer times. We suspect that the
transient may be related to an excited state that involves the
very weakly permitted charge-transfer transition from the
Diels—Alder bridge to the
LUMO that we estimate
around 440-450 nm by theoreti-

Compound fluol

A), a positive and intense absorption band rises at 454 nm.
A negative signal simultaneously forms around 520 nm and
undergoes progressive bathochromic shift to 570 nm. Finally
a broad band, again positive, grows at longer wavelengths
around 740 nm. Global fit analyses at each absorption maxi-
mum wavelength provide very similar time constants 7,
with values 7;(fluol) =1.2 ps, 7,(flue2) =1.0 ps, and t,(fluo2-
SP)=0.7 ps, thereby revealing the dynamics of a single spe-
cies (Table 3; Figures S6-S8 in the Supporting Information).
Since excitation was performed in the lower-energy m—m*
CT band, the observed TA spectra are related to the formed
charge-transfer excited state S; that absorbs at 454 and
740 nm, with the negative signal at 520 nm being ascribed to
a stimulated emission (SE) band. The slight shift observed
for this latter band as well as the absorption band narrowing
suggest that the dynamics observed over 4-6 ps are likely to
result from solvent reorganization around the excited mole-
cules and vibrational relaxation of the S; excited states. Tol-
uene solvation indeed operates with a 2.4 ps mean time con-
stant.’? In addition, different conformations due to the flex-
ible units present in fluol, fluo2, and fluo2-SP (triphenyla-
mino core, biphenyl groups, nitro rotation, ester linker) exist
in the ground state, which in turn leads to an inhomogene-
ous distribution of Franck—Condon (FC) excited states ame-
nable to relaxation (Table 3).

In time interval B, which starts 4-6 ps after excitation,
large spectral changes occur with the conservation of three
clear isosbestic points near 430, 505, and 680 nm. The posi-
tive bands, initially centered at 460 and 740 nm, decrease
with hypsochromic shifts of A1**=—13/—19 nm and Al =
—60 nm, respectively. In the same time, the negative SE

Compound fluo2-SP

cal computations (Table S2 in 0.10
the Supporting Information).

Femtosecond transient absorp-
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Figure 7. Transient absorption spectra of the model fluorophores fluol (left) and flue2-SP (right) in toluene at
different time delays after excitation at 400 nm. For clarity, the spectral evolution is separated into three time

In the very first steps after
excitation at 400 nm (period
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domains A) 0-6 ps, B) 6-128 ps, and C) 128-3500 ps for compound fluol and A) 0—4 ps, B) 4-64 ps, and C) 64—
3500 ps for compound flue2-SP. The pump-probe time delays are displayed.
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band fades as it undergoes a bathochromic shift. The final
wavelengths reached for the SE signals (585, 607, and
618 nm for fluol, fluo2, and fluo2-SP, respectively) remarka-
bly match those observed in the steady-state fluorescence
spectra. Kinetic analyses of the 460 nm-centered TA band
and the SE band reveal decay time constants t,=22 ps for
fluol, 7,=9.8 ps for flue2, and 7,=25 ps for fluo2-SP. The
large hypsochromic shifts of the TA bands, the presence of
isosbestic points, and the stabilization of the SE band before
fading suggest the evolution of the initial ICT state toward a
new ICT’ excited state, which follows strong geometrical dis-
tortions. Previous TA spectroscopy studies of nitroaromatic
compounds have actually revealed large rotation of the
nitro group with respect to the phenyl plane, which operates
after the first ICT state had been formed.” This torsion is
accompanied by a modest increase in the dipole moment
and net stabilization of the excited state.” In our case, such
a distortion has been confirmed by additional studies in
more polar solvents like ethanol and acetonitrile, thereby
causing an enhanced twist of the nitro group and radiation-
less relaxation of the ICT" state back to the ground state ex-
clusively by means of internal conversion."

Finally, during the last time period C (starting at 128 ps
after excitation for fluol, 32 ps for fluoe2, and 60 ps for
fluo2-SP), the TA spectra decreased monoexponentially
with a time constant 7; of 1.9 and 1.0ns for compounds
fluol and fluo2, respectively. These decay times are in quite
perfect agreement with the fluorescence decays measured
by time-correlated single-photon counting (1.90 and 0.91 ns
respectively). The TA decay of fluo2-SP followed a biexpo-
nential law with time constants 73; =0.2 ns and 73,=0.8 ns in
nice accord with those measured by time-resolved fluores-
cence spectroscopy. To conclude this series of experiments,
it has become clear that the large Stokes shifts observed for
the 4-triphenylamino-4'-nitrophenyl compounds fluol, fluo2,
and fluo2-SP stem from the extensive geometrical reorgani-
zation and distortion of the ICT excited state S; toward a
novel radiative S;(ICT’) excited state, which operates in a
few picoseconds in toluene solution (Scheme 3).

Femtosecond transient absorption spectroscopy of the bi-
functional azo compounds azo-fluol and azo-SP-fluo2: Exci-
tation was first performed at 500 nm to specifically address

Azo Fluo1 Azo
Sy(nn*)  Sy(n*) S,(ICT")  S,(ICT) Sy(nn*)  Sy(n*)
_ <1ps
— — competitive energy transfer
conical i o — O conical
intersection isomerization — distortion intersection
?@ a . 4-9 ps
" . 3 . .
- vibrational emission vibrational
— cooling cooling
S0 So s, S0
E-isomer Z-isomer E-isomer

Scheme 3. Scheme of the photophysical dynamics from TA global analyses for azo-fluol and azo-SP-fluo2

(this latter also features the photoisomerization dynamics of free azo units).
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the azo units. This allowed us to infer the spectral dynamics
of the azo unit independently of the fluorophore unit. As re-
ported for the monofunctional compounds, the TA spectra
display the same negative signal at 470 nm, which character-
izes the ground-state bleaching, and a strong positive signal
centered at 570 nm, along with two isosbestic points at 420
and 500 nm (Figure S9 in the Supporting Information).
Global kinetic analyses provide a two-step evolution almost
identical to that reported for the monofunctional azo com-
pounds azoE and azo-SP, namely, short 7; and longer 7,
components that correspond to the decay of the S; (n-m*)
excited state, and the vibrational cooling of S, formed after
photoisomerization from S;. The time constants were found
to be 7,=13 ps and 7,=6.0 ps for azo-fluol, and 7,=1.2 ps
and 7,=6.5 ps for azo-SP-fluo2 (Table 3). The slightly longer
time constants 7, for the bifunctional compounds compared
to those of the monofunctional azo systems (4.4 and 4.5 ps
for azoE and azo-SP, respectively) is due to the larger size
of the global azo backbone onto which the excitation is de-
localized, thereby giving rise to a temporally extended life-
time decay.l!

When excitation was performed at 400 nm, the transient
absorption spectra were characterized by a mix of the spec-
tral evolutions of the fluorophore and the azo units, which
are both excited (Figure 8). A few picoseconds after excita-
tion, the TA spectra of azo-fluol and azo-SP-fluo2 resemble
each other with three positive TA bands centered at 460,
568, and 740 nm (time domain A). From the prior studies
performed on the isolated azo and fluorescent units, the
band at 460 nm results from the superimposition of the posi-
tive TA signal of the fluorescent unit and the negative
ground-state bleaching (GSB) band of the azo unit. The
band at 568 nm features the TA spectrum of the azo unit, in
agreement with the maximum found at 570 nm when only
the azo unit was excited by a 500 nm pulse. In this region,
contrarily to the fluorophore models, no trace of the nega-
tive and intense SE band around 520 nm was detected due
to the overlapping net transient absorption of the azo unit
from 510 to 800 nm.™ Finally, the last band at 740 nm
mainly characterizes the fluorophore excited state. After the
initial phase, the contribution to the spectra of the initially
excited azo chromophore quickly disappears, in accordance
with its short lifetime (Figure 8, graphs A).

The excited state of azo-fluol
mostly decays through energy
transfer to the azo unit. The
decay of the excited fluoro-
phore can be monitored at the
two positive bands around
458 nm and around 740 nm
(Figure 9). The major compo-
nent of 100 ps corresponds well
with the main component of
s, the fluorescence decay (0.1 ns).
Faster processes with time con-
stants 7,(azo-fluol)=9 ps and
7,(azo-fluol)=15ps are also
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Compound azo-fluol

Compound azo-SP-fluo2

right), is characterized by the
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appearance of two isosbestic
points at 485 and 675 nm, and
recalls the progressive transfor-
mation of the ICT state of
fluo2-SP into a more distorted
excited state ICT'. Global anal-

yses provided three decay time
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Figure 8. Transient absorption spectra of the bifunctional compounds azo-fluol (left) and azo-SP-fluo2 (right)
in toluene at different time delays after excitation at 400 nm. For clarity, the spectral evolution is separated
into three time domains A) 0-16 ps and B) 16-1030 ps for compound aze-fluol, and A) 0-16 ps, B) 16-64 ps,
and C) 64-3500 ps for compound azo-SP-flue2. The pump-probe time delays are displayed.

observed and are likely to be related to structural reorgani-
zation in the excited state. Significantly smaller shifts could
be noticed in the time domain B (>16 ps) (AA*®=—7 nm
and A2*=—-15nm) relative to the fluorophore models
fluol, fluo2, and fluo2-SP (A1*°=—13/—19 nm, and AV =
—60 nm). Stabilization of the newly formed ICT’ excited
state as encountered for the fluorophore models faces com-
peting fast energy transfer to the azo unit. Interestingly, a
weak positive absorption at 565 nm remains after the fast in-
itial decay. This is a signature of the azo TA present in low
concentration because it is generated more slowly than it
decays.

The presence of an intense TA band around 730 nm could
be confusing since it is also characteristic of a triphenyla-
mine radical cation."”*® However, on thermodynamic
grounds, charge transfer from the fluorophore to the azo
unit could be discarded, especially in toluene, which is con-
sidered to be an apolar solvent unfavorable to intramolecu-
lar electron transfer. This band is present for all the fluores-
cent models from very early on. In addition, charge separa-
tion would cause significant spectral shifts,® which do not
occur. The intense band thus features a strong intramolecu-
lar charge transfer excited state, which deactivates in 100 ps
in a radiative manner.

The decay of azo-SP-fluo2, in which the energy transfer is
strongly suppressed, resembles that of the model fluoro-
phore fluo2-SP. After the initial fast decay at 560 nm (fol-
lowing direct excitation of the azo chromophore), a slow
rise as well as significant blueshifts of the whole spectrum
are observed (Figure 8 and Figure 10). This slower dynamics,
which last up to 64 ps (Figure 8, time domain B on the
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300 brational cooling of Sy(azo)
since its component prevails
over [560-610] nm. The longer
lifetime 7,,(azo-SP-fluo2) even-
tually pertains to the internal
structural dynamics of the excit-
ed fluorophore. This can evolve
into a more distorted geometry ICT" state without being
quenched by the energy transfer to the azo unit, which
occurs in 1/k,=0.2 ps for azo-fluol and is suppressed for
azo-SP-fluo2 (Scheme 3).

Finally, during interval C=[64 ps, >], the TA spectrum of
azo-SP-fluo2 homogeneously decreases following a biexpo-
nential decay characterized by 73, =170 ps and 73, =600 ps,
close to the fluorescence lifetimes of fluo2-SP (7;=200 and
500 ps) measured by time-correlated single-photon counting
(TCSPC). We did not previously discuss the origin of the
double fluorescence lifetime. It could be attributed to the
existence of two conformations of the fluorophore unit with
respect to the bridge due to possible free rotation around
the C-O bond.

From the spectral evolution reported above, it appears
that emission from the fluorophore unit operates from a dis-
torted ICT’ state, the stabilization of which competes with
the energy transfer to the azo unit that is undergoing ultra-
fast photoisomerization (Scheme 3). Connecting both emis-
sive and azo units by means of a long and rigid spacer sup-
presses not only efficiently Forster energy transfer, but can
also modify the photomechanical properties, as evidenced
below in bulk thin films subjected to illumination.

600 700

Influence of the Diels—Alder adduct on the bulk molecular
density: All the previous studies have been performed in so-
lution. When working with photoactive materials, the pres-
ence of bulky groups could impede the photochromic reac-
tion due to steric constraints. It turns out that the longer
bridge (Diels—Alder adduct) in azo-SP or azo-SP-flue2 did
not inhibit the photoisomerization reaction but even favors
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Figure 9. Experimental transient decay plots after excitation at 400 nm
and best multiexponential fits using global analysis for compound azo-
fluol. Wavelengths at which modeling was performed are indicated on
the graphs.

migration of the azo unit. Comparative holographic studies
on isoabsorbing thin films (A=1.1), obtained from spin-
coating concentrated solutions and exposed to interferential
illumination,®™ showed that the azo migration, albeit slower
for compound azo-SP-flue2 than for compound azoE, pro-
duces higher surface modulation for azo-SP-fluo2
(Figure 11). Atomic force microscopy (AFM) measurements
provided a peak-to-trough amplitude equal to 480 nm for
azo-SP-fluo2 against 240 nm for azoE. The thickness of
films azo-SP-fluo2 was found to be 570 nm, significantly
larger than that of films of azoE (280 nm), thereby suggest-
ing a less dense material. Similar comparisons between irra-
diated thin films of azo-SP and azo-fluol showed that
higher diffraction efficiency, which features deeper surface
relief gratings, was again obtained for azo-SP, which con-
tains the Diels—Alder unit. If migration seems to be ruled in
the first minutes by the size of the group grafted to the azo
unit (one can notice a slowdown from azoE, to azo-fluol/
azo-SP, and finally azo-SP-flue2), the final photostationary
state is rather governed by the free volume generated by the
substituent itself. Such an assumption is confirmed by the
values of the refractive index n measured by ellipsometry.
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Figure 10. Experimental transient decay plots after excitation at 400 nm
and best multiexponential fits using global analysis for compound azo-
SP-fluo2. Wavelengths at which modeling was performed are indicated
on the graphs.
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Figure 11. Temporal evolution efficiency #=(21./1;) of the first-order dif-
fracted He—Ne laser beam (41=633 nm) for azo thin films made of neat
monofunctional azoE (14), azo-SP (16) or bifunctional azo-fluol (15),
azo-SP-fluo2 (17) compounds, isoabsorbing at the azo absorption maxi-
mum wavelength (A~ 1.1) and subjected to a two-beam interferential il-
lumination (1 =488 nm; 160 mW cm 2 per beam).

To a quite good approximation, n* can be considered equal
to the optical dielectric constant &, which is related to the
electronic polarization and consequently to the material
density. We found n at 600 nm smaller for azo-SP-fluo2 (n=
1.722) than for azo-fluol (rn=1.750).1! This also holds true
between the model fluorophores fluo2 (n=1.687) and fluo2-
SP (n=1.642), or the model azo compounds azoE (n=
1.770) and azo-SP (n=1.750), fluo2-SP, and azo-SP, which
both contain the Diels—Alder adduct. This spacer does not
only provide enough electronic insulation to keep the emis-
sion almost unchanged but also favors larger free volume in
the azo nanoenvironment, a prerequisite to molecular
motion. The Diels—Alder adduct thus plays a role tanta-
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mount to that of the triptycenyl group, which has been
largely used to create nanoporosity in thin films for en-
hanced diffusion of analytes, or facilitate film stretchabili-
ty.”l In this way, we have previously demonstrated for the
first time that fluorescent gratings could be obtained that
show a 10* emission contrast between the troughs and the
crests on account of differential accumulation and migration
of the azo compound azo-SP-fluo2 and the simultaneous
drag of the covalently linked fluorophore.

Conclusion

In the search for photochromic azo molecular materials to
form fluorescent patterns upon illumination, fluorescent
units known to emit light in the solid state have been at-
tached to azo moieties. Strong dependence of the fluores-
cence properties on the linker structure has been found,
thereby prompting us to perform comparative measure-
ments by using steady-state and time-resolved fluorescence,
and femtosecond transient absorption spectroscopy in tolu-
ene solution, which mimics well the solid state. The photoi-
somerization quantum yields @, (~0.15-0.35) and @,
(~0.6-0.7), as well as the photoconversion yields p (~58-
65%) were found to be similar for the model and bifunc-
tional molecules, thus proving the negligible electronic influ-
ence of the fluorophore on the photochromic behavior. Ki-
netic analyses of the femtosecond transient absorption spec-
tra of the model and bifunctional systems reveal that the in-
troduction of a triptycenyl-like rigid and nonconjugated
spacer between the azo and fluorescent units suppresses
competitive energy transfer from the fluorophore to the azo
moiety.

As such, both photoisomerization and fluorescence are
conserved, which allows for the creation of fluorescent pat-
terns in thin films exposed to interferential illumination.
This structuration, which relies on multiple E-Z photoiso-
merization cycles of the azo units, is highly favored by the
presence of the spacer. This creates additional free volume,
compulsory for efficient azo bulk migration. These studies
represent the first thorough examination of the photophysics
of bifunctional compounds that contain structurally distinct
push—pull fluorescent and azo units. The possibility to ad-
dress both the emissive and photoisomerization properties
at the same wavelength while recording redshifted emission
opens exciting perspectives in the field of photoinduced lo-
comotion and tracking at the single-molecule level.

Experimental Section

General: 'H and “"CNMR spectra were recorded using a JEOL
400 MHz spectrometer and chemical shifts were reported in ppm relative
to TMS or referenced to the residual solvent. High-resolution mass spec-
tra were obtained by MALDI-TOF (Voyager DE-STR, Applied Biosys-
tems). Melting points were measured by using a Kofler bench. Glass tran-
sition temperatures 7, were measured by using differential scanning calo-
rimetry (Perkin-Elmer Pyris Diamond) in aluminum caps under nitrogen
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flow at a scan rate of 20°Cmin~' over the temperature range 30-250°C.

Spectroscopic grade toluene was used for spectroscopic measurements.
All air-sensitive reactions were performed under argon using a vacuum
line. The synthesis of compounds 1-8,/! 9,1! 10,1?! fluo2-SP,*! 12,1**! azo-
SP and azo-SP-fluo2®” has been reported elsewhere. Spectroscopic
grade solvents have systematically been used for steady-state and time-
resolved photophysics.

Synthesis of 4-{4-[bis(4’-tert-butylbiphenyl-4-yl)amino Jphenylazo}benzoic
acid (13): A solution of Oxone (89.8 g, 146 mmol, 2 equiv) in water
(450 mL) was added to a solution of 4-aminobenzoic acid (9.99 g,
72.8 mmol, 1equiv) in dichloromethane (110 mL). The solution was
stirred under argon at room temperature for 1 h. The precipitate was col-
lected under vacuum, washed with water, and dried under vacuum over
solid phosphorus pentoxide to yield quantitatively a crude yellow solid
used with no further purification. 4-Nitrosobenzoic acid (570 mg,
3.82 mmol, 2 equiv) was dissolved in a mixture of DMSO/glacial acetic
acid (1:1; 52mL) under argon. Bis(4'-tert-butylbiphenyl-4-yl)-4-amino-
phenylamine 12 (1.0 g, 1.91 mmol, 1 equiv) was added portionwise, mean-
while the pale yellow solution turned deep brown-red. After stirring for
48 h at room temperature, a fine red product formed, which correspond-
ed to the pure compound 13. This was filtered off and washed well with
water (1.2 mg, 95%). '"HNMR (400 MHz, CDCl;, TMS): 6=8.22 (d, *J-
(H,H)=8.7 Hz, 2H), 7.93 (d, *J(H,H)=82 Hz, 2H), 7.88 (d, *J(H,H)=
8.7 Hz, 2H), 7.56 (d, *J(H,H)=82 Hz, 4H), 7.55 (d, *J(H,H)=8.7 Hz,
4H), 7.47 (d, *J(H,H) =82 Hz, 4H), 7.27 (d, *J(H,H) =8.7 Hz, 4H), 7.21
(d, *J(H,H)=8.7 Hz, 2H), 1.37 ppm (s, 18H; —Bu); HRMS (MALDI-
TOF): m/z caled for C,sHy;3N;O, [M1]: 657.3355; found: 657.33498.
Synthesis of methyl 4-{4-[bis(4'-tert-butylbiphenyl-4-yl)amino]phenylazo}-
benzoate (14): SOCI, (0.2 mL, 2.74 mmol, 6 equiv) was added to a solu-
tion of 13 (300 mg, 0.46 mmol, 1 equiv) in anhydrous dichloromethane
(10 mL) under argon. The reaction mixture was heated to reflux for 2 h.
After cooling to room temperature, the residual SOCIl, was evaporated
and the resulting acid chloride was quenched with an excess amount of
anhydrous methanol (5 mL). The solution was stirred at 40°C for a fur-
ther 2 h and evaporated to dryness. After dissolution in dichloromethane,
the solution was successively washed with a saturated solution of sodium
hydrogen carbonate and water. The extracted organic layer was dried
over anhydrous sodium sulfate. Concentration under vacuum followed by
silica gel column chromatography using a 1:1 dichloromethane/petroleum
ether mixture as an eluent afforded 14 (azoE) as an orange-red glassy
solid (145 mg, 47%); T,=68°C. 'H NMR (400 MHz, CDCL, TMS): 6=
8.16 (d, *J(H,H)=8.2 Hz, 2H), 7.90 (d, *J(H,H) =8.7 Hz, 2H), 7.86 (d, *J-
(H,H)=8.2 Hz, 4H), 7.56 (d, *J(H,H)=82 Hz, 4H), 7.54 (d, *J(H,H)=
8.2 Hz, 4H), 7.46 (d, *J(H,H)=8.7 Hz, 4H), 7.27 (d, *J(H,H)=8.7 Hz,
4H), 7.21 (d, *J(H,H) =8.7 Hz, 2H), 3.95 (s, 3H; —CO,CH,), 1.37 ppm (s,
18H; —Bu); "CNMR (75 MHz, CDCl;, TMS): 6=166.8, 159.8, 155.7,
150.3, 147.3, 145.7, 137.6, 137.2, 131.1, 130.7, 128.2, 126.6, 125.95, 125.92,
124.9, 122.4, 121.6, 52.4, 34.7, 31.5 ppm; UV/Vis (toluene): A, (¢)=465
(17900), 330 nm (21100 mol~'dm~* cm™'); HRMS (MALDI-TOF): m/z
caled for CyqHysN;0, [M¥]: 671.3512; found: 671.35063.

Synthesis of 5-[bis(4'-tert-butylbiphenyl-4-yl)amino]-2-nitrobenzyl 4-{4-
[bis(4'-tert-butylbiphenyl-4-yl)amino]phenylazo}benzoate (15): A solution
of acid 13 (112 mg, 0.17 mmol, 1 equiv), 4-(dimethylamino)pyridinium p-
toluenesulfonate (DPTS; 16 mg, 0.05 mmol, 0.3 equiv), diisopropylcarbo-
diimide (DIPC; 32 mg, 0.25 mmol, 1.5 equiv) in anhydrous dichlorome-
thane (12 mL) was added slowly to a solution of alcohol 7 (100 mg,
0.17 mmol, 1 equiv) in dry dichloromethane (12 mL). The reaction mix-
ture was allowed to stir at reflux overnight. Concentration under vacuum
followed by silica gel column chromatography using a dichloromethane/
petroleum ether mixture as an eluent from a 1:1 to 7:3 ratio afforded 15
(azo-fluol) as a glassy red solid (130 mg, 60%); 7,=169°C. 'H NMR
(400 MHz, CDCl;, TMS): 0=8.16 (d, *J(H,H)=9.2 Hz, 1H), 7.96 (d, *J-
(H,H)=8.7 Hz, 2H), 7.86 (d, *J(H,H)=9.2 Hz, 2H), 7.75 (d, *J(H,H)=
8.7 Hz, 2H), 7.58 (d, *J(H,H)=82 Hz, 4H), 7.54 (d, *J(H,H)=8.7 Hz,
4H), 7.53 (d, *J(H,H)=8.2 Hz, 4H), 7.49 (d, *J(H,H)=8.2 Hz, 4H), 7.44
(d, 3J(H,H)=8.5Hz, 4H), 7.39 (d, *J(H,H)=8.5Hz, 4H), 7.31 (d, *J-
(H,H)=2.7 Hz, 1H), 7.28 (d, *J(H,H)=8.7 Hz, 4H), 7.26 (d, *J(H,H)=
8.2 Hz, 4H), 7.22 (d, *J(H,H)=9.2 Hz, 2H), 6.98 (dd, *J(H,H)=9.2 Hz,
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‘J(H,H)=2.7 Hz, 1H), 5.81 (s, 2H; —CH,0CO-), 1.37 (s, 18H; —Bu),
1.30 ppm (s; —tBu); *C NMR (75 MHz, CDCl,, TMS): 6 =165.41, 155.84,
152.87, 151.30, 150.61, 150.43, 147.35, 145.74, 144.22, 138.85, 138.55,
137.61, 137.32, 137.16, 135.71, 133.21, 130.61, 130.48, 128.44, 128.18,
127.89, 126.87, 126.71, 126.61, 125.92, 125.01, 122.59, 121.72, 116.97,
116.24, 64.22, 34.69, 34.64, 31.51, 31.46 ppm; UV/Vis (toluene): A, (&)=
431 (30100), 325 nm (48000 mol'dm~ cm™'); HRMS (MALDI-TOF):
ml/z caled for CgyHg N;O, [M*]: 1223.62831; found: 1223.62815.

Ab initio computations: TD-DFT calculations were conducted using
Becke’s three-parameter hybrid functional and the correlation functional
of Lee, Yang, and Parr (B3LYP) with a 6-31G(d) basis set as implement-
ed in the Gaussian 03 package. Illustrations were obtained with Gauss-
View 3.0.

Steady-state and time-resolved photophysical studies: UV-visible absorp-
tion spectra were recorded using a Varian Model Cary SE spectropho-
tometer. Corrected emission spectra were obtained by using a Jobin—
Yvon Inc spectrofluorimeter (Fluoromax 3) and fluorescence quantum
yields in toluene determined from a solution of Coumarine 540A in
EtOH (®;=0.38)!*! absorbing equally at the excitation wavelength. Fluo-
rescence intensity decays were measured by the TCSPC method with a
femtosecond laser excitation at 410 nm provided by a Spectra-Physics
setup composed of a titanium—sapphire Tsunami laser pumped by a dou-
bled YAG laser (Millennia), pumped itself by a two-laser diode array,
and doubling LBO crystals. Light pulses at 820 nm were selected by opto-
acoustic crystals at a repetition rate of 4 MHz, and then doubled at
410 nm. Fluorescence photons were detected at 600 nm through a mono-
chromator by means of a Hamamatsu MCP R3809U photomultiplier,
connected to a constant-fraction discriminator. The time-to-amplitude
converter was from Tennelec. Pulse deconvolution was performed from
the time profile of the exciting pulse recorded under the same conditions
by using a Ludox solution. The fluorescence data were analyzed by a
nonlinear least-squares global method using the Globals software pack-
age developed at the Laboratory for Fluorescence Dynamics at the Uni-
versity of Illinois at Urbana-Champaign, and fluorescence lifetime meas-
urements.

Photoisomerization kinetics: Photoisomerization of the azo compounds
was recorded on magnetically stirred solutions (absorbance close to 1)
using as an excitation source a continuous Hg-Xe lamp (Hamamatsu
LC8) equipped with a narrow bandpass filter at 485 nm (22 nm fwhm).
The in situ photodynamics of the E—Z reaction was followed by using a
white light probe (Xe 75 W) and a CCD camera coupled with a spec-
trometer (Princeton Instruments). Back thermal reaction constant was
valued from recording the absorbance change from the PSS by using a
Cary 5E spectrophotometer.

Ultrafast transient absorption spectroscopy: The femtosecond transient
absorption setup was described elsewhere. Briefly, an amplified Ti:sap-
phire laser system (Spectra-Physics Hurricane) equipped with two optical
parametric amplifiers (OPAs) was used to produce an approximately
100 fs laser pulse train at a repetition rate of 1 kHz. The probe beam was
provided by white light generated by focusing a small amount (20 pJ per
pulse) of the fundamental beam (800 nm) on a sapphire plate or on a
stirred 2 mm water cell. The probe beam was then focused on the
sample. The transmitted light was coupled to the detectors by optical
fibers. An Ocean Optics (Si, 2048 px) plug-in card diode array was used
for the UV-visible region (200 1100 nm). To probe a homogeneously ex-
cited area, the pump beam was focused to an area of around 0.25 mm?
and the probing area was kept to approximately 0.1 mm?® The samples
used for this measurement were prepared so that the solution absorbance
was about 1 in a cuvette of 1 mm thickness. To avoid accumulation of the
Z isomer after each excitation pulse and ensure full recovery of the initial
state, the samples were first prepared in the photostationary state upon
irradiation at 485 nm using a continuous light, and kept under light
during each series of pump—probe experiments. Global analysis of the
transient absorption data was performed using Igor Pro (version 5.0.3).
In all cases three or four exponential functions convoluted with a Gaussi-
an function representing the instrumental response were used to fit a
data set. The width of the Gaussian was fixed at the best value obtained
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from the fits at single wavelengths, and its value was about 200 fs (fwhm)
in all cases.

Surface relief gratings: A complete description of the holographic setup
has been reported elsewhere.”! Thin films were fabricated by spin-coat-
ing concentrated solutions (1 to 4 wt %) of the azo compound in chloro-
form, and subsequently dried under vacuum. Surface relief gratings were
inscribed by means of a continuous ion argon laser working at 488 nm.
Peak-to-trough amplitude was measured by atomic force microscopy
working in a tapping mode (Veeco, model Explorer). Refractive index
measurements were performed by ellipsometry by using a spectroscopic
ellipsometer Jobin—-Yvon Horiba UVISEL-SE working from the UV to
NIR range (250 to 1100 nm). Thickness measurements were independent-
ly performed by means of a Dektak 6M stylus profilometer (Veeco).
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