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ABSTRACT: Designing azobenzene photoswitches capable of selective and efficient photoisomerization by long wavelength
excitation is a long-standing challenge. Indirect excitation can expand the properties of the photoswitching system beyond
the intrinsic limits of azobenzenes. Herein, a rapid Z-to-E isomerization of two ortho-functionalized azobenzenes with near-
unity photoconversion was facilitated via triplet energy transfer upon red and near-infrared (up to 770 nm) excitation of
porphyrin photosensitizers in catalytic micromolar concentrations. Our results indicate that the whole process of triplet-
sensitized isomerization is strongly entropy-driven. This ensures efficient Z-to-E photoswitching even when the azobenzene
triplet energy is considerably higher (>200 meV) than for the sensitizer, which is the key for the expansion of excitation

wavelengths into the near-infrared spectral range.

Azobenzenes are widely utilized as photoswitches to
enable light as a versatile and efficient stimulus for
functional materials.»? The spatiotemporal precision and
non-invasiveness of light are especially desired to control
biological functions.3* Developing azobenzenes with
suitable properties, such as excitation wavelengths or
lifetime of the metastable cis-isomer, typically requires
structural modification; a complex approach that generally
involves extensive computational studies and synthesis. For
example, ortho-functionalization of azobenzenes is an
established approach to create photoswitches with
extremely long cis-lifetime,®-8 which are the key to systems
with effective photoswitching in both directions and precise
control of the isomer composition. In addition to thermal
relaxation or direct excitation of the azobenzene,
isomerization can be effected in various indirect ways, such
as  photoinduced electron  transfer®!l,  photon
upconversion'?1® and triplet sensitization!®14-17. Thus,
indirect excitation allows tailoring and expansion of the
photoswitching properties of the system beyond the
capabilities of the azobenzene itself.

Triplet-sensitized Z-to-E isomerization of azobenzenes is
especially viable due to its reversibility, non-destructivity
and near-unity conversion into the E-isomer.'*1718 [n
previous reports the triplet sensitizers have been excited in
UV-to-yellow (<580 nm) range. However, the capabilities of
potent red and NIR-absorbing triplet sensitizers, such as
porphyrins, have not been utilized in azobenzene
photoswitching. Thus, we set out to study this approach and
explore  the limits of the triplet-sensitized
photoisomerization wavelengths. Due to the optical
properties of tissue, photoswitching systems capable of
operating under red or even near-infrared (NIR) light are of
particular interest for biomedical applications.+19-22

Here we demonstrate triplet-sensitized Z-to-E
isomerization of azobenzenes under red and NIR excitation
and establish its efficiency with detailed kinetic studies. We
have employed a NIR-absorbing porphyrin, PANP (Pd(II)
meso-tetraphenyltetranaphthoporhyrin?3-25)  and  two
commercially available red-absorbing porphyrins, PdP and
PtP (Pd(ID and Pt(1I) meso-
tetraphenyltetrabenzoporphyrin, see Chart 1), as triplet
photosensitizers. The sensitizers were paired with
tetrafluoroazobenzene (TFAS:26) and
fluoropyrrolidineazobenzene (FPA?7, see Chart 1). Both of
these ortho-functionalized azobenzenes exhibit efficient
photoisomerization (>80 % conversion to both Z- and E-
isomers) under visible light ex citation and remarkably long
thermal half-lives (days). TFA requires blue-light (410 nm)
for Z-to-E photoisomerization. Contrarily, Z-FPA absorbs,
although weakly, red light and thus it was used to compare
photoisomerization under direct and triplet-sensitized
excitation.



Chart 1. Sensitizers and azobenzenes used in this study.

— PdP/PtP
---  PdNP

All experiments were conducted in DMSO. Since triplet
sensitizers generate reactive oxygen species under
illumination, bis(methylthio)methane was added as an
oxygen scavenger.28 To study the triplet energy transfer
(TET) from PdP and PtP to the azobenzenes, we performed
quenching studies by measuring the phosphorescence
lifetimes of both sensitizers in the presence of E- or Z-
isomers of both azobenzenes. The resulting Stern-Volmer
plots of the quenching studies are shown in Fig. 1. The
Stern-Volmer rate constant (Kgy) yielded by the linear fit on
the quenching data was then used to evaluate the rate
constant of triplet energy transfer:

Krer = KTS;)V: (1)
where 1, is the unquenched phosphorescence lifetime of
the sensitizer (260 ps and 46 ps for PdP and PtP,
respectively). The quenching experiments are discussed in
more detail in the Supporting Information.
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Figure 1. Results of the phosphorescence quenching. Stern-
Volmer plots and the corresponding Kgy values of (A) TFA and
PdP, (B) TFA and PtP, (C) FPA and PdP and (D) FPA and PtP.

kgt values were then used to calculate the triplet energy
gap (AEt) between the sensitizer and azobenzene triplet
states:??

AET Kaiff

= (1) )
where kg is the Boltzmann constant, T is the temperature
and kg;¢r (= 1.1 x 10° M-1s'1) is the diffusion rate constant of
the system (see SI). Finally, the obtained AE; values were
used together with the sensitizer triplet energies (1.55 and
1.61 eV for PdP and PtP, respectively, see Fig. S3) to evaluate
the triplet energies (Er) of the azobenzenes in both E- and
Z-isomers. To our knowledge, these are the first reported
triplet state energies of ortho-substituted azobenzenes. The
krgt, AET and Eg values of each pair are shown in Table 1.

Table 1. Rate constant of triplet energy transfer (Krer),
triplet energy gap (AEt) between sensitizer and azoben-
zene, and the triplet energy (Er) of the azobenzene de-
rived from the quenching results.

Pair kreT AET AET Er

(M-1s-1) (ksT) (meV) (eV)
E-TFA/ PdP | 8.7 x 108 -1.3 -34 149 -
E-TFA/ PtP | 1.1 x 109 -4.7 -120 1.52
Z-TFA/ PdP | 8.1 x 108 -1.0 -26 152 -
Z-TFA/ PtP | 9.7 x 108 -2.0 -52 1.56
E-FPA/PdP | 2.8 x 108 1.1 29 158 -
E-FPA/PtP | 3.6 x 108 0.7 18 1.63
Z-FPA/ PdP | 2.4 x 108 1.3 34 158 -
Z-FPA/ PtP | 2.2 x 108 1.4 36 1.65

Interestingly, the Z-isomers of TFA and FPA have higher
Er than the E-isomer, which appears contrary to the
unsubstituted azobenzene (Er of Z-isomer 29 kcal/mol i.e.
1.29 eV), whereas the Et values of E-TFA and E-FPA are
comparable to the previously reported values for
unsubstituted and para-substituted azobenzenes (33-35
kcal/mol i.e. 1.43-1.52 eV). The kinetic results also reveal
the thermodynamics between the sensitizer and
azobenzene: triplet energy transfer from both PdP and PtP
appears exothermic to TFA (negative AEt), while the lower
values of kigr between the sensitizers and FPA indicate
endothermic energy transfer (positive AEt).

Equipped with these findings, we employed both PdP and
PtP for photoswitching of TFA and FPA, in order to study the
effect of the triplet energetics on the photoisomerization. In
agreement with previous works!41617, E-to-Z isomerization
was negligible when exciting the sensitizer. This was
observed although TET is more affordable to the E-isomer
than to the Z-isomer for both TFA and FPA (vide infra).
However, after isomerizing the azobenzenes to their Z-
configuration by directly exciting the E-isomer (525 nm for
TFA and 405 nm for FPA), rapid and nearly complete Z-to-E
isomerization could be readily induced under 640 nm
excitation using catalytic amounts (1.8 uM i.e. 1.2 mol % of
the azobenzene) of each sensitizer (see Fig. 2). An
exponential function was fitted to the isomerization data to



extract the rates of isomerization (r;_z). The resulting fits
are shown in Fig. S12-S16. The rates of the Z-to-E
isomerization are clearly increased by orders of magnitude
by using indirect excitation via the triplet energy transfer
route. For example, the photoisomerization rate of FPA by
triplet sensitization was over 100 times faster than under
640 nm direct excitation (3.10 min-! versus 0.028 min-). As
expected, no isomerization of TFA without sensitizers was
observed under 640 nm excitation. Notably, the sensitized
photoswitching of FPA, to which TET is endothermic and
thus slower, appears as rapid as photoswitching of TFA.
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Figure 2. The absorption spectra of the photoswitching
systems consisting of PdP and PtP and TFA (A) and FPA (C) and
their photoisomerization curves (B) and (D). The colored
sections indicate the wavelength and time ranges used for
photoswitching. Excitation light is on during the times
indicated by the representative colors. Gray lines in (A) and (C)
indicate the wavelength used for monitoring the isomerization.
The observed partial E-to-Z isomerization of the azobenzenes,
especially in case of TFA due to its small molar extinction
coefficient at 525 nm, is caused by competing absorption
between the azobenzene and the sensitizer.

The conversion efficiency of the sensitized Z-to-E
isomerization (®,_;) was determined from the curves as
the ratio of initial (dark) and final (achieved upon
sensitization) absorbances. All values were close to unity,
and only a minor difference on the conversion efficiency
was observed between TFA and FPA. r;_ and ®,_,; values
of each sensitizer/azobenzene pair are shown in Table 2.

Table 2. Rates (r;_z) and efficiency (®;_) of the pho-
toisomerization under 640 nm excitation.

Pair TFA/ TFA/ FPA/ FPA/
PdP PtP PdP PtP
I'z-E 3.10 0.50a 3.10 0.49a
(min-1)
Dyp 99 99 9% 9%
(%)

a The smaller @, yielded by PtP results mainly from
smaller spectral overlap between its absorption and the excita-
tion (see Fig. 2).

Surprisingly, the sensitizers appear to catalyze the Z-to-E
isomerization of FPA also in the dark (see Fig. S18). This
increase in the rate of the thermal isomerization is
especially pronounced with PtP as the contribution of the
dark reaction to the overall observed rate is 31 % (0.15 min-
1. In case of FPA/PdP, the contribution is only ca. 2 % (0.06
min-1). Also, the free base of the porphyrin (HzP) catalyzes
the isomerization of FPA in the dark (0.09 min-!). This
catalytic effect is perhaps a result of ground state
coordination3%3! between Z-FPA and the porphyrin. FPA has
three m donors in ortho- and para-positions and only one
electron-withdrawing fluorine substituent, increasing the
affinity of the azo bridge to an electron-deficient site such as
a metal cation. The effect is not observed with the
drastically electron-poorer TFA, which supports this
explanation.

To better understand the observed results of triplet-
sensitized photoswitching and the considerably increased
isomerization rates, we conducted an analysis of the
underlying reaction mechanisms that can be described with
the following set of equations:1417

3$* 4 B-Azo S + 3Az0" (3)
3§ 4 Z-Az0 LS + 3Az0" 4)
3Az0" 2 FoAzo (5)
3Az0" 2 7Az0 (6)

where S is the sensitizer, superscript 3 is the triplet state,
ISCis intersystem crossing between singlet and triplet state
and k denotes the rate constant of each process. kgr.z and
Krgr.7 are determined experimentally and given in Table 1.
It is also important to notice, that 3Azo* can be considered
as a common state between the isomers, since there is no
energy barrier associated with the CNNC twist in the triplet
manifold.'832 While there are no direct observations
reported on the triplet lifetime of azobenzenes, the
commendable computational work!® by Cembran et al.
estimates kjgc.zas 1011 s'1. The ultrafast ISC results from the
degeneracy between the minimum of the triplet state and
the intersection between triplet state and ground state of E-
Azo. Since the photostationary composition yielded by
sensitized isomerization can be derived from the equations
above as!417

[£Azo] _ krer-zkiscs 7)
[#Az0]  krgrgkisc.z’
we can use ®,_ and the TET results to estimate relative



kisc.z for TFA (10° s'1) and FPA (3 x 109 s'1), corresponding
roughly to 1-3% of kisc.z This also explains why triplet
sensitization of azobenzene leads almost exclusively to E-
isomer.1417.18

Based on the isomerization kinetics, even endothermic
TET (as is the case with FPA) is apparently capable of
driving isomerization efficiently. This indicates that the
whole process of triplet-sensitized isomerization is largely
entropy-driven3334, since the rate of the isomerization is
fairly decoupled from the change in enthalpy involved in
TET. The change in entropy (AS) of TET is33
[ZAzo][ 38"

AS = kyIn (7[51[ 3A[m*]]>. ©)

The ultrafast crossing between the triplet state and the
ground state of E-Azo (Eq. 5) leads to [ 3Azo*] & [#Azo],
[35*], [S] and ensures a large entropy component in the
triplet-sensitized isomerization. This also effectively
eliminates the azobenzene-to-sensitizer reverse TET.34
Therefore, even photosensitizers with considerably lower
triplet energies are still capable of sensitizing the Z-to-E
isomerization of azobenzenes, which enables the expansion
of excitation wavelengths to deeper red and even into NIR.

Prompted by this finding, we paired TFA with PdNP, a
sensitizer with triplet energy of 1.30 eV and strong
absorption in the NIR (see Fig. S2 and S4). The triplet energy
gap of this pair is thus =220 meV, i.e., 8.5 ksT and as a result,
TET is highly endothermic. Nonetheless,
photoisomerization under 740 nm excitation was, to our
delight, efficient despite this remarkably high endothermic
energy gap (see Fig. 3). PANP was capable of sensitizing
isomerization of TFA even under 770 nm excitation (r;_g =
0.93 min‘t, see Fig. S14).
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Figure 3. Absorption spectrum of PANP and TFA (left) and the
photoisomerization curve (right) under 525 nm (green color)
and 740 nm (dark red) excitation with the resulting rate of
isomerization.

Thanks to the bistable nature and rapid triplet-sensitized
isomerization of TFA under NIR excitation, the isomer
composition can be precisely controlled by modulating the
excitation dose (duration and/or intensity). This stepwise
photoisomerization by dosed excitation is shown in Fig. 4.
Repeatable cyclic switching between isomers is also
typically desired for applications of photoswitching. This
can be achieved in triplet-sensitized photoswitching
systems by alternating excitation of azobenzene and
sensitizer as shown in Fig. 4 No discernible change in the
rate of the sensitized isomerization and only slight decrease
in efficiency (less than 10 %, likely due to photobleaching)
was observed in 10 cycles. Photoswitching is achievable

even in presence of oxygen (Fig. S19), when the effects of
singlet oxygen generated by the photosensitizer are
mitigated by employing oxygen-scavengers.
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Figure 4. Stepwise photoisomerization (above) of TFA by ex-
citing PANP with 10 s (last two were 20 s) doses of 740 nm ex-
citation (dark red bars) in 5 min intervals. Cyclic photoswitch-
ing (below) of TFA/PdNP with 10 cycles of alternating 525 nm
(direct excitation of E-TFA, green sections) and 740 nm (exci-
tation of PANP, dark red sections).

In summary, we have shown that photoisomerization of
ortho-functionalized azobenzenes via triplet energy
transfer is rapid with near-unity efficiency under red and
near-infrared (up to 770 nm) excitation. Detailed studies of
the kinetics indicate that triplet-sensitized isomerization is
largely entropy-driven. Thus, even sensitizers with triplet
energies considerably lower than for the azobenzenes used
are still capable of effectively sensitizing the isomerization.
Combined with the desirable use of red/NIR excitation,
precise control of isomer composition, and repeatable cyclic
isomerization, we envision that this approach will emerge
as a potent tool for low-energy photoswitching in light-
responsive materials.
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