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Abstract

Phenyl azopyrazole photoswitches proved to be valuable structural motifs for various
applications ranging from materials science to medicine. Despite their potential, their
structural diversity is still limited and a larger pool of substitution patterns remains to
be systematically investigated. This is paramount as electronic effects play a crucial
role in the behavior of photoswitches and a deeper understanding enables their

straightforward development for specific applications.



In this work, we synthesized novel N-acyl pyrazole-based photoswitches and
conducted a comparative study with 33 phenyl azopyrazoles, comparing their
photoswitching properties and the impact of electronic effects. Using UV-Vis and NMR
spectroscopy, we discovered that simple acylation of the pyrazole moiety leads to
increased quantum yields of isomerization, long Z—-isomer lifetimes, good spectral

separation, and high photostability.
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Introduction

Organic photoswitches are molecules reversibly changing their optical and chemical
properties upon irradiation. These features offer easy, precise, and reversible control
over the system they are embedded in and make them attractive modulators for diverse
applications. In the last decades, many classes of photoswitches have been described
and extensively studied.’> Among these, azobenzenes belong to the most common
ones.® They were firstly explored almost 200 years ago* and initially used mainly as
dyes or pigments.® Relatively recently, azobenzenes started to become an important
part of state-of-the-art technologies ranging from energy-storage materials®’ to
pharmacology,®1! material chemistry,123 control of peptides structure!4> or
proteins,® as antibacterial agents,”'® smart coating,'® or multivalent photoresponsive
systems,2%21 to only name a few examples.

Azobenzene and its derivatives show two characteristic absorption bands, namely a
m—17* transition around 330 nm and an n—1* one around 450 nm, respectively.?? The

molecule can populate the thermodynamically metastable Z isomer by addressing



these transitions in the thermally stable E form. The relative position of the absorption
bands in the azobenzene derivatives depends on the substitution pattern on the
aromatic rings, which can act as a handle to affect the absorption properties of the
compound class.?® For instance, push-pull systems or the introduction of tetra-ortho
substituents were reported to either bathochromically shift the UV-Vis absorption
spectrum or lead to a better separation of the n—m* bands of the two photoisomers
and allow for visible-light responsive switches.?4-27

In recent years, heteroaryl azobenzene derivatives have revealed superior properties
to classical azobenzenes. Heterocyclic rings offer, for example, enhanced polarity,
electron pairs for metal coordination,?® better water-solubility, and variable pKa.?30
Special attention has been given to 5-membered N-heterocyclic azobenzenes, which
not only maintain the azobenzenes properties but often show higher quantum yields
and increased thermal half-life of the metastable state. For the half-life, the choice of
the heterocycle is crucial, as revealed through density functional theory (DFT)
calculations, which showed that a 5-membered ring promotes the stability of the Z-
isomer.3! Within these, azo-photoswitches based on a 1,3,5-trimethyl pyrazole ring
(phenyl azopyrazole; PAP) became particularly popular, showing almost quantitative
back and forward photoswitching and high thermal stability.3> Moreover, 1H-pyrazoles
derivatives®® and aryl azopyrazolium3* compounds were investigated in detail and
allowed to correlate thermal relaxation rates and steric or electronic effects as well as
mechanistic peculiarities, which has been in the spotlight recently for different classes
of azobenzenes.3®

Despite these studies, the variety of substitution patterns in PAPs is limited compared
to classical azobenzenes and remains to be better understood. Interestingly, Leistner
et al. recently reported that introducing a formyl group in para position of tetra-ortho

fluoro or chloro substituted azobenzenes leads to the decrease of the HOMO-LUMO
3



gap resulting in a significant 50 nm bathochromic shift of the n—m* absorption band
further moving their UV-Vis absorption spectrum towards the therapeutic window.3¢
Moreover, a similar modification in stilbene-based photoswitches and molecular
motors showed an increase in performance and photoisomerization quantum yield.37:38
Consequently, we were interested to study the photoswitching properties of eleven
novel N-acetylated analogous NAc-PAPs and the influence of substituent effects.
Furthermore we compared their photochromism with a set of 22 known N-methylated

(NMe-) and unfunctionalized (NH-) PAPs.

Results and Discussion

Synthesis

The PAPs in this study were obtained in a straightforward, three-step metal-free
synthesis from commercially available aniline derivatives adapting known
procedures.3?3% An overview of the compounds used in this study and their synthesis
is displayed in Figure 1. First, a diazotization of a given aniline (1) and reaction with
2,4-pentanedione gave intermediate 2, with yields which strongly depended on the
residue in para-position. Specifically, the residues bearing an electron donating group
(EDG) such as -OMe or -OH showed low yields because of the poor reactivity of the
diazonium salt. When strong electron-withdrawing groups (EWGSs) were introduced,
the yield was also reduced, likely due to the low nucleophilicity of the aniline derivative
and the ineffective formation of a diazonium salt. An annulation reaction of compound
2 was performed with either hydrazine or methyl hydrazine to yield NH-PAPs or NMe-
PAPs, respectively, in high to quantitative yields. The NAc-PAPs were synthesized via

an acetylation reaction of NH-PAPs with acyl chloride, forming the novel NAc-PAPs.
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Figure 1: Reaction pathway for synthesizing NH-substituted, methylated-, and acetylated
arylazopyrazoles. A) NaNO2z, AcOH+HCI at 0°C then 2,4-pentanedione, NaOAc in EtOH+H:0, reflux
B) MeNHNHz, EtOH, reflux C) NH2NH2, EtOH, reflux D) AcCl, NaOAc in DCM, 0 °C to rt.

UV-Vis Absorption Spectroscopy

With a set of photoswitches at hand, we studied the obtained PAPs through UV-Vis

absorption spectroscopy. The photochemical properties are summarized in Table 1.

All compounds show absorption maxima in the range of 330—-370 nm in CH3CN, which

corresponds to the strongly allowed m—1r* transition, while the weaker n—m* band

shows absorption maxima in the range of 410-545 nm in CHsCN.

Table 1:

Photophysical properties of synthetized PAP derivatives in CHsCN. (*transition band appears

as shoulder)

NH-PAP NMe-PAP NAc-PAP
R Amax [nm] &(m -m*) Amax [nm] &(m-m*) Amax [nm] &(m-m*)
' 10° 103 10°
m-m* n-m* m-mr* | n-m* m-m | n-m*

[mol/cm 1] [mol/cm 1] [mol/cm 1]
OH 342 415* 16.8+ 0.5 345 * 18.0+0.3 344 443 13.0+0.1
OMe 344 410 189+0.8 345 * 194+11 344 447 28.3+04
Me 336 413* 19.1+0.9 338 434 21.8+1.3 333 425 241+04
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330 440 18.9+0.1 337 433 195+1.1 327 427 245+ 04

F 332 437 17.2+0.7 335 435 173+ 0.5 327 426 20.2+0.1
Cl 336 441 209+ 0.6 341 447 221+11 333 414 26.9+0.3
Br 341 450 17.8+0.5 343 451 27.1+0.1 334 429 25.2+0.2
I 343 451 242+0.1 347 445 221+13 340 422 29.1+0.6
CFs 335 442 16.3+0.1 341 444 23.3+0.1 324 435 23.5+05
CN 345 448 241+14 352 451 13.8+0.2 333 444 27.3+05
NO:2 361 449 21.3+1.0 368 * 13.8+0.1 345 448 26.4+05

The introduction of methyl and acyl groups on one nitrogen of the pyrazole ring led to

a hyperchromic effect and a minor bathochromic shift. Also, the introduction of an EDG

or EWG on the R position led to minor hyperchromic effects and a bathochromic shift

(exemplary UV-Vis absorption spectra of NAc-PAPs are displayed in Figure 2 and a

full set is available in the SI, section 3.5). In the case of EWGSs, we observed positive

hyperchromic effects while for EDGs negative hyperchromic effects compared for NH-

and NMe-PAP-H.
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Figure 2: UV-Vis absorption spectra of selected NAc-PAPs derivatives in CH3CN. The strong m—m*
can be observed in the region of 330-360 nm.




Photochemical Isomerization

Upon irradiation with a 365 nm LED (exemplarily displayed for NMe-PAP-CN in Figure
3), we observed a decrease of the m— 1 band for the E—-isomers. Simultaneously the
m—17* bands around 280-369 nm and the n—m* bands around 426—-457, respectively,

of the Z—isomers increased until reaching the photostationary state (PSS).

A) B)

08 & & & & & & & O A N &

0,64

0.4+

Absorbance (a.u.)

0,2=
A A L A J A A A A A A & 4 A Q4

4 - - ] . o a,n T T T
200 250 300 50 400 450 500 550 600 u} 5 10 15 20

Wavelength (nm) Switching Cycles

Figure 3: A) Time-resolved UV-Vis absorption spectra of NAc-PAP-CN upon 365 nm irradiation
(12.5 pM in CH3CN, at 25°C). B) Absorbance of the same sample at 365 nm (A, zesnm) after reaching
PSS365 or PSS4%5, respectively to show the recyclability.

The UV-Vis absorption spectra of the Z—isomers show a more intense n—1r* transition
and less intense m—1* absorption band compared to the E-isomers, because of the
loss of the molecule’s planarity.34° In table 2 the absorption maxima of Z-PAP
derivatives in CH3CN are summarized. For EWGs, such as CFs, CN, or NOz2, the
absorption maxima are redshifted, while for EDGs, such as OH or OMe, they are
shifted towards the blue. Especially for NAc-PAPs, we observe a higher spectral
separation of the m—m* and the n—m* transitions of the Z—isomers compared to NMe-
PAPs and NH-PAPs. For instance, the separation for the m—1r* transition band and

the n—m* is 187 nm for NAc-PAP-CN, while for NMe-PAP-CN 138 nm and for NH-

PAP-CN 102 nm are found.



Table 2: UV-Vis absorption maxima of Z-PAP derivatives in CH3CN (obtained through 365 nm
irradiation to the corresponding PSS365).

NH-PAP NMe-PAP NAc-PAP
R Amax [nm] Amax [Nm] Anmax [nm]
T -17* n -m* m-1T* n-mr* T -17* n-rr*

OH 304 436 307 435 309 445
OMe 307 426 307 411 307 445
Me 331 457 301 456 279 439
300 433 358 455 280 442
334 441 299 445 280 442
Cl 358 454 302 456 277 437
Br 366 452 302 457 275 435

I 366 455 366 456 279 445
CFs 369 453 304 442 253 440
CN 361 463 311 457 265 441
NO2 350 463 372 485 280 448

Subsequent illumination with a 445 nm LED led to the formation of the E—isomer, which
is accompanied by an increase of its m—* band until reaching the PSS#4°, However,
judging from the intensity of the E-isomers’ m—m* band, the photostationary
distribution (PSD) of the initial dark state could not be fully regenerated by
photochemical means for all 33 PAPs (vide infra, ex-situ NMR measurements and
thermal half-lives).

The recyclability of NH-PAPs was previously studied by Rustler et al. by altered
irradiation with 365 and 420 or 455 nm light, showing a great photostability of these
compounds.® We performed the same experiment on our NAc-PAPs (see Figure 3
and section 3.2 in the Sl) and did not observe any fatigue after 10-20 cycles of

photoswitching, showing high photostability also of NAc-PAPs.

Table 3: PSS distribution of various NAc-PAP derivatives. (nd = not determined; relaxation towards
the Z—isomer is to fast)

365nm 365nm 445nm 445nm
E: Z UV-Vis E: ZNMR E: Z UV-Vis E:ZNMR




OH 8:92 nd 81:19 nd
OMe 10:90 5:95 76:24 78:22
Me 96:4 4:96 77:23 77:23
22:78 22:78 81:19 81:19
F 8:92 8:92 79:21 79:21
Cl 16: 84 4:96 73:27 75:25
Br 2:98 4:96 77:23 75:25
I 6:94 6:94 75:25 75:25
CFs 17:83 17 .83 78:22 78:22
CN 15:85 5:95 78:22 78:22
NO; 14 : 86 27:73 84:16 88:12

To quantify the extent of photoisomerization, the isomer distributions of NAc-PAPs at
the PSS36° and PSS#4° were investigated using UV-Vis and NMR spectroscopy. For
the ex-situ *H-NMR irradiation experiments, we irradiated our samples in a cuvette until
the PSS was reached and measured immediately afterwards the H-NMR. We
compared these results to simply estimating the isomer distribution at the PSS (cf. S
section 3.1) from the UV-Vis spectra and observed good agreement, meaning the
results from UV-Vis spectroscopy can be used for rough PSD estimation, due to good
spectral separation of the isomers. Since we encountered fast back isomerization only
for NAc-PAP-OH (vide infra), the PSDs could only be determined from the UV-Vis
spectra.

NAc-PAPs showed high to quantitative formation of the Z—configurated isomers. For
example, NAc-PAP-Br showed an isomerization distribution of 98 % Z by UV-Vis and
96 % Z by *H-NMR. EWGs, such as NAc-PAP-CFs, on the other hand, showed a lower
PSD for the Z—isomer of 83 % by both UV-Vis and 'H-NMR spectroscopy. For NMe-
and NAc-PAPs, we observed increased Z-content to almost quantitative

photoisomerization after 365 nm illumination for most cases compared to NH-PAPs.



For NMe-PAPs, West et al. attributed this to a pronounced spectral separation between
the m—m* bands of E and Z-isomers, which we also found for NAc-PAPs.*?

For the back isomerization with 445 nm light, favoring the E—isomer, we observed that
the amount of E-isomer present in the dark state could not be reached for any of the
NAc-PAPs. For example, for NAc-PAP-Cl 77 % of the E—isomer could be reformed
and for NAc-PAP-NO2 84 %. Since we observed for NAc-PAPs a decrease of spectral
separation of the n—m* bands for the E and Z—-isomers, a non-quantitative PSD upon
irradiation with 445 nm can be explained by the presence of a competing E—~Z
isomerization at the same wavelength. In general, NAc-PAPs show only a minor
substitution effect on the PSD upon irradiation with 365 or 445 nm LED light.

Next, we studied the photoisomerization quantum (QYs) yields ®e-.z and ®z-.e and
the impact of substitution effects on the para position, using two types of LEDs (365nm
and 445nm, details see SI, section 3.5). The values determined are provided in Table

4.

Table 4: Quantum yield values for the E—~Z and Z—E photoisomerization of PAP derivatives with the
corresponding 365 nm and 445 nm LED in CHsCN. (nd = not determined)

X=H | X=Me | X=Ac | X=Ac
R: - [%)] n-17* [%]
OH | 33 | 44 56 nd

OMe | 29 | 38 65 28
Me | 18 | 45 44 31
H 11 | 22 12 30

29 | 56 72 61

cl | 26 | 36 59 42
Br | 21 | 32 55 39
| 29 | 40 45 32

CFs | 25 | 27 69 30
CN | 25 | 26 26 10
NO. | 21 | 18 16 20
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For ®e_z, we could observe for nearly all NAc-PAP derivatives, higher values
compared to NMe-PAPs, followed NH-PAPs in a descending order. For example, for
NH-PAP-CF3 we found a QY of 25 %, which went towards 27 % for the NMe-PAP-CF3
and finally to 69 % for the NAc-PAP-CFs. Especially for EDGs and weak EWGs, the
NAc-PAPs showed higher @&z compared to NMe-PAPs and NH-PAPs, while strong
EWGs show a higher to equal ®¥&e-z. Interestingly, for R= Me and H, we recorded higher
QY in NMe-PAPs than in NAc-PAPs (22% and 45% for R = H and R = Me in NMe-
PAP vs 14% and 44% for the acetylated ones).

In contrast to the excitation of the m—1r* state in NAc-PAPSs, the isomerization process
varies in efficiency when the n—1r* transition is selectively addressed, with similar or
markedly reduced quantum yields. A deviation from Kasha's rule with the opposite
outcome (viz. the quantum yield of isomerization proceeding from the excitation of the
m—17* state is lower than the one from the n—m*) is reported in various studies on
azobenzene.®34! In our case, we could not find a quantitative correlation between the
R-substituents and ®e-z, however some trends can be observed; EWG and EDG lead
to higher ®e-.z for the m—m* transition, while the opposite can be seen for the n—m*
transition. We also observed increased numbers for the ®e_.z of m—m* for NMe-PAPs
compared to NH-PAPs. However, the highest values were observed for our newly
synthesized NAc-PAPs. For example, for NH-PAP-CF3 we observed that the ®e-.z
has a value of 25 %, for NMe-PAP-CF3 27 %, while for NAc-PAP-CF3 we observed an

increase of @e_z to 69 %.

Thermal Half-Lives

The metastable Z-isomers can be converted back to the thermodynamically favored
E—form by thermal means. Four mechanisms were predicted using quantum chemistry

to describe the Z—E isomerization in azobenzenes, namely: rotation, inversion,
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inversion-assisted rotation, and concerted inversion depending on the structure of the
azobenzene.*1~%> For PAPs, Calbo et al. showed by DFT calculations, that the
inversion mechanism is one of the fastest relaxation mechanism for heterocyclic
azobenzenes (typically for most of the azo dyes?*¢). However, the nature of the
mechanism is still a matter of current debate, and additional factors, such as the
presence of tautomerizeable groups,*’4® and the involvement of the triplet state,°
appear to play a role.

Specifically, the rotation mechanism does not explain the low activation entropy
observed in azobenzene systems® sparking new discussions on the possibility of
alternative isomerization pathways.®®* Recently, Reinmann et al. computationally
showed that the involvement of a triplet state mechanism, which crosses the transition
state for the Z—E relaxation, could explain the low values of the activation entropy.
The same authors also showed experimental evidence for this proposal by an external
heavy atom effect on Z—E isomerization.

To understand the thermal Z—E isomerization in our newly synthesized NAc-PAPs,
we recorded the process by time-resolved UV-Vis absorption spectroscopy and
calculated the thermal half-lives of back isomerization (Table 5 and SlI, section 3.6).
EDGs and weakly EWGs, such as halogen residues, exhibited thermal half-lives for
thermal back isomerization in the range of days. For instance, NAc-PAP-CI or -Br
converts back to the form with half-lives of roughly 1.5 days. In contrast, NAc-PAP-H
or -Me demonstrated significantly longer thermal half-lives, ranging from 9 days to 21.5
days. Notably, NAc-PAP-OMe, with a thermal half-life of 4.38 days, extends the
thermal half-life significantly compared to the 19.7 minutes observed for NH-PAP-

OMe.

12



Table 5: Overview over thermal half-lives for NAc-PAPs in CH3sCN at 30°C.

R: 112 [d]
OMe 4.38
Me 8.97
H 215
F 13.3
Cl 151
Br 1.57
I 3.26
R T2 [9]
OH 19.0
CFs 1992
CN 696
NO: 608

We subsequently analyzed the electronic effects on the thermal relaxation rates in our
NAc-PAPs using Hammett parameters for the substituents in para-position and found
a trending behavior (cf. Figure 4). Specifically, the Hammett plot shows linear trends
for both EWGs and EDGs, with a minimum for electron-neutral R =H and R = OH as
an outlier, likely due to a contribution of tautomerization.5! Both linear fits show high slope
values, indicating a great dependency on the nature of the substituent. The observed trend
behavior indicates an apparent change of mechanism for thermal relaxation to the E—
isomer. This was previously observed before for NH-PAPs23 N-PEG-PAPs,?° and for

azopyrazolium salts.®*
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Figure 4: Hammett plot of NAc-PAP derivatives.

To obtain a deeper understanding of the transition states' thermodynamic properties,

we decided to perform an Eyring analysis of two representative PAPs. We chose NAc-

PAP-CN and NAc-PAP-OMe, which lie on two different ends of the Hammett plot and

hence should reveal the difference in relaxation mechanism. We measured the

temperature-dependency of their relaxation rates in toluene to access higher

temperatures (Table 6 and SlI, 3.7).

Table 6: Eyring analysis of NAc-PAP-CN and NAc-PAP-OMe (determined in toluene, details see Sl

section 3.7.). 2at 298 K.

NAC-PAP-CN NAc-PAP-OMe
AG*/ kJ/mol 99.1 % 0.07° 104.3% 0.1
AHF/ KI/mol 90.0% 0.7 93.0+1.0
AS¥/ J/(mol K) -30.0 £ 2.0 -39.0+ 4.0

14



Counterintuitively, the calculated thermodynamic data of the transition states show,
within the error margin, similar values of activation enthalpy AH* and AS*. In particular,
NAc-PAP-CN showed a negative AS* = -30.0 + 2.0 J/mol K, while NAc-PAP-OMe
showed a relatively similar value (-39.0 + 4.0J/mol K), hinting towards the same
mechanism of relaxation operating for both compounds. Comparing these values to
the calculations for azobenzene, we hypothesize that both compounds undergo

isomerization via triplet intermediacy.3®
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Figure 5: Eyring plots for NAc-PAP-CN and NAc-PAP-OMe.
Contrary to what was observed by Reinmann et al.,®> however, we did not observe any
heavy atom effect. This could be explained by the different ways in which the heavy
atom is introduced: in our case as a substituent, in the case of the literature example

by adding tetrabutylammonium iodide to the solution.

Conclusion

In this study, we synthesized and systematically investigated various PAP derivatives,

including NAc-PAPs, NMe-PAPs, and NH-PAPs. As similar functional groups were
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reported as highly beneficial for the photochemical properties in other classes of
photoswitches, our focus was on the novel NAc-PAPs, which exhibit an acetyl group
on one of the pyrazol nitrogens. The functional group could be installed easily via
acetylation from the corresponding NH-PAPs in high yields to result in a set of eleven
novel compounds that we could compare to a set 22 NMe-PAPs and NH-PAPs.

We then analyzed the molecules’' photophysical and photochemical properties and
studied the meta-stable isomers' thermal relaxation mechanism. In particular,
photophysical studies highlighted the impact of structural modifications on the m—m*
and n—1r* transitions, showing that substitution of nitrogen with methyl or acetyl groups
resulted in a small bathochromic shift and hyperchromic effects.

Anti-Kasha behavior was observed with distinct trends in the m—m* and n—m*
transitions when studying the quantum yields (®e—z and ®z-e). Strong EWGs or EDGs
enhanced the quantum yields for the m—m* transitions, whereas the n—m* transitions
exhibited no clear correlation with substitution patterns. Notably, the acetylation of
nitrogen significantly increased the ®e-.z for m—m* transitions in almost all compounds
studied (excluding NAc-PAP-H and -Me), even surpassing the effects of methylation.
Hammett analysis showed that the thermal population of the triplet state seem to be
preferred as the thermal relaxation mechanisms of the back isomerization. EWGs and
EDGs accelerated the relaxation dynamics compared to NAc-PAP-H. Acylation of the
pyrazole moiety led to an enhanced metastable half-life compared to the NH-PAPs.
For NAc-PAP-H, we observed increased half-lives (21.5 days, 30°C), compared to the
reported NH-PAP-H (0.066 days; 25°C %2) or NMe-PAP-H (10 days; 25°C,*? all in
CH3CN). In the presence of OH as substituent, tautomerism can become feasible and
result in particularly fast relaxation rates. These results highlight the complex interplay
between electronic effects and thermal isomerization pathways in this class of

compounds.
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To summarize, this work provides a comprehensive understanding of how structural
modifications affect the synthesis, photochemical, and thermal behavior of PAP
derivatives introducing NAc-PAPs as novel compound set with enhanced
photochemical performance. Our findings provide valuable guidance for designing
functional PAPs with tailor-made photochemistry and photophysical properties, which
may broaden their application in areas such as molecular switches, photodynamic

materials, and optoelectronics.

Supporting Information

Supporting Information File 1:
Materials and methods, analytical equipment, experimental procedures, compound
characterization, UV-Vis spectra at different concentration, photochemical

experiments, thermal isomerization analysis, NMR spectra.

Funding

We thank the Swedish Vetenskapsradet for a Starting Grant (2021-05414 to SC and
to 2023-04088 to NAS). This work was funded by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) in the framework of
RTG BENCh (389479699/GRK2455 to RT, PW, and NAS) and under Germany's

Excellence Strategy (EXC 2067/1-390729940 to NAS).

References

(1) Volari¢, J.; Szymanski, W.; Simeth, N. A.; Feringa, B. L. Molecular Photoswitches in
Agueous Environments. Chem. Soc. Rev. 2021, 50 (22), 12377-12449.
https://doi.org/10.1039/D0OCS00547A.

17



(2)
(3)
(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

Zbigniew L. Pianowski. Molecular Photoswitches: Chemistry, Properties, and Applications;
Wiley-VCH GmbH, 2022; Vol. 2.

Nadja A. Simeth; Stefano Crespi. (Hetero)Aryl Azoswitches and Their Application; Vol. 09
Nov 2020.

Mitscherlich, E. Ueber Die Zusammensetzung Des Nitrobenzids Und Sulfobenzids;
Annalen der Pharmacie 1834, 12 (2-3), 305-311.
https://doi.org/10.1002/jlac.18340120281.

Bafana, A.; Devi, S. S.; Chakrabarti, T. Azo Dyes: Past, Present and the Future. Environ. Rev.
2011, 19 (NA), 350-371. https://doi.org/10.1139/a11-018.

Gerkman, M. A.; Gibson, R. S. L.; Calbo, J.; Shi, Y.; Fuchter, M. J.; Han, G. G. D.
Arylazopyrazoles for Long-Term Thermal Energy Storage and Optically Triggered Heat
Release below 0 °C. J Am. Chem. Soc. 2020, 142 (19), 8688-8695.
https://doi.org/10.1021/jacs.0c00374.

Zhang, Z.; Wang, W.; O’Hagan, M.; Dai, J.; Zhang, J.; Tian, H. Stepping Out of the Blue:
From Visible to Near-IR Triggered Photoswitches. Angewandte Chemie International
Edition 2022, 61 (31), e202205758. https://doi.org/10.1002/anie.202205758.

Zhang, Z.; Burns, D. C.; Kumita, J. R.; Smart, O. S.; Woolley, G. A. A Water-Soluble
Azobenzene Cross-Linker for Photocontrol of Peptide Conformation. Bioconjugate Chem.
2003, 14 (4), 824—-829. https://doi.org/10.1021/bc0340161.

Rennhack, A.; Grahn, E.; Kaupp, U. B.; Berger, T. K. Photocontrol of the Hvl Proton
Channel. ACS Chem. Biol. 2017, 12 (12), 2952-2957.
https://doi.org/10.1021/acschembio.7b00523.

Dwyer, B. G.; Wang, C.; Abegg, D.; Racioppo, B.; Qiu, N.; Zhao, Z.; Pechalrieu, D.; Shuster,
A.; Hoch, D. G.; Adibekian, A. Chemoproteomics-Enabled De Novo Discovery of
Photoswitchable Carboxylesterase Inhibitors for Optically Controlled Drug Metabolism.
Angewandte  Chemie International  Edition 2021, 60 (6), 3071-3079.
https://doi.org/10.1002/anie.202011163.

Mulatihan, D.; Guo, T.; Zhao, Y. Azobenzene Photoswitch for Isomerization-Dependent
Cancer Therapy via Azo-Combretastatin A4 and Phototrexate. Photochemistry and
Photobiology 2020, 96 (6), 1163—1168. https://doi.org/10.1111/php.13292.

Arndt, N. B.; Schliter, F.; Bockmann, M.; Adolphs, T.; Arlinghaus, H. F.; Doltsinis, N. L.;
Ravoo, B. J. Self-Assembled Monolayers of Arylazopyrazoles on Glass and Silicon Oxide:
Photoisomerization and Photoresponsive Wettability. Langmuir 2022, 38 (2), 735-742.
https://doi.org/10.1021/acs.langmuir.1c02651.

Ichimura, K.; Oh, S.-K.; Nakagawa, M. Light-Driven Motion of Liquids on a
Photoresponsive Surface. Science 2000, 288 (5471), 1624-1626.
https://doi.org/10.1126/science.288.5471.1624.

Cataldi, E.; Raschig, M.; Gutmann, M.; Geppert, P. T.; Ruopp, M.; Schock, M.; Gerwe, H.;
Bertermann, R.; Meinel, L.; Finze, M.; Nowak-Krdl, A.; Decker, M.; Lihmann, T. Amber
Light Control of Peptide Secondary Structure by a Perfluoroaromatic Azobenzene
Photoswitch. ChemBioChem 2023, 24 (5), €202200570.
https://doi.org/10.1002/cbic.202200570.

Cotroneo, E. R.; Cheng, T. C.; Kaltschnee, L.; Maibach, P.; Engelke, M.; Schwegler, N.;
Thomas, F.; Thiele, C. M.; Simeth, N. A Photoswitchable Tryptophan Zipper — (Un)Folding
Fibrils in Seconds. ChemRxiv January 22, 2025. https://doi.org/10.26434/chemrxiv-2025-
jcibt.

18



(16) Bozovic, O.; Jankovic, B.; Hamm, P. Using Azobenzene Photocontrol to Set Proteins in
Motion. Nat Rev Chem 2022, 6 (2), 112-124. https://doi.org/10.1038/s41570-021-
00338-6.

(17) Sawant, S.; sankapal, S. Synthesis and Antibacterial Evaluations of (3, 5-Dimethyl-1H-
Pyrazol-4-Yl)-Phenyldiazenes. J. Chem. Pharm. Res 2010, 2, 574-579.

(18) Khudina, O. G.; Ivanova, A. E.; Burgart, Ya. V.; Gerasimova, N. A.; Evstigneeva, N. P;
Saloutin, V. I. Synthesis of Mycostatics Based on 4-Aryldiazenyl-3,5-Dimethylpyrazoles.
Russ Chem Bull 2021, 70 (6), 1124—1130. https://doi.org/10.1007/s11172-021-3193-4.

(19) Chen, J.; Chen, X.; Azhar, U.; Yang, X.; Zhou, C.; Yan, M.; Li, H.; Zong, C. Flexible and Photo-
Responsive Superwetting Surfaces Based on Porous Materials Coated with Mussel-
Inspired Azo-Copolymer. Chemical Engineering Journal 2023, 466, 143176.
https://doi.org/10.1016/j.cej.2023.143176.

(20) Stricker, L.; Fritz, E.-C.; Peterlechner, M.; Doltsinis, N. L.; Ravoo, B. J. Arylazopyrazoles as
Light-Responsive Molecular Switches in Cyclodextrin-Based Supramolecular Systems. J.
Am. Chem. Soc. 2016, 138 (13), 4547-4554. https://doi.org/10.1021/jacs.6b00484.

(21) Zhao, F.; Grubert, L.; Hecht, S.; Bléger, D. Orthogonal Switching in Four-State Azobenzene
Mixed-Dimers. Chem. Commun. 2017, 53 (23), 3323-3326.
https://doi.org/10.1039/C7CC00504K.

(22) Rau, H. Spectroscopic Properties of Organic Azo Compounds. Angewandte Chemie
International Edition in English 1973, 12 (3), 224-235.
https://doi.org/10.1002/anie.197302241.

(23) Simeth, N. A.; Crespi, S. (Hetero)Aryl Azoswitches and Their Application. In
Photochemistry; Protti, S., Raviola, C., Eds.; Royal Society of Chemistry: Cambridge, 2020;
Vol. 48, pp 344-375. https://doi.org/10.1039/9781839162114-00344.

(24) General Principles for the Design of Visible-Light-Responsive Photoswitches: Tetra-ortho-
Chloro-Azobenzenes - Lameijer - 2020 - Angewandte Chemie International Edition - Wiley
Online Library. https://onlinelibrary.wiley.com/doi/10.1002/anie.202008700 (accessed
2025-01-24).

(25) Bléger, D.; Schwarz, J.; Brouwer, A. M.; Hecht, S. O-Fluoroazobenzenes as Readily
Synthesized Photoswitches Offering Nearly Quantitative Two-Way Isomerization with
Visible  Light. J.  Am. Chem. Soc. 2012, 134 (51), 20597-20600.
https://doi.org/10.1021/ja310323y.

(26) Gao, M.; Kwaria, D.; Norikane, Y.; Yue, Y. Visible-Light-Switchable Azobenzenes: Molecular
Design, Supramolecular Systems, and Applications. Natural Sciences 2023, 3 (1),
€220020. https://doi.org/10.1002/ntls.20220020.

(27) Azobenzene Photoswitching without Ultraviolet Light | Journal of the American Chemical
Society. https://pubs.acs.org/doi/10.1021/ja209239m (accessed 2025-01-24).

(28) Bardaji, M.; Barrio, M.; Espinet, P. Photosensitive Azobispyridine Gold(l) and Silver(l)
Complexes. Dalton Trans. 2011, 40 (112), 2570-2577.
https://doi.org/10.1039/CODT01167C.

(29) Weston, C. E.; Richardson, R. D.; Fuchter, M. J. Photoswitchable Basicity through the Use
of  Azoheteroarenes. Chem. Commun. 2016, 52 (24), 4521-4524.
https://doi.org/10.1039/C5CC10380K.

(30) Crespi, S.; Simeth, N. A.; Kdnig, B. Heteroaryl Azo Dyes as Molecular Photoswitches. Nat
Rev Chem 2019, 3 (3), 133—-146. https://doi.org/10.1038/s41570-019-0074-6.

(31) Calbo, J.; Weston, C. E.; White, A. J. P.; Rzepa, H. S.; Contreras-Garcia, J.; Fuchter, M. J.
Tuning Azoheteroarene Photoswitch Performance through Heteroaryl Design. J. Am.
Chem. Soc. 2017, 139 (3), 1261-1274. https://doi.org/10.1021/jacs.6b11626.

19



(32) Weston, C. E.; Richardson, R. D.; Haycock, P. R.; White, A. J. P; Fuchter, M. .
Arylazopyrazoles: Azoheteroarene Photoswitches Offering Quantitative Isomerization
and Long Thermal Half-Lives. J. Am. Chem. Soc. 2014, 136 (34), 11878-11881.
https://doi.org/10.1021/ja505444d.

(33) Rustler, K.; Nitschke, P.; Zahnbrecher, S.; Zach, J.; Crespi, S.; Konig, B. Photochromic
Evaluation of 3(5)-Arylazo-1H-Pyrazoles. J. Org. Chem. 2020, 85 (6), 4079-4088.
https://doi.org/10.1021/acs.joc.9b03097.

(34) Gaur, A. K.; Gupta, D.; Mahadevan, A.; Kumar, P.; Kumar, H.; Nampoothiry, D. N.; Kaur, N.;
Thakur, S. K.; Singh, S.; Slanina, T.; Venkataramani, S. Bistable Aryl Azopyrazolium lonic
Photoswitches in Water. J. Am. Chem. Soc. 2023, 145 (19), 10584-10594.
https://doi.org/10.1021/jacs.2c13733.

(35) Reimann, M.; Teichmann, E.; Hecht, S.; Kaupp, M. Solving the Azobenzene Entropy Puzzle:
Direct Evidence for Multi-State Reactivity. J. Phys. Chem. Lett. 2022, 13 (46), 10882—
10888. https://doi.org/10.1021/acs.jpclett.2c02838.

(36) Leistner, A.-L.; Kirchner, S.; Karcher, J.; Bantle, T.; Schulte, M. L.; Godtel, P.; Fengler, C.;
Pianowski, Z. L. Fluorinated Azobenzenes Switchable with Red Light. Chemistry — A
European Journal 2021, 27 (31), 8094—8099. https://doi.org/10.1002/chem.202005486.

(37) Sheng, J.; Danowski, W.; Sardjan, A. S.; Hou, J.; Crespi, S.; Ryabchun, A.; Dominguez, M.
P.; Jan Buma, W.; Browne, W. R.; Feringa, B. L. Formylation Boosts the Performance of
Light-Driven Overcrowded Alkene-Derived Rotary Molecular Motors. Nat. Chem. 2024,
16 (8), 1330-1338. https://doi.org/10.1038/s41557-024-01521-0.

(38) Sheng, J.; Danowski, W.; Crespi, S.; Guinart, A.; Chen, X.; Stahler, C.; Feringa, B. L.
Designing P-Type Bi-Stable Overcrowded Alkene-Based Chiroptical Photoswitches. Chem.
Sci. 2023, 14 (16), 4328-4336. https://doi.org/10.1039/D25SC05903G.

(39) Patel, H. V.; Vyas, K. A.; Pandey, S. P.; Fernandes, P. S. Reaction of 2, 3, 4-Pentantrione-3-
Arylhydrazones with N, N-Dimethylhydrazine: Formation of Substituted 1H-Pyrazoles via
Demethylation.  Synthetic  Communications 1992, 22 (21), 3081-3087.
https://doi.org/10.1080/00397919209409257.

(40) Bandara, H. M. D.; Friss, T. R.; Enriquez, M. M.; Isley, W.; Incarvito, C.; Frank, H. A.; Gascon,
J.; Burdette, S. C. Proof for the Concerted Inversion Mechanism in the Trans-->cis
Isomerization of Azobenzene Using Hydrogen Bonding to Induce Isomer Locking. J Org
Chem 2010, 75 (14), 4817-4827. https://doi.org/10.1021/jo100866m.

(41) Bandara, H. M. D.; Burdette, S. C. Photoisomerization in Different Classes of Azobenzene.
Chem. Soc. Rev. 2012, 41 (5), 1809-1825. https://doi.org/10.1039/C1CS15179G.

(42) Crecca, C. R.; Roitberg, A. E. Theoretical Study of the Isomerization Mechanism of
Azobenzene and Disubstituted Azobenzene Derivatives. J. Phys. Chem. A 2006, 110 (26),
8188-8203. https://doi.org/10.1021/jp057413c.

(43) Rau, H.; Lueddecke, E. On the Rotation-Inversion Controversy on Photoisomerization of
Azobenzenes. Experimental Proof of Inversion. J. Am. Chem. Soc. 1982, 104 (6), 1616—
1620. https://doi.org/10.1021/ja00370a028.

(44) Curtin, D. Y.; Grubbs, E. J.; McCarty, C. G. Uncatalyzed Syn-Anti Isomerization of Imines,
Oxime Ethers, and Haloiminesl. J. Am. Chem. Soc. 1966, 88 (12), 2775-2786.
https://doi.org/10.1021/ja00964a029.

(45) Magee, J. L.; Shand, W. Jr.; Eyring, H. Non-Adiabatic Reactions. Rotation about the Double
Bond*. J. Am. Chem. Soc. 1941, 63 (3), 677-688. https://doi.org/10.1021/ja01848a012.

(46) Dokic, J.; Gothe, M.; Wirth, J.; Peters, M. V.; Schwarz, J.; Hecht, S.; Saalfrank, P. Quantum
Chemical Investigation of Thermal Cis-to-Trans Isomerization of Azobenzene Derivatives:

20



Substituent Effects, Solvent Effects, and Comparison to Experimental Data. J. Phys. Chem.
A 2009, 113 (24), 6763-6773. https://doi.org/10.1021/jp9021344.

(47) Crespi, S.; Simeth, N. A.; Bellisario, A.; Fagnoni, M.; Konig, B. Unraveling the Thermal
Isomerization Mechanisms of Heteroaryl Azoswitches: Phenylazoindoles as Case Study. J.
Phys. Chem. A 2019, 123 (9), 1814-1823. https://doi.org/10.1021/acs.jpca.8b11734.

(48) Simeth, N. A.; Crespi, S.; Fagnoni, M.; Konig, B. Tuning the Thermal Isomerization of
Phenylazoindole Photoswitches from Days to Nanoseconds. J. Am. Chem. Soc. 2018, 140
(8), 2940-2946. https://doi.org/10.1021/jacs.7b12871.

(49) Kuntze, K.; Isokuortti, J.; Van Der Wal, J. J.; Laaksonen, T.; Crespi, S.; Durandin, N. A_;
Priimagi, A. Detour to Success: Photoswitching via Indirect Excitation. Chem. Sci. 2024, 15
(30), 11684—-11698. https://doi.org/10.1039/D4SC02538E.

(50) Rietze, C.; Titov, E.; Lindner, S.; Saalfrank, P. Thermal Isomerization of Azobenzenes: On
the Performance of Eyring Transition State Theory. J. Phys.: Condens. Matter 2017, 29
(31), 314002. https://doi.org/10.1088/1361-648X/aa75bd.

(51) Douhal, A.; Sanz, M.; Tormo, L. Femtochemistry of Orange Il in Solution and in Chemical
and Biological Nanocavities. Proceedings of the National Academy of Sciences 2005, 102
(52), 18807—-18812. https://doi.org/10.1073/pnas.0507459102.

(52) Devi, S.; Saraswat, M.; Grewal, S.; Venkataramani, S. Evaluation of Substituent Effect in Z-
Isomer Stability of Arylazo-1H-3,5-Dimethylpyrazoles: Interplay of Steric, Electronic
Effects and Hydrogen Bonding. J. Org. Chem. 2018, 83 (8), 4307-4322.
https://doi.org/10.1021/acs.joc.7b02604.

21



	Cover
	Manuscript

