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Hot Paper

Enhancing the Potential of Fused Heterocycle-Based
Triarylhydrazone Photoswitches
Lea Hegedüsová,[a] Nadine Blaise,[b] Lukáš F. Pašteka,[c, d] Šimon Budzák,[e]

Miroslav Medveď,[e, f] Juraj Filo,[a] Bernard Mravec,[a] Chavdar Slavov,[g] Josef Wachtveitl,[b]

Anna M. Grabarz,*[d, h] and Marek Cigáň*[a]

Triarylhydrazones represent an attractive class of photochromic
compounds offering many interesting features including high
molar absorptivity, good addressability, and extraordinary
thermal stability. In addition, unlike most other hydrazone-
based photoswitches, they effectively absorb light above
365 nm. However, previously prepared triaryhydrazones suffer
from low quantum yields of the Z!E photoisomerization. Here,
we have designed a new subclass of naphthoyl-benzothiazole
hydrazones that balance the most beneficial features of

previously reported naphthoyl-quinoline and benzoyl-pyridine
triarylhydrazones. These preserve the attractive absorption
characteristics, exhibit higher thermal stability of the metastable
form than the former and enhance the rate of the Z!E
photoisomerization compared to the later, as a result of the
weakening of the intramolecular hydrogen bonding between
the hydrazone hydrogen and the benzothiazole moiety.
Introducing the benzothiazole motif extends the tunability of
the photochromic behaviour of hydrazone-based switches.

Introduction

Over the past years, advanced molecular materials capable of
changing their physicochemical properties under external
stimulus have been attracting growing scientific interest.[1–8] The
most attractive representatives of the stimuli-responsive com-
pounds are certainly photoswitches,[9–12] exhibiting a photo-
induced reversible structural transformation between stable
and metastable forms. Owing to this property, they were
adapted to numerous applications, including opto-
electronics,[13,14] solar energy storage,[15–17] photo-
pharmacology,[18–23] and photo-controlled drug delivery.[24]

Various structural motifs leading to the photochromic
behavior have been identified in the past (e.g., diarylethenes,
azobenzenes, spiropyrans, hemithioindigos, and iminothioin-
doxyls) offering a large palette of compounds with diverse
properties tunable for a particular application. An important
class complementing attractive features of other photoswitches
involves hydrazones which exhibit bistable photoswitching
stemming from exceptionally high thermal stability of the
metastable isomer, fast photoisomerization, resistance to
hydrolysis, straightforward synthesis, and easy skeleton
modularity.[25,26] First photo-active hydrazones were already
reported by Kuhn in 1952[27] and later by Pichon and Courtot in
1980s.[28] However, their great photochromic potential remained
hidden until 2017 when Aprahamian and his co-workers
developed new diarylhydrazone photoswitches[29,30] which
found their use in many applications. These include reversible
glass transition temperature photomodulation and hardening
of polymers,[31] photoremovable templates for cost effective and
environmentally friendly g-cyclodextrin isolation,[32] photoregu-
lated drug release using an emissive ketoester hydrazone
photoswitch-modified copolymer,[24] and solar thermal energy
storage in strained cyclic ketoester hydrazones.[16] Diarylhydra-
zones/diarylacylhydrazones were also studied by Lehn’s[33] and
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Hecht’s groups[34] showing high substitutional tunability of
thermal stability and optical properties as well as their potential
for designing multiple state molecular devices.
Recently, our group reported the photochromic behaviour

of triarylhydrazones, thus completing the mosaic of hydra-
zone-based photoswitches.[35,36] Compared to previous hydra-
zone-based photoswitches, the designed triarylhydrazones
containing a pyridine/quinoline acceptor in the ketone part
featured higher extinction coefficients, better separation of
absorption maxima, and lower, but yet still attractive thermal
stability that was found to be less sensitive to electron-donor
substitution. Importantly, they also exhibited an effective
absorption maximum red-shift of both isomers above 365 nm.
However, most of the investigated triarylhydrazones displayed
Z!E quantum yields (QYs) below 1%.
Mechanistically, the low Z!E photoisomerization QYs were

attributed to two competitive non-radiative pathways. First, the
S1 state of the Z isomer is stabilized by an intramolecular
hydrogen bond between the hydrazone hydrogen and hetero-
cycle nitrogen atoms. Second, in the case of quinoline
hydrazones, excited-state intramolecular proton transfer (ESIPT)
from the � NH group to the heterocycle initiates non-radiative

deactivation of the excited state hampering the isomerization.
Our computations also revealed that N-inversion is the rate-
determining step in a complex sequential mechanism of
thermal E!Z isomerization and the activation barrier can be
tuned by introducing suitable electron donating/withdrawing
substituents in the hydrazine part (see Figure 1). Furthermore,
we showed that the red-shift of absorption maxima achieved
by the planarization of Aprahamian’s ketoester hydrazones,[37]

which was however accompanied with an undesirable accel-
eration of the back thermal reaction, can also be realized via
extending the p-conjugation in triarylhydrazones bearing fused
aromatic rings without a dramatic drop of their thermal
stability. Structurally, triarylhydrazones offer ample room for the
optimization of photochromic properties by (i) combining aryls
with different electron donor/acceptor capacity, (ii) controlling
the strength of the intramolecular H-bond (both in the ground
or excited states), and/or (iii) altering the extent of p-conjuga-
tion. Clearly, balanced optimization of all pertinent features
remains a challenging task requiring smart design strategies
based on detailed mechanistic insights from computations.

Results and Discussion

Herein, we present a series of five new napthoyl-benzothiazole
hydrazones diversified by the p-phenyl substituent (Figure 1
and Scheme 1, ordered according to the increasing electron-
withdrawing character of the substituent). In designing this
series, we aimed at (i) increasing the QY of Z!E photo-
isomerization of previously prepared triarylhydrazones, (ii) en-
nhancing thermal stability compared to napthoyl-quinoline
triarylhydrazones, while (iii) maintaining (or improving) their
good addressability and the advantageous red-shift of the E
isomer’s absorption maximum to the region above 365 nm.
The replacement of pyridine/quinoline by a benzothiazole

unit was expected beneficial for facilitating the Z!E photo-
isomerization due to weakening the intramolecular H-bond in
the excited state of the Z isomer. In addition, a slowdown of the
thermal E!Z back-reaction was anticipated, since the inversion
transition state structure would be destabilized by repulsion
between lone pairs of imine nitrogen and the thiazole
heteroatoms. To keep the absorption maxima of E isomer red-
shifted, napthyl was exclusively used in the ketone moiety.
Finally, various electron withdrawing/donating groups were
introduced into the hydrazine part to pursue a possibility of
fine-tuning the photochromic properties of the proposed

Figure 1. Molecular structure of known triarylhydrazone photoswitches.

Scheme 1. Brief synthetic route of the studied hydrazones.
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hydrazone skeleton (for details of synthesis, see Section 1.4 in
the Supporting Information).
Experimental determination of fundamental photoswitching

parameters of all designed hydrazones was followed by a more
detailed investigation of the photo-isomerizations of the parent
compound 2 by means of ultrafast transient absorption (TA)
spectroscopy. The measurements confirmed an increase of
thermal stability of the E form as well as an acceleration of the
ES dynamics with regard to previous triarylhydrazones, while
the rates of the Z!E photoisomerization were found compara-
ble to the most efficient quinoline derivative.
To rationalize the main features of new compounds, (time-

dependent) density functional theory ((TD)-DFT) calculations
were performed addressing the optical properties of Z and E
isomers, kinetic stability of meta-stable forms, and reaction
mechanisms of thermal isomerizations, including the analysis of
substituent and solvent effects. Detailed information concern-
ing computational protocol can be found in the Supporting
Information (Section 5.1). Experimental spectroscopic parame-
ters for both Z and E forms of all studied compounds were
compared with those computed using several universally high-
performing exchange-correlation functionals (CAM-B3LYP, M06-
2X, and MN15) in combination with the def2-TZVPP basis set

(Figure S45 and Table S3). Based on this comparison, MN15 was
selected for the systematic analysis of electronic transitions as
well as the inspection of thermal reaction energies and
activation barriers.
Figure 2 shows the bistable P-type photoswitching charac-

ter of prepared triarylhydrazones, with light-induced E!Z
(370 nm) and Z!E (465 nm) photoisomerizations, confirming a
good addressability (Figure 2A) and high thermal stability even
at elevated temperature (Figure 2B). Importantly, the half-lives
of thermodynamically less stable E isomers range from 15 to
157 years at room temperature (Table 1) and thus are ca. 2–
24 times larger than the half-life of the most promising 2-
(naphthoyl)quinoline analogue equal to 6.5 years.
Interestingly, the thermal stability of benzothiazole triarylhy-

drazones is less dependent on the p-phenyl substitution
compared to the previously studied pyridine and quinoline
derivatives.[36] Owing to a weakened intramolecular H-bond in
the Z isomer, the thermodynamic stability of Z and E forms
becomes comparable (DrG �� 2 kcal/mol). This is confirmed by
DFT calculations which predict the DrG values in agreement
with experiment (Table S8). Consequently, the rate constants
for E!Z and Z!E thermal isomerizations are within one order
of magnitude. It is worth noting that in the case of pyridine and
quinoline derivatives the thermal Z!E isomerization was not
observed at all or, in some cases, only as a two-orders-of-
magnitude less favorable process. On the other hand, Keq for
compound 5 equals 3.3 (Table 1). This corroborates the role of
hydrogen bonding in Z isomers, which is the strongest in
pyridine (pKa=5.2) followed by quinoline (pKa=4.9), and the
weakest in benzothiazole (pKa=1.7).
Notably, DFT calculations revealed that the benzothiazole

moiety in the most stable E conformers is rotated by 180° w.r.t.
the global minimum structure of Z (see Figure S37). This was
attributed to weaker repulsion between lone pairs of imine
nitrogen and sulphur atoms compared to benzothiazole nitro-
gen-imine nitrogen repulsion (cf. Mulliken atomic charges in
Figure S44).
The thermal E!Z isomerization proceeds via an inversion

mechanism similarly to pyridine derivatives.[36] However, in the

Figure 2. Photochromic behaviour of hydrazone 2 in toluene (left; PSSx –
Photostationary State at irradiation wavelength X) and kinetics of thermal
E!Z isomerization of thermodynamically less stable E isomer measured at
80 °C (right; xE denotes relative amount of the E isomer, k1 and k� 1 are rate
constants for thermal E!Z and E!Z isomerizations, respectively).

Table 1. Thermal stability of hydrazones 1–5 in toluene at 25 °C.

k t1=2 DGz DrG Keq

Der. [10� 10 s� 1] [years] [kcal/mol] [kcal/mol] [Z/E]

1 E!Z 14.73(17) 14.9(17) 29.50(7) � 1.53(14) 13.1(32)

Z!E 1.12(24) 196(42) 31.03(12)

2 E!Z 10.42(11) 21.1(22) 29.71(6) � 2.00(18) 29.0(90)

Z!E 0.36(11) 612(180) 31.70(17)

3 E!Z 1.40(17) 157(19) 30.90(7) � 1.66(21) 16.4(58)

Z!E 0.09(3) 2585(856) 32.55(20)

4 E!Z 2.93(28) 75(8) 30.46(6) � 1.11(10) 6.5(10)

Z!E 0.45(6) 488(63) 31.57(8)

5 E!Z 11.65(11) 18.8(17) 29.64(5) � 0.70(8) 3.3(4)

Z!E 3.57(34) 62(58) 30.34(6)

Italic font indicates parameters associated with parent compound 2.
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case of benzothiazole analogues the inversion as the rate-
limiting step is preceded by formation of a relatively stable
sandwich-type Econf conformer (TSE barrier 13.5 kcal/mol). This
structure is stabilized by π-π stacking interactions between the
hydrazine phenyl (N� N single bond rotation) and ketone
naphthalene rings (Figure 3). Notably, a similar sandwich-like
structure (referred to as L1 in Ref. [35]) appears as a metastable
Z conformer after initial inversion in pyridines. In turn, the
benzothiazole inversion through the activation barrier of
21.4 kcal/mol (TSinv) advances to a local minimum Zconf featuring
an arrangement similar to a metastable Z conformer in
pyridines (L2 in Ref. [35]). The last step involves a less energy-
demanding mutual rotation of condensed aromatic rings (TSZ)
and leads to the optimal Z isomer configuration.
The activation Gibbs energy slightly decreases with the

increasing solvent polarity (e.g., DGzE!Z =29.71 and 28.09 kcal/
mol for 2 in toluene and acetonitrile, respectively; see Table 1
and Table S2). The observed decline is qualitatively reproduced
by DFT calculations (the corresponding values are 29.86 and
27.91 kcal/mol, respectively). Let us note that the small differ-
ences between the E!Z barriers (<1 kcal/mol) for the systems
studied here are below the accuracy threshold of DFT for

activation barriers,[38,39] and therefore the observed subtle
substitutional effects cannot be rationalized by the applied
methodology (Figure S38 see Supporting Information).
Although the replacement of quinoline with benzothiazole

slightly worsens the separation of absorption maxima com-
pared to quinoline derivatives, it simultaneously increases the Z
isomer's molar absorption coefficient and favors the Z!E
photoisomerization even in protic methanol (Figure S41). Inter-
estingly, introducing either strong electron-donating or elec-
tron-withdrawing (ED or EW) substituents in the p-phenyl
position (compounds 1 and 4) causes a red-shift of absorption
maxima, and the substitution has practically no effect on the
band separation. Both observations are in line with our TD-DFT
calculations (Table 2). The observed red-shift of lmax for both
isomers of hydrazones 1 and 4 can be explained by a smaller
HOMO–LUMO gap caused by (i) an increase in the HOMO
energy due to the presence of a strong ED methoxy substituent
and (ii) a significant decrease in the LUMO energy in the case of
the strongest EW nitro group, for 1 and 4 respectively (see
Table 3, Table S4 and Figure S43).
The TD-DFT analysis also revealed that the absorption bands

of both Z and E isomers observed above 365 nm correspond to
the S0–S1 transition which can be described as a π!π*

Figure 3. Reaction path profile for thermal E–Z transformation of hydrazone 2 calculated MN15/def2-TZVPP level of theory.

Table 2. Experimental and computed absorption maxima (in nm), the band separation (Dlmax(Z–E)) and related oscillator strengths (f) corresponding to the
lowest lying (π!π*) transitions in toluene. Theoretical data were determined using vertical approximation at the MN15/def2-TZVPP level of theory.

Calc. Exp.

Z E Z–E Z E Z–E

Der. lmax f lmax f Dlmax lmax f lmax f Dlmax

1 399 0.77 381 0.74 18 429 0.48 394 0.47 35

2 379 0.73 362 0.73 17 415 0.42 381 0.48 34

3 376 0.93 358 0.97 18 410 0.57 379 0.51 31

4 384 1.04 369 1.10 15 433 0.89 398 0.68 35

5 363 0.74 348 0.74 15 392 0.42 366 0.51 26

Italic font indicates parameters associated with parent compound 2.
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excitation occurring predominantly from HOMO to LUMO (see
Table S4). Electron density difference (EDD) plots for both E and
Z forms (independently on a substituent) indicate that the
excitation is accompanied with a strong charge transfer (CT)
from the phenyl and NH groups to a π* orbital mostly localized
along the C(btz)� C bond and spreading towards the benzothia-
zole moiety (see Tables S5–S6). The CT character is significantly
affected by the nature of a p-phenyl substituent. Whereas the
ED methoxy substituent in 1 promotes the charge transfer, the
EW groups in 3–5 act in the opposite way.
Notably, the naphtyl moiety is only marginally involved in

the S0!S1 excitation, which is due to its distortion from the
main molecular plane, and its role depends on the isomer.
Whereas in E isomers (except (E)-4) it behaves as a secondary
acceptor, in Z forms it acts as secondary donor.
The observed red-shift of the absorption maxima between

the Z and E forms can be explained by a more efficient
involvement of the benzothiazole nitrogen’s p orbital and
partially also the benzene part of benzothiazole into the π-
conjugated system facilitated by the intramolecular H-bond
present in the Z isomer (see EDD plots in Table S5). The
investigated transitions are associated with moderate to high
computed oscillator strengths (within 0.7–1.2 range). Although
being systematically larger, calculated oscillator strengths
closely follow the trends observed experimentally (see Table 2
and Figure S42). The differences in f values between individual
derivatives reflect the CT character of the transitions – the
smaller the CT distance (dCT ) value,

[40,41] the larger the overlap of
initial and final states, and thus the larger f. It is also worth
noting that some of the observed absorption bands (e.g., in the
case of 4) feature deviations from a symmetric shape, which are
associated with the vibrational progression as revealed by
calculations of the corresponding vibronic spectra (Figure 4 and
Figure S46).
Photochemical efficiency of E!Z photoisomerization resem-

bles the efficiency observed in other triarylhydrazones,[35,36,42]

with QYs spanning across a wide range of 1.7–10.5% (Table 3).
Furthermore, similarly to the previously studied pyridine and
quinoline derivatives, the QYs of the Z!E photo-transformation
are much lower (1.1–1.8%). Although these QYs are slightly
lower that those of the most efficient napthoylquinolines (with
QYs=2.0–2.1%),[36] the photoconversion rates for these two

types of triarylhydrazones are similar because of higher molar
absorption coefficients in the case of benzothiazole hydrazones.
Let us note that much higher rates were reported for ketoester
diarylhydrazones.[30]

The dynamics of the photoinduced transformation of the
prepared hydrazones was studied by ultrafast spectroscopy (see
Refs. [45,46] for set-up and data analysis details). The E!Z
photoisomerization of parent hydrazone 2 in n-hexane was
triggered by direct excitation of the (E)-2 using ultrashort (ca.
100 fs) laser pulses centered at 365 nm. The transient data
(Figure 5A) are dominated by four components – two excited
state absorption (ESA) bands, a narrow positive signature at
long delay times accounting for the formation of the photo-
product (Z)-2, and a negative ground state bleach (GSB) band.
Abandoning the Franck–Condon geometry, reflected by an

Table 3. Photoswitching parameters of hydrazones measured in toluene.

e lmax FE!Z FZ!E PSSE!Z PSSZ!E

[L/(mol · cm)] [nm] [%] [%] (E/Z) (E/Z)

Der. E Z E Z

1 23400 24429 394 429 1.7(2) 1.5(1) 26 :74 96 :4

2 27600 26875 381 415 2.3(2) 1.7(3) 24 :76 96 :4

3 29100 34494 379 410 4.1(5) 0.21(3) 16 :84 98 :2

4 35300 37695 398 433 10.5(12) 1.1(4) 4 : 96 75 :25

5 28400 28008 366 392 3.3(1) 1.80(3) 27 :73 74 :26

Italic font indicates parameters associated with parent compound 2.

Figure 4. Spectral simulations of the E (A) and Z isomers (B) of 4 were
performed employing the IMDHO approach[43,44] at the MN15/def2-TZVPP
theory level. The non-homogeneous broadening parameters (s) are given in
the legend. Inset EDD plots were simulated using 0.002 a.u. contour value.
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ultrafast decay (200 fs lifetime) of the initial broad ESA1 band
(550 nm), leads to a concomitant rise of ESA2 (450 nm, 900 fs
lifetime). The ESA2 band extending to the blue spectral region
significantly overlaps with the GSB band and thus effectively
reduces the negative difference absorption in this spectral
region (ca. 370 nm; see Figure 5B, signature S2).
The depopulation of the excited state of (E)-2 manifested by

the decay of the ESA2 band is accompanied with the formation
of a positive absorption signature (400–450 nm), which can be
ascribed predominantly to (E)-2 hot GS absorption. The hot GS
undergoes vibrational cooling with ca. 5.5 ps lifetime (Figure 5B,
signature S3) and reveals the remaining positive absorption
difference band at ca. 425 nm, as described by the S4 spectrum
(Figure 5B, signature S4). The latter accounts for the formation
of the photoproduct (Z)-2. Similar dynamics was observed in
acetonitrile, which however shows a more distributed excited
state decay dynamics and slower vibrational relaxation in the
GS (Figure S30D, signature S5).
The Z!E excited-state dynamics of (Z)-2 in n-hexane was

selectively initiated using ultrashort pulses centered at 420 nm.
The transient data (Figure 5C) show a dual band (370 nm and
530 nm) ESA signature which overlaps with the negative GSB
band (400–470 nm). The 370 nm and 530 nm ESA bands under-
go ultrafast decay (ca. 200 fs lifetime, Figure 5D, signature S1)
accompanied by the growth of a weaker positive band at
490 nm (Figure 5D, signature S2). The decay of the latter band,
and thus of the ES (ca. 1 ps) leads to the recovery of the GSB
(420 nm) and to the formation of a narrower positive hot GS

signature at 480 nm. The hot (Z)-2 GS cools down with a 16 ps
lifetime. The overall dynamic is slightly slower in acetonitrile
(see Figures S30–S31). Notably, in both solvents the cooling
reveals a weak positive absorption (Figure 5C GSA, described by
signature S4 in Figure 5D) overlapping with the (Z)-2 GSB.
This signature could be assigned to a combination of an

alternative, high energy ground-state intramolecular proton
transfer (GSIPT) population, which decays on the microsecond
time scale as indicated by our flash photolysis expedients
(Figure S32), and a less intense GS absorption of the photo-
product (E)-2 at approximately 380 nm due to relatively low Z!
E photoisomerization efficiency (see Supporting Information
page S-42).
In analogy with triarylhydrazones,[35] no stable structure was

found (at the TD-DFT level) on the excited state surface of the E
isomer (Figure 6), meaning that barrier-less transformation
toward conical intersection (CI) takes place. This is reflected in
higher QYs of the E!Z photoisomerization compared to Z!E.
Nevertheless, the highest QYs of the E!Z are 10.5% hinting to
unfavourable branching ratio (E to Z) of the corresponding CI.
In the Z isomer we have found local minima on the ES

potential energy surface. Contrary to previously studied
hydrazones, the molecule remained quasi-planar with the
dihedral angle Ar(C)� N� N=C being equal to 174°. Such a
structure is well separated from the GS surface with estimated
emission wavelength of 485 nm for 2. According to relaxed
scans, this minimum is protected by negligible barrier of
<1 kcal/mol from C=N rotation. ESIPT process is kinetically
feasible (the barrier is ~3 kcal/mol) and is coupled with N� N
rotation ending in the CI without Z!E isomerization. Only first
of the mentioned processes can lead to E isomer, which
explains the low Z!E QY.

Figure 5. Transient absorption data and corresponding evolution-associated
difference spectra (EADS) of (E)-2 upon excitation at 365 nm (A,B), and of
(Z)-2 upon excitation at 420 nm (C,D) in n-hexane. The color coding of the
transient absorption data is as follows: i) light to dark blue – negative
absorption difference signal corresponding to ground state bleach; ii) yellow
through red to black – positive absorption difference signal corresponding
to excited-state, hot ground-state, and photoproduct absorption. During the
ultrafast experiments, to prevent photoproduct accumulation and maintain
stationary states dominated by the E- or by the Z-isomer, the samples were
continuously irradiated with a 455 nm or with a 365 nm LED.

Figure 6. Possible de-excitation paths for 2 calculated at MN15/def2-TZVPP
(stable forms) and Mixed Reference Spin-Flip (MSRF)[47,48] TD-BHHLYP/
6-31G(d) (MECI) levels of theory. Hydrogens uninvolved in the de-excitation
were hidden to clear up the view.
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Conclusion

We demonstrated that the incorporation of a benzothiazole
unit allowed the red-shift of absorption bands of both isomers
to a more desirable spectral range above 365 nm and
simultaneously stabilized the thermodynamically less stable
form with respect to the previously most promising 2-
(naphthoyl)quinoline triarylhydrazone photoswitch. Another
benefit of this modification is the weakening of the Z isomer
intramolecular hydrogen bonding in the first excited state,
leading to enhanced rate of Z!E photoisomerization com-
pared to benzoyl-pyridine analogues. Last, but not least, the
replacement of pyridine with the benzothiazole motive
extends the possibilities of the skeleton modification, which
opens a route to the synthesis of highly tunable triarylhydra-
zones functionalized on all three aromatic rings.

Supporting Information
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