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Abstract
Kinetic and thermodynamic parameters have been investigated for the thermal Z‒E isomerization of dihydroquinolylazotetra-
zole dyes with alkyl substituents (Me, t-Bu, and Adm) at positions 1 (dyes 2) and 2 (dyes 3) of the tetrazole moiety in two 
solvents of different polarity, acetonitrile (MeCN) and toluene. The experimental results show crucial dependence of these 
parameters on a substituent position in the tetrazole moiety and on a solvent. For dyes 2, Eact and ΔH‡ are lower in MeCN 
than in toluene that results in a high increase in the lifetimes of the Z isomers: from milliseconds in MeCN to minutes in 
toluene. For dyes 3, the difference in Eact and ΔH‡ in the two solvents is opposite: Eact and ΔH‡ are by more than 20 kJ  mol−1 
higher in MeCN, nevertheless, the rate constants for 3 in toluene are comparable with those in MeCN at the ambient tem-
perature and the difference in the behavior is determined by the value of negative entropy of activation. Quantum-chemical 
calculations of the thermal Z‒E isomerization show the possibility of the process to occur via crossing from the  S0 to the 
thermally induced  T1 state. The contribution of this path is highest for 3 in toluene. The analysis of the absorption spectra 
demonstrates that for the E isomers, the n‒π* and π‒π* transitions are within the long-wavelength absorption band and their 
positions relative each other are opposite in the solvents: the n‒π* transition is blue-shifted relative to the π‒π* transition 
in MeCN and is red-shifted in toluene.
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1 Introduction

Azo dyes have been investigated very intensely as photo-
switches in different areas of general, physical, polymer 
chemistry, and biology [1–6]. Currently, great attention 
is paid to the synthesis of the dyes with special emphasis 
on the thermal lifetime of metastable Z isomer. The dyes 
with short thermal lifetimes (µs‒ms) can be used as photo-
active molecules for photochromic switching applications 
at the molecular scale [7] and those with very long life-
times for information storage [8]. Several approaches are 
employed to synthesize new azo dyes with tunable life-
times of the Z isomer: (i) synthesis of azobenzenes with 
various substituents in the aryl cycles [5–15] and (ii) syn-
thesis of new heteroaryl azo dyes with various heteroaryl 
moieties and substituents [16–20].

Possible mechanisms of thermal Z–E isomerization 
have been discussed for many years. Though the isomeri-
zation can proceed through many pathways, two main 
mechanisms are proposed: a pure rotation around the cen-
tral double N=N bond where the double bond formally 
breaks, and an inversion with a linearization of the central 
bend angle. The inversion was considered for azo dyes 
with long lifetimes (hours and longer) and the rotation 
mechanism—for azo dyes with lifetimes on the shorter 
timescale (minutes and shorter). The rotation mostly takes 
place in push–pull azo dyes. To discriminate between 
these two reaction mechanisms of the thermal Z‒E isomer-
ization, several experimental and theoretical approaches 
have been used, from the analysis of temperature, solvent, 
and pressure dependence of the reaction rate [21–25] to 
quantum-chemical calculations at various levels of theory 
[26–28]. Experimental results show that for the isomeri-
zation proceeding via rotation (push–pull dyes), the acti-
vation enthalpies are lower than those for the inversion 
mechanism, and the activation entropies for rotation have 
high negative values down to − 200 J  mol−1  K−1) [25]. 
This phenomenon was accounted for by a decrease in the 
activation volume and an increase in the dipole moment 
in the transition state for push–pull dyes. This increases 
the reaction rate in polar solvents. As for the inversion 
mechanism, the rate of the reaction usually decreases in 
polar solvents. For the simplest unsubstituted azoben-
zene the theoretical calculations have predicted positive 
values of the activation entropy [28] that contradicts to 
the experimental negative values. This contradiction has 
been overcome by the use of the theory proposed nearly 
twenty years ago that thermal isomerization does proceed 
not only along the  S0 surface, but rather in a multistate 
process involving both the  S0 and the thermally induced  T1 
states [29]. Recently, several investigations have appeared, 
in which this almost forgotten theory has been used to 

interpret the experimental results [15, 20, 30] and the 
theoretical approaches have been developed to overcome 
the observed discrepancy between calculated and experi-
mental values of the entropy of activation [31, 32]. The 
problem of the negative activation entropy in azo dyes has 
been theoretically discussed for the dyes with the accepted 
inversion mechanism of the thermal Z‒E isomerization 
and has been solved theoretically [31] applying the multi-
state mechanism involving both  S0 and  T1 states in which 
the rotation (type 2) mechanism via the formation of the 
thermally induced  T1 state has been proposed.

Several years ago, heteroaryl azo dyes with methyl-sub-
stituted 1,2-dihydroquinoline as one moiety and triazole 
or tetrazole as the other were synthesized [33]. These dyes 
absorb in the visible range (400‒500 nm) and have lifetimes 
of the Z isomer in μs‒ms time domain that allows for their 
attribution to push‒pull dyes. The absorption spectra of the 
dyes with unsubstituted tetrazole showed unusual depend-
ence on the concentration in amphiphilic polar solvents: a 
hypsochromic shift of the long-wavelength absorption band 
upon dilution. We proposed that this is accounted for by 
the acidic proton in the tetrazole cycle, and the concentra-
tion dependence of the absorption spectra for the dyes with 
unsubstituted tetrazole is caused by the formation of dye 
dimers and oligomers bound by H-bonds between acidic 
hydrogen of the tetrazole and basic nitrogen atoms of the 
dihydroquinoline NH group or N = N bond. Upon dilu-
tion, these dimers are dissociated and form complexes with 
amphiphilic solvents [33, 34]. At least two forms of the E- 
and Z isomers with different absorption spectra were regis-
tered in polar solvents by the absorption spectrophotoscopy 
and by the laser photolysis of the dyes with unsubstituted 
tetrazole. These two forms decay with different rate con-
stants [34]. In non-polar toluene, the dimers are also formed 
and dissociate to monomers, but no complexes with the sol-
vent were registered. These two forms have the same absorp-
tion spectra, which do not change upon dilution, but decay 
with different rate constants. It has been proposed in [33] 
that in the Me-substituted tetrazole, the formation of these 
dimers and oligomers should be impossible, and the absorp-
tion spectra should not depend on dilution and the kinet-
ics of Z‒E isomerization should be monoexponential. The 
synthesis of the dyes with the Me substituent in the tetrazole 
moiety confirmed this assumption, and the dyes with 1-Me- 
and 2-Me-tetrazole do not show concentration dependence 
of the spectra on dilution [34]. Moreover, we have shown 
that introduction of the methyl group in the tetrazole moiety 
of these dyes increases the thermal lifetimes of the Z isomer 
especially in toluene. Here, we have focused on the com-
parison of the spectral and photochemical properties and 
thermodynamic parameters of the thermal Z‒E isomeriza-
tion for the dyes with alkyl substituents of increasing volume 
(H,  CH3, t-Bu, Adm) at positions 1 (dyes 1a, 2a, 2b) and 2 
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(3a‒3c) of the tetrazole moiety (Scheme 1) in two solvents 
of different polarity: toluene and acetonitrile (MeCN). Two 
points should be emphasized: (i) it is impossible to synthe-
size the 2H tautomer(1b), because the equilibrium between 
two tautomers is shifted to the 1H tautomer (dye 1a), which 
exists predominantly in the crystalline form and prevails in 
solutions [35], and (ii) we failed to synthesize the dye with 
adamantyl (Adm) substituent at position 1 (2c) [36]. How-
ever, quantum-chemical calculations have been performed 
for all the dyes presented in Scheme 1.

2  Experimental

2.1  Materials

Azo dye 1a was synthesized as described in [33] and dyes 
2a, 2b, 3a‒3c were synthesized as described in [34, 36]. 
Toluene and acetonitrile (MeCN) (both high purity grade, 
Komponent Reactive (Russia)) were used without further 
purification.

2.2  Spectral measurements

UV–vis absorption spectra were recorded on a Shimadzu 
UV-3101 PC spectrophotometer in the range from 250 to 
650 nm in fluorescence quartz cells with an optical path-
length of 1 cm. Spectral steady-state and time-resolved 
measurements were carried out in the temperature range 
from 0 to 60 °C. Since Z isomers of the dyes under study 

have different lifetimes (τ = 1/k) in dependence on the struc-
ture and solvent, two different experimental techniques were 
used in the study of the thermal Z–E isomerization: kinetic 
spectrophotometry for the lifetimes exceeding several sec-
onds (Figs. 1a, S3‒S7) and lamp flash photolysis for the 
lifetimes on the ms timescale (Figs. 1b, S3, S4). Details of 
the spectral and kinetic experiments are given in Supple-
mentary Information (SI). The calculated rate constants at 
each temperature are the mean values of three independent 
measurements. The errors in the determination of the rate 
constants do not exceed 15%.

The thermodynamic parameters, Eact, ΔH‡, and ΔS‡, for 
the thermal isomerization were calculated from the tempera-
ture dependence of the experimental rate constants accord-
ing to the Arrhenius and Eyring equations (Eqs. 1 and 2),

where Eact, ΔH‡, and (ΔS‡)exp are the energy, enthalpy, and 
entropy of activation, respectively; A is the pre-exponential 
factor; kB, h, and R are the Boltzmann, the Planck, and the 
universal gas constants.

The spectra of photostationary states (PSS) for the dyes 
with τ > 1 min were recorded after irradiation of the dye solu-
tions under stirring for 10 min with LEDs λirr = (400 ± 10), 
(450 ± 10) and (530 ± 10) nm. The spectra of the Z isomers 
were estimated according to the fitting procedure used in SI 
of Ref. [17].

2.3  Quantum‑chemical calculations

All theoretical calculations were performed in ORCA 4.2.1 
quantum chemistry program package [37]. The molecular 
structures of the Z and E isomers in  S0 state were optimized 
using a PBE0 functional [38] and a TZVP basis set [39] with 
empirical Grimme correction DFT-D3BJ [40]. The effect of 

(1)ln(k) = −Eact∕RT + ln(A),

(2)ln(k∕T) − ln
(

kB∕h
)

= −ΔH‡∕RT + (ΔS‡)exp∕R,
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Scheme 1  Studied dihydroquinolylazotetrazole dyes

Fig. 1  Kinetics of the ther-
mal Z‒E isomerization of dye 
2a: a after irradiation with 
λirr = 450 nm in toluene for 
5 min at different temperatures 
in the range 0‒60 °C with a step 
of 10 °C, spectrophotometric 
registration at λreg = 495 nm; b 
after flash photolysis excitation 
at λext > 480 nm in MeCN at 
different temperatures °C: 20, 
29, 39 and 49 and λreg = 540 nm. 
Insets: kinetics in the semiloga-
rithmic coordinates
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acetonitrile and toluene solvents was taken into account in 
the SMD [41] continuum solvation model.

The relaxed PES (potential energy surface) scan along 
the dihedral angle ω (C–N=N–C) was carried out at the 
same DFT (density functional theory) level to explore the 
mechanism of the thermal Z‒E isomerization and obtain the 
initial geometries for the transition states (TS) search in the 
 S0 and  T1 states. The TS geometries were also optimized at 
the same DFT level. In  S0 state, the broken symmetry BS 
approach was used to take into account the double bond 
elongation [42]. In  T1 state, the TS was estimated as a mini-
mum on the  T1 state surface.

All the optimizations were confirmed to be stationary 
points by analysis of the number of imaginary frequencies 
found, not found for the minima’s and one for the transi-
tion states. Thermal energies of the calculated compounds 
were corrected for the zero-point energy (ZPE) term and 
converted to standard conditions (298.15 K, 1 atm) using 
the thermal correction.

E and Z isomers for the dyes under study exist as four 
rotamers with different energies (see Fig. S10 and Table S1 
of SI). Mostly, rotamer b is predominant (see Fig. S11 of SI). 
However, all the characteristics presented below (geometric 
and energy parameters, oscillator strengths in the UV–Vis 
spectra) were averaged according to the Boltzmann distribu-
tion (for details, see section II.2 of SI).

The electronic absorption spectra were simulated by 
time-dependent density functional theory (TD-DFT) [43]. 
Vertical excitation spectra were calculated for Z and E iso-
mers using PBE0 functional and TZVP basis set with the 
empirical Grimme correction DFT-D3BJ in acetonitrile 

and toluene. UV–Visible spectra for molar absorption coef-
ficients ε were obtained from the oscillator strengths of the 
first six vertical transitions using Gaussian broadening with 
a universal broadening factor of 1500  cm−1.

The calculations were performed for all possible struc-
tures of the dyes (1a, 1b, 2(a‒c), 3(a‒c)) including structures 
1b, for which the equilibrium with 1a is shifted to the latter, 
and 2c, which was not synthesized.

3  Results and discussion

3.1  Kinetics and thermodynamics of thermal Z‒E 
isomerization

The experimental results obtained for thermal Z‒E isomer-
ization for the dyes under study over a wide temperature 
range in the two solvents show crucial dependence of the 
kinetic and thermodynamic parameters on a substituent posi-
tion in the tetrazole moiety and a solvent. The dependence 
on the substituent structure in a series Me, t-Bu, and Adm 
attached at the same position in a given solvent is much 
weaker (Tables 1, 2) in accordance to [27], where it was 
shown that the introduction of bulky alkyl substituents only 
slightly affected the thermal lifetimes of the Z isomer. Strong 
difference in k on passing from H to Me reflects the presence 
of several forms of 1a (see Introduction) in the solution and 
the possibility of formation of an azonium tautomer as a 
result of hydrogen transfer [34].

Interestingly, the influence of the solvent on the kinetic 
and thermodynamic parameters is opposite depending on the 

Table 1  Rate constants of the thermal Z‒E isomerization (k) and lifetimes of the Z isomer (τ) at 22 °C

a Previously published data [34]

Dye 1aa 2a 2b 3a 3b 3c

k  (s−1) t (s) k  (s−1) t (s) k  (s−1) t (s) k  (s−1) t (s) k  (s−1) t (s) k  (s−1) t (s)

Toluene 5 ×  104 2 ×  10–5 0.02 50 0.01 96 0.0036 280 0.0028 350 0.0025 400
5 ×  103 2 ×  10–4

MeCN 6.2 ×  104 1.6 ×  10–5 156 0.0064 104 0.0096 0.016 61 0.0035 283 0.0032 313
1.4 ×  104 7.1 ×  10–5

Table 2  Experimental thermodynamic parameters of the thermal Z‒E isomerization

Dye Toluene MeCN

Eact (kJ  mol−1) ΔH‡ (kJ  mol−1) ΔS‡ (J  mol−1  K−1) Eact (kJ  mol−1) ΔH‡ (kJ  mol−1) ΔS‡ (J  mol−1  K−1)

2a 46 ± 3 43 ± 3 − 129 ± 17 32.3 ± 0.5 29.7 ± 0.5 − 101 ± 2
2b 41 ± 2 39 ± 2 − 149 ± 18 32.0 ± 1.0 29.5 ± 1.0 − 105 ± 3
3a 19 ± 1 17 ± 1 − 235 ± 19 48 ± 2 45 ± 2 − 123 ± 7
3b 19 ± 2 17 ± 2 − 229 ± 56 51 ± 2 49 ± 2 − 124 ± 7
3c 26 ± 1 23 ± 1 − 214 ± 47 48 ± 2 46 ± 2 − 136 ± 13
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substituent position (Tables 1, 2). For dyes 2, Eact and ΔH‡ 
are lower in MeCN by more than 10 kJ  mol−1 than in tolu-
ene. This results in a high increase in the lifetimes of the Z 
isomers: from milliseconds in MeCN to minutes in toluene. 
For dyes 3, the difference in Eact and ΔH‡ in the two solvents 
is much higher and inverse. Most intriguingly, although Eact 
and ΔH‡ are by more than 20 kJ  mol−1 higher in MeCN than 
in toluene, the rate constants for 3 are comparable in the two 
solvents at ambient temperature. Despite the fact that the 
lifetimes for 3 in toluene are the longest among all the sys-
tems under study, Eact and ΔH‡ are the lowest. The thermal 
barriers of the  S0 reaction, calculated as saddle points on 
the curve of the relaxed scans along the rotation around the 
N=N bond qualitatively reflect the changes in Eact for dif-
ferent solvents and substituent position (Fig. 2, Table 3, row 
 S0): the increase in Eact on passing from MeCN to toluene 
for dyes 2 and the decrease for dyes 3. It should be pointed 
out that experimental values of ΔH‡ and ΔS‡ for our dyes 
are in the same range that those obtained for the dyes with 
short lifetimes of Z isomers, which isomerize by the rotation 
mechanism [7, 25].

However, the calculated values of Eact cannot explain, 
why dyes 3 with the lowest Eact have the longest thermal 
lifetimes. From the experimental data it follows that the 
long thermal lifetimes of the Z isomers for 3 in toluene are 
accounted for by the very large negative values of the experi-
mental activation entropy (ΔS‡)exp (Table 2). The problem 
of negative entropy in isomerization reactions has being dis-
cussed in the literature [15, 20, 29–32]. Recently, the nega-
tive entropy for thermal Z‒E isomerization of azobenzene 
was theoretically rationalized in terms of spin–orbit-medi-
ated multistate mechanism involving the thermally induced 

triplet state and experimentally confirmed for azobenzene 
solution in MeCN [31]. These calculations show the increas-
ing effect of this mechanism for azobenzene in polar MeCN 
in comparison with toluene.

To interpret our experimental results, it has been assumed 
that the isomerization of the dyes under study can proceed 
also through the thermally induced triplet excited state, simi-
larly to how it occurs for azobenzene [31]. The calculations 
of the singlet  S0 and triplet  T1 reaction paths for dyes 2 and 
3 in toluene and MeCN show that the minimum potential 
energy paths of the Z‒E isomerization for both  S0 and  T1 
states follow the rotation around the N=N bond. Moreover, 
the inversion mechanism is not realized at all for the studied 
compounds in both MeCN and toluene. The calculations 
demonstrate that the reaction paths are similar independent 
of the substituent (Figs. 3, S13, S14). Depending on the sub-
stituent position and the solvent, two situations are possible.

In the first case, the curve  T1 does not intersect the 
curve  S0 or only touches it (dyes 2 in MeCN in Figs. 3a, 
S13(a,c), S14(a,c)). This indicates that the Z‒E isomeriza-
tion proceeds via adiabatic  S0 path, and the isomerization 
rate is determined by the first-order saddle points on the 
 S0 energy surface (maximum on the  S0 path). This situa-
tion is realized for dyes 1a, 2a‒c in MeCN. In the second 
case, the curves  S0 and  T1 intersect (dyes 2 in toluene 
(Figs. 3a, S13(a,c), S14(a,c)) and dye 3b in MeCN and 
toluene (Figs. 3b, S13(b,d), S14(b,d)). In this case, the 
Z‒E isomerization proceeds not only along the adiabatic 
 S0 path but rather along the nonadiabatic multistate path 
that involves both  S0 and  T1 states. This situation is real-
ized for dyes 1b, 3a‒c in MeCN and for all the dyes in 
toluene. The reaction via  T1 state involves two crossings 

Fig. 2  Energy profiles of the 
thermal Z‒E isomerization via 
 S0 reaction path for dyes with 
different substituent position: 
a position 1, b– position 2. 
The gradient from dark to light 
corresponds to the substituent 
change from H to Adm. All 
energies are given relative to the 
energy of the Z isomer of the 
corresponding dye

Table 3  Calculated activation 
energies Eact for the thermal 
Z‒E isomerization via  S0 and 
 T1 reaction paths of dyes 1‒3 in 
various solvents in kJ  mol−1

Solvent State 1a 2a 2b 2c 1b 3a 3b 3c

MeCN S0 47.02 57.79 60.63 60.42 64.39 66.64 65.08 66.34
T1 56.11 59.30 61.07 61.71 52.06 53.15 55.93 58.05

toluene S0 71.25 74.14 75.40 76.16 59.77 59.82 62.27 63.08
T1 57.96 59.91 62.78 62.87 47.11 47.59 50.43 51.43
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of the  S0 and  T1 paths (points 1 and 2 in insets of Fig. 3 
and Figs. S14). The strict calculation of the reaction rate 
constant for multistate rotation mechanism involving a 
triplet excited state is given in [31]. Such calculations are 
quite complex and require large computational costs. In 
the present work, only a qualitative comparison of the Z‒E 
isomerization paths for the dyes under consideration has 
been carried out. That is why we used the minimum point 
on the  T1 path for estimation the thermal reaction activa-
tion barrier.

The calculated thermal activation energies (Table 3) 
show that the thermally induced triplet state mechanism 
takes place with high probability for dyes 3 in toluene, and 
it is this mechanism that provides low activation energy and 
enthalpy with a simultaneous large experimental negative 
value of the entropy (ΔS‡)exp in the transition state. The 
transition between  S0 and  T1 states of different multiplici-
ties is spin-forbidden and can be allowed only due to the 
spin-orbital coupling (SOC). The calculation of the SOC is 
beyond the scope of this work. However, it can be stated that 
the low reaction rate at sufficiently low activation energies in 
dyes 3a‒c is explained by the nonadiabatic type of the reac-
tion with transitions forbidden by the multiplicity. The very 
large negative values of the experimental entropy (ΔS‡)exp 
for 3 in toluene is the result of the negative contribution of 
the transmission coefficient γ for spin-forbidden reactions, 
for which γ ≪ 1 (Eq. 3) [31, 44].

The calculated values of Eact are overestimated (compare 
Tables 2 and 3), but they reflect qualitatively the trends in 
the solvent dependence of Eact and in the substituent posi-
tion: toluene and MeCN have opposite effects on the thermal 
activation energies of dyes 1a, 2(a‒c) and 1b, 3(a‒c). The 
calculations show that the multi-stage process that involves 
both  S0 and  T1 states can take place also for dyes 2 in toluene 

(3)
(

ΔS‡
)

exp
= ΔS‡ + Rln(�).

and dyes 3 in MeCN (Table 3). However, the probability for 
this is lower than that for dyes 3 in toluene.

The structural parameters, calculated for the E and Z iso-
mers and the transition states between the two forms of dyes 
1‒3 (Table S2) show that the E isomers are practically planar 
(the dihedral angle C‒N=N‒C ω ≈ 180°) independent of the 
substituent position. In the transition  S0 state, ω is close to 
90°, which is typical of the rotation mechanism for the Z‒E 
isomerization. The substituent position affects the conforma-
tion of the Z isomers to a greater extent. The dihedral angle 
between dihydroquinoline and tetrazole planes is almost the 
same for dyes 2 and 3 in polar MeCN and decreases on 
passing from dyes 3 to dyes 2 in non-polar toluene. The 
calculated N=N bond lengths are shorter for the Z isomers 
of dyes 3 in both solvents providing the lower rate constants 
and higher lifetimes for the Z isomer. The detailed descrip-
tion of the geometry of the E, Z isomers and the transition 
states is given in SI (Table S2, Fig S12).

The problem of the negative activation entropy in the 
thermal Z‒E isomerization for azo dyes has been theo-
retically discussed for the dyes with the accepted inversion 
mechanism of the thermal Z‒E isomerization and has been 
solved theoretically [29, 31] and confirmed experimen-
tally [30, 31] applying the multistate mechanism involving 
both  S0 and  T1 states. The experimental negative activation 
entropy in the rotation mechanism was rationalized from the 
point of view of the drastic changes in the activation volume 
on passing from the Z isomer to the transition state [21–25]. 
Here, we for the first time consider the possible impact of 
the multistate mechanism for the dyes isomerizing by the 
rotation.

3.2  Spectral characteristics of isomers

The lifetimes of several minutes for 3b in both solvents and 
for 2b in toluene allowed us to attain the PSS upon irradia-
tion by the LEDs with different λirr (Fig. 4). The dependence 

Fig. 3  Relaxed PES scan: a dye 
2b; b dye 3b 
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of PSS distribution (FPSS = (APSS − AZ)/(AE − AZ)) on the 
irradiation wavelength varies depending on a dye and 
a solvent in series: 3b(tol) FPSS

450 >> FPSS
530 ≥ FPSS

400, 
3b(MeCN) FPSS

450 ≥ FPSS
530 >> FPSS

400, and 2b(tol) 
FPSS

530 > FPSS
450 > FPSS

400 (Table 4). These data imply that 
the quantum yields of the E‒Z and Z‒E photoisomerization 
depend on λirr in a different mode and are determined by 
the relative positions of the n‒π* and π‒π* transitions for 
these dyes.

The calculations of the vertical transitions in the dyes 
under study show that for dyes 2 and 3 the positions of n‒π* 
and π‒π* transitions for the E isomers are close and depend 
on the solvent: in MeCN the n‒π* band is blue-shifted 

relative to the π‒π* band and the opposite situation is 
observed in toluene (Table 5). However, both transitions are 
within the observed long-wavelength absorption band of the 
dyes. Recently, we have shown that for the E isomers of dyes 
1a, 2a, and 3a in aqueous solutions, the π‒π* transition is 
also shifted to the longer wavelengths relative to the n‒π* 
transition [45] similarly to dyes 2 and 3 in polar MeCN. This 
fact distinguishes the dyes under study from the vast major-
ity of azo dyes, for which the first allowed π‒π* and forbid-
den n‒π* transitions for the E isomer are separated with the 
n‒π* band being shifted to the red. It is well documented 
that for push–pull dyes, to which the dyes under study 
belong, the π‒π* transition shifts to the red and the n‒π* 
transition shifts to the blue [46], but the complete take-up is 
observed rarely. That is why, when E isomer is excited by the 
light of different λirr within the long-wavelength absorption 
band, both transitions are excited and the overall quantum 
yield of the E‒Z isomerization depends on λirr. At the same 
time, the two long-wavelength transitions in the Z isomer are 
largely separated (by 70‒80 nm) and have relatively close 
values of the oscillation strength (Tables 5, S3, S4). These 

Fig. 4  a‒c Spectra of the E isomers, estimated spectra of Z isomer 
and PSS spectra of dye 3b in toluene (a) and MeCN (b) and of dye 
2b in toluene (c) after irradiation with LEDs with λirr (400 ± 10), 

(450 ± 10) and (530 ± 10) nm. d‒f Simulated spectra of E and Z iso-
mers for dye 3b in toluene (d) and MeCN (e) and for dye 2b in tolu-
ene (f)

Table 4  The values of FPSS for 
dyes 2b and 3b in toluene and 
MeCN at different irradiation 
wavelengths

λirr (nm) Toluene MeCN

2b 3b 3b

400 0.94 0.79 0.92
450 0.73 0.55 0.72
530 0.59 0.75 0.76
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factors cause different dependence of the quantum yields 
of the E‒Z and Z‒E photoisomerization on λirr and are the 
reason for the experimentally observed strong dependence 
of PSS on λirr. The calculated spectra for various substituents 
at the same position are very close and qualitatively describe 
the experimental spectra of the E isomers and of the Z iso-
mers estimated from PSS (Figs. 4, S15).

4  Conclusions

In this article, the kinetic, thermodynamic, and spectral 
properties of dihydroquinolylazotetrazole dyes with substitu-
ents of different sizes (Me, t-Bu, Adm) at positions 1 and 2 
of the tetrazole moiety in two solvents (MeCN and toluene) 
are presented. It has been experimentally shown that the 
effect of the solvent is different for different positions of the 
substituent. The lowest reaction rate is observed for dyes 3 
in toluene. The fastest reaction rate is for dyes 2 in acetoni-
trile. For dyes 2, the activation energy is lower in MeCN 
than in toluene by approximately 10 kJ  mol−1. For dyes 3, 
the decrease in the rate constants in toluene is accompa-
nied by the lowest activation energy. The experimentally 
observed such an unusual dependence of the rate constants 
and thermodynamic parameters for the thermal Z‒E isomeri-
zation of dihydroquinolylazotetrazole dyes on the position 
of the alkyl substituent at the tetrazole moiety and the sol-
vent polarity: the longest lifetimes of the Z isomer for the 
dyes with 2-alkyl-substitued tetrazole in toluene (dyes 3) 
with the lowest activation energy and the largest negative 

entropy of activation, has been qualitatively rationalized in 
terms of the multistate rotation mechanism that involves the 
thermally induced excited triplet state. The isomerization via 
this path occurs nonadiabatically and includes two crossing 
points between the  S0 and  T1 states, where spin-forbidden 
transitions occur providing lowering the activation enthalpy 
(ΔH‡) and large negative activation entropy (ΔS‡)exp. This 
effect is more pronounced for dyes 3 in toluene and along 
with other factors contributes to the large negative activation 
entropy (ΔS‡)exp.

It should be pointed out that experimental confirmation 
of the multistate mechanism for the dyes under study is chal-
lenging due to the relatively high rate constants of the Z‒E 
isomerization. These experiments are beyond the scope of 
this work. They require special attention and should be the 
subject of a separate scientific study. However, our prelimi-
nary experimental results have shown an external heavy-
atom effect when adding tetrabutylammonium iodide to the 
reaction solutions for the dyes 2 in toluene and dyes 3 in 
both solvents. These studies are in progress now.

And the last, but not the least. From the spectral meas-
urements of PSS for dye 3b in both solvents and dye 2b in 
toluene, the spectra of the Z isomers have been calculated 
and it has been found that the distribution of isomers in PSS 
depends on the excitation wavelength. This indicates that 
the quantum yields of the E‒Z and Z‒E photoisomerization 
depend on λirr in a different mode and are determined by 
the relative positions of the n‒π* and π‒π* transitions for 
these dyes. The quantum-chemical calculations have shown 
that the positions of n‒π* and π‒π* transitions for the E 

Table 5  Calculated two long-
wavelength absorption bands (λ 
nm) and oscillation strengths (f) 
and types of transition for E and 
Z isomers of dyes 1‒3 in MeCN 
and toluene

Dye MeCN Toluene

E isomer Z isomer E isomer Z isomer

nm f nm f nm f nm f

1a 462.1 0.90 π–π* 479.5 0.32 π–π* 451.7 0.00 n–π* 479.3 0.25 n–π*
429.3 0.00 n–π* 397.0 0.19 n–π* 449.7 0.95 π–π* 406.1 0.30 π–π*

1b 450.1 0.80 π–π* 469.0 0.26 n–π* 449.2 0.01 n–π* 468.5 0.18 n–π*
434.6 0.03 n–π* 389.1 0.19 π–π* 436.0 0.82 π–π* 384.5 0.27 π–π*

2a 461.8 0.90 π–π* 472.4 0.32 π–π* 453.9 0.01 n–π* 478.4 0.26 n–π*
440.6 0.00 n–π* 396.7 0.19 n–π* 450.0 0.91 π–π* 403.5 0.30 π–π*

2b 462.3 0.90 π–π* 475.4 0.32 π–π* 460.2 0.01 n–π* 480.9 0.22 n–π*
450.5 0.00 n–π* 397.1 0.19 n–π* 450.5 0.90 π–π* 399.4 0.31 π–π*

2c 464.8 0.88 π–π* 477.0 0.31 π–π* 462.1 0.01 n–π* 481.4 0.23 n–π*
453.5 0.01 n–π* 399.7 0.21 n–π* 451.7 0.88 π–π* 397.5 0.28 π–π*

3a 450.8 0.88 π–π* 470.9 0.26 π–π* 449.0 0.00 n–π* 469.3 0.17 n–π*
434.6 0.00 n–π* 389.5 0.19 n–π* 436.1 0.87 π–π* 382.9 0.27 π–π*

3b 449.9 0.90 π–π* 470.7 0.25 π–π* 448.3 0.01 n–π* 470.7 0.17 n–π*
434.1 0.01 n–π* 387.3 0.19 n–π* 433.9 0.88 π–π* 381.0 0.24 π–π*

3c 450.4 0.94 π–π* 474.6 0.23 π–π* 448.5 0.00 n–π* 473.9 0.16 n–π*
434.1 0.01 n–π* 387.4 0.17 n–π* 433.3 0.93 π–π* 380.7 0.22 π–π*
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isomers are close and within the observed long-wavelength 
absorption band of the dyes. At the same time, the two long-
wavelength transitions in the Z isomers are largely separated.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s43630- 023- 00511-4.
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