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Chapter 7 
 

Computational studies on 

molecular switches and motors  
 
 

 
 
This chapter describes several computational studies on molecular switches and motors. 

First, a methodology is presented that is capable of providing an accurate description for 

the thermal E−Z isomerization displayed by various overcrowded alkenes and molecular 

motors. The validity of the method is tested against experimental data, after which it is 
used to predict energy barriers to isomerization for several systems. Secondly, the 
thermal switching behavior of a double azobenzene system is studied. Computational 

chemistry is also used to elucidate spectroscopic data. Finally, a study into the 
spectroscopic and thermochemical properties of four hemithioindigos is presented.* 

 

 
 
 

 
 
 

 
 
* Parts of this chapter have been or will be published as: a) Robertus, J.; Reker, S. 

F.; Pijper, T. C.; Deuzeman, A.; Browne, W. R.; Feringa, B. L. Phys. Chem. Chem. 

Phys. 2012, 14, 4374−4382. b) Robertus, J.; Ivashenko, O.; Pijper, T. C.; Rudolf, 

P.; Browne, W. R.; Feringa, B. L. manuscript in preparation. c) Kistemaker, J. C. M.; 

Pizzolato, S.; van Leeuwen, T.; Pijper, T. C.; Feringa B. L. manuscript in 

preparation.  
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7.1 Introduction 
In previous chapters, computational chemistry (introduced in chapter 2) was 
occasionally used in order to explain the behavior of photochromic systems or 
complement spectroscopic studies. In chapter 3, it was used to provide a 
rationale for differences in photochemical quantum yields between two 

dithienylethene photoswitches. Furthermore, in chapters 4 and 5, it was used to 
predict and elucidate the Raman spectra of various dithienylethene 
photoswitches. 

 
In this chapter, three computational studies on molecular switches and motors 
are presented. First, a method is presented for predicting the energy barrier to 

the thermally driven E−Z isomerization of overcrowded alkenes and motors. 

Next, a study into the thermochromic switching and spectroscopic features of a 
double azobenzene system is presented. The final study details the spectroscopic 

and thermochemical properties of four hemithioindigo photoswitches. Overall, 
it will be shown that computational chemistry is a powerful complementary tool 
for use in physical organic chemical studies. 

 

7.2 Thermally driven backwards rotation of molecular motors 
7.2.1 Introduction 
Rotary molecular motors, introduced in chapter 1, are sterically crowded stilbene 
type systems capable of performing unidirectional rotation around a central 
olefin.1 A full rotation takes place in four steps as is depicted in Scheme 7.2.1a 

for the second-generation system 7.2.1. First, photoirradiation of the ‘stable’ 
isomer effects an E−Z isomerization of the central olefin and results in the 

formation of an ‘unstable’ isomer that lies higher in energy and is of opposite 
helicity. This species is then capable of lowering its energy by performing a 

thermally driven helix inversion in which the naphthalene upper half flips over 
the lower half of the system. At this point, the system has undergone a 180º 
rotation. Repeating the two steps completes the full rotation and regenerates the 

original isomer. It should be noted that when the system’s lower half is 

symmetric (such as when the methoxy group on 7.2.1 is replaced with a 
hydrogen atom) the two stable isomers, and similarly the two unstable, isomers 
become identical. 
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Scheme 7.2.1 a) Rotary cycle of second-generation molecular motor 7.2.1. b) The two 

relaxation pathways possible. 

The rotation described above is typically unidirectional because the energy 

barrier of the thermal helix inversion is lower than that of the thermal E→Z 

isomerization (i.e. the reverse reaction). However, there are systems for which 

rotation does not strongly favor one direction. For many of such systems, it was 
found that the reduced directional preference was the result of thermal 
accessibility of the unstable form, causing the helix inversion to be reversible.2,3 

More recently, however, systems have been discovered that exhibit a reduced 

directional preference because of a different reason, namely thermal E→Z 

isomerization in the reverse direction. An example of such a system is motor 
7.2.1.4 For this motor, it was found that, starting from the unstable E isomer, 

relaxation would result in an almost 1:1 ratio of the stable Z isomer and the 

stable E isomer (Scheme 7.2.1b). This indicates that the energy barriers for the 

E→Z isomerization and the helix inversion are comparable in height. 

 
In previous years, research on molecular motors has to a large extent been 
supported with computational quantum chemistry (see chapter 1). It has for 

example been shown that the energy barrier of the thermal helix inversion can 
be predicted with reasonable accuracy through the use of density functional 
theory (DFT) at the B3LYP/6-31G(d,p) level.5 Indeed, this method has been 
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utilized in motor design in order to predict the helix inversion energy barriers of 
motors prior to their synthesis in order to find out whether their rotation rates 
would be of the desired order of magnitude. However, to date a method has not 

been available that can accurately predict the energy barrier of the potentially 
competing thermal E−Z ‘back-isomerization’. As a result, on occasion, effort has 

been put into the synthesis and characterization of a potentially interesting 

system (such as motor 7.2.1) only to find out during spectroscopic studies that 
its ability to rotation was limited by the competing E−Z back-isomerization. 

 
The reason for the lack of such a method for investigating the E−Z back-

isomerization is that the transition state involved cannot be accurately described 
by single determinant methods such as Hartree−Fock and Kohn−Sham DFT. For 
this reason, a multideterminant method has to be employed instead. One 

popular multideterminant method potentially capable of providing an accurate 
description is the CASSCF theory in which the orbitals of interest are treated as 
in a full configuration interaction (CI) calculation (the active space).6 Such an 

approach can be very effective in describing the ‘static correlation’ (see chapter 
6) that often cannot be accounted for effectively by a single determinant 
method. Unfortunately, the use of CASSCF is limited by the number of orbitals 
that can treated in this way as full CI calculations are computationally 

demanding (see chapter 6). In practice, the size of a complete active space 
should not exceed 14 electrons in 14 orbitals (~2.7 million configuration state 
functions or CSFs) in order to keep the calculation manageable. This poses a 

challenge as the π system of a molecular motor is typically larger. As such, if 
CASSCF or a related theory is to be used for studies on molecular motors, it is 
necessary to limit the number of CSFs in some way. 

 
In this section, a study is presented that focusses on finding an effective method 
for describing thermally driven E−Z isomerization reactions by means of CASSCF 

and related theories. One method that is found to provide accurate results is 
subsequently benchmarked by comparison with experimentally determined 
energy barriers reported in literature. Finally, the method found is used to 

determine thermal E−Z back-isomerization energy barriers for a number of 

systems. 
 

7.2.2 Calculation details 
All quantum chemical calculations were performed with Firefly 8.0.0 RC unless 
noted otherwise,7 which is based partially on GAMESS (US) source code.8 
CASSCF calculations were performed with the Fully-Optimized Reactive Space 

MCSCF (FORS-MCSCF) model,9 which is identical to the CASSCF model in its 
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principles and only differs in its technical implementation.10 Both the 
determinant based MCSCF code (ALDET) and CSF based MCSCF code (GUGA) 
were used. For MCSCF calculations employing a single active space with a 

limited excitation number (‘incomplete active space MCSCF’) the CSF based 
code was used. MRMP2 calculations were performed with the (X)MCQDPT2 
code.11 An energy denominator shift of 0.02 Hartree was hereby used to avoid 

intruder states. For active spaces of the size (10,10) and larger, MRMP2 
calculations were sped up through the use of the resolvent fitting approach.12 In 
addition, for MRMP2 calculations with active spaces of the size (14,14), CSF 
selection was used to reduce the number of CSFs in order to bypass memory 

constraints. MRMP2 calculations with ‘incomplete active space’ MCSCF 
references were performed with the GMC-QDPT code13 in GAMESS (US) version 
2012-05-01 (using the same energy denominator shift as before).8 

 
Initial minimum geometries were obtained at the RHF or B3LYP14 level, using 
the 3-21G and 6-31G basis sets.15,16 Initial transition state geometries were 

obtained at the GVB-PP(1) level (which gives results identical to CASSCF(2,2,)) 
using the basis sets mentioned before. The initial geometries were refined at the 
CASSCF/6-31G(d) level (active space sizes are discussed in section 7.2.3). In cases 

where more than one transition state geometry was found, subsequent 
calculations were performed for all geometries in order to determine their 
energies. Hereby, only the lowest energy geometries are discussed. The 

geometries found were also subjected to a vibrational analysis in order to verify 
that they truly correspond to minima on the PES (or first-order saddle points in 
the case of TS geometries). However, as the geometries obtained were found to 
vary little with changes in the size and composition of the active space, this 

analysis was for most systems only performed for CASSCF(10,10) optimized 
geometries. The vibrational analysis at the CASSCF(10,10) level was also used to 

calculate a thermochemical correction (at T = 298.15 K and p = 1 atm) that was 

used on all calculated SCF energies. MRMP2/CASSCF/6-31G(d), CASSCF/cc-

pVTZ,17 and MRMP2/CASSCF/cc-pVTZ energies were calculated from the 
CASSCF/6-31G(d) optimized geometries. 
 

7.2.3 Results and discussion 
Investigating different active space compositions 
One simple way to reduce the number of CSFs in a CASSCF calculation is by 
limiting the excitation number within the active space. The rationale behind 

this approach is that truncated CI methods such as CISDT are already able to 
account for part of the static correlation. In order to investigate this approach, 
the stilbene molecule was used as a benchmark system (Figure 7.2.1). A (14,14) 
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active space was used and the excitation number within the active space varied 
from 2 to 6. Results obtained with this ‘incomplete active space’ MCSCF 
calculation were then compared with the CASSCF(14,14) result (which uses the 

highest excitation number, i.e. 14). A 6-31G(d) basis set was used for all of these 

calculations. 
 

 

Figure 7.2.1 Gibbs energy barrier for the cis to trans isomerization of stilbene as 

calculated with a (14,14) active space with varying excitation numbers and a 6-31G(d) 
basis set. Squares represent the zeroth order results, circles the results obtained by a 

follow-up MRMP2/6-31G(d) calculation. 

The results presented in Figure 7.2.1 show that excitation numbers up to and 

including 4 are not sufficient for an appropriate description of the system. 
Contributions from at least Quintuples need to be included as well in order to 
obtain a calculated energy barrier that is close to that obtained with a full 
CASSCF(14,14) calculation. Unfortunately, while such a calculation is 

manageable with active spaces that are slightly over (14,14) in size, for a system 

such as motor 7.2.1 (which requires at least a (22,22) sized active space when 
excluding lone pairs on heteroatoms) an excitation number of 5 would result in 
a calculation with as much as ~44 million CSFs. As such, this strategy is not 

feasible for calculations on molecular motors. 
 
A second strategy toward reducing the number of CSFs that has been studied is 

to include only part of the π system in the active space. The central question 
hereby is which orbitals are important to consider in order to recover as much of 
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the static correlation as possible. For this reason, the effect of the composition of 
the active space on the calculated E→Z isomerization energy barrier was studied 

with overcrowded alkene 7.2.2 (Scheme 7.2.2) for which a Gibbs energy barrier 
of 104.6 kJ/mol has been observed experimentally.18 An overview of the active 

spaces tested is presented in Scheme 7.2.2b. 
 

 

Scheme 7.2.2 a) The Z→E isomerization of overcrowded alkene 7.2.2 that was studied 

by CASSCF. b) The different active spaces that were tested. π bonds included in each 

active space are encircled. 

The smallest active space tested was a (2,2) active space which includes only the 

central π bond. For larger active spaces, it was decided to always include only π 
bonds that are in conjugation with the central π bond, as these are expected to 
be important in stabilizing the biradicaloid character of the transition state and 
may thus require a better description. For active spaces of the sizes (10,10) and 

(14,14), there was a choice whether to prioritize π bonds that are directly 
adjacent to the central π bond (denoted ‘branched’) or to prioritize a linearly 
conjugated system (denoted ‘linear’). For (14,14) active spaces, the latter choice 

involved the inclusion of two aromatic six-electron systems. 
 
The results of these calculations are summarized in Table 7.2.1 and show that 

increasing the size of the active space lowers the relative energy of the transition 
state geometry, bringing the calculated Gibbs energy barrier closer to the 
experimentally observed barrier. Results from ‘branched’ active spaces are hereby 
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generally closer to the experimentally observed barrier than those from ‘linear’ 
active spaces. Furthermore, it was found that results from a follow-up MRMP2 
calculation and/or an increased basis set size were not significantly different, 

though a combination of a (14,14) ‘branched’ active space and the larger cc-
pVTZ basis set resulted in an underestimation of the energy barrier. As 
exploratory studies with other systems also showed that an increase in basis set 

size would not lead to significantly different results, other calculations discussed 
herein were all performed with the 6-31G(d) set. 
 
Table 7.2.1 Calculated Gibbs energy barrier (kJ/mol) for the thermal Z→E 

isomerization of overcrowded alkene 7.2.2 (experimental value: 104.6 kJ/mol).18 

active space 
CASSCF/ 

6-31G(d) 

MRMP2/ 

6-31G(d) 

CASSCF/ 

cc-pVTZ 

MRMP2/ 

cc-pVTZ 

(2,2) 125.7 111.5 123.1 108.9 
(6,6) 117.9 115.1 115.3 113.0 

(10,10) ‘linear’ 112.1 109.8 110.2 107.1 
(10,10) ‘branched’ 106.7 108.6 104.0 105.0 

(14,14) ‘linear’ 107.2 112.2 105.4 110.9 
(14,14) ‘branched’ 102.1 104.7 100.3 100.2 

 

The strategy used above was also tested with molecular motor 7.2.1, which has 
been reported to have a Gibbs energy barrier of 117.1 kJ/mol for the thermal 

back-isomerization reaction.4 An overview of the active spaces tested is provided 
in Scheme 7.2.3 and the results of these calculations are presented in Table 7.2.2. 

The results show a similar trend as was observed with 7.2.2 in that increasingly 
larger active spaces lead to lowering of the relative energy of the transition state 

geometry. It was also observed that, for the (14,14) active spaces, active space 2 
(the most ‘branched’ one) provided a calculated barrier that is close to the 
experimentally observed one. Finally, follow-up MRMP2 calculations were found 

not to provide significantly different results. 
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Scheme 7.2.3 a) Thermally driven unstable E→stable Z back-isomerization of 

molecular motor 7.2.1. b) The different active spaces that were tested. π bonds included 

in each active space are encircled. 

Table 7.2.2 Calculated Gibbs energy barrier (kJ/mol) for the thermal unstable

E→stable Z isomerization of molecular motor 7.2.1 (experimental value: 117.1 

kJ/mol).4 

active space CASSCF/6-31G(d) MRMP2/6-31G(d) 

(2,2) 145.0 146.3

(8,8) 124.1 127.3
(10,10) 117.0 123.1

(12,12) – 1 118.9 124.0
(12,12) – 2 123.0 123.9

(14,14) – 1 117.3 121.1
(14,14) – 2 116.0 113.3
(14,14) – 3 120.7 122.7
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In addition to the two strategies tested above (limiting the excitation number 
and describing only part of the π system) it was also attempted to use RASSCF- 
and QCAS-like methods. In these, the full π system was considered but the 

number of CSFs was limited by dividing the system into smaller active spaces 
with limited excitation numbers. Unfortunately, it turned out not to be possible 
to find an appropriate composition with a number of CSFs low enough to make 

the calculation feasible. As such, these strategies were unsuccessful. 
 
Verifying the accuracy of the approach 

To recapitulate, the most promising strategy towards studying the thermally 
driven E−Z isomerization of overcrowded alkenes was by including only part of 

the π system. By doing this, it was found that ‘branched’ active spaces provided 

results that were the closest to those determined empirically: for overcrowded 

alkene 7.2.2, this was the ‘branched’ (14,14) active space and for motor 7.2.1 
this was the (14,14) active space no. 2. However, it was not determined whether 
this approach would be widely applicable or whether it is only effective for the 

two systems examined here. 
 
For this reason, the strategy was tested with two additional systems, namely 

overcrowded alkene 7.2.3 and molecular motor 7.2.4 (Figure 7.2.3). For 7.2.3, 

the Gibbs energy barrier for the thermally driven E→Z isomerization is reported 

to be 71.5 kJ/mol.18 For 7.2.4, the Gibbs energy barrier for the back-
isomerization has been determined to be 100.5 kJ/mol.19,5 It should be noted 

that 7.2.4 does not truly function as a motor as the barrier for the thermal helix 
inversion has been determined to be >120 kJ/mol, and hence the back-

isomerization process dominates and the system functions as a switch.5 
 

 

Figure 7.2.3 Overcrowded alkene 7.2.3 and molecular motor 7.2.4. 

The results of the calculations on 7.2.3 and 7.2.4 are summarized in Table 7.2.3. 
The calculated barriers are found to differ from the empirically determined 
barriers by a only few kJ/mol. It is furthermore observed that, in contrast to 

earlier results, the follow-up MRMP2 calculations provide significantly lower 
energy barriers than the CASSCF calculations. This indicates that it is more 
important to consider dynamic correlation for systems with xanthene moieties. 
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Table 7.2.3 Calculated Gibbs energy barrier (kJ/mol) for the thermal isomerization of 

overcrowded alkene 7.2.3 and molecular motor 7.2.4. 

Compound CASSCF/6-31G(d) MRMP2/6-31G(d) Experimental 

7.2.3 (E→Z) 91.0 73.4 71.5 

7.2.4 128.2 103.8 100.5 

 
Studying other systems 

The strategy utilized above has been demonstrated to be able to provide results 

that correspond well with empirical data. For this reason, it was used to study 
the height of the E−Z isomerization energy barrier for molecular motors 7.2.5–

7.2.9 (Figure 7.2.4). The results of these calculations are summarized in Table 
7.2.4. For structures with (thio)xanthene moieties, it is seen that the MRMP2 
calculations predict significantly lower energy barriers than the CASSCF 

calculations. 
 

 

Figure 7.2.4 Molecular motors 7.2.5–7.2.9. 

Table 7.2.4 Calculated Gibbs energy barriers (kJ/mol) for the thermal isomerization of 

molecular motors 7.2.5–7.2.9. 

Compound CASSCF/6-31G(d) MRMP2/6-31G(d) 

7.2.5 (E→Z) 121.5 119.4 

7.2.5 (Z→E) 120.1 117.7 

7.2.6 (E→Z) 135.5 127.7 

7.2.7 (E→Z) 130.4 105.8

7.2.8 131.0 124.5

7.2.9 77.2 76.7

 
With respect to the thermochemical behavior of the molecular motors studied, 

examination of the thermal isomerization barriers for 7.2.1 and 7.2.4–7.2.9 (as 
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calculated with MRMP2) provides some new insight into the performance of 
these systems. First of all, the calculations indicate that the desymmetrization of 
a motor with a methoxy group (a modification commonly used to study the 

unidirectionality of the symmetric motor) does have an effect on the 

isomerization energy barrier. Specifically, it is seen that the energy barriers for 

the asymmetric motors 7.2.7 and 7.2.6 differ from those of their symmetric 

counterparts 7.2.4 and 7.2.8 by a few kJ/mol. This implies that, depending on 
the relative energy barriers of the back-isomerization and the thermal helix 

inversion, a methoxy desymmetrized system may behave differently from a 
symmetric system, i.e. one may rotate unidirectionally whereas the other may 

not. It is hereby also seen for 7.2.5 that the E→Z and Z→E processes have 

slightly different energy barriers. Furthermore, it is seen that systems with 

(thio)xanthene moieties exhibit much lower back-isomerization energy barriers 
than systems with fluorene moieties. It should be noted that this trend may not 
hold when the upper half does not contain a six-membered ring. A further 

observation is that systems with a sulfur atom in the upper half (7.2.6) display 

higher barriers than those with an oxygen (7.2.1) or all-carbon (7.2.5) upper 

halve. Finally, for motor 7.2.9 an energy barrier as low as 76.7 kJ/mol was found. 
This implies that this system will most likely not behave as a motor as back-
isomerization will be faster than helix inversion. 
 

7.2.4 Conclusion 
In conclusion, a strategy was developed for calculating the energy barrier for the 
thermal E−Z isomerization of overcrowded alkenes and second-generation 

molecular motors. By including the most important π bonds in the active space, 

it is able to provide energy barriers that are in close agreement with those 
observed experimentally. A follow-up MRMP2 calculation has hereby be shown 
to be important for some systems while an increase in basis set size (from the 6-

31G(d) set) was found to be of lesser importance. The strategy was shown to be 
capable of predicting the back-isomerization energy barriers for different 
systems. 

 
It should be stressed that from a theoretical standpoint the proposed strategy has 
a few deficiencies. Most importantly, the π system is only partially incorporated 

within the active space and the potential influence of hetero atoms is left 
unconsidered. As such, the accuracy of the proposed strategy is to some extent 
attributed to a favorable cancellation of errors. Caution should thus be exercised 

when applying this strategy to other overcrowded systems capable of E−Z 

isomerization, such as first- and third-generation motors. 
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7.3 Switching behavior and spectroscopic properties of an 

asymmetric double azobenzene switch 
 

7.3.1 Introduction 
Azobenzenes are photochromic molecules with the general structure Ph–N=N–
Ph (see chapter 1). Irradiation with UV light causes them to undergo an E to Z 

isomerization while irradiation in the visible region causes the reverse process.20 

In addition, the Z isomer is usually able to revert back to the E isomer thermally. 

Double azobenzenes are systems consisting of two azobenzene moieties 
connected to a central phenyl ring in a meta orientation relative to each other. 

Though a few examples of such systems have been reported,21 their 
photochemical behavior has been studied little. 
 

When a system is comprised of two or more photochemical moieties in close 
proximity, it is possible for these units to influence each other. This has been 
reported by Spada and co-workers for a double azobenzene,22 but has also been 

reported for other types of photochromic switches such as dithienylethenes.23 In 

this section, the thermal relaxation mechanism of double azobenzene 7.3.1 

(Scheme 7.3.1a) is investigated. Because 7.3.1 contains an ester moiety that is 
situated ortho or para relative to the two azobenzene units, these two units are 

chemically inequivalent and are thus expected to have different energy barriers 

for the thermal Z to E relaxation process. This gives rise to multiple possible 

pathways for the full Z,Z to E,E relaxation (Scheme 7.3.1b) as the system could 

relax through either an intermediate o-Z,E isomer (in which the para-substituted 

azobenzene relaxes first) or an intermediate p-Z,E isomer. DFT will be used to 

calculate the energies of all isomers as well as the transition state geometries 

connecting these on the potential energy surface. In addition, DFT will be used 
to calculated theoretical 1H NMR data of the o-Z,E and p-Z,E isomers in order to 

assign experimentally obtained spectra to the correct isomers. 
 

 

Scheme 7.3.1 a) The reversible E,E to Z,Z isomerization of azobenzene 7.3.1. b) 

Thermal relaxation to E,E-7.3.1 can take place via two intermediate isomers. 
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7.3.2 Calculation details 
Quantum chemical calculations investigating the thermal relaxation pathway of 
Z,Z-7.3.1 were performed with Firefly 7.1.G,7 which is based partially on 

GAMESS (US) source code.8 Geometry optimizations and energy calculations 
were performed using the B3LYP hybrid functional24 (with VWN 1 RPA 

correlation24c) and a 6-31G(d,p) basis set.15 The validity of the transition state 
geometries found was verified by both a vibrational analysis and an IRC analysis. 
NMR calculations were performed with Gaussian 09 revision B.0125 using the 

GIAO method. For these calculations, each geometry was first optimized at the 
OPBE/6-311G(d,p) level (gas phase) after which the isotropic magnetic shielding 
tensors were calculated at the OPBE/6-311G(d,p) level with the IEFPCM 
solvation model (solvent: 1,2-dichloroethane). The calculated spectra were 

referenced by setting the signal of the CH3 of the ester substituent of Z,Z-7.3.1 

(‘d’ in Figure 7.3.1) at 1.00 ppm (its experimentally observed shift).26 
 

7.3.3 Results and discussion 
For azobenzenes, the thermal Z to E relaxation can take place by two different 

mechanisms (Scheme 7.3.2). In the rotation mechanism, the relaxation takes place 

by an out-of-plane rotation around the central N=N double bond. In the 
inversion mechanism, the relaxation take place through an in-plane inversion on 

one of nitrogen atoms. As experimental27 and computational studies28 have 
shown that for unsubstituted, neutrally substituted, and sterically constrained 
azobenzenes the thermal Z to E isomerization takes place via the inversion 

mechanism, we presumed that the inversion mechanism would also be the 
dominant mechanism for the thermal relaxation of Z,Z-7.3.1.29 This makes the 

mechanism investigable with Kohn−Sham DFT as there is no degeneracy to be 
expected (which would most likely not be the case for the rotation mechanism). 

 

 

Scheme 7.3.2 Thermal relaxation of an azobenzene via the rotation and inversion 

mechanisms. 
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Investigation of the inversion mechanism is complicated by the fact that, for 
each azobenzene unit, inversion can take place on either of its two nitrogen 
atoms. As such, all possible inversion pathways, eight in total, were investigated, 

the results of which are summarized in Table 7.3.1. From these data, it can be 
seen that inversion is most likely to take place on nitrogen atoms 2 and 4. 
Furthermore, it can be seen that the thermal relaxation takes place with little 

interaction between the two azobenzene units – relaxation of one unit causes 
only a small change in the barrier for the relaxation of the other unit. Finally, it 
should be noted that the calculated barriers are in reasonable agreement with 
the experimentally determined barriers, this despite the calculations not taking 

thermochemical contributions to the energy into account. 
 
Table 7.3.1 Calculated energy barriers (kcal/mol) for the relaxation of Z,Z-7.3.1 to 

E,E-7.3.1. 

 
Z,Z-7.3.1 → ortho-Z,E-7.3.1 ortho-Z,E-7.3.1 → E,E-7.3.1 

inversion over ΔESCF exp. ΔG‡ inversion over ΔESCF exp. ΔG‡ 

N1 26.8
24.8 ± 4.9 

N3 26.2
25.6 ± 4.8 

N2 25.6 N4 22.2

Z,Z-7.3.1 → para-Z,E-7.3.1 para-Z,E-7.3.1 → E,E-7.3.1 

inversion over ΔESCF exp. ΔG‡ inversion over ΔESCF exp. ΔG‡ 

N3 25.5
25.1 ± 6.3 

N1 26.9
25.2 ± 2.2 

N4 22.6 N2 25.1

 
The calculated 1H NMR spectra of ortho-Z,E-7.3.1 and para-Z,E-7.3.1 (Figure 

7.3.1) show a high degree of similarity, save for a few important differences. For 
ortho-Z,E-7.3.1, the shifts of hydrogens ‘i’ and ‘j’ are predicted to be at 7.68 and 

7.14 ppm, respectively. For para-Z,E-7.3.1, these shifts are predicted to be 7.28 

and 8.26 ppm, respectively. In addition, for para-Z,E-7.3.1, the signal of 

hydrogen ‘h’ was predicted to be much further upfield than for ortho-Z,E-7.3.1 

(6.61 vs 8.07 ppm). These differences were also observed for the experimentally 

obtained 1H NMR spectra. On this basis, the experimental spectra could be 

assigned to their corresponding isomers. 
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Figure 7.3.1 Calculated (upper) and experimental (lower) 1H NMR spectra of a) ortho-

Z,E-7.3.1 and b) para-Z,E-7.3.1, recorded at 500 MHz in CDCl3 (*: ethyl acetate, **: 

water, ***: CH2Cl2). An amount of E,E-7.3.1 is present in both experimental spectra 

(15 % in a, 44 % in b). 

7.3.4 Conclusion 
From the DFT calculations, it was found that the thermal relaxation from Z,Z-

7.3.1 to E,E-7.3.1 most likely proceeds through inversion on the two nitrogen 

atoms that are situated the furthest from the central phenyl unit. It was 
furthermore found that there is little interaction between the two azobenzene 
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units during this process – when one unit relaxes, the energy barrier for 
relaxation of the other unit changes minimally. This is in agreement with 
experimental observations. Finally, the ortho-Z,E-7.3.1 and para-Z,E-7.3.1 

isomers were identified by correlating calculated 1H NMR spectra to 

experimentally obtained ones. 
 

7.4 Spectroscopic and thermochemical properties of four 

hemithioindigos 
7.4.1 Introduction 
Hemithioindigos are photochromic compounds that consist of a thioindigo part 
and a stilbene part connected at the double bond (see chapter 1). They are 

capable of undergoing a Z→E isomerization upon irradiation with UV light 

whereas the reverse process can be achieved by irradiation at a longer 

wavelength. Also, for some systems, the reverse process can be driven thermally. 
In this section, the IR absorption spectra and Raman scattering spectra of the Z 

and E isomers of hemithioindigos 7.4.1–7.4.4 are calculated (Figure 7.4.1). These 

four hemithioindigos are structurally analogous but differ in their substitution 

patterns. Spectra of their Z and E isomers will be compared in order to identify 

spectral features unique to each isomer. In addition, the thermal isomerization 

process of hemithioindigo 7.4.1 will be studied in order to determine the 
thermal stability of its E isomer. 

 

 

Figure 7.4.1 The four hemithioindigos that were studied. Depicted are their Z isomers. 

7.4.2 Calculation details 
Vibrational spectra were calculated with Gaussian 09 revision C.01.25 The 
minimum energy geometries, force constant matrices, IR intensities, and Raman 

activities were all calculated by DFT with the B3LYP hybrid functional14 and a 
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‘cc-pV(T+d)Z-PP’ basis set. cc-pV(T+d)Z-PP hereby refers to a combination of cc-
pVTZ for hydrogen and first-row elements,17a cc-pV(T+d)Z for sulfur,30 and cc-
pVTZ-PP for bromine.31 Vibrational data were processed and plotted using a 

locally modified version of GaussSum 2.2.5 using Lorentzian curves with the full 
width at maximum height set to 10 cm–1.32 Wavenumbers were scaled by 0.976, 
a factor which was determined to provide the most optimal match between 

calculated and experimental results. Calculated Raman activities were converted 

to Raman intensities using the formula described in paragraph 2.8.4 (using λ = 

785 nm and T = 293.15 K). 

 

Calculations on the thermal isomerization pathway of hemithioindigo 7.4.1 
were performed with Firefly 8.0.0 RC,7 which is based partially on GAMESS (US) 
source code.8 CASSCF calculations were performed with the Fully-Optimized 

Reactive Space MCSCF (FORS-MCSCF) model9 using the determinant based 

MCSCF code (ALDET). Unfortunately, the complete π system of 7.4.1 is too large 
to fully include in the active space. As such, only the central π orbital and 4 
neighboring π orbitals were included, resulting in an a (10,10) active space 

consisting of 5 π bonding orbitals and the corresponding 5 π* antibonding 
orbitals (Figure 7.4.2). MRMP2 calculations were performed with the 

(X)MCQDPT2 code11 whereby an energy denominator shift of 0.02 Hartree was 
used to avoid intruder states. In addition, the resolvent fitting approach was 
used in order to speed up these calculations.12 Geometry optimizations and 

thermochemical analyses (at T = 298.15 K and p = 1 atm) were performed at the 
CASSCF/6-31G(d) level.16 Subsequent single point energy calculations were 

performed at the MRMP2/CASSCF/cc-pV(T+d)Z level (using cc-pVTZ for 
hydrogen and first-row elements).17a,30 The validity of the transition state 
geometry found was confirmed by an IRC analysis. 

 

 

Figure 7.4.2 CASSCF calculations on hemithioindigo 7.4.1 were performed with a 

(10,10) active space. π bonds included in the active space are encircled. 

7.4.3 Results and discussion 
Vibrational spectral features of hemithioindigos 7.4.1–7.4.4 

Calculated and experimental Raman spectra of the four hemithioindigos are 
shown in Figure 7.4.3. The calculated spectra were found to resemble the 
empirical spectra closely which suggests that the level of theory employed is 
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suitable for predicting vibrational spectra. Comparing the Raman spectra of the 
Z and E isomers, a few significant differences were seen with all four 

hemithioindigos. Most importantly, the region 1500–1650 cm–1 was found to 

contain two discernable bands in the spectra of the Z isomers whereas three 

bands could generally be distinguished in the spectra of the E isomers. 

Calculations indicate that these bands originate primarily from C=C stretching 

vibrations either localized in a part of the molecule or active in the complete 
molecule. Differences between the Z and E isomers in this region are hereby 

attributed primarily to changes in the Raman cross-section as the vibrational 

modes involved were generally found to shift only slightly. A second difference 
between Raman spectra of the two isomers is an increase in the relative 

intensities of bands in the region 1375–1500 cm–1 upon Z→E isomerization. In 

the spectra of the E isomers, these are attributed to rocking vibrations of the 

olefinic hydrogen. 
 
Calculated IR spectra of the Z and E isomers of the four hemithioindigos studied 

are shown in Figure 7.4.4. Comparing the spectra of Z and E isomers, various 

differences were observed for all four hemithioindigos. However, the presence of 
certain spectral features was found to depend strongly the substitution pattern. 

As such, it was not possible to identify any features attributable to only one 
isomer that were shared by all four hemithioindigos. 
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Figure 7.4.3 Calculated (blue) and experimental (red) Raman spectra of 

hemithioindigos 7.4.1–7.4.4. 
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Figure 7.4.4 Calculated IR spectra of hemithioindigos 7.4.1–7.4.4. 

Thermally driven E→Z isomerization of hemithioindigo 7.4.1 

The So potential energy surface of 7.4.1 was investigated at the MRMP2/cc-
pV(T+d)Z//CASSCF(10,10)/6-31G(d) level to study the thermal stability of the E 

isomer of hemithioindigo 7.4.1 (7.4.1E), (Figure 7.4.5). It was found that E→Z 

isomerization most likely takes place by rotation around the central alkene. This 
is in agreement with computational studies on an unsubstituted hemithioindigo 
performed at the MS-CASPT2//CASSCF(14,13) level.33 The Gibbs energy barrier 

from 7.4.1E to the transition state geometry was calculated to be 147.9 kJ/mol. 
This is lower than the value of 175 kJ/mol reported for the unsubstituted 

hemithioindigo,33 though this study did not apply thermochemical corrections 

(which lowered the barrier by 10.7 kJ/mol in the case of 7.4.1). The energy 

difference between 7.4.1E and 7.4.1Z was calculated to be 23.2 kJ/mol. 

The calculated Gibbs energy barrier indicates that thermally driven E→Z 

isomerization should be not observed for 7.4.1 at room temperature. However, it 
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should be emphasized that the above calculations were carried out in the gas 

phase. As such, the E→Z isomerization rate could be different in solution as 

solvent may be able to stabilize the biradicaloid character of the transition state 
geometry, thus lowering the height of the energy barrier. 
 

 

Figure 7.4.5 Relative energies of hemithioindigos 7.4.1Z, 7.4.1E, and the transition 

state geometry for the thermally driven isomerization of 7.4.1E into 7.4.1Z. 

7.4.4 Conclusion 
Computational chemistry was used to the predict the vibrational spectra of four 
hemithioindigos and study the thermochromic behavior of one. Comparison of 
the Raman spectra of the Z and E isomers showed that these contain distinct 

spectral features that can be used to identify each isomer. Furthermore, these 
features were found to be largely independent of the substitution pattern. In 
contrast, IR spectra were found to vary wildly with substitution pattern.  

A study of the ground state potential energy surface of hemithioiindigo 7.4.1 

suggests that this system will not undergo any observable thermal E→Z 

isomerization at room temperature owing to a high energy barrier. However, as 
the study was carried out in the gas phase, actual solution phase behavior may 
prove to be different. 

 

7.5 Conclusion 
In this chapter, the thermochromic behavior and spectroscopic characteristics of 
various molecular switches and motors was studied. The information obtained 
from these studies proved useful in explaining and even predicting the behavior 
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of various system. Also, the information found was useful in elucidating spectral 
features in 1H NMR and vibrational spectroscopy. Owing to the nature of the 
different chemical problems, different approaches had to be taken for the 

different systems studied – some systems could be described well by a single-
reference method such as Kohn−Sham DFT whereas other required multi-
determinant descriptions. Overall, computational chemistry was found to be a 

useful tool that provides information complementary to that obtained by 
spectroscopic studies. 
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