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ABSTRACT

The isomerization mechanism of the ground-state and the first single excited-state (Sp and S;) for 4-
aminoazobenzene (4-AAB) was studied on the basis of the DFT-B3LYP and CASSCF calculations. The results
indicate that the thermal cis-trans (E <> Z) isomerization of 4-AAB mainly concerns the inversion mecha-
nism, while the photoisomerization on the S; state involves the rotational pathway that is characterized
by the S;/So conical intersection with a twisting structure. By means of the investigation on the geo-
metrical parameters, it was found that the relaxation modes, which determine the decay dynamics of
the excited states, are different for the E- and Z-isomers upon excited in the S; state. Moreover, the S;
potential energy surface of 4-AAB is found to be similar to that of parent azobenzene. During the decay
process of excited E-isomer through the rotation of the NN bond, however, the activation energy barrier
of 4-AAB is lower than that of azobenzene, which suggests that the corresponding decay lifetime of S;
excited E-4-AAB is smaller than that of E-azobenzene.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Azobenzene (AB) and its derivatives have a typical charac-
teristic of reversible trans-cis (E <> Z) isomerization, which has
recently attracted significant interest in optical materials [1,2],
media storage materials [3], light-triggered nano-machines [4,5],
etc. Generally, two relative stable configurations (E and Z) can
be observed in the electronic ground state of AB. Upon UV light
(~365nm) irradiation, E-AB can be converted to Z-AB. The Z— E
backward isomerization can readily occur at room temperature and
can be promoted by visible light irradiation.

Since two photoisomerization routes of AB being excited to dif-
ferent electronic states (see Fig. 1) were firstly proposed by Rau
and Liiddecke [6], the photoisomerization mechanism of AB has
been argued by many theoretical and experimental researchers
[7-12]. Recently, some comprehensive studies tend to conclude
that the rotation mechanism, which involves the rotation around
the NN double bond, plays an important role in the E <> Z isomer-
ization process of AB on the S;(n— m*) and S; (7 — 7*) states
[13-17].

In contrast to the extensive study of AB, there are few reports
concerning the photoisomerization of substituted AB. In fact,
the presence of substituents may modify the electronic struc-
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ture and excited energy of azobenzene [18]. It is possible that
the photoisomerization mechanism and dynamics of the substi-
tuted azobenzene are different from those of parent azobenzene.
Sub-picosecond time-resolved absorption spectroscopy has shown
that there exists a remarkable substituent effect on the decay
dynamics of excited states for the donor-acceptor 4,4’-substituted
E-azobenzene [19]. In our previous work [20], the potential
energy surfaces of the Sy and S; were mapped for 4-amino-4'-
nitroazobenzene (ANAB) and 4-amino-4’-cyanoazobenzene (ACAB)
on the basis of the CASSCF calculations. The result indicates that
the photoisomerization on the S; state mainly involves the rotation
mechanism for both ANAB and ACAB. Upon being excited to the S,
state or vibrationally hot S; state, however, the inversion channel
could be accessible to decay the excited electron’s energy. The cal-
culation result also indicates that different electron-withdrawing
groups (e.g. -NO,, -CN) on 4-position can modify the conical inter-
section lying on the inversion decay pathway. UV-vis transient
absorption spectroscopy carried out on 4-aminoazobenzene (4-
AAB) has shown that the potential energy gap between the S;
(n—7*) and S, (7 — 7*) states plays a key role to determine
the E-Z photoisomerization dynamics of azobenzene derivatives
[21].

In this work, we chose the 4-aminoazobenzene(4-AAB) as the
model molecule and performed the DFT and CASSCF calculations
to optimize the structures and scan the potential energy surfaces
(PES) of Sg and S; states. Our aim is to shed light on the effect of elec-
tronic donor substituent on the photoisomerization mechanism
and decay dynamics of azobenzene.
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Fig. 1. Traditional inversion versus rotation mechanisms of azobenzene photoisomerization.

2. Calculation details

The stable E- and Z-isomers and the transition states for the
thermal isomerization of 4-AAB in Sy state were optimized unre-
strainedly by means of the DFT and CASSCF methods. These
optimized structures were confirmed to be the minimum-energy
points or first-order saddle points by vibrational frequency cal-
culations. The optimization of the critical points on S; state and
the relaxed S; PES scan along the CNNC dihedral were performed
by the state-specific CASSCF calculation. The state-average CASSCF
method was used to determine the geometry in the intersection
space of Sg and S states. The 6-31G* basis set was used in the B3LYP
and CASSCF calculations. All the calculations were performed by
using Gaussian 03 program package [22].

In principle, all of the valence electrons and orbitals should be
included in the active space for the CASSCF calculations. Practi-
cally, until now it is not possible for the azobenzene because of the
limitation of software and computational capability. So the selec-
tion of the active space is a crucial step in a CASSCF calculation.
According to the previous calculations of azomethane [23] and the
donor-acceptor 4,4'-substituted azobenzene [20], the active space
should atleast include six electrons distributed among four orbitals,
referred as to CAS(6,4), which can reasonably describe the S; PES
of photoisomerization. In our study on the 4-AAB, we chose an
active space of twelve electrons in ten orbitals, namely CAS(12,10),
in order to reasonably map the PES of photoisomerization on the
excited state. These orbitals correspond to the nitrogen’s 7 and
T* orbitals, their two non-bonding orbitals occupied by two lone-
pair electrons (n+, n—) and three 7 and 7 orbitals of the benzenic
orbital.

3. Results and discussion

It has been found that adding the substituents, especially the
electron-donor or acceptor groups, canlead tolower the S, (7 — 7*)
excitation energy of azobenzene but has little influence on the S;
(n— ") excitation energy [ 18]. With respect to azobenzene, 4-AAB
has a small potential energy gap between the S and S, states due
to the existence of amino group in the molecular structure. Once
excited to the S, state, 4-AAB can rapidly degenerate from the S,
state to the S; state by way of the internal conversion and the
isomerization process occurs mainly on the S; and Sy states. In
the present research, therefore, we focused on the isomerization
mechanisms on the Sg and Sy states.

Being different from azobenzene (Cy;, symmetry), 4-AAB is an
asymmetrical molecule due to the presence of amino group. For
brevity, the phenyl ring substituted by -NH; group is labeled as «-
Ph and the other one without substituent is labeled as (3-Ph, as is
shown in Fig. 2. The asymmetric CN bonds, CNN angles and NNCC
dihedrals locating on both sides of azo group are also marked as
“a-" and “B-" correspondingly.

3.1. Molecular geometries

The geometrical parameters of 4-AAB, optimized by the
B3LYP/6-31G* and CAS(12,10)/6-31G* level of theory, respectively,
are presented in Table 1. The molecular backbone of E-4-AAB cal-
culated at the B3LYP/6-31G* level is a planar structure, whereas
the two hydrogen atoms of the -NH, group are out of the molecu-
lar plane because of the existence of the lone-pair electrons on the
nitrogen of -NH,. The optimized Z-isomer is nonplanar and the two
phenyl rings twist around the NC bonds to some degree. The theo-
retical calculations of azobenzene have indicated that the structural
parameters optimized at the B3LYP/6-31G* level are comparable to
the experimental data [24-26], thus it is reasonable to compute the
structure of 4-AAB with the same theoretical method and basis set.

As shown in Table 1, it can be found that some geometries of
E-AAB and Z-AAB optimized by the CAS(12,10)/6-31G* method are
very close to the results by the B3LYP/6-31G* method. For exam-
ple, the two calculation methods give the very similar values of
the CNN bond angles and NNCC dihedrals. The differences in the
CN bond lengths are lower than 0.015 A. Only the CASSCF NN bond
length is shorter of 0.023 A than the DFT value. The means that the
CAS(12,10)/6-31G* method can also give the relatively reasonable
structure parameters of 4-AAB.

For the E <> Z isomerization in the ground state of 4-AAB, three
transition states, referred as to TSg/rot, ®-TSgjiny and B-TSqjiny, were
obtained on the basis of B3LYP and CASSCF calculations. Vibrational
frequency calculations give only one imaginary frequency for these
transition states. These frequencies correspond to the twisting of
CNNC dihedral and the bending of a-CNN angle and [3-CNN angle,
respectively. Similar to the case of azoalkane and diazetines [27],
the B3LYP calculation was also found to fail in optimizing structure
of TSq/ror Of 4-AAB.

In comparison with the structures of E-4-AAB, the NN bond
length of TSq;o, Which is optimized at the CAS(12,10)/6-31G* level
of theory, is elongated about ~0.096 A and the B-CN bond length
decreases significantly (0.08 A). The change in the a-CN bond is rel-
atively small (only about 0.03 A). This can be explained by the fact
that the conjugated -bond of azo group is broken due to the twist-

Fig. 2. Molecular structure of 4-AAB.
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Table 1
Optimized geometrical parameters of 4-AAB on the Sy and S; potential energy surfaces with different computational methods.
Bond length (A) Angle (degree)
NN CN (a-, B-) CNN (a-, 3-) CNNC NNCC (a-, 3-)

B3LYP/6-31G* calculation

E-AAB (So) 1.265 1.407 1.418 115.3 114.6 179.9 0.1 0.1

Z-AAB (So) 1.253 1.427 1.433 125.0 124.4 10.4 36.2 56.4
-TSgjiny 1.242 1.334 1.450 178.8 116.7 121.0 104.5 43
B-TSojinv 1.230 1.435 1.332 117.6 179.5 -176.9 0.20 87.3
CAS(12,10)/6-31G* calculation

E-AAB (So) 1.242 1.422 1.423 115.4 115.0 180.0 0.13 0.03

Z-AAB (Sp) 1.242 1.434 1.435 1235 123.2 4.6 54.8 62.8
TSojrot 1.338 1.396 1.346 116.8 119.0 88.9 34 0.18
S1/min 1.258 1.391 1.358 126.8 129.5 179.6 0.04 0.1
TSy 1.259 1.385 1.387 1313 123.0 116.4 10.9 22
Clrot 1.272 1.414 1.358 1174 134.5 92.0 9.5 1.7
Rotamer-S;-170.0 1.258 1.391 1.359 126.8 129.3 170.0 3.67 1.39
Rotamer-S;-110.0 1.270 1.377 1.387 136.0 120.6 110.0 15.4 0.5
Rotamer-S;_-70 1.267 1.377 1.386 138.0 120.1 70.0 14.9 29
Rotamer-S;-10 1.240 1.393 1.350 144.5 132.9 10.0 60.4 0.34

ing of the NN double bond and that the r-electrons delocalizing into
the phenyl rings result in the decrease in the electron-cloud density
of the NN bond and the increase in the electron-cloud density of the
two CN bonds.

The a-TSiny is formed by the a-CNN angle inversion to about
180°. As the -CNN angle inverts, the orbital of «-N atom occurs the
sp? — sp rehybridization, which causes the evident compression of
a-CN bond length. Inversion of the a-CNN angle does not induce
the significant change of the 3-CNN bond angle, only results in a
slight compression of the NN bond and the elongation of the CN
bond. The similar trend can be observed in the B-TSqj;,, formed by
the inversion of 3-CNN angle.

For both a-TSgjiny and B-TSqjiny, it is worth noted that the two
phenyl rings of the transition states are not coplanar, but close to
perpendicular to each other. This result indicates that the thermal-
inversion isomerization process involves the rotation of the phenyl
rings.

According to the changes in the geometries of 4-AAB upon exci-
tation to the S state, the relaxation process from the Frank-Condon
(FC) point to the S;/Sg conical intersection (CI) can be separated
into three stages. The structural parameters of Sjjmi,, TS; and
some important rotamer-S; are shown in Table 1. For the excited
E-isomer, the initial relaxation mainly involves the NN bond stretch-
ing, the two CN bonds compressing and the CNN angle opening. The
following decay is characterized by the twist of the CNNC dihedral
angle. During the CNNC rotation from 170° to 110°, the NN and [3-
CN bond length and a-CNN angle become larger. The 3-CN bond
length becomes smaller. Finally, the decay in the S;/Sg intersection
space is related to the stretching of the NN and «-CN bonds as well
as the bending of the CNN angles.

For the excited Z-isomer, the relaxation mode is different from
the case of the E-isomer. The initial changes of geometries concern
the significant decrease in the CN bond lengths and the increase
in CNN angles. Along with the CNNC dihedral twisting from 10°
to 70°, the NN bond and (3-CN bond lengths further increase and
the two CNN angles and «-CN bond length decrease, while the
a-phenyl ring rotates evidently. The final relaxation in the inter-
section space involves the stretch of the corresponding bonds and
the further compression of the bond angles. The different relax-
ation modes of the E- and Z-isomers give rise to the different decay
lifetimes and energy changes, which is verified by the following
relaxed-PES scan.

From the Clyot to the TSq, this decay process concerns the
vibrational coupling of the corresponding bonds. The molecular
structure of Clyo; is characterized by the CNNC dihedral angle of
92.0°. This twist geometry means that the rotation mechanism

mainly operates on the S; state for the photoisomerization of 4-
AAB.

3.2. Analysis of the PES

The potential energy surfaces of the Sg and Sy states along the
CNNCrotational coordinate are shown in Fig. 3. The relative energies
of several key points are summarized in Table 2. The B3LYP/6-31G*
and CAS(12,10)/6-31G* calculations give the very similar energy dif-
ference (~16 kcal/mol) between the Z- and E-isomers of 4-AAB. The
energy difference of 4-AAB is also very close to that of the azoben-
zene (~15 kcal/mol) [15,25], which indicates that the substituent of
amino does not evidently influence the relative thermal stability of
the Z- and E-isomers.

The relative energy order of the three transition states is as
following: a-TSgjiny > TSojror > B-TSojinv- Evidently, the thermal iso-
merization through the inversion of B-CNN angle is the most
favorable pathway in energy. The thermal isomerization mech-
anism of azobenzene and its derivatives has been investigated
extensively from the experimental and theoretical viewpoints
[10,28-31]. All the calculation results suggest that the inversion
mechanism plays a key role in the thermal isomerization of azoben-
zene and its derivatives. Our calculation result also supports this
inversion mechanism.
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Table 2

Total energies and relative energies of some key points on the Sp and S; potential energy surfaces of 4-AAB.

Total energy (a.u.)

Relative energy (kcal/mol)

ZPE (kcal/mol) Imaginary frequency (cm—')

(TD-)B31YP/6-31G* calculation

E-AAB (Sp) —628.11824 0.0
Z-AAB (So) —628.09282 15.7
-TSqiny —628.04757 42.8
B-TSojinv —628.05470 38.4
E-FC (S1) - 60.72
Z-FC(Sq1) - 74.5°
CAS(12,10)/6-31G* calculation
E-AAB (So) —624.22283 0
Z-AAB (So) —624.20139 13.5
E-FC (S1) —624.09712 78.9?
Z-FC(Sq) —624.06791 97.22
TSU/rot —624.14220 479
o-TSgjiny —624.14025 49.0
B-TSojiny —624.14776 43.6
S1/min —624.11582 66.9
TS —624.11470 67.0
Clrot —624.125211 (Sp) 61.32

—624.125182 (S;)

130.4 -
130.2 -
128.9 463.1
128.9 417.3
139.7 -
139.6 -
137.0 943.8
136.9 564.6
136.2 328.9
139.5 -
138.8 156.4

a Without ZPE correction.

Additionally, it should be noted that the energy differ-
ences between the TSy and B-TSgjiny is not very large (only
~4 kcal/mol), thus it cannot be excluded that the thermal isomer-
ization occurs possibly by means of the twist of the CNNC dihedral.
On the other hand, in view of the structure of 3-TSqjiny, one of the
phenyl rings rotates significantly. Therefore, it is expected that the
CNNC dihedral will twist in the initial stage of the thermal isomer-
ization process.

In fact, the early experiments about the 4-(diethylamino)
azobenzene have shown that the thermal isomerization mecha-
nism and rate are associated with the reaction conditions (solvent,
temperature, pressure, etc.) and that the inversion and rotation
mechanisms may compete with each other during the thermal iso-
merization process [32-34]. Our calculation result is not in conflict
with these experimental observations.

As shown in Table 2, the first vertical excitation energy of E-4-
AAB computed by the TD-DFT method is 60.7 kcal/mol (~2.63 eV),
in good agreement with the result (2.59eV) of SOPPA calcula-
tion [18]. The CAS(12,10)/6-31G* excitation energy is 78.9 kcal/mol,
which is about 18.2 kcal/mol greater than the DFT energy. Generally,
the CASSCF calculation overestimates the transition energy because
dynamic correlation energy is not included. This trend also occurs
in the case of azobenzene [13,35].

As for the S; PES shown in Fig. 3, a distinct difference appears
between the potential energy evolutions of the excited E- and Z-
isomers. The surface from the E-FC down to the CI is rather flat
except for the initially rapid energy decay. For the Z-isomer, how-
ever, it can be found that the potential energy decreases relatively
fast. This discrepancy probably determines the decay dynamics of
the excited E- and Z-isomers. The relevant experimental study still
needs to be considered in detail.

The profile of the above S; PES of 4-AAB is very similar to that
of azobenzene reported by Cembran et al. [13]. A local minimum
(S1/min) and a transition state (TS ) have been found on the S; state.
The local minimum is approximately a planar geometry with the
CNNC dihedrals of 179.6°. Its N=N bond is slightly stretched and
the two C-N bonds are shortened significantly with respect to the
corresponding E-FC point. The N=N bond increases from 1.242 to
1.258 A and the two C-N bond distances change about 0.03-0.07 A.
Furthermore, a large increase of over 12° in the CNN angles is
observed. The n — m* excitation results in a fractional rehybridiza-
tion of azo nitrogen atoms from sp? to sp. As a consequence, the
m-bonding character of C-N bond is enhanced and the two CNN
angles open up significantly. The above bond parameter changes

are presumably responsible for the energy decay from the FC point
to the local minimum in the S; state.

The transition state structure on the S; state of 4-AAB is char-
acterized by the CNNC angle of about 116.4°, while the other
geometrical parameters related to the azo group are close to those
of the Syy,. Force-constant calculations indicated that this transi-
tion state involves only one imaginary frequency corresponding to
the twist of CNNC dihedral. The CASSCF energy of TS; is higher of
only ~0.7 kcal/mol than that of Sy;m;,. This energy barrier further
decreases to ~0.1 kcal/mol when the zero-point energy (ZPE) cor-
rection is included. The activation energy barrier on the S; surface
of 4-AAB is found to be lower than the barrier on the S; surface of
AB (~2 kcal/mol) [13].

The transition state existing on the S; PES should not alter
the rotation mechanism of photoisomerization for 4-AAB and AB
because the activation energy barrier is very small. However, the
magnitude of activation energy barrier probably has influence on
the decay dynamics of excited 4-AAB and AB. The small barrier
means that the excited E-4-AAB can decay to CI more rapidly than
the excited E-AB through the rotation of the NN bond. As a mat-
ter of fact, the observed transient absorption of the S state decays
double-exponentially with lifetimes of 0.6 and 1.9 ps for the E-4-
AAB [21], while the E-AB decays in a biphasic fashion with time
constants of 0.34 and 3.0 ps [36]. Lednev et al. [37] also found that
E-AB decays with lifetimes of 0.6 and 2.5 ps. According to the expla-
nation by Cembran et al. [13], the subpicosecond decay of transient
absorption is associated with the vibrational energy redistribution
starting from the FC point and the slower decay is related to the sub-
sequent motion searching for the CI. There is a small energy barrier
to be overcome during the relaxation process of excited E-4-AAB,
thus the decay lifetimes of E-4-AAB are smaller than those of E-AB.
Our calculation results give evidence in support of the difference in
the decay dynamics of 4-AAb and AB.

When further scanning the S PES along the CNNC dihedral that
was changed from 70° to 110°, we encountered the wave-function
convergence problem during the process of optimization with the
state-specific CASSCF method. This convergence problem might be
an indication of a coupling between the S; and Sy states, which
means that the conformers with the CNNC dihedral of 70-110°
locate in the surface crossing region (the dashed line connecting
the CI, shown in Fig. 3). The conical intersection, as an efficient pho-
tochemical funnel, determines the photoisomerization mechanism
of 4-AAB. The optimized CI has a twisting structure and lies in the
middle part of the S; PES along the CNNC rotation coordinate. These
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results provide sufficiently evidence that the photoisomerization of
4-AAB on the S; excited state takes place by means of the rotation
mechanism.

The S, (7™ — ™) state excitation, which corresponds to a maxi-
mum intensity for azobenzene and its derivatives, is often applied
to induce the photoresponsive properties of the relevant materials.
So, the photoisomerization dynamic and mechanism on the S, state
should be more practical. The work considering the effect of differ-
ent substituents (e.g. -NH,, NO,, etc.) on the photoisomerization
of azobenzene on the S, state is under way.

4. Conclusion

In this work, the B3LYP/6-31G* and CAS(12,10)/6-31G* calcula-
tions show that the inversion mechanism is preferred and the CNN
angle on the side of phenyl ring without -NH, readily opens up in
the thermal-isomerization process of 4-AAB. However, the rotation
mechanism cannot be excluded because the activation energy bar-
rier of rotation pathway is only about 4 kcal/mol higher that that of
inversion route. Similar to the azobenzene, the rotational pathway
is the most possible photoisomerization channel for the S; state of
4-AAB.The excited E- and Z-4-AAB show different relaxation modes,
which concern the different evolutions of geometrical parameters
and energy. Itis also found that the activation energy barrier for E-4-
AAB decaying from FC point to Cl is lower than the barrier for E-AB,
which suggests that the excited E-4-AAB can decay more rapidly
than the excited E-AB through the rotation of the NN bond.
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