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Enhanced E — Z Photoisomerisation in 2-Aminoazobenzene

José A. Gamez, Axel Koslowski and Walter
Thiel

Theoretical non-adiabatic dynamics simulations at the
semiempirical OM2/MRCI level reveal an enhanced E — Z
photoisomerisation for 2-aminoazobenzene. The E isomer
contains an intramolecular hydrogen bond which weakens
the azo N-N bond and thus facilitates isomerisation.

Azobenzene (AB) and its derivatives undergo ultrafast and
reversible Z-E isomerisation upon light irradiation. Azobenzene
has thus been utilised as a light-activated switch in a variety of
polymers® and molecular machines? and for the design of
polymers with light-controlled  viscosity.*® Besides, the
molecular motion associated to isomerisation has been exploited
in  AB-based synthetic materials that can undergo
photocontraction® and so produce mechanical work.” 8

It is well established that this reaction involves two low-lying
singlet excited states, namely S; and S,. These states show
different quantum vyields,® violating Kasha’s rule. Steady-state
measurements of the E — Z isomerisation in hexane reported
yields of 0.20-0.27 for S; excitation, but only of 0.09-0.12 for S,
excitation.'>*? The reverse Z — E process also has a higher
quantum vyield for S; (0.55-0.68) than for S, (0.40-0.44). In
the present work we will focus, consequently, on the
photoisomerisation of the S, state, with the most efficient Z-E
interconversion. The S; state is also relevant because selective
excitation to either S; or S, can be utilized to control the major
isomer in the photostationary state.'® 1 Moreover, its study may
help rationalize the differences in the observed quantum yields
for photoisomerisations starting in the S; and S, states.

The S; state is associated with a symmetry-forbidden n-n*
transition in the visible region.*® Initially it was assumed to
undergo inversion by a change in the CNN angle at a fixed
CNNC dihedral.™ & 2022 |t was later suggested that the
photoisomerisation should proceed mainly by rotation of the
phenyl rings around the N-N bond.??” More recently, a new
mechanism has been proposed where the driving force of the
reaction is actually the rotation of the N, motif rather than the
movement of the rings.?** This latter mechanism is also
supported by our recent work on the photoisomerization of AB
and 4-aminoazobenzene (4-aAB).**%* By analyzing periodic
features in the excited-state population decay, we identified the
N, rotation as the coordinate driving the reaction.

Attempts to modify the outcome of the photoisomerisation of
AB have been made by means of substitution. Sub-picosecond
time-resolved absorption spectra on push-pull p,p’-substituted
AB shows that S, isomerisation in these compounds is different
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Fig. 1 Optimized geometries for the rotamers of E-2-aAB (top) and Z-2-

aAB (bottom) at the OM2/MRCI(12,11) level of theory. Bond lengths are
given in A and angles in degree.

from that in the parent AB.** A 2-hydroxyAB (2-hAB) derivative
(Orange I1) with an intramolecular hydrogen bond (IHB) between
the —OH group and the azo-nitrogen atom tautomerises upon
irradiation by an ultrafast proton transfer to the corresponding
phenyl-hydrazone, which has a weak N-N bond and thus exhibits
a very fast isomerisation but also a complex decay profile.®* 2,2’-
diaminoazobenzene derivatives have been also reported.%® Such
molecules, with several IHBs, show fluorescence and no light-
induced isomerisation. Photoisomerisation is found again after
alkylation of the —NH, groups, which prevents formation of
IHBs.

In the present communication, we investigate the mechanism
of the photoisomerisation of 2-aminoazobenzene (2-aAB) by
means of semiempirical (OM2/MRCI) non-adiabatic dynamical
simulations. We expect that with only one IHB the isomerisation
process will not be hindered. 2-aAB and 2-hAB should behave
differently as the former is not as prone to tautomerisation.

There are two rotamers for the E isomer of 2-aAB (Fig. 1).
They are nearly degenerate, with a rotation barrier of 5 kcal mol™
that prevents spontaneous interconversion (see Supporting
Information). The smallest distance between an —NH, hydrogen
and an azo nitrogen atom is much smaller for rotamer 1 (2.053 A)
than for rotamer 11 (2.390 A), suggesting a much weaker IHB in
the latter. Several bonding analysis techniques (NCI plots,
QTAIM and NBO, see Supporting Information) confirm this
assessment. The Z isomer presents a unique rotamer (Fig. 1) with




a CNNC dihedral near 0°. The resulting steric strain is alleviated
by rotating the phenyl rings by ca. 20° around the C-N bonds. The
distances between the amino hydrogen and azo nitrogen atoms
are again quite long (at least 2.375 A), indicating a weak, if any,
IHB. The twist of the phenyl rings in the Z isomer is the source of
helical chirality, leading to M- or P- helicity (see Supporting
Information for definitions). Likewise, after photoexcitation, M-
or P-helical minimum-energy conical intersections (MECIs) can
be reached. Consequently, the helical chirality will tend to be
conserved for the Z — E isomerisation. The same was found for
AB and 4-aAB.%** Eight MECIs were located for 2-aAB, four
for each rotamer. They all lie within an energy window of 2 kcal
mol? and have similar geometries, characterised mainly by a
CNNC dihedral close to 100° and CCNN dihedrals close to 0°
(see Supporting Information for more details).

All our trajectories were started from the M-helical structure.
As anticipated, there is a tendency to preserve the helical chirality
in the Z — E reaction (Fig. 2). This is so because this pathway is
lower in energy than the alternative one that does not preserve
chirality (see Supporting Information). By contrast, in the inverse
E — Z process the trajectories reach the M- and P-helical MECIs
almost equally well (see Supporting Information), as anticipated
because of the near planarity of both rotamers of E-2-aAB.

Table 1 summarises the quantum yields and the S; mean life

times computed for the photoisomerisation of 2-aAB. The yields

are 57 % for the Z — E process, and 19% (17 %) for the E — Z
isomerisation starting from rotamer | (I11). They are not higher
than those computed for 4-aAB or AB (see Table 1). The average

Z — E hopping times are the same for 2-aAB and 4-aAB (63 fs),
14 % smaller than for the parent azobenzene (72 fs). The speed-
up for 4-aAB has previously been attributed to the increased
energy gap between the Franck-Condon (FC) region and the
MECI.*® This explanation also holds in the present case: the FC-
MECI gaps of 2- and 4-aAB are similar (31 and 30 kcal mol™,
respectively) and larger than that of AB (27 kcal mol™). An even
larger speed-up is observed in the E — Z reaction of 2-aAB. The
mean decay times for rotamers | and Il (156 and 196 fs,
respectively) are significantly shorter than those for 4-aAB (223
fs) and the parent AB molecule (258 fs), with a maximum speed-
up of 40%. The shorter decay times of 2-aAB relative to 4-aAB
cannot be explained by means of the FC-MECI gap, which is
similar in both systems (25 and 23 kcal mol™* for rotamers | and Il
of 2-aAB versus 25 kcal mol? for 4-aAB). We note, however,
that rotamer | of E-2-aAB has a strong N-H---N interaction that is
much weaker in rotamer Il and absent in the para derivative. This
strong IHB will polarise the lone-pair of the involved azo
nitrogen atom and weaken the N-N bond. This notion is
confirmed by the analysis of the Electron Localisation Function
(ELF), which indicates the most likely location of electron pairs
in a molecule,® *° e.g. in terms of core, bonding or non-bonding
(lone) pairs.

Table 2 shows the population of some relevant valence
electron pairs (i.e., basins in ELF terminology) for the E-form of
AB, rotamer | of 2-aAB, and 4-aAB. Data are given for the S
state at its optimized geometry and for the S; state at the FC
geometry (Sivert). The disynaptic V(N-N’) basin represents the
bonding pairs responsible for the azo N-N bond. The smallest
population of this basin is found for 1-2-aAB, which is thus
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Fig. 2 Distribution of CNNC dihedral angles at the hopping point to the
ground state for the Z — E photoisomerization of 2-aAB.

Table 1 Quantum yield (%) and S; mean life time (fs) for the Z — E and
E — Z photoisomerisations of AB, 4-aAB, and 2-aAB; in the E — Z case,
results are given for both E rotamers (I-2-aAB and 11-2-aAB).

Z—E E—-Z

AB 4-aAB2-aAB AB  4-aAB |-2-aAB II-2-aAB

quantumyield 58 60 57 17 15 19 17
S; mean life 72 63 63 258 223 156 196

associated with the weakest N-N bond. This weakening is caused
by the polarisation of the lone-pair of the azo nitrogen atom upon
IHB formation. The monosynaptic V(N’) basin corresponding to
this lone-pair has indeed the largest population in 1-2-aAB. This
trend is kept upon excitation to S;, where 1-2-aAB again shows
the least populated V(N-N) and largest populated V(N”) basins
and, hence, the weakest N-N bond. In rotamer I, the speed-up is
smaller (see Table 1) and cannot be rationalized by an analogous
ELF analysis. In any event, when targeting 2-aAB-based
compounds with the fastest E — Z photoiosomerisation, one
should design molecules where rotamer 1l is strongly destabilised
with respect to rotamer I, which should be possible through
proper further substitution of the phenyl ring (e.g., in 6-position).
We also note that the activation of the N-N azo bond in 2-aAB is
reminiscent of the situation in 2-hAB, where an excited-state
intramolecular proton transfer (ESIPT) leads to the formation of
a covalent N-H bond (instead of just a hydrogen bond) and the
conversion of the azo double bond to a formal single bond.
As found for AB and 4-aAB, 2-aAB features an oscillatory

Table 2 ELF basin populations (in e) calculated with the B3LYP/6-
311++G(3df,2p) density for E-AB, rotamer | of E-2-aAB, and E-4-aAB.
N denotes the nitrogen atom directly linked to the phenyl ring bearing the
—NH; group, while N’ is the other nitrogen atom of the N-N bond. Sy
refers to the ground-state density calculated at the ground-state geometry,
and Sy iS the Sy density calculated at the geometry of the ground-state
minimum.

AB 1-2-aAB 4-aAB
SO S1vert SO Slvert SO Slvert
V(N-N”) 23059 1.7656  2.2309 1.6877  2.2735 1.7240
V(N-C) 2.0818 1.9470 2.0769 1.8862 2.0856 1.9146
VIN°-C) 2.0818 1.9470 2.1544 19784 2.1088 1.9687
V(N) 27223 29893 27095 3.0192 2.7745 3.0667
V(N”) 2.7223 2.9893 2.8442 3.1801 2.7282 3.0027




Table 3 Energy difference (in kcal mol™) between all possible hydrazone
tautomers of E-2-aAB and rotamer | of E-2-aAB in the Sp and S; states.
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[-HYZ-1 [-HYZ-1I I-HYZ-1 [I-HYZ-1II
So 14 38 26 32
S, Deprotonation® 33 25 26

@The S; I-HYH-I state undergoes an ESIPT that leads back to the azo
tautomer.

decay to the ground state, both in the Z — E and the E — Z
channels. Periods of frequent hops to the ground state alternate
with periods of few or no hops. As already discussed for AB and
4-aAB,*% the Fourier transform of the function describing this
periodic decay reveals that this oscillatory approach is caused by
the rotation of the N, motif (see Supporting Information for
further details). The photoisomerisation of 2-aAB thus follows
the same basic mechanism as 4-aAB and AB: it is the rotation of
the N-N bond which induces the movement of the phenyl rings
and eventually triggers the isomerisation of the molecule, rather
than an actual rotation of the phenyl rings. This common pathway
for AB, 4-aAB, and 2-aAB could explain the invariance of the
quantum yield upon substitution.

This mechanism is completely different from the one observed
in 2-hAB derivatives,® where photoexcitation causes an ESIPT
that yields the corresponding phenyl-hydrazone. This tautomer
isomerises fast and forms a photoproduct in the excited state,
which then decays to the S, state by fluorescence emission,
without recovering the azo tautomer of 2-hAB. The situation is
different in 2-aAB: here, the hydrazones are less stable than the
azo tautomers both in the Sy and S; state (Table 3), and they are
not observed during our dynamical simulations, which yield the Z
isomer of 2-aAB through an ultrafast radiationless process.
Hence, 2-aAB derivatives may act as efficient photoswitches,
contrary to seemingly analogous 2-hAB compounds.

In conclusion, we report simulations of 2-aAB, which show
faster photoisomerisation than the parent AB compound,
specifically for E — Z conversion. This enhancement can be
attributed to the IHB in the rotamer | of E-2-aAB, which polarises
the lone-pair of the azo nitrogen atom and thus weakens the N-N
bond. 2-aAB derivatives may thus serve as fast photoswitches,
unlike 2-hAB compounds. It seems possible that the speed of
their photoisomerisation can be further enhanced by substituent
design.
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