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ABSTRACT: The specific relationship between the alkyl tail lengths of
four azobenzene probes embedded in DOPC liquid disorder membrane
and their (non) linear optical (NLO) properties have been considered in
the current study. Using extensive molecular dynamics calculations, the
push/pull effect of the alkyl tails on the position and orientation of the
probes in the model membrane are discussed. The simulations indicate
that with increasing tail lengths the cis isomers are pushed closer to the
membrane surface, while the trans ones are rather pulled toward the
membrane center. Throughout hybrid quantum mechanics/molecular
mechanics calculations, the linear and nonlinear optical properties of
these compounds have been investigated. The pushing effect of the tails
for cis azobenzene is translated in strong responses in the (non) linear
optical spectroscopies, while the opposite is seen for the trans isomers.
The cis isomer can be seen as the active state of the azobenzene
compound for membrane recognition. The current work highlights the correlation between the tails of photosensitive membrane
probes and their NLO properties, and focuses on unexpected behaviors of azobenzene derivatives in biological environments which
can be exploited in distinguishing between soft and stiff cellular compartments that are of utmost importance for ion carrier
transport.

■ INTRODUCTION
A photoswitch is a molecule that undergoes a measurable and
reversible change in its physical properties upon absorption of
light, which can be viewed as an on/off switch with an “on” state
in one form and an “off” state in the other form. One of the most
widely known and used photoswitchable molecules is
azobenzene, which undergoes geometric isomerization in the
excited state from the stable trans to the metastable cis isomer.
The advantage of azobenzene over other chromophores such as
stilbenes lies in the fact that it does not undergo analogous
irreversible closures to phenanthrenes, which makes azobenzene
highly reversible.1,2 The two isomers of azobenzene exhibit
different absorption spectra; the cis azobenzene absorbs at a
longer wavelength and can be selectively excited in the presence
of the trans isomer.3,4 With ultraviolet light, the trans
azobenzene can be converted to the cis isomer, whereas with
visible light (or heat) the process is reversed.5 The interesting
photophysics and photochemistry of this molecule induced a
strong incentive for both experimentalists and theoreticians to
design novel azobenzene-based materials whose functional
properties such as volume, rigidity, and elasticity can be
controlled by pulses of light.6−9

The azobenzene compound is a prototype for a molecular
machine, which can be used as a building block to repetitively
switch between two (meta)stable molecular states in a
controlled manner. In particular, when bulk groups are

connected to the benzene rings at the para position of the azo
double bond, they can be moved closer together or further apart
by applying light pulses, resulting in a switch between the cis and
trans forms.10 This idea can easily be exploited either in biology
or material sciences; when a peptide is cyclized to an
azobenzene, the subpicosecond photoisomerization of the
chromophore, the dissipation of vibrational energy, and the
subnanosecond conformational relaxation of the peptide can be
observed by means of femtosecond time-resolved spectrosco-
py.11 Polymers of azobenzenes have been lengthened and
contracted by switching between trans and cis conformers, even
against an external force acting along the polymer backbone,
thus delivering mechanical work.12 In all these designed
optically active materials, the difference of ±2.4 Å between the
end groups of the trans and cis conformers has been
exploited.13−19

Trans/cis isomerization in biology can be used to transport
ions across membranes if the conformationally versatile
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molecule permits a reversible and controllable binding of the
cations, and if the chromophore can undergo reversible
photoreactions.20−22 With respect to antibiotic ion carriers, it
is of utmost importance to take into account the membrane
phase and the ease of the isomerization process in these
environments, since steric hindrances and interactions with
charged groups at the edges of the membrane depend on the
conformation of the molecule. For biological systems, the
azobenzene chromophore has an extra feature as its fluorescence
anisotropy depends on the medium, which is found to affect the
overall rotation and internal motions of the excited molecular
probe.23,24 Recently, we proved that the location and orientation
of a cis azobenzene derivative in a liquid disordered membrane
phase profoundly differs from the ones in a solid gel phase. This
affected both linear and nonlinear optical properties of the
compound as well as the fluorescence lifetimes of the isomers,
making this probe an effective on/off switch for membrane
recognition.25 The knowledge of the membrane phase can be
regarded as a key step in cancer research.26 A depletion of
cholesterol often characterizes cancer cells and induces a
reduction of the fluidity or equivalently an increase in membrane
order.27 It is therefore not surprising that the potential of
azobenzenes embedded in biological environments has been
explored in the past decade. The photoswitching of azobenzene
based micelles has been found to be highly reversible but can be
suppressed in aggregates precipitated from the solution.28

Azobenzene derivatives have been used as surfactants bound
to DNA to induce and control conformational changes29,30 to
get insight into a stabilization of RNA and DNA hairpins.31−33

Böckmann et al. developed an atomistic force field for a
compound34 which has been used to achieve photoisomeriza-
tion driven peptide folding.35−39 In literature, engineered
biological pores responsive to external stimuli have been
fruitfully used for various biotechnological applications, and
azobenzene as a controlled artificial on/off switch has been
found to provide a temporal control of designed nano-
devices.40−43

Nonlinear optical techniques have been used to investigate
many different chromophoric probes; it has been repeatedly
proven that aromaticity emerges as an important concept in
determining the photophysical properties and two-photon
absorption cross sections of porphyrinoids,44−49 which means
that these compounds can be used for biomedical applications
and photodynamic therapy as theranostic agents which have an
excellent absorption in the biologically safe near-infrared
region.50 Moreover, conformational changes and conversions
between open and closed forms of compounds like indolinoox-
azolidine derivatives can be used to induce enhancements of the
first hyperpolarizability and to create molecular switches, which
also can be used in optical memories.51,52 From the biological
point of view, giant unilamellar vesicles (GUVs) made of

phospholipid molecules in which the photosensitive part of the
molecule is embedded in the hydrophobic center of the
molecule have been built with at least one of the acyl chains
functionalized with an azobenzene group.53 Lipid bilayer
membranes and vesicles which are entirely composed of
photoswitchable lipids can be deformed and bended reversibly
by optical light and can be used to store energy which is released
as locally usable work.54

In the current study, we focus on the influence of the varying
lengths of four symmetric alkyl tails (composed of 3, 6, 8 and 18
carbon atoms, respectively, see Figure 1) on the position,
location, and orientation of the trans and cis isomers of
azobenzene embedded in a DOPC (dioleoylphosphatidylcho-
line) liquid disordered lipid bilayer membranes, which are found
in red blood cells, in lung and in vein endothelial cells. Its alkyl
tails are found to be essential for the push/pull effect they play
on the position, orientation, and in the last instance on the
response to optical properties of the two azobenzene isomers.
The photoactivity of the azobenzene probes has been
investigated by means of hybrid quantummechanics−molecular
mechanics calculations, which is indispensable as it has been
proven that the immediate environment of the probe plays an
important role in determining its linear and nonlinear spectra.55

Thus, the study is extended toward the optical properties of the
probe experimentally accessible, such as one- and two-photon
absorption spectra, as well as the static component of the first
and second hyperpolarizabilities β and γ, which give rise to the
electric field-induced second harmonic generation (EFISHG).
The complementarity of the techniques can be highlighted as
the polarizability or linear absorption is dependent on the
oscillator strength, while the hyperpolarizabilities are propor-
tional to the difference in dipole moments between ground and
excited states. Especially for the spectroscopies which depend on
β, both the electronic features and the symmetry of the
chromophore are important: the first one is responsible for the
magnitude of the individual tensor components, while the
symmetry determines which tensor components are zero and do
not contribute to the overall signal.56

■ METHODS

The presented molecular dynamics (MD) calculations have
been performed by means of the 43A1-S3 GROMOS force
field57,58 and the Gromacs 5.0.4 package of programs.59−62 The
methodology used through the study has been implemented and
tested over different probes in different lipid membrane phases
in our recent works on Laurdan, DiI, and azobenzene
derivatives, and the conditions used here are the same as the
ones reported in our previous works.25,55,63−65 Parameters for
the azobenzene headgroup have been taken from literature and
are reported in Table S1 of the Supporting Information.34

Briefly, at the onset of the equilibration the probe has been

Figure 1. Chemical structures of the trans and cis azobenzene isomers considered in the study. n = 2, 5, 7, 17.
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positioned in the water solvent with the long axis parallel to the
membrane surface and in less than 30 ns penetrates the
membrane. A 500 ns long molecular dynamics simulation has
been performed in the canonical NPT ensemble at 323 K using
the Nose−́Hoover thermostat66,67 (with a time constant of 0.5
ps) and the Parrinello−Rahman barostat68 (1 bar with a time
constant of 2 ps and a compressibility of 4.5 × 10−5 bar−1). The
Particle Mesh Ewald (PME)69 method was used to compute
Coulomb and van der Waals interactions within a 1.2 nm cutoff;
LINCS constrains have been used and the time integration step
was set to 2 fs. Since it is known that the thickness of the DOPC
membrane decreases at elevated temperatures as the swelling of
the bilayer diminishes,70 the study has been performed with a
temperature of 323 K. The membrane and probe were solvated
with water, using TIP3P parameters. The box size was set to 6.28
× 6.10× 7.9 nm, and themembrane surface has been oriented to
be parallel to the xy plane. TheMD simulations were considered
equilibrated when the orientation of the transition dipole
moment of the probe was found stable in the membrane; for this
reason, for all the MD analysis we considered the 200−500 ns
time window for each of the compounds. The partial charges on
the probes have been derived from the electrostatic potential
(ESP) scheme71 as present in the Gaussian09 suite of
programs72 considering the CAM-B3LYP functional73 and
Dunning’s cc-pVDZ basis set.74

From the eight different MD simulations (one per tail length
and isomer) and each time focusing on the respective 200−500
ns time windows, 50 independent snapshots were extracted with
a cylindrical cutoff of 10 nm for the membrane molecules
surrounding the probe and a hemispherical cutoff of 1.5 nm for
the water molecules in close contact with the membrane surface.
The snapshots were used as an input for extensive hybrid
quantum mechanical/molecular mechanics (QM/MM) calcu-
lations in which the probe (with its tails) was considered at the
QM level of theory and the environment (i.e., lipid membrane
and water molecules) was taken into account by means of point
charges, as described at the MM level. The Dalton2016 program
has been for this part of the work along with, again, the CAM-
B3LYP functional and the cc-pVDZ basis set.75 To evaluate the
dependence of the nonlinear optical properties on the quality of
the basis set, the TPA spectra for CC3 have been calculated also
with the aug-cc-pVDZ basis set. As reported in the Supporting
Information, the effect of the larger basis set on the TPA cross
section is overall very limited.
The one-photon absorption spectra (OPA) of all the systems

were analyzed and attention was paid to the nonlinear optical
properties, such as two-photon absorption (TPA), and second
harmonic generation phenomena. As reported in our previous
studies,25,55,64,76 the two-photon absorption cross section (in
GM units) is computed as77

a t
( )

8
( )

2GM

2 2
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σ ω
π α

δ ω ω=
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jjj
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zzz (1)

where α is the fine structure constant, a0 is the Bohr radius, t0 is
the atomic unit for time, Γ is the Lorentzian broadening
(considered a constant with a value of 0.1 eV), ω is the OPA
excitation energy, and δ is the TPA strength in au.
The electric-field-induced second harmonic generation

(EFISH) technique is a third-order process characterized by a
nonlinear polarization P2ω. In the presence of an optical field
parallel to the applied static electric field, the electric-field-
dependent susceptibility is reduced to78−80
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where ⟨γ⟩ is the orientationally averaged second hyper-
polarizability and β is the static component of the first
hyperpolarizability. It can be remarked that the second harmonic
generation techniques can only be applied on noncentrosym-
metric molecules. In the context of the current study, the
azobenzene probes are embedded in anisotropic lipid bilayers at
finite pressures and temperatures, which break the symmetry.
The scalar product (β̅·μ̅), denoted as βvec, defines the vector

component projected onto the ground state dipole moment

( )
1
3

(2 )
i j

iij j ijj i
,

∑β μ β μ β μ̅ · ̅ = +
(3)

A second experimental observable related to the hyper-
polarizability β is the Hyper-Rayleigh Scattering (HRS). This
scattering signal, independent from the dipole moment and the
molecular symmetry, is measured by unpolarized optical

excitation and can be derived as ZZZ XZZHRS
2 2β β β⟨ ⟩ = ⟨ ⟩ + ⟨ ⟩ ,

where the brackets denote the orientational distribution average
of the molecule in the environment and can be expressed as a
combination of βijk tensor components in the frame of their
molecular coordinates.81

To get insight into the electric-field-dependent susceptibility
for the four cis and trans isomers of azobenzene, in this study we
also assess the value of ⟨γ⟩, which can be computed using the
molecular excited-state properties following an extended sum-
overstate (SOS) approach.82 For many π-conjugated molecules,
the full expression can be simplified if a low-lying excited state is
significantly coupled to the ground state. When the state dipole
moments along the molecular long axis are large, the essential-
state model can be used.83,84 The full expression is given in
Supporting Information and comprises 3 terms:85 the dipole
term which is proportional to μge

2 Δμeg2 ; a two-photon term
proportional to a sum of μge

2 μee′
2 of overall higher excited states e′,

and a negative term proportional to μge
4 . In the present work, μge

denotes the transition dipole moment between the ground state
and the second excited state e. μee′ is the transition dipole
moment between the second excited state and a higher lying
excited state e′. Δμeg is the difference in state dipole moments
between the second excited state and the ground state.
In fact, the same idea can also be expressed to the first

hyperpolarizability. The dipolar term is here proportional to
μge
2 Δμge (see also Supporting Information).

■ RESULTS AND DISCUSSION
MD Analyses. The effect of different tail lengths on the

orientation and position of the azobenzene probe into the
DOPC membrane is clearly visible from MD simulations. In
particular, when we compare the position of the probes in the
membrane (considered along the normal to the DOPC surface,
in the specific case corresponding to the z-axis), we observe two
distinct behaviors depending on the isomer considered. Figure 2
reports the density of the probes with different tails, the DOPC
membrane and the phosphor atom, as representative of the
membrane surface limit. To avoid confusion, throughout the
study the probes are labeled as follows: trans isomer with 3, 6, 8,
and 18 carbon atoms alkyl tails TC3, TC6, TC8, and TC18,
respectively; cis isomer follows as CC3, CC6, CC8, and CC18.
We would like to stress here that during the MD simulations
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there is no switching between isomers (see Figure S1 in
Supporting Information). For the density analysis, the NN
group is considered as representative position of the probes’
core, that is, azobenzene without alkyl tails. Corresponding with
the classification ofMarrink and Berendsen, different regions are
identified in a lipid bilayer membrane.86 They are characterized
by (1) a low headgroup density (at a distance of more than
∼2.40 nm from the membrane center), (2) a high headgroup
density (between 2.40 and 1.25 nm), (3) a high tail density
(between 1.25 and 0.50 nm), and (4) a low tail density (below
0.50 nm).
Already from this first analysis it is possible to observe the

different effects of the tail lengths on the two azobenzene
isomers. For trans, there is a constant drift toward the center of
the lipid bilayer while increasing the tails length; the cis isomer is
apparently unaffected by it and it is located at the same position,
close to the membrane surface. In particular, for the trans isomer
we measured a decreasing distance from the bilayer center of
0.83 nm for TC3, 0.38 for TC6, 0.23 nm for TC8 and 0.22 nm
for TC18. The trans isomers are therefore all located in the high
tail density region. For the more polar cis isomers, this is

different as the high headgroup density region with its locally
charged groups is reached: CC3, CC6, and CC8 are found at a
constant value of 1.30 nm and CC18 is even seen slightly higher
at 1.50 nm. It is already clear the effect of the tail lengths on the
position of the probe. In fact, for the weakly polar trans isomer
the tails tend to pull the azo-core toward the bilayer center as the
lipophilic interactions in this region are more important than the
hydrophilic ones; for the cis isomer the tails push the azo-core
further closer to the membrane surface. A closer inspection of
the position of the tails reveals that while for the cis isomer they
are pointing toward the bilayer center irrespective of the length,
for the trans the pulling effect is strongly correlated to the tail
length, which in the final instance is the driving force for the
particular, counterintuitive orientation of this isomer (density
plots focusing on the different tail lengths are reported in Figure
S2). This push/pull effect of the tails eventually affects also the
stability of the conformer; in fact, while the cis isomer has
opportunity to interact with the polar part of the membrane via
the lone pair on the nitrogen atoms (which is included in the
HOMO orbital, Figure S3), the trans isomer experiences a
strong confinement in the bilayer apolar region due to the
increased tails length, forcing it deeper into the membrane
center. We see as well that for TC6, TC8, and TC18 one tail is
embedded in the opposite leaflet. Together with the hydro-
phobicity of the tails, this explains the pulling effect. This is
significant, since the membrane considered is in a liquid
disordered phase which, in principle, should allow a high degree
of motion of the tails, but the combination of the push/pull
effects of the tails, their lengths, and the steric hindrance forbids
a more parallel orientation of the trans isomer to the membrane
surface. In addition, if we compare the TC3 and CC3 isomers,
we observe that even with the shortest tail lengths the trans
isomer is already located much deeper into the bilayer compared
to the cis, which is very close to the membrane surface
(calculated in respect to the phosphor atoms peak, at 2.20 nm
and in excellent agreement with the experimental70 literature
value of 2.1 nm), once more pointing at the strong driving force
arising from the tails’ effect. Moreover, the position of the phenyl
rings is also considered for the cis isomer, to shed light into the
specific position of the probe as a whole (see Figure S4). It is
interesting to notice that there is a high degree of symmetry in
between the position of the two phenyl rings for all isomers. In
fact, not only is the position retained but also the shape of the
peaks is very similar with differences in position smaller than 0.5
nm for CC3, CC6, and CC8 and 0.1 nm for CC18. This can be
explained considering once more the tail lengths; when longer
tails are present, the probe is more confined in its position. It is a
balance between the interaction of the azo core with the polar
part of the membrane and the push-back of the tails from the
lipophilic part which impedes the expected flexibility. The
shorter CC3 tails have more freedom of movement, and as a
consequence the phenyl rings also experience less steric
hindrance. Yet, this situation does not affect the position of
the phenyl rings with all of them peaking at around 1.24 nm from
the bilayer center, while the azo group peak at 1.30 nm,
confirming an orientation in which a lone pair interaction with
the polar head of the membrane is favorable. Representative
trans/cis structures are reported in Figure S5.
To further assess the differences arising from the different tail

lengths, we analyzed the orientation of the probes, considering
the angle formed between the transition dipole moment (tdm)
and the normal to the membrane. It is possible to identify the
tdm as a vector lying along the carbon atoms in para position of

Figure 2. Mass density profile along the z-axis for the different
components of the simulated box for the trans (top) and cis (bottom)
isomers: DOPC (black), NN probe position with three (red), six
(green), eight (cyan), and eighteen (orange) carbon alkyl tails, and the
phosphorus atoms of the membrane head (brown, dotted lines) are
reported. The bilayer center is set at zero.
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the phenyl groups for the trans isomer and along the azo group
for the cis isomer (see insets in Figure 3).

Once more, the analysis confirms our previous finding; the
TC3, TC6, and TC8 isomers present a very similar angle
distribution with a main peak at around 25°, while TC18 is more
tilted with a maximum angle of 43°. Moreover, TC3 presents a
double, complementary distribution of angles which disappear
while increasing the tail lengths. The different orientation
obtained for TC18 can be directly linked to the fact that being
located deep into the lipophilic part of the membrane, the azo-
core tends to orient along with the surrounding membrane tails.
This directly translates into a more tilted orientation of the
whole probe to the normal of the bilayer. Especially for TC18,
the probe’s core is close to the membrane center and its
movement is mainly determined by the first methylene groups of
the tails. It can be remarked that the distributions of the angle of
the transition dipole moment with the membrane normal ought
to be symmetric around 90°. Any deviation can then be ascribed
to the practical limitations of the computational time. For the
trans isomers, we decided to show the complete picture in Figure

3 since it illustrates how the time scale becomes more and more
restrictive with the length of the tails: for TC3, the curve is still
symmetric, while for TC18 seemingly one side is preferred. This
is due to fluctuations in the first few time steps of the systems.
For TC3, the interactive forces of the tails with the lipids are
rather limited and can be compensated at short time scales by
the interactions which take place at finite temperature. However,
for TC6 and TC8 the pulling effect of the tails increase and the
sampling of the complete phase space becomes restricted.
CC3, CC6, and CC8 present a more perpendicular

orientation to the bilayer normal with confined value of 80°
for a flat plateau in between 60 and 80° for CC6 and a double
feature at 20 and 80° appearing for CC8. Moreover, CC18
presents a sharper peak in which this plateau disappears,
suggesting that the long tails force the orientation of the azo-core
and decrease the wobbling of the molecule. This, together with a
stronger dipole moment present for the cis isomer, directly
translates into an almost perpendicular orientation of the whole
probe to the normal bilayer, confirming the different push/pull
effects of the tails on the two isomers. Interestingly, a similar
behavior has been obtained for azobenzene-based polymers,
where the cis isomer was found to be closer to the water interface
due to the stronger dipole moment,87 as well as in Langmuir−
Blodgett films in which completely different orientations were
measured for the trans (perpendicular) and the cis (parallel)
isomers on the surface.87

To avoid the presence of artifacts due to the position of the
azo group, an additional analysis on the orientation of the two
phenyl rings of the azobenzene (the angle between the bilayer
normal and the normal to the phenyl rings) has been performed,
as reported in Figure S6. This last analysis confirms our previous
results, as the orientation of the short-tailed trans isomer is only
slightly tilted with respect to the bilayer normal. Through the
simulations, the normal to the phenyl groups describe an angle
of 90°, which arises from the strong hindrance of motion caused
by the presence of the alkyl tails, and the consequent
confinement of the aromatic core of the probe in close proximity
to the bilayer center. For TC18, the high degree of flexibility of
the tails and the stronger pull effect lead to a broader distribution
of the phenyl groups, which might strongly deviate from a
perpendicular one and allow a more tilted orientation.
The higher degree of flexibility present for the cis isomer is

also indicated in this last analysis in which the orientation of the
phenyl rings is more complex. To a different extent for all tail
lengths, both rings present a peak at around 80−90° and a
shoulder at around 125−140°. This translates into a dynamic
exchange: one phenyl ring is oriented mainly parallel to the
bilayer normal, while the second one is strongly tilted.
Finally, the photoselection for fluorescence experiments is

discussed. This quantity depends on the angle θ between the
field vector of the incoming beam and the orientation of the
relevant transition state dipole moment through a cos2 θ
dependence (see Lakowicz88 and references therein). In the
current work, we assume that the incoming beam has a
polarization along the membrane normal. The results for the
four cis and trans isomers are expressed through an ensemble
average and are given in Table 1. Considering 300 frames (in the
200−500 ns range), the results are found to be independent of
the step size, which is chosen to be 1 ns. Despite the relatively
high standard deviation, the table shows that photoselection is
almost twice as probable for the trans azobenzene compounds
rather than for the cis ones. This difference between the isomers
can already be exploited in membrane research and enables

Figure 3. Distribution of the angle between the transition dipole
moment of the probe and the normal to the membrane surface for both
trans and cis isomers. The insets show a representation of the vectors
used to compute the angles: red arrow refers to the tdm, the black line to
the bilayer normal. Values for the cis isomer are reduced to the first
quadrant.
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phase recognition by using optical techniques. The value for
CC18 is considerably lower than for the other cis conformers
and is a clear consequence of the peak at 80° in Figure 3. In
addition, CC18 does only have a marginal population for the
lower tilt angles, which affects the ensemble average.
In summary, the large difference in position and orientation of

the two isomers affects the photoselection and is triggered by the
push/pull effect due to the different tail lengths. It will be
reflected as well by a different distribution of the surrounding
solvent molecules and should have a tremendous impact on the
optical response of the probes, allowing for the presence of on/
off states.
2. Solvent Distribution. Since the cis conformers are

positioned higher in the membrane with respect to the trans
ones and thanks to the nature of the DOPC lipids in a liquid
disordered membrane which allows water molecules to
penetrate the membrane, it is expected that the amount of
surrounding water molecules is also different in close proximity
of both probes. As the trans isomers are located deeper into the
membrane bilayer, the analysis focuses only on the cis isomers.
Figure 4 shows that the cumulative solvent distribution is high

within a radial distance of 1 nm around the cis conformers with
the presence of a steep and nicked curve with a plateau at 0.4 nm
from the center of mass, which marks the first solvation shell.
The highest amount of water molecules are seen by CC18 due to
the well expressed difference in location of this compound with
respect to the other ones. Among the others, it is CC8 which
bears the least amount of water molecules, which can be linked

to its localized and rather slim mass density profile (see Figure
2). The solvent distribution in function of the distance to the
probe in Figure 4 is broader and lower for CC3 than for CC6;
however, in absence of strong qualitative differences in these
plots, the cumulative solvent distributions are virtually identical.
With respect to the embedded probes, the differing amount of

water molecules gives rise to different average dipole moments,
whose orientation can be investigated by means of the product
between the dipole moments of the surrounding water
molecules with the vector which connects the solvent dipole
with the center of mass of the probe. The differences can be
emphasized when the value of the average dipole moment
(2.351 ± 0.01 D for all cases) is subtracted. For the cis
conformers, the polarization increases along with a generally
increasing amount of surrounding water molecules, ranging
from 0.41 to 0.60 D. The large radial component of the CC8
conformer (0.60 D) can be explained by the relatively low
amount of water molecules in its environment, whose
orientation is then also easily affected. Thanks to the molecular
geometry and the rather horizontal molecular orientation, the
nitrogens of the cis conformer are more vulnerable for through
space interactions and π-stacking than in the case of the trans
conformers, which are oriented upright and which are
consequently only sidewise confronted with water. As a result,
while there are virtually no water molecules close to the trans
conformers, the NN bond of the cis faces almost a sphere of
molecules, whose orientations are affected by each other.

3. Linear Optical Properties. It is known from literature
that the azobenzene molecule does not follow Kasha’s rule and
the first excited state transition (n → π*) is forbidden by
symmetry in vacuum or in solvents with different polarities,
while the first allowed transition is the one to the S2 which relates
to a π → π* excitation. Although the aim of this work is not to
study the photochemistry of conversion of the azobenzene from
the trans to the cis isomer, we would like to remark here that this
mechanism is still not fully understood, especially when the
azobenzene molecule is embedded in biological environments.
Yet, already looking at the absorption spectra in the DOPC
membrane, it is possible to assess the role of the environment.
The one-photon absorption (OPA) spectra of the extracted
snapshots from the MD simulations are reported in Figure 5, for
both trans and cis isomers.
The first results which can be observed by looking at the

absorption spectra are the negligible effect of the tail lengths on
the position of the absorption peaks for both isomers. This is not
surprising since the frontier orbitals are localized over the
aromatic core of the probe. On the one hand, we observe that all
the trans isomers present a maximum intensity peak at around
305 nm, arising from the S2 π → π* transition, while the cis
isomers are peaking at shorter wavelengths at 285 nm with a
total blue shift going from trans to cis isomer of 20 nm. On the
other hand, the effect of the environment is more visible when
the S1 is analyzed. Now, for both isomers this S1 is not
completely forbidden compared to the case in vacuum, since the
twist and bend of the aromatic core along with the conforma-
tional motion and the steric hindrance experienced by the probe
make the S1 state weakly allowed. For this transition, it is
possible to see a more profound impact of the alkyl tails, as the
number of peaks increases with the tail lengths, reflecting a
higher conformational change due to the fluctuation of both
isomers of the probe in the membrane. Our results are in
agreement with dielectric spectroscopy analysis performed on
azobenzene derivatives in Langmuir−Blodgett films, which

Table 1. Efficiency of the Photoselection of the Four Cis and
Trans Isomers in Fluorescence microscopyab

TC3 TC6 TC8 TC18

0.56 (±0.33) 0.68 (±0.26) 0.57 (±0.31) 0.51 (±0.23)
CC3 CC6 CC8 CC18

0.32 (±0.32) 0.34 (±0.30) 0.35 (±0.33) 0.12 (±0.15)
aCalculated through ⟨cos2 θ⟩ with θ as the angle of the transition
dipole moment with respect to the membrane normal. bThe brackets
⟨ ⟩ denote an average over the simulation time. The standard
deviation is given in parentheses. The field vector of the incoming
light beam is here assumed parallel to the normal of the membrane.

Figure 4. Cumulative distribution of water molecules with respect to
the center of mass of the azobenzene core moiety of the cis probes. The
maximum water molecules’ distance has been set to 0.64 nm.
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report that the influence of the local environment upon the
switching behavior is much more important than that one of the
dipole moments.89 In addition, as a general remark, we observe
that the cis isomers spectra are more complex with respect to the
trans ones with S3 and S4 transitions strongly allowed and lying
at low energy (260 nm). Following the so-called Λ-overlap
analysis of Peach et al, which defines the character of the
transition (i.e., localized or charge transfer),90 we compute
values of Λ in between 0.5 and 0.7, suggesting a localized
character for all transitions of the two isomers with their varying
tail lengths. However, the associated orbitals vary from trans to
cis. As the S1 of trans is found to be dark throughout our
calculations, it has a profound n→ π* character; the S2 from the
other hand is bright, which is the consequence of a strong π →
π* component. For the cis isomers, the dark S1 state is
characterized by a dominant transition from the highest
occupied molecular orbital (H) to the lowest unoccupied one
(L); in contradiction to the trans conformer, H has here a strong
lone pair character. The S2 gains oscillator strength thanks to a

minor but significant contribution linked to an H-1 →L
component, which increases for the compounds with longer
tails. A decomposition in terms of molecular orbitals is reported
in Table S2, while depictions of the molecular orbitals are given
in Figure S7. To provide a benchmark to the presented TDDFT
results, additional calculations on the TC3 and CC3 isomers
have been performed with the second order Algebraic
Diagrammatic Construction scheme [ADC(2)] (see Table
S3).91−93

4. Nonlinear Optical Properties. The first nonlinear
optical (NLO) analysis consists in the study of the two-photon
absorption (TPA) ability of the system. TPA is a method of
choice when considering the use of such probes in living
organisms; since it requires laser beams at a much lower
frequency (red or infrared light), causing less damage to the
surrounding tissues and cells, it has a higher penetration depth
with respect to OPA and enables 3D imaging. The TPA cross
section is therefore investigated. From our computations, we
found that S1 is a TPA dark state (see Figure S8), while S2 is the
first TPA active state of interest. The cross section for the S2
along the various consecutive snapshots is presented in Figure
S9 and the full TPA spectra in Figure S10. Different trends can
be clearly observed from the strong S2 TPA state. First of all, the
cross section values for the cis isomers are much higher than for
the trans isomers, ranging from 150 to 400 GM for all the cis and
being 1 order of magnitude lower for all the trans compounds.
From the trans isomer, a clear trend is observed for the
increasing tails lengths with direct correlation between the
length of the alkyl tails and the cross section values in the TC8 >
TC6 > TC3 trend while it drops for TC18. A different trend is
found for the cis isomers where CC3 and CC6 present lower
values of 150 GM, while CC8 and CC18 have a much higher
value up to 400 GM. The rationalization of this behavior is two-
fold. First, the push effect of the tails over the cis isomers lead it
to be an active state, while the pulling effect on the trans isomers
is responsible for its inactivity. Second, the environment plays a
crucial role in the activity of the isomers, as it affects the
transition state dipole moments between excited states, which
are of utmost importance in two-photon absorption.85,94 By
reverting to the two state approximation (TSA), we compute the
cross section for the CC6 and CC8 probes in order to unravel
the large difference observed in values. Since the second excited
state is the active state for this analysis, the TSA has been
performed on this state only. As reported in Table S4, the cross
section values for both CC6 and CC8 are very similar when the
TSA is considered. This means that the TPA intensity seen is
entirely due to the transition state dipole moments between
excited states. Thus, we can conclude that the difference
observed rises elsewhere and is not accounted for into the TSA
method, which does not fully catch the complexity of the
investigated probes.
Since the isomers are found at different locations and

orientations in the membrane, the influence of the environment
on the excited state properties is clearly visible. As the trans are
less affected by the environment due to the deeper position into
the membrane bilayer through the pulling effect of the tail, we
focus here on the cis isomers in which their relative orientation is
a key parameter to consider. In Figure S11, the magnitude of the
transition dipole moments between the second and third excited
states as well as the second excited state dipole moments
obtained through the QM/MM calculations is compared with
the ones in which the interaction with the environment is
discarded. For the state dipole moments, the results in vacuum

Figure 5. Absorption spectra of the trans and cis isomers of the
azobenezene probe embedded in DOPC membrane. All spectra are
convolutions over the 50 extracted snapshots for each tail length and
isomer. A Lorentzian broadening of 9 nm has been applied, which
corresponds to 0.12 eV at 300 nm. The insets are zooms of the S1
transition, from 450 to 550 nm for the trans isomer and from 450 to 650
nm for the cis isomer. The vertical dashed line refers to S2 of TC3 in
vacuum at the ADC(2)/6-31G(d) level of theory.
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are found to be generally less pronounced than the ones in the
membranes, clearly pointing at the effect of considering the
surrounding for a proper description of the phenomenon,
especially when long tails are considered. Our ADC(2)
calculations confirm the values obtained in vacuum: the CC3
transition state dipole moment between excited states S2 and S3
amounts to 0.90 D, while the state dipole moment of S2 is found
to be 5.35 D. For CAM-B3LYP, these values amount to 1.47 and
5.60 D, respectively (see Figure S12). Thus, when used for TPA
analysis, the cis and trans conformers of the azo probes with
equal tail lengths present different behaviors in DOPC
membrane due to the different push/pull effect; while all the
cis isomers can be considered in an active, “on” state, the trans
isomers are in a dark, “off” state, making the screening of the
membrane effective.
A second parameter which strengthens the push/pull effect is

the first hyperpolarizability β. As mentioned in Methods, two
different values of β are considered here, namely βVEC and βHRS.
βVEC is inherently connected to the ground state dipole

moment (gsdm). Analyzing its values through the QM/MM
calculations (see Table S5), we clearly observe the combined
effect of the environment and the temperature factor, as it
enhances the dipole moment of all trans conformers to a value of
0.50 D, irrespective of the tail length, while in gas phase the trans
isomer has a negligible dipole moment. On the other hand, the
cis isomers are strongly affected by the presence of the
membrane: their gsdm decrease of 50−60% with more
fluctuations among the different species due to the different
position in the membrane (highhead group density region)
compared to the trans isomers (high tail density region).
In contrast to βVEC, βHRS is not affected by the gdsm, and it is

obtained considering the vector along the long molecular axis of
the probe. Figure 6 reports the β-values for all the probes
studied. As already found in our previous study on the DiD
probe embedded in different membrane phases,64 values for
βHRS are attenuated by almost 50% compared to βVEC.
A clear trend is present depending on the tail lengths with

higher values for the trans isomers up to C6 and a clear inversion
for longer tails where the cis isomers become the active state. In
detail, the βvec values increase for the trans isomers from 4.7 ×
10−30 esu for TC3 up to 6.7 × 10−30 esu for TC6 to suddenly
drop to 4.2 and 3.2 × 10−30 esu for TC8 and TC18, respectively.
The standard deviations on these values are throughout the
study found to be small, less than 12%; data are given in detail in
Table S6. At the same time, a constant increase in βvec activity is
computed for the cis isomers, going from 3.3 × 10−30 esu for
CC3 to similar values of 5.2, 5.5, and 5.0 × 10−30 esu for CC6,
CC8, and CC18, respectively. Once more, this can be related to
the different push/pull effect of the tails which, in turn, affect the
orientation of the probe; for all trans isomers, the aromatic core
is strongly tilted and its stiffness is driven by the tail lengths,
while for the cis it is perpendicular to themembrane normal. The
smaller values obtained for TC3 and CC3 are due to a
competition between the push/pull effect of the tails and the
hydrophobic/hydrophilic interaction with the membrane; as the
tails are short, the latter tend to prevail over the push/pull effect.
Yet, the balance is fully shifted toward the former effect as the tail
lengths are increased to C6. The smaller value obtained for
CC18 is related to the presence of a vast amount of water
molecules in the neighborhood, as reported in Figure 4. As a
result, there is a direct correlation between the active states and
the increase in tail lengths. For shorter tails, up to C6 the trans
isomers are the active state, while from C8 onward the situation

is reversed with now the cis isomers being the “on” state. To gain
deeper insight, we reverted oncemore to the TSA (data reported
in Table S7). While we observe a quantitative agreement
between the two methods for the cis isomers, for the trans
conformers the picture is more complex. In fact, values obtained
from TSA are up to four times higher than the ones obtained
with the full expression, although the trend is qualitatively
preserved. This difference is inherent to the nature of the
excitation for the trans isomers. In fact, S2 is now lying at lower
energy (4.07 eV) compared to the cis isomers (at around 4.3
eV). In addition, the oscillator strength for the TC is roughly ten
times higher than for the CC, which also contributes to the
higher values for beta, as well as the possible contribution from
higher excited states through their transition state dipole
moments.
A similar situation is found for the βHRS, where a general trend

is obtained depending on the tail lengths. Now, for short lengths
up to C6, it is virtually impossible to distinguish between the
trans and cis isomers, which have values of 2.5× 10−30 esu for C3
and 3.3× 10−30 esu for C6 (both cis and trans). The lower values
for the C3 isomers are once more due to the too short tails which
cannot fully counteract electrostatic interaction with the
membrane headgroup layer. With longer tails, from C8 onward

Figure 6. Running average values for βVEC and βHRS for the trans and cis
azobenzene probes in DOPC membranes, given in esu units. Only the
static component is considered for the analysis. Associated standard
deviations are given in Table S6.
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oncemore the cis isomers become the active state while the trans
are dark, with values of 3.2 × 10−30 esu (2.6× 10−30 esu) and 2.8
× 10−30 esu (2.5 × 10−30 esu) for CC8 (TC8) and CC18
(TC18), respectively. Once more, this behavior directly relates
to the orientation of the aromatic core of the probe and it is more
pronounced for the cis isomers, in which longer tails push the
molecule in such an orientation that favors the βHRS, while only
small wobblingmotions are allowed for the trans isomers located
deeper in the membrane.
As an introduction to the next paragraph, in which we focus on

the second hyperpolarizability and revert to a few-states
approximation, we would like to validate the calculation of β
in a two-state model using only the components of the ground to
excited state transition dipole moment and the state dipole
moments of the ground and excited state. The results are given
in Table S7. Despite the crude character of the approximation,
the results correspond qualitatively to the ones given in Figure 6:
the increase toward TC6 andCC6 is well reproduced, along with
the decrease toward the obtained values for the isomers with
longer tails. The knee seen for the CC8 isomers has become a bit
more pronounced and the obtained value is comparable to the
one obtained for CC6. For TC8, the obtained βHRS value is a bit
lower than the one for TC18. The results seem therefore to
emphasize the usefulness of a limited model, like already
remarked by Meyers et al.95 We remark that the differences
between the values obtained by the full expression and the two
state model are by definition linked to the transition state dipole
moments between excited states and the absence of higher
excited states.
The next parameter considered is the third order polarizability

γ. Although much smaller in absolute values compared to the
other two parameters, this analysis is needed to enable the
forthcoming discussion of the second order susceptibility. In
response theory, the second residue of γ gives access to
transition dipole moments between excited states, and following
its derivation the imaginary part of the orientationally averaged
third order polarizability is proportional to the two-photon
absorption cross section.85,96 As the first active excited state is S2,
we considered the few states model for γ discussed above and
used this particular excited state as the intermediate state e
mentioned in the dipole, two-photon, and negative terms
(results are reported in Figure S13). Interestingly, we observe
that all trans isomers have higher values of γ (with average value
going from 2.1 to 2.9 × 10−36 esu) compared to the cis ones
(1.2−2.2 × 10−36 esu), irrespective of the tail lengths, making
the trans isomer the active state for this analysis.
Finally using eq 2, we can compute the second susceptibility

χ(2), which gives rise to the signal obtained through second
harmonic generation measurements.77 With respect to the
difference in orientation of the trans and cis isomers and
referring to available surface pressure-molecular area isotherms
measurements, strong differences in susceptibilities can be
expected.97

From the data depicted in Figure 7, the first striking result is
that susceptibility values for the cis isomers are higher than the
trans of at least 1 order of magnitude, making the cis isomers the
active state in EFISHG. Once more, C3 isomers (both trans and
cis) show a peculiar behavior for the reasons discussed above
and starting from C6 we observe the presence of an inverse
correlation for the trans isomer, where the susceptibility
constantly decreases with an increasing tail length and with
values in the 7−20 × 10−36 esu range. On the other hand, the
increase in tail lengths is the driving force for the cis isomers. In

fact, the susceptibility strongly increases, going from values of 62
× 10−36 esu for CC3 up to 160 × 10−36 esu for CC18 clearly
showing the importance of the push and pull effects of the tails
for the cis and trans isomers, respectively.

■ CONCLUSIONS
The conformationally versatile azobenzene molecule has been
used as a lipid bilayer probe for phase recognition. The influence
of alkyl tails on the location, orientation, and (non)linear optical
properties of the probe has been investigated by considering
trans and cis isomers with symmetric tails of length 3, 6, 8, and
18 carbon atoms. Strikingly, for cis azobenzene the series of
increasing tails were found to push the core of the chromophore
toward the polar membrane surface, while for the trans isomer
the tails were rather found to exhibit a pulling effect toward the
membrane center. All the trans isomers are located deep in the
membrane and have an orientation slightly tilted with respect to
the membrane normal, while the cis ones can be found closer to
the polar headgroup region. The azo-core of the latter
conformers are found with their main axis more parallel to the
membrane surface, which also affects the influence of the
isomers on the orientation of the surrounding water molecules.
As a consequence, the photoselection of the cis isomer with the

Figure 7. Running average of the second susceptibility analysis in esu
units for all trans and cis isomers. All values are obtained at 323 K.
Associated standard deviations are given in Table S6.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.9b11391
J. Phys. Chem. C 2020, 124, 8310−8322

8318

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11391/suppl_file/jp9b11391_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11391/suppl_file/jp9b11391_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11391?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11391?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11391?fig=fig7&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11391/suppl_file/jp9b11391_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11391?fig=fig7&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b11391?ref=pdf


longest alkyl chains by means of a beam with field vector
perpendicular to the membrane surface is rather minimal.
The correlation between the tails and their pushing effect for

cis azobenzene is strikingly seen in the nonlinear optical
spectroscopies. The S2 is the active state in two-photon
absorption and its cross section increases along with the tail
length; it is connected to the transition state dipole moments
between the excited states which change along. For the deep
lying trans isomer, the distance to the polar groups increases
with increasing tail length, and the TPA cross section is found to
be unaffected by the environment. On the other hand, for the cis
isomers the pushing effect of the tails leads to be the active state
for the TPA analysis with cross section values 10 times higher
with respect to the trans. Throughout the analysis of the static
component of the first and second hyperpolarizabilities, a neat
distinction between the tail lengths is observed; for shorter tails
(up to C6) the trans isomer is the active state, while a further
increase of the tail lengths lead to a switch in the behavior with
now the cis isomer being the active state. Finally, the
investigation of the simulated second susceptibility χ(2),
observed in second harmonic generation measurements,
shows that the cis isomers have values 10 times higher than
the trans ones, irrespective of the tail lengths, making this isomer
the active state.
As the push/pull effect is strongly coupled to the NLO

properties, it should be considered in forthcoming develop-
ments of photosensitive probes for membrane recognition. To
use them to discriminate between healthy and unhealthy
membranes, the influence of the tail lengths of the embedded
probes on the excited state lifetimes has to be investigated by
time-resolved fluorescence spectroscopy. The current work
presents the state of the art for the simulation, analysis, and
interpretation of (non) linear optical spectroscopy studies on
chromophores and conformationally versatile molecular probes
embedded in lipid bilayers and lays the foundations for further
investigations.
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(79) Asselberghs, I.; Peŕez-Moreno, J.; Clays, K. InNon-Linear Optical
Properties of Matter: FromMolecules to Condensed Phases; Papadopoulos,
G. M.; Sadlej, A. J.; Leszczynski, J. Eds.; Springer Netherlands:
Dordrecht, 2006; pp 419−459.
(80) Dworczak, R.; Kieslinger, D. Electric Field Induced Second
Harmonic Generation (EFISH) Experiments in the Swivel Cell: New
Aspects of an Established Method. Phys. Chem. Chem. Phys. 2000, 2,
5057−5064.
(81) Hu, Z.; Autschbach, J.; Jensen, L. Simulation of Resonance
Hyper-Rayleigh Scattering of Molecules and Metal Clusters Using a
Time-Dependent Density Functional Theory Approach. J. Chem. Phys.
2014, 141, 124305.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.9b11391
J. Phys. Chem. C 2020, 124, 8310−8322

8321

https://dx.doi.org/10.1021/ja064773k
https://dx.doi.org/10.3390/molecules23061333
https://dx.doi.org/10.3390/molecules23061333
https://dx.doi.org/10.1021/ja801395y
https://dx.doi.org/10.1021/ja801395y
https://dx.doi.org/10.1021/ja801395y
https://dx.doi.org/10.1002/anie.200805257
https://dx.doi.org/10.1002/anie.201204446
https://dx.doi.org/10.1021/ol060622a
https://dx.doi.org/10.1021/ol060622a
https://dx.doi.org/10.1021/ol060622a
https://dx.doi.org/10.1002/cbic.201700071
https://dx.doi.org/10.1002/cbic.201700071
https://dx.doi.org/10.1021/acs.jpcc.6b11082
https://dx.doi.org/10.1021/acs.jpcc.6b11082
https://dx.doi.org/10.1021/acs.jpcc.6b11082
https://dx.doi.org/10.1021/acs.jpcb.5b03070
https://dx.doi.org/10.1021/acs.jpcb.5b03070
https://dx.doi.org/10.1021/acs.jpcb.5b03070
https://dx.doi.org/10.1021/ja971291n
https://dx.doi.org/10.1021/ja971291n
https://dx.doi.org/10.1021/ja971291n
https://dx.doi.org/10.1021/ja971291n
https://dx.doi.org/10.1021/acs.langmuir.7b01020
https://dx.doi.org/10.1021/acs.langmuir.7b01020
https://dx.doi.org/10.1021/acs.jctc.6b00906
https://dx.doi.org/10.1021/acs.jctc.6b00906
https://dx.doi.org/10.1021/ja104978t
https://dx.doi.org/10.1021/ja104978t
https://dx.doi.org/10.1002/jcc.20291
https://dx.doi.org/10.1021/ct700301q
https://dx.doi.org/10.1021/ct700301q
https://dx.doi.org/10.1021/ct700301q
https://dx.doi.org/10.1529/biophysj.104.041939
https://dx.doi.org/10.1529/biophysj.104.041939
https://dx.doi.org/10.1021/la8004135
https://dx.doi.org/10.1021/la8004135
https://dx.doi.org/10.1016/S0006-3495(03)74780-8
https://dx.doi.org/10.1529/biophysj.106.095034
https://dx.doi.org/10.1529/biophysj.106.095034
https://dx.doi.org/10.1016/j.saa.2019.117329
https://dx.doi.org/10.1016/j.saa.2019.117329
https://dx.doi.org/10.1021/acs.jctc.8b00553
https://dx.doi.org/10.1021/acs.jctc.8b00553
https://dx.doi.org/10.1021/acs.langmuir.8b01164
https://dx.doi.org/10.1021/acs.langmuir.8b01164
https://dx.doi.org/10.1021/acs.langmuir.8b01164
https://dx.doi.org/10.1021/acs.langmuir.8b01164
https://dx.doi.org/10.1063/1.447334
https://dx.doi.org/10.1063/1.447334
https://dx.doi.org/10.1103/PhysRevA.31.1695
https://dx.doi.org/10.1103/PhysRevA.31.1695
https://dx.doi.org/10.1063/1.328693
https://dx.doi.org/10.1063/1.328693
https://dx.doi.org/10.1063/1.464397
https://dx.doi.org/10.1063/1.464397
https://dx.doi.org/10.1529/biophysj.103.036681
https://dx.doi.org/10.1529/biophysj.103.036681
https://dx.doi.org/10.1529/biophysj.103.036681
https://dx.doi.org/10.1002/1096-987X(200009)21:12<1049::AID-JCC3>3.0.CO;2-F
https://dx.doi.org/10.1002/1096-987X(200009)21:12<1049::AID-JCC3>3.0.CO;2-F
https://dx.doi.org/10.1002/1096-987X(200009)21:12<1049::AID-JCC3>3.0.CO;2-F
https://dx.doi.org/10.1002/1096-987X(200009)21:12<1049::AID-JCC3>3.0.CO;2-F
https://dx.doi.org/10.1016/j.cplett.2004.06.011
https://dx.doi.org/10.1016/j.cplett.2004.06.011
https://dx.doi.org/10.1016/j.cplett.2004.06.011
https://dx.doi.org/10.1063/1.456153
https://dx.doi.org/10.1063/1.456153
https://dx.doi.org/10.1002/wcms.1172
https://dx.doi.org/10.1002/wcms.1172
https://dx.doi.org/10.1021/acsabm.9b00789
https://dx.doi.org/10.1021/acsabm.9b00789
https://dx.doi.org/10.1063/1.467415
https://dx.doi.org/10.1063/1.467415
https://dx.doi.org/10.1063/1.1476974
https://dx.doi.org/10.1063/1.1476974
https://dx.doi.org/10.1063/1.1476974
https://dx.doi.org/10.1039/b005326k
https://dx.doi.org/10.1039/b005326k
https://dx.doi.org/10.1039/b005326k
https://dx.doi.org/10.1063/1.4895971
https://dx.doi.org/10.1063/1.4895971
https://dx.doi.org/10.1063/1.4895971
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b11391?ref=pdf


(82) Orr, B. J.; Ward, J. F. Perturbation Theory of the Non-Linear
Optical Polarization of an Isolated System. Mol. Phys. 1971, 20, 513−
526.
(83) Dirk, C.; Cheng, L.; Kuzyk, M. A Simplified 3-Level Model
Describing the Molecular 3rd-Order Nonlinear Optical Susceptibility.
Int. J. Quantum Chem. 1992, 43, 27−36.
(84) Garito, A. F.; Teng, C. C. Nonlinear Optical Processes InOrganic
Media: Large Non-Resonant Third Order Electronic Responses In
High Performance Liquid Crystal Polymer Structures. Proc. SPIE 0613,
Nonlinear Optics and Applications; Yeh, P., Ed.; Society of Photo-Optical
Instrumentation Engineers: Los Angeles, CA, 1986.
(85) Knippenberg, S.; Gieseking, R. L.; Rehn, D. R.; Mukhopadhyay,
S.; Dreuw, A.; Bredas, J.-L. Benchmarking Post-Hartree-Fock Methods
to Describe the Nonlinear Optical Properties of Polymethines: An
Investigation of the Accuracy of Algebraic Diagrammatic Construction
(ADC) Approaches. J. Chem. Theory Comput. 2016, 12, 5465−5476.
(86) Marrink, S.; Berendsen, H. Simulation of Water Transport
Through a Lipid-Membrane. J. Phys. Chem. 1994, 98, 4155−4168.
(87) Wang, D.; Wang, X. Amphiphilic Azo Polymers: Molecular
Engineering, Self-Assembly and Photoresponsive Properties. Prog.
Polym. Sci. 2013, 38, 271−301.
(88) Lakowicz, J. R. Principles of Fluorescence Spectroscopy, 3rd ed.;
Springer, 2007.
(89) Buchsteiner, A.; Brehmer, L. Investigation of Order and Optical
Switching in Ultrathin Films of Azo-Containing Materials Using
Dielectric Spectroscopy. IEEE Trans. Dielectr. Electr. Insul. 2001, 8,
516−521.
(90) Peach, M. J. G.; Benfield, P.; Helgaker, T.; Tozer, D. J. Excitation
Energies in Density Functional Theory: An Evaluation and a Diagnostic
Test. J. Chem. Phys. 2008, 128, 044118.
(91) Schirmer, J. Beyond the Random-Phase Approximation: A new
Approximation Scheme for the Polarization Propagator. Phys. Rev. A:
At., Mol., Opt. Phys. 1982, 26, 2395−2416.
(92) Wormit, M.; Rehn, D. R.; Harbach, P. H. P.; Wenzel, J.; Krauter,
C. M.; Epifanovsky, E.; Dreuw, A. Investigating Excited Electronic
States Using the Algebraic Diagrammatic Construction (ADC)
Approach of the Polarisation Propagator. Mol. Phys. 2014, 112, 774.
(93) Dreuw, A.; Wormit, M. The Algebraic Diagrammatic
Construction Scheme for the Polarization Propagator for the
Calculation of Excited States. Wiley Interdiscip. Rev.-Comput. Mol. Sci.
2015, 5, 82−95.
(94) Bishop, D. M. Explicit Nondivergent Formulas for Atomic and
Molecular Dynamic Hyperpolarizabilities. J. Chem. Phys. 1994, 100,
6535.
(95) Meyers, F.; Marder, S.; Pierce, B.; Bredas, J.-L. Electric-Field
Modulated Nonlinear-Optical Properties of Donor-Acceptor Polyenes
- Sum-Over-States Investigation of the Relationship BetweenMolecular
Polarizabilities (alpha, Beta, and Gamma) and Bond-Length Alter-
nation. J. Am. Chem. Soc. 1994, 116, 10703−10714.
(96) Cronstrand, P.; Luo, Y.; Ågren, H. Multi-Photon Absorption of
Molecules. Adv. Quantum Chem. 2005, 50, 1.
(97) Garcia-Vazquez, P.;Morales-Saavedra, O. G.; Pelzl, G.; Banuelos,
J. G.; Carreon-Castro, M. P. Incorporation in Langmuir and Langmuir-
Blodgett Films of Symmetric Fluorine Substituted Bent-Core Liquid
Crystals: Morphological and Optical Properties. Thin Solid Films 2009,
517, 1770−1777.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.9b11391
J. Phys. Chem. C 2020, 124, 8310−8322

8322

https://dx.doi.org/10.1080/00268977100100481
https://dx.doi.org/10.1080/00268977100100481
https://dx.doi.org/10.1002/qua.560430106
https://dx.doi.org/10.1002/qua.560430106
https://dx.doi.org/10.1021/acs.jctc.6b00615
https://dx.doi.org/10.1021/acs.jctc.6b00615
https://dx.doi.org/10.1021/acs.jctc.6b00615
https://dx.doi.org/10.1021/acs.jctc.6b00615
https://dx.doi.org/10.1021/j100066a040
https://dx.doi.org/10.1021/j100066a040
https://dx.doi.org/10.1016/j.progpolymsci.2012.07.003
https://dx.doi.org/10.1016/j.progpolymsci.2012.07.003
https://dx.doi.org/10.1109/94.933376
https://dx.doi.org/10.1109/94.933376
https://dx.doi.org/10.1109/94.933376
https://dx.doi.org/10.1063/1.2831900
https://dx.doi.org/10.1063/1.2831900
https://dx.doi.org/10.1063/1.2831900
https://dx.doi.org/10.1103/PhysRevA.26.2395
https://dx.doi.org/10.1103/PhysRevA.26.2395
https://dx.doi.org/10.1080/00268976.2013.859313
https://dx.doi.org/10.1080/00268976.2013.859313
https://dx.doi.org/10.1080/00268976.2013.859313
https://dx.doi.org/10.1002/wcms.1206
https://dx.doi.org/10.1002/wcms.1206
https://dx.doi.org/10.1002/wcms.1206
https://dx.doi.org/10.1063/1.467062
https://dx.doi.org/10.1063/1.467062
https://dx.doi.org/10.1021/ja00102a040
https://dx.doi.org/10.1021/ja00102a040
https://dx.doi.org/10.1021/ja00102a040
https://dx.doi.org/10.1021/ja00102a040
https://dx.doi.org/10.1021/ja00102a040
https://dx.doi.org/10.1016/S0065-3276(05)50001-7
https://dx.doi.org/10.1016/S0065-3276(05)50001-7
https://dx.doi.org/10.1016/j.tsf.2008.10.017
https://dx.doi.org/10.1016/j.tsf.2008.10.017
https://dx.doi.org/10.1016/j.tsf.2008.10.017
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b11391?ref=pdf

