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Abstract

The linear and second-order nonlinear optical (NLO) properties of clickable azobenzene
derivatives are investigated in chloroform solution by means of UV/Visible and Hyper-Rayleigh
scattering (HRS) spectroscopies. Their absorption properties are also monitored along time in
order to characterize the rate and kinetics of the E-Z photoswitching reaction. The magnitude
and symmetry of the first hyperpolarizability of the compounds are rationalized with the help
of DFT calculations, which support well the experimental data. We demonstrate that the
second harmonic generation (SHG) intensity of the E form, as well as its variation upon
photoisomerization, can be tuned by varying the nature of the peripheral substituents. A fully
characterized library of ready-to-click switchable compounds displaying large
hyperpolarizability contrasts, and differing in the amplitude and orientation in their dipole
moments is provided. This library expands the database of photoswitching compounds for

further anchorage into polymer matrices or nano- or micro-sized solid substrates.

1 Introduction

Over the last twenty years, the development of click chemistry has opened up broad horizons
in materials science,[1] as it is a versatile tool for chemical modification of substrates and fine
tuning of their physicochemical properties.[2,3] In this context, azide-terminated Self-
Assembled Monolayers (SAMs) are widely used to immobilize (bio)chemical species on solid
support by click chemistry.[4,5] Among the wide range of possible applications,[6,7]
photoreactive SAMs functionalized with organic photochromes that undergo significant

changes in their first hyperpolarizabilities (f) upon isomerization are of great interest for



photonic technologies. Indeed, exploiting the non-resonant character of NLO processes such
as second harmonic generation (SHG) enables the development of chemical detection devices
or optical memories with non-destructive reading capability.

Since they are the basic building blocks of these materials, the design of molecular NLO
switches exhibiting fast and reversible photoconversion together with high f-contrast has
motivated a large number of studies.[8,9] Different classes of photochromes meeting the
required specifications have been developed during the last three decades, such as
spiroheterocyclic compounds (including spiropyrans,[10] spirooxazines,[11]
spirocyclohexadines[12] or benzazolo-oxazolidines[13-19]), diarylethene,[20]
dithiazolylethene,[21] dihydroazulene[22] and fulgimide[23,24] derivatives, or more recently
reverse photochromes such as Donor-Acceptor Stenhouse Adducts (DASAs).[25,26] All these
systems involve the cleavage or formation of a chemical bond in their photochromic
mechanism, and interconvert between a cyclized (closed) form and an extended (open) one.
Due to the wide variation of m-electron conjugation upon photoisomerization, strong
hyperpolarizability contrasts have been recorded for some of these systems when
asymmetrically functionalized by efficient donor-acceptor end groups. Lower NLO contrasts
are usually associated with photochromes based on a tautomeric equilibrium, such as
salicylideneanilines.[27-29] However, the small geometric distortion associated with the
photoinduced proton migration ensures good efficiency of the switching process in both
solution and solid state,[30—33] and therefore a good fatigue resistance to the material.

The efficient and reversible photoisomerization in azobenzenes has also been exploited to
prepare switchable NLO materials, as the trans-cis reaction is commonly accompanied by a
significant change in the second-order NLO response. The decrease of the SHG intensity upon
photoisomerization was observed for the first time in electric field-poled thin films of
poly(methyl methacrylate) doped with disperse red one (DR1).[34] More recently, reversible
switching of the NLO response upon alternative exposure to UV and visible lights was also
demonstrated in azobenzene-functionalized SAMs, revealing changes of 16% in the normal
SHG intensity.[35,36] As shown in previous computational works,[37-40] chemical
modifications of the azobenzene chromophores with appropriate donor/acceptor groups can
significantly enhance the first hyperpolarizability of the trans form, a strategy that could
therefore be used to increase further the SHG contrast of 2D materials based on these

photochromes. However, high NLO responses are obtained for highly dipolar systems, and



strong dipole-dipole interactions could affect the spatial organization of the chromophores
after their anchorage onto a substrate. The amplitude and orientation of the molecular dipoles
should thus be also considered in the optimal substitution pattern of NLO chromophores.

In this work, we report a detailed investigation of the NLO properties of a series of azobenzene
derivatives in chloroform solution. Our study combines Hyper-Rayleigh Scattering (HRS)
measurements and Density Functional Theory (DFT) calculations, and focuses on the impact
of chemical substitution on the magnitude and dipolar/octopolar nature of the second-
harmonic signal. The absorption spectra of all derivatives were also recorded in real time in
order to monitor the kinetics of the photoswitching process. All derivatives have been
designed with a clickable alkyne unit connected in para position to the azobenzene core by
using various types of linkers, namely amide (1 and 2), ether (3) and tertiary amine (4 and 5)
linkers (by convention located on the left side of the molecules in Figure 1). The phenyl ring on
the right-hand side is either non-substituted or functionalized in para with electron-releasing
(NHAc and NMe3;) or electron-withdrawing (NO2) groups. These nine azobenzene derivatives
varying by the nature of the linker and the terminal substituent have been synthesized,
providing a library of ready-to-click compounds with different amplitudes in their ground state
intramolecular charge transfer and SHG response. The impact of clicking a triazole bearing long
carbon chain on the alkyne is also investigated in the last part of this study (compounds L1-

4NO; and L2-4NO>).
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2 Experimental and computational characterizations

2.1 Synthesis and characterization of the dyes

All azobenzene derivatives have been prepared in one or two steps with, for most of them,
overall yields higher than 50%. Alkyne terminations have been added through a peptide
coupling reaction with the corresponding acid or amine, or through alkylation of the
corresponding azobenzene precursors with propargyl bromide (Figure 2). The latter have been
either prepared according a classical AZO coupling reaction or bought when commercially
available. The details on the synthesis and characterization of all compounds are reported in

the Supporting Information, part 1 (SI1).
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Figure 2: Schematic synthesis pathways leading to the investigated compounds.

2.2 UV-Vis and linear absorption photoswitching kinetics measurements

UV-Vis absorption spectra in the 300-800 nm range were recorded using a Perkin Elmer 650
Lambda spectrometer in diluted chloroform solutions with chromophore concentrations of 5
x 10" mol/L (+2%). The optical path of the cells was 1 mm.

The trans-cis photoswitching was monitored using a recently developed fast acquisition rate
spectrometer setup.[26] A broadband light source (tungsten lamp) was used for the spectral
monitoring, whose input power was reduced using optical density filters to avoid degradation
of the chromophores. Iris diaphragms added on both sides of the sample allowed to adjust the
probing beam diameter, (fixed at around 2 mm) and to reduce spurious reflection or scattering.

Relative fast changes in absorbance were measured by means of an Ocean Optics USB 2000+



UV-Vis-NIR fiber spectrometer, by averaging two spectra, each at a rate of 1 ms acquisition
time. Two light-emitting diodes at 365 nm (Al,.) and 405 nm (A2,.) (with a rather sharp
spectral bandwidth of ca 5 nm and with total power density of 3980 and 3650 W/m?,
respectively) were used as excitation sources for the photoswitching from trans (E) to cis (Z)
and maintained at a constant output power (530 mW at 365 nm and 485 mW at 405 nm) for
every sample. The excitation beam irradiated a surface of approximately 13 mm of diameter
centered on the path of the pump beam. A much larger surface of the pump vs probe beam
was preferred in order to minimize/avoid inhomogeneity of the E/Z population in the probed
volume during the time acquisitions. Two probe absorbance wavelengths, respectively at 380
nm (/lémbe) and 420 nm (Af,mbe), were selected in order to characterize and compare the nine
compounds that absorb in a broad spectral range (350-550 nm). All experiments were done at
room temperature.

The time evolution of the absorbance along the trans-cis photoisomerization was fitted with
good precision using a first-order exponential law including three fitting parameters A1, A, and
T

A(t) = Ay + Aze /T (1)

where A(t) is the monitored absorbance at /’l;,mbe or Azz,mbe. A; > 0 for the trans-to-cis
photoisomerization and A, < 0 for the back thermal reaction (cis-to-trans). T is the time
constant characteristic of the process. tps and tr are used for the trans-to-cis and cis-to-trans
processes, respectively. The photoswitching rate (%PS) is assimilated to the absorption
contrast and defined as the difference between the absorbances at t = 0 and t = o (4; —

A, = A,), divided by the initial absorbance (4; = 4; + 4,):
%PS = 100 (A;&) 2)

According to equation 2, %PS = 100% means that all molecules have switched. The
experimental uncertainty on %PS was estimated to be within 3%, based on the signal-to-noise

ratio (SNR) of the spectrometer.

2.3 Hyper-Rayleigh Scattering measurements
HRS measurements were performed using a homemade setup that has been extensively

described in previous papers.[15,26] Molecular first hyperpolarizabilities were determined



from the intensity of the incoherent scattered light at the second harmonic frequency of a
picosecond laser source at 1064 nm or from the idler signal of a tunable Optical Parametric
Generator (OPG) at 1300 nm. We present below the main experimental quantities that are
discussed in this study, and refer the reader to Refs. [15,26] for further details on their
acquisition. Assuming a polarized incident laser light and observation of a vertically polarized
scattered light at 90° (perpendicular to the horizontal plane of polarization), the total HRS

hyperpolarizability reads:

Burs =/ (BZz2) + (Baxx) (3)

where (B2,,) and (BZyxx) are macroscopic isotropic averages proportional to the scattered
light intensities for vertically and horizontally plane-polarized incident beams, respectively
oriented parallel to the Z and X axes of the laboratory frame. The full expressions of (8%,,) and
(Bzxx) in terms of molecular B-tensor components can be found in Ref. [11]. Their quotient
DR = (ﬁ%zz)/(ﬁg)o() (4)
is referred to as the depolarization ratio, and provides information on the dipolar/octupolar
symmetry of the second-order NLO response. A limiting DR value of 3/2 or 9 stands for pure
octupolar or dipolar responses, respectively. In contrast, a prototype push-pull 7-conjugated
molecule, for which the f tensor is largely dominated by the diagonal component parallel to
the molecular charge transfer axis, displays a DR value close to 5. All 8 values reported in this
work are given in atomic units (1 a.u. of § =3.6213 m* V1 =3.2063 x 103 C* m3J™2 = 8.641 x
10733 esu) according to the T convention of Ref. [41] The experiments were done in diluted
chloroform solutions with concentrations ranging from 1x107 to 5x10* mol/L. An amorphous
quartz cuvette (3x3 mm? section) with 3 mm of optical path for the incident laser, and ca. 1.5

mm of optical path was used for the HRS measurements.

2.3 Quantum chemical calculations

Equilibrium geometries of trans (E) and cis (Z) isomers have been optimized using Density
Functional Theory (DFT) with the long-range corrected (LRC) wB97X-D[42] exchange-
correlation functional (XCF) together with the 6-311G(d) basis set. The wB97X-D XCF, which
includes respectively 22% and 100% of Hartree-Fock (HF) nonlocal exchange at short and long-
range (with a range separation parameter of 0.2 Bohr!), was identified as a good compromise

for geometry optimization of azobenzenes after benchmark calculations using second-order



Mgller-Plesset (MP2) results as reference (see the Supporting Information part 3, SI3).
Moreover, it was shown that London dispersion corrections are necessary to accurately
describe the relative energies between E and Z isomers.[43,44] Optimized geometries were
confirmed to be real minima by harmonic frequency calculations. Vertical absorption
properties and second-order NLO responses were computed at the M06-2X/6-311+G(d) level.
Several previous works proved this level of approximation reliable for calculating the first
hyperpolarizabilities of push—pull conjugated dyes, owing to the substantial amount (54%) of
long-range Hartree—Fock exchange included in the M06-2X functional[45] and the good
balance of the 6-311+G(d) basis set, which includes both polarization and diffuse functions for
all non-hydrogen atoms.[46,47] The suitability of MO06-2X for computing the first
hyperpolarizability of azobenzene derivatives was further evaluated here against other types
of XCFs (SI3). Solvent effects (chloroform) were included in all calculations by means of the
integral equation formalism of the polarized continuum model (IEF-PCM).[48] Optical
properties were computed by using the non-equilibrium limit of IEF-PCM. The static dielectric
constant of chloroform, €, is equal to 4.71 while the optical one, €4, reduces to 2.09. Note
that static first hyperpolarizabilities were computed using both €, and €,; this last scheme
was used to ensure continuity of the evolution of dynamic 8 values with incident wavelength

in the A —» oo limit.

3 Results and discussion

3.1 Structural and ground-state electronic properties

Table 1 reports the Gibbs free energies of the E—=Z reaction. As expected, the trans isomer is
the most thermodynamically stable for all derivatives. Note that 1INMe2, 2NMe; and 3NHAc
have each two rotamers with slightly different Gibbs energies. They were considered in the
calculations of the optical properties by weighting their respective responses by their
statistical population according to a Maxwell-Boltzmann analysis (see Table S9, SI3). All other
investigated compounds possess only one structure populated at room temperature.

In all trans derivatives, the azobenzene core is fully planar, and the right-hand side group lies
in the azobenzene plane. Left-hand side groups that incorporate ether (3) and N-alkyl (4 and
5) linkers have also a planar backbone, as well as the NHCO amide linker in 1INMe,. Reversely,
the CONH amide group in 2NMe:z shows a deviation from planarity of about 30° due to steric

hindrance between the phenyl and amide hydrogens. As a geometrical descriptor of the -



electron conjugation within the molecules, the bond length alternation (BLA) along the azo-
bridge is also reported in Table 1 for Z and E isomers (see also Table S10 (SI3) and Figure S3
(SI3) for the definition of BLA). As expected, BLA increases upon E—Z isomerization due to the
lower m-electron conjugation in the cis forms. In both Z and E isomers, the largest BLA is
obtained for the unsubstituted species (OH), and it decreases upon functionalization with
donor and acceptor units, consistent with the enhancement of the zwitterionic character of
the molecular electronic structure. In trans isomers, the BLA decreases when increasing the
strength of the donor/acceptor substituents, the minimal values being obtained for the push-
pull systems 2NMe;, 3NO; and 4NO,. Note that, as reported in an earlier work,[40] the push-
pull character of trans azobenzene can also be characterized by the ratio Q(rn*/m) of the
electron occupations of the antibonding m* and bonding i orbitals of the partial N=N double
bond, as calculated using Natural Bond Orbital (NBO) population analyses. For compounds
investigated here, Q(rt*/m) shows a very good correlation with both the azo bond lengths and
BLA values (Figure S4, SI3).

All azobenzene derivatives except the non-substituted one (OH) have a sizable dipole moment
in both their Z and E isomers (see Table 1), whose amplitude and directionality strongly
depend on the chemical functionalization. Push-pull derivatives incorporating both electron-
releasing (D) and electron-withdrawing (A) moieties show a decrease of the dipole moment
along the trans—cis reaction, as a result of the change in the spatial orientation of the D and
A substituents and of the decrease of n-electron conjugation. Reversely, the dipole moment
increases upon isomerization for derivatives incorporating two donor units or having only one
functionalized phenyl. The change in directionality of the dipole moment with the substitution
pattern is illustrated in Figure 2 for representative E isomers, together with the electrostatic
potential, which pictures the electronic distribution around the molecular skeleton (see Figure
S5, SI3 for the other trans isomers and Figure S7 for cis isomers). The potential maps of 3NO;
and 4NO; highlight the high electron density located on the nitro group. In such systems
having a strong push-pull character, the dipole moment is oriented parallel to the n-
conjugation pathway. Replacing the nitro by a dimethyl-amino group (from 3NO; to 3NMe3)
enriches the electronic density on the azobenzene core, especially around the nitrogen double
bond (as also indicated by the large BLA value computed for this compound, see Table 1), and
reverts the direction of the dipole vector. In 3NHAc, the weak donor groups on both sides of

the azobenzene core compensate each other, and the direction of the dipole vector is fully



determined by the orientation of the amide group. To further illustrate the impact of chemical
functionalization on the electron density distribution, the electrostatic potential-fitted (ESP)
atomic charges within the different parts of the compounds are reported in Table S11 (SI3).
The asymmetry of the electronic density is reflected in the Aesp parameter, defined as the
difference in the ESP charge of the two peripheral functionalized phenyls. Expectedly, the
largest Agsp values (>0.1|e|) are obtained for push-pull systems (2NMez, 3NO; and 4NO3),
while Agsp is close to zero for 3NHAc, in correlation with the longitudinal component of the
molecular dipole moment (Figure S6, SI3). As mentioned in the introduction, the amplitude
and orientation of the molecular dipoles may have crucial importance for the subsequent
anchorage of the compounds onto a solid substrate, since dipole-dipole interactions impact
the spatial organization of the chromophores on the surface. By varying the substitution
pattern, clickable compounds have thus been designed with dipoles pointing toward or away

from the surface, or parallel to the surface.

Table 1: Relative Gibbs Free Energy (AG2, = G2 — G2, kcal/mol) between the E (trans) and Z
(cis) conformers computed at T = 298.15 K and p = 1 atm at the wB97X-D/6-311G(d) level in
chloroform, bond length alternation (BLA, A) along the central azo bridge (BLA = (dcy +

dnc)/2 — dyy), and magnitude of the dipole moment of the two forms (ug and u, D).

Compound AGY, BLAg BLA, Ug Uz

OH 11.64 0.180 0.198 0.00 4.10
1INMe, 13.74 0.165 0.188 5.58 8.43
2NMe; 12.29 0.163 0.188 8.38 5.19
3NMe; 13.19 0.176 0.196 4.43 7.82
3H 13.02 0.171 0.194 1.66 5.03
3NHAc 12.83 0.172 0.193 3.75 7.32
3NO. 12.23 0.165 0.189 7.55 4.15
4H 12.15 0.168 0.190 2.57 6.52
4NO, 11.77 0.159 0.181 9.73 7.00
5H 12.75 0.170 0.191 3.57 6.27
L1-4NO; 13.27 0.159 0.182 14.27 9.70
L2-4NO; 13.76 0.159 0.182 13.76 9.31
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Figure 2: Electrostatic potential maps (with positive (negative) values in blue (red) ranging
from =5 10? to +5 10? a.u.) and dipole moment vectors, as computed at the wB97X-D/6-

311G(d) level in chloroform.

3.2 Absorption properties

The maximal absorption wavelengths and molar extinction coefficients of E isomers measured
in chloroform are listed in Table 2, while computed spectroscopic data are collected in Table 3
for both E and Z forms. The experimental and calculated UV-vis spectra are provided in Figures
3 and S11 (SI3). As it is well known for trans azobenzenes,[49] the lowest energy band (So—S1)
is located in the visible range and corresponds to a dipole-forbidden n-rt* transition dominated
by HOMO-1-LUMO electronic excitations (except 1NMe; and 3NMe;, for which the n-it*
transition involves a HOMO-2—LUMO electron promotion). The shapes of the frontier MOs of
trans and cis isomers are reported in Figure $S8-S10 (SI3). The dipole-allowed So—S; transition
falls in the UV region and is described by a pure HOMO to LUMO excitation with a m-nt*
character. Compared to the non-substituted compound (OH), chemical functionalization
induces a bathochromic shift of the main absorption band, consistent with the decrease of the
BLA along the azo bridge. However, the global absorption profile and the nature of the
electronic transitions do not change.

As shown in Figure S13 (SI3), the excitation energies towards the first dipole-allowed excited
state (S;) calculated for trans isomers at the M06-2X level show an excellent correlation with
experimental ones, although they are systematically overestimated. Additional calculations
reported on the same plot and carried out using the M06 XCF that contains a lower amount of
nonlocal Hartree-Fock exchange (27%) reversely provides underestimated absorption

wavelengths.
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Figure 3: Left: normalized absorbance of trans isomers in chloroform solutions. Right:

absorption spectra, with /Il1 and /1l2 wavelengths (i = excitation in continuous line and probe in

dashed line) used for the photoswitching kinetics (see text).

Table 2: Maximum absorption wavelength (., nm), Full Width at Half Maximum (FWHM,

cmt) and molar extinction coefficient (€,,4, and €535, 10° L mol™ cm™) at A,,,4, and 532 nm

of trans isomers measured in chloroform.

Compound Amax Emax €53 FWHM
1NMe; 419 23.70+1.15 0.20+0.08 5270
2NMe; 434 28.50+0.20 0.90 + 0.05 4960
3NMe: 410 20.00+1.12 0.10+0.03 5310
3H 343 19.30+0.13 0.00 5260
3NHACc 359 17.60 + 0.64 0.10 + 0.07 5190
3NO; 371 21.40+0.35 0.20+0.20 5430
4H 412 2190+ 1.48 0.10+0.05 4760
4NO; 483 29.90+2.90 14.20+1.44 4750
5H 394 22.10+0.95 0.10+0.02 4890
L1-4NO; 484 26.00+£0.40 13.30+0.18 4710
L2-4NO; 484 29.60 £ 0.55 15.10+0.27 4680

Table 3: Vertical excitation energy (AEoi, eV), wavelength (Aoi, nm) and oscillator strength (foi,

dimensionless) of the lowest-energy electronic transitions of trans and cis isomers, as

computed at the TDDFT/MO06-2X/6-311+G(d) level in chloroform.

trans cis
compound | transition AE; Aoi foi AEy; Aoi foi
OH So—S1 2.54 488 0.000 2.57 482 0.018
So—S: 4.01 309 0.931 4.69 264 0.216

11



1NMe; So—S1 2.69 461 0.002 2.51 494 0.067

So—S:2 3.25 382 1.403 3.85 322 0.449
2NMe; So—S1 2.62 473 0.001 2.54 488 0.065
So—S:2 3.21 386 1.303 3.76 330 0.481
3NMe; So—S1 2.71 458 0.000 2.52 492 0.059
So—S: 3.30 376 1.266 3.89 319 0.419
3H So—S1 2.59 479 0.000 2.56 484 0.025
So—S:2 3.79 327 1.057 4.41 281 0.285
3NHAc So—S1 2.63 471 0.000 2.53 490 0.037
So—S:2 3.59 345 1.331 4.27 290 0.404
3NO; So—S1 2.50 496 0.000 2.54 488 0.037
So—S:2 3.53 351 1.210 3.98 312 0.003
So—S3 - - - 4.03 308 0.290
4H So—S1 2.65 468 0.000 2.55 486 0.047
So—S: 3.36 369 1.171 3.93 316 0.472
4NO; So—S1 2.56 484 0.000 2.52 492 0.079
So—S:2 3.01 412 1.313 3.52 352 0.311
5H So—S1 2.64 470 0.000 2.54 488 0.044
So—S:2 3.46 358 1.140 4.01 309 0.446
L1-4NO; So—S1 2.56 484 0.000 2.52 491 0.078
So—S:2 3.00 413 1.322 3.52 352 0.304
L2-4NO; So—S1 2.56 484 0.000 2.52 491 0.078
So—S: 3.00 413 1.322 3.52 352 0.306

To gain further insight on the intramolecular charge transfer occurring upon the excitation
process in trans isomers, Figure 4 illustrates the redistribution of the total electron density
induced by the So—S; optical transition for representative trans forms (see Figure S13 for the
other compounds and cis forms). The change in dipole moment upon light excitation (Aug,),
as well as the amount of charge transferred (Aqy,) and charge transfer distance (Ary,)
computed using the procedure proposed by Le Bahers et al.[50]'[51] are reported in Table 4.
Not surprisingly, push-pull compounds bearing strong donor and acceptor groups at both ends
of the azobenzene core display large dipole moment variations upon optical excitation.
Consistent with the largest red-shifted absorption band measured for this derivative, the
largest Auy, value (13.7 D) is obtained for 4NO2, mainly due to a larger charge transfer distance
(4.28 A). On the other hand, the 3NHAc derivative that incorporates two donor substituents
exhibits weak dipole moment variation (0.7 D) and charge transfer distance (0.27 A), as a result
of the opposite light-induced charge transfers from the extremities to the central azobenzene

core.
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Figure 4: Electron density differences between the So and S, electronic states for
representative trans forms, as calculated at the M06-2X/6-311+G(d) level in chloroform and
plotted with isovalues of 0.001. Blue (violet) lobes are associated with negative (positive)

values and refer to zones with decreasing (increasing) electron density.

Table 4: Characteristics of the S¢—S, transition in trans isomers, as calculated at the
TDDFT/MO06-2X/6-311+G(d) level in chloroform: changes in dipole moment (Augy, =

|lfi, — fioll, D), charge transfers (Aqq,, |e]), and charge transfer distances (Ary,, A).

Compound Ay, Aqo; At

OH 0.000 0.477 0.000
1NMe; 6.280 0.563 2.324
2NMe; 9.686 0.599 3.367
3NMe; 6.195 0.559 2.309
3H 3.776 0.512 1.535
3NHAc 0.523 0.519 0.210
3NO; 9.951 0.591 3.505
4H 8.298 0.605 2.854
4NO; 13.686 0.666 4.276
5H 7.600 0.586 2.700
L1-4NO, 13.780 0.671 4.275
L2-4NO; 13.686 0.673 4.233

Upon trans-cis photoisomerization, the intensity of the m—mn* band (So—S:) decreases, while
the n—nt* band (So—S1) located in the visible range (482-494 nm) becomes slightly allowed
(Table 3 and Figures S11-S12, SI3). The spectra computed for cis isomers notably differ in the
intensity of the So—S1 band (formed by a combination of HOMO-1 to LUMO and HOMO to

LUMO electron excitations), with oscillator strengths varying from 0.018 (OH) to 0.079 (4NO3).
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3.3 Photoswitching kinetics

In order to characterize the kinetics of the trans-cis photoisomerization and back thermal cis-
trans reaction, the time evolution of the absorption spectrum of each compound was recorded
during and after irradiation. As a representative example, the trans-cis and cis-trans
photoswitching behaviors of 2NMe; are reported in Figure 5, and analyzed using the mono-
exponential absorbance fitting described above. The photoswitching kinetics curves for the
other systems are provided in SI2. The kinetics data, namely the photoswitching rates (%PS)
and characteristic time constants associated to the trans-cis and cis-trans processes (tps and
Tr, respectively), are collected in Table 5. Note that comparison with data reported previously

should be made with caution because of the different experimental set-up used.[52,53]

o Exp. Data

N 2 .
2 )‘probe 1.4 —Fit

Absorbance (-)

Absorbance (-)

Time (s)

12 ¢ Exp. Data
—Fit

Absorbance (-)
o
(o]
Absorbance (-)

0 10 20 30 40
Time (s)

Figure 5: Trans-cis (top) and cis-trans (bottom) photoisomerization of 2NMe; monitored at

Af,mbe (420 nm) (using A2, for the photoswitching from trans to cis), and for a concentration
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of 4.98 x 10 mol L. The blue dots on the right panels represent the absorbance measured at
)Lf,mbe illustrated by the black line on the left panels. Red lines are exponential fits according

equation 1.

The investigated derivatives can be divided in two groups: i) those with maximum absorption
wavelength below 400 nm (3H, 3NHAc, 3NO; and 5H) which efficiently switch from trans to
cis but do not thermally switch back (grey shading in Table 5), and ii) those with maximum
absorbance wavelength above 400 nm (1NMe;, 2NMe;, 3NMe;, 4H, 4NO;), which
photoswitch from trans to cis and thermally switch back to the trans form. However,
calculations of potential energy profiles and trans-cis isomerization barriers failed to

rationalize this different behavior (see SI3).

Table 5: Photoswitching ratios (%PS), and characteristic time constants associated to the trans-
to-cis (tes, s) and cis-to-trans (T, s) processes in chloroform at 5 x 10 mol/L (+2%).

Excitation at 11, (365 nm)

Monitoring at 4, (380 nm)

Monitoring at 22,5, (420 nm)

Tps TR %PS Tps TR %PS
1NMe; - - 0 0.08 6.5 32
2NMe; 0.23 0.2 27 0.15 9.2 16
3H 0.08 - 98 -0.19 = -
3NHAc 0.04 - 98 0.06 - 63
3NO; 0.20 - 68 0.12 - 51
3NMe; 0.19 2.9 29 0.04 2.0 43
4H - - 0 0.12 1.8 26
4NO, - - 0 - - 0
5H 0.21 - 54 0.05 - 52

Excitation at 12, (405 nm)

Monitoring at 4, (380 nm) Monitoring at 22,5, (420 nm)

Tps TR %PS Tps TR %PS
1INMe: 0.14 - 39 0.03 56.9 84
2NMe; -041 - - 0.09 20.1 67
3H - - 0 0.08 - 87
3NHAc 0.09 - 61 0.05 - 79
3NO; 0.13 - 53 0.09 - 52
3NMe; 0.06 106.2 52 0.05 113 87
4H 0.26 32.0 25 0.03 198.2 79
4NO, -0.29 2.9 - 0.08 2.9 22
5H 0.10 - 69 0.03 - 94
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For 3NHAc, 3NO; and 5H, both excitation wavelengths induce efficient trans-to-cis process, as
shown by the photoswitching ratios (%PS > 50%), in accordance with the position of their -
1* bands (Figure 3). 3H, which presents maximum absorption at the shortest wavelength in
the series (343 nm), shows a specific behavior with irradiation at 365 nm. The monitoring at
380 nm is quite fast with 7p5 = +0.08 s while for the monitoring at 420 nm, the absorbance
increases during irradiation, hence involving a negative 7p5 = -0.19 s. We may ascribe this
anomalous behavior to the overlap of the trans and cis bands at 420 nm: according to the
calculated values given in Table 3 (see also Figure S12, SI3), the So-S1 cis band is expected to
occur at ca 484 nm, i.e. close to the monitoring wavelength. This effect observed at 420 nm
suggests that the dominant absorption band is the cis one.

As expected, other derivatives (1INMez, 2NMe;, 3NMe;, 4H, 4NO;), with red-shifted m-m*
bands above 400 nm, have a less efficient (or no) photoswitching at 365 nm, in contrast with
the excitation at 405 nm. For example, 4NO:; does not switch upon irradiation at 365 nm
because it does not absorb at this wavelength. Upon irradiation at 405 nm and monitoring at
380 nm, both 4NO; and 2NMe; show an anomalous behavior, with a similar increase of the
absorbances (negative 7pg) as was observed for 3H (vide supra). Again, an explanation to this
behavior could be related to the overlap of the trans and cis bands at 380 nm. TDDFT
calculations give credit to this assumption: according to results in Table 3 and Figure S12 (SI3),
the So-S; cis band is expected to occur around 352 nm for 4NO; and 330 nm for 2NMe;, close
to the monitoring wavelength. After correcting the computed absorption wavelengths of trans
forms (484 nm for 4NO; and 330 nm for 2NMe:) by using the linear regression of Figure S13
(S13), one obtains 415 nm for 4ANO> and 409 nm for 2NMe3, which is also close to 380 nm.
Focusing on the results with excitation at 405 nm and monitoring at 420 nm (Table 5), five
compounds (1NMez, 2NMe;, 3NMe;, 4H, 4NO;) show a very fast (below 1s) trans-to-cis
photoswitching, trs ranging between 0.03 to 0.09 s. Apart from 4NO,, the trans-cis
isomerization processes are highly efficient, with %PS ranging from 67% (2NMe3) up to 87%
(3NMe). In contrast, their thermal back reactions are among the slowest with tr spreading
well above 1s, from 2.9 (4NO;) to 198.2 s (4H), the shortest time constant corresponding to

the strongest push-pull compound in the series (4NO3).
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3.4 Nonlinear optical properties

3.4.1 Experimental and computational NLO responses

HRS hyperpolarizabilities (Bxrs) and depolarization ratios (DR) measured at 1064 and 1300 nm
in chloroform are reported in Table 6 for all E isomers. The evolution of the second harmonic
light intensity with the incident power and concentration are reported in SI2, as well as its
evolution as a function of the incident light polarization. Dipolar and octupolar contributions
to the HRS hyperpolarizability according to the irreducible spherical representation of the B

tensor are also provided.

As shown in Table 6, the Burs values measured at 1064 nm are larger than those measured at
1300 nm, owing to dispersion effects. However, at 1064 nm for 4NO,, we observed two-
photon absorption (TPA), the harmonic response at 532 nm being close to the maximum
absorption around 483 nm. Shifting the excitation wavelength from 1064 to 1300 nm allowed
us to get rid of TPA and measure undisturbed HRS responses. As expected, the largest Burs
response (17600 a.u.) is obtained at 1300 nm for the strong push-pull derivative (D-7-A type)
4NO;. The Burs at 1300 nm of 2NMe;, characterized by a weak acceptor and a strong donor
(a-m-D), is well below with Burs = 7400 a.u. In contrast, the Burs at 1300 nm of 3NO,,
characterized by a weak donor and a strong acceptor (d-w-A type), could not be measured due
to a weaker NLO response. Considering the dispersion effects, this result is consistent with the
Bhrs values of 2NMez and 3NO2 measured at 1064 nm, which are equal to 19100 and 8500

a.u., respectively.

Table 6: Burs (a.u.) and DR values obtained from HRS measurements in chloroform using

incident wavelengths of 1064 and 1300 nm.

1064 nm 1300 nm
Brirs DR Bhrs DR

1NMe; 14000 + 1000 5.1+£0.5 5600 + 300 5.2+0.9
2NMe; 19100 + 1400 5.7+0.4 7400 + 200 45+0.3
3NMe; 8500 + 400 49+0.5 ND

3H PS ND

3NHAc ND ND

3NO; 8600 + 400 5.1+0.8 ND

4H 11700 £ 500 49+04 ND

4NO, TPA 17600 £ 500 5.0+£0.2
5H 5000 + 200 56+0.5 3600 + 300 3.3+04
L1-4NO, TPA 19100 £ 2000 4.84 +0.07
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L2-4NO, | TPA 22000 * 1500 4.82+0.08
PS: Photoswitching observed during the HRS measurements, permanently decreasing the HRS
signal.
ND: HRS signal below the detection limit.
TPA: Two-photon absorption, strongly perturbed HRS signal.

Compounds incorporating one donor (D-mt type, such as 3H, 5H and 4H), two weak donors with
similar strengths (d-m-d type such as 3NHAc) or two donors with different strengths (d-n-D
type, such as 3NMe; and 1NMe;), give rise to weaker Burs responses. The NLO responses of
d-m-d and d-nt-D compounds measured at 1064 nm partly originate from frequency dispersion
effects, the strongest hyperpolarizabilities being associated to the largest maximum
absorption wavelengths. At 1300 nm, only 1INMe: has a non-negligible Bugs response. 3NHAc
has the weakest response that we could not even measure at 1064 nm. Among the D-nt
compounds, 4H exhibits the strongest Burs at 1064 nm with 11700 a.u., while only 5H could
be still measured at 1300 nm. Note that the Burs at 1064 nm could not be determined for 3H,
as we observed a constant decrease of the HRS signal with time. We interpret this behavior as
follows: the absorption band of 3H occurs at 343 nm (see Table 2), which is very close to the
third harmonic scattering (THS) of the solution, which occurs at 1064/3 = 354.67 nm. Under
these conditions, we believe that THS photoactivates the trans to cis isomerization. Note that
THS is symmetry-allowed and more efficient in solution than the second harmonic scattering
(HRS).[54] Obviously, we may expect that this photoisomerization due to THS occurs also with
3NHAc whose absorption maximum lies at 359 nm (Table 2). However, we could not observe

such behavior, probably because the HRS response of 3NHAc was too weak at 1064 nm.

The computed NLO properties of trans and cis compounds are reported in Table 7 and Figure
6a. Figure 7 shows that the calculated Burs values for trans isomers correlate well with the
experimental ones. Moreover, DFT calculations predict that the Burs responses decrease upon
trans-cis photoisomerization ewing—te-theloss—of r-electron—eonjugation. Apart for 3NHAc
whose trans form has a near centrosymmetric electronic structure (of quadrupolar nature),
the computed NLO contrasts (Figure 6b) range between 2 and 5 for all compounds, regardless
of the incident wavelength. The largest contrasts are obtained for push-pull derivatives 2NMe;,

3NO; and 4NO,.
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Table 7: Burs (10% a.u.) and DR values calculated at the TDDFT/MO06-2X/6-311+G(d) level in
chloroform using incident wavelengths of 1064 nm, 1300 nm and in the static limit'¥ for trans

and cis isomers.

Trans Cis
1064 nm 1300 nm static 1064 nm 1300 nm Static
Bhrs DR Bhrs DR Bhrs DR | Burs | DR | Burs | DR Bhrs DR
OH 0 - 0 - 0 - 2 2.72 2 2.66 1 2.58

1NMe; 106 4.93 70 4.89 38 480 | 46 |4.22| 27 |4.39 17 4.27
2NMe; 190 489 | 126 |4.83 69 471| 58 |491| 35 |5.20 21 5.25
3NMe; 85 4.89 57 4.83 31 471 | 42 | 421 | 26 |4.24 16 4.07

3H 25 4.89 20 4.88 13 485 | 11 | 445 8 4.56 6 4.57
3NHAc 2 4.47 2 4.53 2 449 | 13 | 3.40 9 3.47 6 3.43
3NO; 103 4.88 76 4.82 46 472 | 31 |499| 19 |5.77 12 5.92
4H 110 491 77 4.87 45 479 | 41 | 467 | 27 |471 17 4.60
4NO; 400 496 | 240 |491| 118 |480| 9 |490| 51 |5.65 28 5.85
5H 82 4.87 59 4.82 35 472 | 34 |461| 23 |4.65 14 4.53

L1-4NO; 417 497 249 493 152 4.83 94 493 50 5.72 35 5.93
L2-4NO; 416 4.97 248 4.92 151 4.82 93 491 49 5.69 34 5.89
(1) Calculated using the optical dielectric constant of chloroform, €,, = 2.09. See Tables $14-
S15 and Figure S14 the comparison with static first hyperpolarizabilities computed using €.
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Figure 6: (a) Dynamic and static Burs responses (in 10* a.u.) of trans isomers computed at the

TDDFT/M06-2X/6-311+G(d) level in chloroform, with the substitution pattern of the
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compounds (a/A and d/D stand for weak/strong acceptors and donors, respectively). (b)

trans/cis Burs contrasts.
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Figure 7: Correlation between experimental and computed Burs values at 1064 nm (red) and

1300 nm (blue).

Both experimental and calculated depolarization ratios for trans isomers are close to 5,
revealing a 1D symmetry of the NLO responses. A significant decrease of the measured DR
upon changing the laser excitation to lower energy is observed for 5H and (to a lesser extent)
2NMe;, but this variation is not reproduced by DFT calculations, which do not evidence
sizeable frequency resonance effects on DR. All computed DR are very similar and lie in the
small 4.8-4.9 range, again with the exception of 3NHAc for which DR is smaller (4.5). A much
higher dispersion is found in the DR values of the cis forms, which vary from 3.47 (3NHAc) to
5.77 (3NOz) at 1300 nm. In addition, while all compounds except 3NHAc show a decrease in
Burs upon trans-cis photoisomerization, the variation of DR depends on the donor-acceptor
substitution pattern: it increases for the strongest push-pull derivatives 2NMez, 3NO; and
4NO;, and decreases for all other compounds. According to equation 4, the concomitant Bugs
lowering and DR enhancement found for push-pull systems is due to a larger decrease of the
(Bzyx) component. The change in the symmetry of the NLO response upon
photoisomerization is further illustrated in Figure 8 for representative compounds using the

unit sphere representation (USR) of the first hyperpolarizability tensor.
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Figure 8: Unit sphere representation of the first hyperpolarizability tensor of representative
compounds in their trans (left) and cis (right) forms, as calculated at the TDDFT/M06-2X/6-

311+G(d) level in chloroform using an incident wavelength of 1300 nm.

3.4.2 Analyses using the two-state approximation

To further rationalize the relative magnitude of the quadratic NLO responses of trans isomers,
we rely in this section on the two-state approximation (TSA). First introduced by Oudar and
Chemla,[55] this approximation truncates the sum-over-state (SOS) expansion of the B tensor
components to the only contribution of the lowest-energy dipole-allowed electronic excited
state (here S;). In that case, after assuming a single non-negligible diagonal B tensor
component, Burs can be simply expressed in terms of the spectroscopic data (transition

energies, oscillator strengths and dipole moment variations) collected in Tables 3 and 4:
TSA _ /EM
HRs = 9 35 AEQ, F(w) (5)
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F(w) is a factor accounting for frequency dispersion, which depends on the energy Aw of the
incident photons:

AES,
(AEZ,—(hw)?)(AEZ, - (2hw)?)

F(w) = (6)

The excellent correlation existing between the Burs responses calculated at the TDDFT level
and those estimated using the TSA (Figure 9a and Table S16, SI3) demonstrates that the relative
magnitude of the hyperpolarizability in this series of derivatives is fully determined by the
So—S; transition. Thus, the high second-order Burs calculated for 4NO- (and to a lesser extent
for 2NMe; and 3NO:) can be attributed to smaller excitation energies and larger oscillator
strengths (Table 3), as well as much larger dipole moment variations of the So—S; transition.
The latter find their origin in the larger extent of the photoinduced intramolecular charge
transfer (Table 4). Furthermore, the resonance enhancement factors, estimated as the ratio
between dynamic and static Burs values computed at the TDDFT level, are compared in Figure
9b to the 2-state dispersion factor (equation 6). The plot clearly indicates that, although the
TSA provides slightly underestimated F(w) values, it reproduces well the TDDFT data in this

low resonance regime.
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Figure 9: (a) correlation between Bl34 and BERPFT values for trans isomers. (b) Frequency

dispersion enhancement on the HRS hyperpolarizabilities of trans isomers. The black line
represents the frequency dispersion factor evaluated using the 2-state approximation
(Equation 6). The color points represent the frequency dispersion evaluated using TDDFT, as
the ratio between the dynamic and static responses (using the optical dielectric constant of
chloroform in the IEF-PCM scheme). The F(w) values computed for 3NHAc have been

excluded from the plot, owing to its negligible NLO response.
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3.5 Effect of the anchoring unit

In the last part of this study, we addressed the impact of clicking a triazole bearing long carbon
chain (11 carbons) on the alkyne on the linear and nonlinear optical properties of trans
azobenzenes, as this strategy is used in surface chemistry to electronically decouple the
photochromic units from the substrate. 4NO, was selected as representative of compounds
with strong push-pull character that are able to deliver strong SHG signal. Two additional
derivatives, L1-4NO; and L2-4NO;, were thus prepared by means of copper-catalized Huisgen

1,3-cycloaddition with corresponding azide chains (Figure 10).

N N N N
_/O\ /\ﬁé CuS0,4.5H,0 OZN@N N ° L1-4NO,
\\ Na Asc 9
N N + —_— o} (91%)
OZNQN — AgNs | THFIH0 N C N/_/ %
° i . Ns N
4NO, 9 45 °C, overnight OZN4©7N/ N %\Lz-“No
2
(75%)

Figure 10: Synthesis of L1-4NOz and L2-4NO- by Huisgen click reaction between azide chains
and 4NOa.

As shown in Table 2 and Figure 11, L1-4NO; and L2-4NO. display absorption spectra very
similar to 4NO;, evidencing the negligible impact of the anchoring chain. This result is
consistent with DFT simulations (Figure S16) and results from the lack of delocalization of the
MOs involved in the main transitions over the anchoring chain (Figure S15). The impact on the
NLO response is slightly more pronounced, with an increase of 9% (L1-4NO2) and 25% (L2-
4NO;) of the HRS hyperpolarizability with respect to 4NO; (Table 6). However, owing to the
experimental uncertainties, the NLO response of L1-4NO; and L2-4NO; can be considered as
similar. The enhancement of the NLO response upon the triazole addition might be related to
the increase in the permanent dipole moment (9.7 D for 4NO; vs ~14 D for L1-4NO; and L2-
4NO;, see Table 1), which is expected to induce larger polarization interactions with the solvent
molecules. The increase of Burs is partially reproduced by DFT calculations using the IEF-PCM
continuum solvent model, although its amplitude is underestimated (Table 7). Overall, we can
conclude from these results that the addition of the triazole unit does not change the
absorption and slightly enhances the second-order nonlinear optical response of the

photochromic units, which is beneficial for further applications.

23



T T T T T T T
= 2O,
4NO2 L1-4NO;

—— L1-4NO2 L2-4NO, i

1

L2-4NO2 . 200001

15000 4

10000 A

Normalized absorbance

Bhrs a@.u. (A = 1300nm

u
o
S
o

0,0 1 1 1 1 1 1
250 300 350 400 450 500 550 600 650

A (nm) 4NO, L1-4NO, L2-4NO,

(a) (b)
Figure 11: (a) Absorption spectra and (b) Burs responses (in 10* a.u.) of trans 4NO>, L1-4NO-

and L2-4NO; measured in chloroform solutions.

4 Conclusion

In this study presents an in-depth investigation of the photophysical properties of clickable
azobenzene derivatives, including their photoswitching and second-order nonlinear optical
properties. Selecting the appropriate excitation and probe wavelengths allowed to trigger and
monitor the trans-cis photoswitching of the compounds, revealing different behaviors
depending on their chemical functionalization. In particular, fast and efficient trans-cis
photoswitching with slow thermal back reaction was recorded for 4H and for derivatives
bearing a dimethylamino donor group (1NMez, 2NMe;, 3NMe;) upon irradiation at 405 nm
and probe at 420 nm. Hyper-Rayleigh Scattering measurements combined to DFT calculations
also allowed to investigate the impact of chemical substitution on the magnitude and
dipolar/octopolar nature of the second-harmonic signal, as well as on the NLO contrast upon
photoisomerization. The results show that the magnitude of the SHG signal can be finely tuned
by appropriate chemical design, the largest responses and contrasts being expectedly obtained
when strong donor and acceptor groups are linked at the opposite extremities of the
azobenzene core. Among the investigated compounds, 4NO2 indeed provides the largest NLO
responses and trans/cis Purs contrast thanks to its push-pull architecture favoring
photoinduced intramolecular charge transfer. However, this derivative displays a low
photoswitching rate. On the other hand, 2NMez combines a fast kinetics behavior in both the
forward and backward isomerization reactions, together with a large (although smaller than
4NO;) NLO response in its trans form and a large B contrast. In conclusion, this study shows

how highly dipolar structures are promising for second harmonic responses in solution.
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However, their integration in light-sensitive 2D NLO devices may not be the best compromise,
as electrostatic dipole-dipole interactions are expected to hinder the parallel ordering of
molecular units after anchoring on a solid substrate. For this reason, the collection of
azobenzene derivatives proposed in this work has been designed to provide a large range of
NLO responses and dipole magnitude, offering different balances for further integration into

self-assembled monolayers.
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