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A computational approach combining molecular dynamic simulations and density functional the-

ory (DFT) calculations is implemented to evaluate the second-order nonlinear optical (NLO) re-
sponses of photoresponsive self-assembled monolayers (SAMs) based on indolino-oxazolidine
molecular switches. These numerical simulations provide a complete atomistic picture of the
morphology of the SAMs, revealing a high degree of positional disorder and an almost isotropic
orientation of the chromophores. Subsequent DFT calculations, carried out to evaluate the av-
erage first hyperpolarizability of indolino-oxazolidine switches within the SAM, predict that the
structural disorder does not significantly reduce the NLO contrast compared to that of the isolated
molecules. Chromophores in the SAM can assume a limited number of specific conformers, due to
the high rotational barrier that characterize the conjugated bonds along the indolino/oxazolidine-
dyene-thiophene sequence. A notable exception is the rotation about the thiophene-thioalkyl
bond, which is not only almost free, but also strongly correlated with the magnitude of the first
hyperpolarizability. Controlling this rotation by chemical design could thus be a viable strategy
to optimize the SAMs NLO response and the performance of photoresponsive devices based on
indolino/oxazolidine switches.
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1 Introduction

monolayers, typically consisting in azide-terminated alkylsilanes
grafted on commercially available silica substrates.®® Thus, the
design of photoresponsive SAMs opens the way for virtually end-
less materials for applications in optical data storage and signal
processing.

While effective in writing the information by switching the chro-
mophores between one (meta)stable state to another, the use of
linear absorption spectroscopy to probe the system often results in
a destructive readout process, since the state of the photochromic
molecules can be altered upon irradiation. Exploiting second-
order nonlinear optical (NLO) properties instead provides a strat-
egy for non-destructive readout ability to the system, since NLO

Organic photochromic compounds have been extensively studied
in the last decades, owing to their possible integration into a large
variety of photonic and optoelectronic applications.1=3 Surface
functionalization with molecular photoswitches yields 2D mate-
rials responding to light in a controlled way.# One of the most
versatile approaches for surface engineering and interface design
is to use self-assembled monolayers (SAMs),> in which highly ef-
ficient and selective “click” reactions can be exploited to intro-
duce a wide range of organic functionalities on well-defined base
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responses are revealed using near-infrared wavelengths not ener-
getic enough to trigger uncontrolled photoconversions. Molecules
exhibiting large and photoswitchable first hyperpolarizability are
thus ideal candidates for photonic technologies with multiple
storage and non-destructive readout capacity. >-11

Filling the gap between isolated molecular switches and pho-
toresponsive materials nevertheless remains a quite challenging
task, which requires anchoring the molecular photochromes on
a 2D substrate while preserving i) the reversibility of the switch-
ing process, and ii) the NLO responses of the switching states,
as well as their contrast. Indeed experiments showing effective
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photoswitchable NLO SAMs based on fulgimide or azobenzene
derivatives have been recently reported, %13 but addressing the
aforementioned challenges from a computational point of view
has never been tackled. Yet, by offering a microscopic picture of
the relationships between the supramolecular structure and NLO
properties of the system, numerical simulations have the poten-
tial of providing highly useful guidelines to rationally control the
NLO responses of the SAMs.

The present work constitutes a first attempt towards the theoret-
ical design of such complex architectures, focusing on indolino-
oxazolidine (IND) compounds anchored onto an amorphous SiO,
surface. IND derivatives (Scheme 1) exhibit reversible photo-
conversion between a colorless closed form (CF) and a colored
open form (OF) associated with large changes in the first hy-
perpolarizability. 141 To mimic the experimental preparation of
indolino-oxazolidine SAMs by click chemistry,® IND units were
anchored to the silica surface using a two-step process, in which
the SiO, surface is first grafted with azidoalkyl linkers, and subse-
quently some of the linkers are functionalized with photoswitch-
able IND units (Scheme 1). Then, a sequential approach combin-
ing classical molecular dynamics (MD) and quantum mechanics
(QM) was employed to evaluate the dynamical behavior and sec-
ond harmonic generation (SHG) responses of the photorespon-
sive SAMs. MD simulations gave access to the morphology of
the NLO-active layer at the atomistic level, and allowed the ex-
haustive statistical sampling of the multiple geometrical confor-
mations spanned by the chromophores. Finally, DFT calculations
performed on individual molecular fragments extracted from the
MD trajectories provided a molecular interpretation on how dy-
namical geometry distortions, induced by thermal and steric ef-
fects, impact the SHG responses of both states of the SAM.

2 Theoretical methodology

2.1 Molecular dynamics simulations

As detailed in the electronic supporting information (ESI), mod-
ified versions of the General AMBER Force Field!” (FF) were
used to specifically reproduce the equilibrium geometries of the
azidoalkyl linkers and of the complete NLO molecule (Scheme
1). Distinct sets of parameters were derived for describing the
open and closed forms of IND. Electrostatic potential-fitted (ESP)
atomic charges and torsional potentials around the 8; — 6,( dihe-
drals were calculated at the M06/6-311G(d) level, and inserted in
the force field with the methodology described in reference 8. In
addition, since reliable simulations of NLO responses of push-pull
systems require an accurate description of the z-electron conju-
gation, 1©6 AMBER FF bond lengths were adjusted for both states
of the switch so as to closely reproduce DFT bond lengths at the
corresponding equilibrium geometries (within a maximum abso-
lute error of 0.006 A), as well as the bond length alternation
(BLA) along the central vinyl bridge (red segments in Scheme
1). The amorphous SiO, surface of dimensions 52.044 x 51.119
A? and thickness of about 30 A was constructed following the
scheme described in ESI. IND-functionalized SAMs were subse-
quently prepared using a strategy mimicking one of the click
reactions usually employed experimentally for monolayer mod-
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ification, namely the Huisgen 1,3-cycloaddition that occurs be-
tween an organic azide and an alkyne. -8 In a first step, a densely
packed SAM of 120 azido-undecylsilane chains, corresponding to
a coverage of 4.5 molecules/nm?, was generated to serve as a ba-
sis for grafting the NLO molecules. These long non conjugated
linkers are used experimentally to electronically decouple the
photochromic units from the substrate. This first sample, referred
hereafter to as the "non photoresponsive SAM" (see Scheme 1),
was equilibrated for 80 ns keeping fixed the position of the graft-
ing oxygen of each azidoalkyl chain. In the second step, azide
terminal groups were replaced by the photochromic compound in
its closed form. Since the IND unit is bulkier than the azide unit
of the non photoresponsive SAM, only a fraction of azides was re-
placed, yielding to three samples with different relative IND to to-
tal SAM molecule ratios, namely 1/4, 1/2 and 3/4, corresponding
to IND coverages of 1.13, 2.26 and 3.38 molecules/nm?, respec-
tively. The samples were first equilibrated for 30 ns, before we fo-
cused on the most dense SAM for which simulation was extended
up to 150 ns. Finally, to obtain the open form layer for the highest
coverage sample, the force field parameters were switched from
the ones optimized for the CF to the ones optimized for the OF
for all chromophores simultaneously, thus assuming the complete
switching of the SAM layer. The resulting OF system was then
equilibrated for further 85 ns.

2.2 Quantum chemical calculations

Individual molecular structures were extracted from the SAM
with the highest relative coverage (3/4), at regular intervals
along the MD trajectories, and their NLO responses subsequently
calculated. Preliminary investigations demonstrated that, in ad-
dition to the photoresponsive IND unit, the triazole moiety, and
to a lesser extent the alkyl chain, should be explicitly included in
the calculations for an accurate evaluation of the hyperpolariz-
abilities, while the Si(OH),0O anchoring unit can be omitted (see
ESI for details). A total of 900 structures were then used to sam-
ple the multiple geometrical conformations adopted by the NLO
switches, in both their closed and open forms.

The static and dynamic components of the molecular first hyper-
polarizability tensor () were calculated using time-dependent
(TD) DFT with the M06-2X!? exchange-correlation functional
(XCF) and the 6-311G(d) basis set. As demonstrated in previ-
ous theoretical reports, M06-2X is reliable to calculate hyperpo-
larizabilities of conjugated organic dyes,2%-22 including indolino-
oxazolidine derivatives, 1® owing to its substantial amount (54%)
of long-range Hartree-Fock exchange. An incident wavelength of
1064 nm, typical of Nd:YAG laser sources, was used in frequency-
dependent SHG calculations. The interfacial NLO responses were
analyzed by considering the norm of the first hyperpolarizability
vector:

1Bl =B=1/B2+p2+p2 &)

where the i component of the B vector is defined from the §
tensor elements:

1
Bi = Bii + 3 ;(ﬁi,j i+ Bjij+ Bjji) 2
JAi

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 SiO, surface functionalized with azidoalkyl chains (left) and with the photoresponsive molecules (middle). Right: photochromic reaction between
the closed form (CF) and open form (OF) of the indolino-oxazolidine derivative (IND, in bold), and azidoalkyl chain (AAC). FF parameters have been
derived for torsions 0, to 6,y (see ESI for the definition of the dihedral angles).

As in the previous work of Tegeder and co.,12 the anisotropy of
the NLO response was also characterized using the component of
the B vector normal to the surface plane (f;), and the correspond-
ing in-plane ones:

|B|

R

All calculations were performed using the Gaussian09 package. 23
All B values are reported assuming a Taylor series expansion
of the induced dipole with respect to the applied electric field
(T convention),?*»2> and are given in atomic units (1 au of
B =3.6310"*2 m*V! =3.2063 x 10753 C®m3J 2 =8.641 x 1033
esu).

€)]

3 Results and discussion

3.1 Morphology of the self-assembled monolayers

The equilibrated morphology of the non photoresponsive SAM
(i.e. the surface functionalized with azidoalkyl chains only, see
Scheme 1), as well as the morphology of the SAM functional-
ized with the photochromic units in their closed and open forms
(for a 3/4 coverage), are represented by the snapshots in Figure
2. The supramolecular organization of the non photoresponsive
SAM is characterized by a thickness of 1542 A, an average tilt
angle of 26 +7°, a nematic order parameter (P;) of 0.901 and a
roughness of 0.86 A. To verify the extent of positional order in all
SAMs, we used the 2D radial distribution function (RDF) in the
(x,y) plane, which gives a measure of the probability of finding
a molecule at a given position with respect to a reference cen-
tral molecule (Figure 3). The 2D RDF of the non photoresponsive
SAM clearly evidences a hexagonal positional order in the sample
(with a lattice parameter d = 4.96 10\), as already observed for H-
terminated alkylsiloxane SAMs.2° Comparing the top panels of
Figure 3 reveals that the hexagonal organization of the azidoalkyl
layer is globally maintained after functionalization with the pho-
tochromic dyes, although it induces a non negligible broadening
of the RDF peaks. On the contrary, a visual inspection of the

This journal is © The Royal Society of Chemistry [year]

morphology of the photoresponsive SAM (Figure 2) does not ev-
idence any positional order in the top-half sublayer, as confirmed
by the 2D RDFs reported in the bottom panels of Figure 3 for the
closed and open layers. The distribution of the tilt angle of the
dyes with respect to the surface normal (bottom left of Figure 3)
reveals that even if a few units are vertically oriented, the dis-
tribution is overall almost isotropic. Conversely, the azido-alkyl
chains have a uniform, nearly vertical orientation, which is not
tilted, unlike that found in the non photoresponsive SAM (cf. top
panels of Figure 2).

Decreasing the relative coverage induces a decrease of the SAM
thickness, from 40.4 A (3/4 coverage) to 34.0 A (1/2 cover-
age) and 26.7 A (1/4 coverage). Substantiated by a correspond-
ing increase of the tilt (Table SI-1), this demonstrates how NLO
molecules bend at low coverage ratio, while they adopt more
elongated conformations in the denser layer. On the other hand,
the CF to OF photoconversion does not significantly change the
thickness of the SAM (40.4 vs. 40.6 A for CF and OF, respec-
tively). Reversely, the roughness slightly increases when decreas-
ing the coverage, from 1.32 to 3.15 A.

Focusing on the SAM with higher IND density (3/4 coverage), we
investigated more closely the geometrical conformations spanned
by the photochromic molecules onto the surface. Consistently
with the DFT geometries used for the force field parameteriza-
tion, the average BLA of the open forms is three times smaller
(0.089 + 0.061 A) than that of closed forms (0.288 + 0.061 A).
The distributions of the torsional angles adopted by the molecules
within the SAM, plotted with respect to the corresponding rota-
tional potentials of isolated molecules (Figures SI-8 and SI-9), are
also informative. Due to high rotation barriers (varying from 3.2
to 13.0 kcal/mol), the population of the 64 — 8¢ and Y dihedrals
(Scheme 1) concentrate around the minima of the potential en-
ergy curves of the isolated molecules. Reversely, the 6, — 63 and y
dihedrals exhibit very broad distributions due to low energy bar-
riers (~ 1 kcal/mol or smaller). Interestingly, the maxima of the
distributions of these torsional angles do not always correspond

Journal Name, [year], [vol., 1-8 |3
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Fig. 2 Left: side and top views of the non photoresponsive SAM. Middle: side and top views of the SAM functionalized with the photochromic units in

their closed form. Right: in their open form.
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exactly to minima of the potential energy curve, suggesting that
the most probable values are dictated by intermolecular interac-
tions.

3.2 Commutation of the nonlinear optical responses

The statistical distributions of the static and dynamic first hyper-
polarizabilities (8, eq. 1), of their z-component (;), and of the
anisotropy factors (a, eq. 3) are illustrated in Figure 4, while av-
erage values and standard deviations (o) are collected in Table 1.
The interquartile ranges (IQR), which provide a robust measure
of the dispersion of statistical distributions, are also reported.
Considering first the static responses, dynamical geometry fluc-
tuations and steric interactions lead to broad  and S, distribu-
tions, characterized by large ¢ and IQR values. It also clearly
appears from Figure 4 that the distributions of open forms are
much broader than those of closed forms, as confirmed by IQR
values about four times larger. Moreover for both forms the com-
ponent normal to the surface plane, f;, dominates the static hy-
perpolarizability, as indicated by average anisotropy ratios (a)
lying between 3.6 and 4.2. Interestingly, a similar (a) value
(5.70/+/2 = 4.03) was deduced from recent experimental mea-
surements and DFT calculations for the trans-configuration of
azobenzene-based SAMs. 12 However, while the trans-cis isomer-
ization in azobenzene derivatives was shown to strongly reduce
the anisotropy of the NLO response owing to the realignment of
the upper phenyl ring parallel to the surface, the oxazolidine ring
opening in IND derivatives hardly changes the anisotropy of the
SHG response, consistently with the invariance of the SAM thick-
ness mentioned above. One also notes that, contrary to the ab-
solute NLO responses, the distribution of the anisotropy ratios is
slightly less dispersed for the open form, even if in both cases a
considerable fraction of molecules has very low anisotropy, con-
sistently with the broad distributions of tilt angles shown in Fig-
ure 3.

The commutation between the closed and open forms induces a
large enhancement of the static first hyperpolarizability, as shown
by the shift of the  distributions. The OF/CF NLO contrast, eval-
uated as the ratio between the mean values of the distributions
(Table 1), is equal to ~ 7. Strikingly, this contrast is only slightly
smaller than the one calculated for the isolated molecule in its
equilibrium geometry (8(POF)/B(CF) = 8.93). This result in-
dicates that, despite the close molecular packing induces strong
geometrical distortions, the high degree of disorder of the SAM is
not detrimental to the average NLO contrast, which is of crucial
importance for device efficiency. This also confirms and extends
to amorphous morphologies the conclusions previously deduced
from periodic self-consistent charge density functional tight bind-
ing calculations, that single IND units anchored through silanol
linkers onto a SiO, surface maintain their NLO activities and con-
trasts. 27

Considering the dynamic NLO responses, the average values of
and f, computed for the closed forms are enhanced by a factor
2.2 compared to their static analogues. The dynamical distribu-
tions are also more dispersed than the static ones, with IQR values
about two times larger. In the case of open forms, the dynamic 8

This journal is © The Royal Society of Chemistry [year]
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forms.

values are spread over a very broad range, the NLO responses of
a few set of structures being strongly contaminated by electronic
excitation resonances. In order to rationalize the origin of these
resonance effects, the vertical absorption properties of molec-
ular structures exhibiting the lowest and largest dynamic first
hyperpolarizabilities were calculated at the M06-2X/6-311G(d)
level. The results detailed in ESI show that the large resonance-
enhancement arises from the existence of an intense absorption
transition close to 532 nm, i.e. the second harmonic wavelength
of a 1064 nm incident laser beam. These resonance phenomena
give rise to numerical instabilities, which make the calculated dy-
namic f3 values of the OF less reliable for this particular subset
of structures. To partially circumvent this problem, the averages
of the dynamic NLO properties of the OF were estimated by con-
sidering only the molecules with 8 values within the interquartile
range. For the open form, the enhancement due to frequency
dispersion effects, defined as the ratio between the dynamic and
static responses, amounts to 7.5 and 3.5 for f and f3;, respectively.
Interestingly, the anisotropy of the NLO responses is not impacted
by frequency resonance, the average anisotropy ratio {a) being
identical to that calculated considering the static responses. Fi-
nally, the dynamic 8(OF)/B(CF) NLO contrast amounts to ~ 26,
i.e. more than 3 times the static one, while it is reduced to ~ 13
when considering the z-component only.
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Table 1 Averaged values, standard deviations (o), and interquartile range (IQR) of the average static (A = «) and dynamic (A = 1064 nm) hyper-
polarizabilities (), of their z-component (B;), and of the anisotropy factor (a). The two last lines report the OF/CF enhancement ratios of the NLO

responses.

A =o0 A = 1064 nm
Property CF OF CF OF
(B)+op 2624 + 1655 19473 + 11410 5699 + 3942 (146337 + 70035)¢
(B:) = 0p, 2311 £ 1765 -16725 + 11322 -4960 + 4176 (-59100 =+ 123161)¢
(a) + 0, 4.20 £5.18 3.56 + 4.19 4.18 £5.22 (3.54 £ 11.09)¢
IQR(B) 2765 12036 6309 275013
IQR(B,) 2770 11940 6359 188310
IQR(a) 3.62 3.25 3.66 2.38
(B(OF))/{B(CF)) 7.42 +9.03 25.68 + 30.05
(B.(OF))/(B.(CF)) 7.24 +10.43 11.92 + 34.86

4Calculated by excluding all the molecules with § values outside the IQR.

3.3 Relationships between geometrical structures and NLO
responses

To gain a deeper understanding on the impact of the geomet-
rical distortions on the intrinsic (static) NLO properties of the
photochromes, correlations between the calculated 8 responses
and molecular structural parameters were further analyzed. The
variations of 3 with torsional angles around single bonds are re-
ported in ESI, while Figure 5 illustrates the variations of § with
respect to 7, as well as to the BLA along the vinyl bridge con-
necting the indolino-oxazolidine and the bithiophene. As already
observed for molecules in solution, 1° Figure 5 (top panel) clearly
evidences that the difference in the magnitude of the 8 response
between open and closed forms is mainly driven by the BLA along
the central part of the photochromes, whose average value de-
creases from 0.288 to 0.089 A. Considering CF and OF separately,
it turned out quite unexpectedly that the amplitude of 8 in both
forms is strongly correlated with the value of the torsion angle y
(see Scheme 1). As illustrated in Figure 5 (middle and bottom
panels), large first hyperpolarizabilities are obtained for planar
conformations with respect to y (i.e. when y = 0° or 180°), while
B is much smaller when the S-C bond of the thiomethylene group
is perpendicular to the thiophene ring. Further analyses detailed
in the ESI revealed that upon photoexcitation, planar conforma-
tions allow the conjugation of one lone pair of the sulfur atom of
the thiopropylene, giving rise to an important charge transfer be-
tween the sulfur and the dithiophene. This effect is at the origin
of the enhancement of the first hyperpolarizability compared to
perpendicular conformations. On the contrary, the distributions
of B with respect to 6, and 65 (see ESI) revealed that the ampli-
tude of the NLO responses is not correlated to rotations around
these two dihedrals, which also assume all possible values due
to low rotational energy barriers. The other dihedrals (64 — 6;¢)
adopt instead specific values due to conjugation effects and steric
constraints.

The striking correlation between the NLO response and the 7 tor-
sional angle reveals a crucial effect for the chemical engineering
of 2D NLO materials. Owing to the low rotational energy barrier
for the rotation around y (~0.8 kcal/mol, see ESI), the confor-
mations adopted are mostly driven by intermolecular contacts.
Since these packing effects are very difficult to control, it emerges
that the best strategy to maximize the NLO responses of dye-
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functionalized SAMs consists in designing rigid molecules with
geometry constrained to their highest hyperpolarizability confor-
mation.

4 Conclusions

In this work, we have used a sequential multiscale approach com-
bining atomistic MD simulations and DFT calculations to evalu-
ate the second harmonic generation responses of photorespon-
sive SAMs based on indolino-oxazolidine derivatives. MD sim-
ulations revealed that photoresponsive regions of the SAMs ex-
hibit a high degree of orientational and positional disorder due
to the flexibility of the photoresponsive units (in particular that
of the thioalkyl group), which on the one hand is detrimental
for crystalline packing, and on the other hand makes the chro-
mophore conformation highly sensitive to intermolecular interac-
tions. Quite interestingly, DFT calculations carried out on a large
selection of simulated molecular structures evidence that, despite
large geometrical distortions of the photochromic molecules and
the lack of orientational order, IND-based SAMs are expected to
display a good contrast in first hyperpolarizability upon the pho-
tochromic conversion, of the same order of magnitude as that
observed in the isolated molecule.

As already known from previous studies,® the large NLO en-
hancement from the closed to the open configuration can be at-
tributed to the increase of the m-electron conjugation between
the indolino-oxazolidine and bithiophene moieties, as described
by the strong decrease of the bond length alternation along the
vinyl linker connecting these two units. More surprising was the
correlation found between the magnitude of the first hyperpolar-
izability in both forms and the torsional angle y around the single
bond between bithiophene and thioalkyl groups. Since this ro-
tation is quasi barrierless in the isolated molecule, the statistical
distribution of this dihedral angle is very broad for both forms
of the SAMs studied here. In such a case, only controlling by
chemical design the shape of this distribution in newly synthe-
sized indolino-oxazolidine derivatives would allow maximizing
their NLO responses. More generally, these results tell us that
calculations of the NLO properties of isolated molecules allows
a reliable screening of the most effective compounds for subse-
quent integration in 2D materials, but also highlight that opti-
mizing the NLO responses of devices requires a fine control of
the intermolecular interactions, which induce significant distor-
tions in the molecular structure. Reducing the flexibility of the
photoresponsive molecular units, together with variations of the
coverage rate or the use of bulky separators, appear as promising
strategies.

Mutual polarization effects and intermolecular couplings, not
considered in this first study, might also impact the NLO responses
of the SAMs. Future investigations, carried out on a representa-
tive set of molecular aggregates, are expected to provide design
rules to effectively exploit the collective effects for optimizing the
amplitude of the NLO responses of the system, as well as their
contrast upon commutation. The sequential MD-QM approach
implemented here promises to be a highly useful computational
tool to explore these different alternatives.

Finally, since the MD simulations were conducted on SAMs with

This journal is © The Royal Society of Chemistry [year]

fully closed or open forms, assuming therefore the switching of
100% of the chromophores, it would also be interesting to in-
vestigate the light-induced dynamic effects. These investigations
should provide key information on the switching efficiency in
these densely packed systems.
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Force field parameterization

Torsional potentials around the 6, — 0 dihedrals (Figure SI-1) were derived from DFT cal-
culations performed at the M06/6-311G(d) level. The DFT and re-parameterized molecular

mechanics torsional potentials are displayed in Figure SI-2.

OH
(CHp)11—Si-O~
! Y 63/ N\Q\QGZ bH
0, ) & CloHls N
O 05 S i
N N
o (cF) L_°
v’ || hv Gty S,,Og
2) 11T oI U
0 %9 OH
0 N Y ?
IND (OF) 7l %@(Z)H) N,N
2/3
N —
910 HO 0, ,N’aN
) 0-Si—(H0)
o w0-8i—(HC)n AAC

HO

Figure SI-1: Scheme of the photochromic switchable closed form
(CF) and open form (OF) of the indolino-oxazolidine (IND)
derivative, and azido-undecylsilane chain (AAC). Force field pa-
rameters have been re-calculated for torsions 6; to ;5. The dihe-
drals are defined as follows: #; =NNCC, #, =CCNC, 3 =NCCC,
0, =SCCS, 0; =SCCC, 6 =CCCN, 6; =SCCS, s =SCCC,
0y =CCCN, 6,y =NCCO, v =CSCC, ~' =CSCC.

Preparation of the SiO, surface

Simulations were carried out using Clay force field®! to describe amorphous silica. A bulk
sample was prepared following a procedure similar to the one reported by Della Valle et
al.%2 and described hereafter. A box of dimensions 52.044 x 51.119 x 30.000 A3 was filled
with 1745 Si atoms and 3490 O atoms randomly distributed (using Packmol®?) to achieve
the experimental density®* of vitreous silica at room temperature (2.2 g-cm™2). An energy
minimization was performed to avoid possible steric clashes or irregularities in the input
structure, applying 3D periodic boundary conditions. The sample was then heated up to

4000 K (i) for the first 100 ps, a 0.2 fs timestep was used and velocities rescaled every step,

S2
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Figure SI-2: DFT and re-parameterized molecular mechanics torsional potentials around
dihedrals 6; — 60y (see Scheme SI-1).
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(ii) for additional 80 ps, time step was increased to 0.4 fs and put in contact with a heat
bath simulated using Lowe-Andersen thermostat with a collision rate of 1 fs~*. To obtain
an amorphous silica glass, the sample was subsequently gradually cooled down to 300 K at
a rate of 0.01 K/0.5 fs for 185 ps and equilibrated for additional 100 ps at 300 K. A 10 ns
equilibration was performed before a production run of 1 ns for subsequent characterization
of the amorphous sample.

The pair radial distribution functions ¢;;(r) were computed and are in close agreement with
the X-Ray diffraction measurements (in orange) from Mozzi et al.>*, as shown in Figure SI-3.
From the integral to the first minimum of ¢;;(r) one can determine a coordination number

of 3.93 and 1.96 for the Si and O atoms, respectively (expected 4 and 2, respectively). A

6 gsi—si(M 1
3.10

6 2o_o)
2.56

g() (a.u.)

4.99

6 ggi_o®
1.58

4.06
gl N\
0 & L / L L L L
1 2 3 4 5 6 7 8
Distance (A)

Figure SI-3: Radial distribution functions g(r) for Si-Si pairs (top), O-O pairs (middle)
and Si-O pairs (bottom), computed at 300 K for amorphous silica. Experimental (orange)
distances5* are shown for each peak together with theoretical values (black).

glass surface was then obtained using an approach similar to that described by Feuston and

54
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Garofalini®.

The simulation box was extended to 150 A in the z direction, rendering the
periodic boundary conditions effective only in the z and y directions for the resulting SiOq
slab and a 20 A-thick layer of atoms was kept immobile at the bottom (Figure SI-4). The
free surface was annealed at 1000 K for 1 ns to mimic the spontaneous heating during the
fracture, as well as to help the local surface reconstruction and structure relaxation. The

sample was then gradually cooled down to 300 K at a rate of 0.02 K/fs and further relaxed

for 5 ns. Based on the assumption that the grafted molecules link to the surface via a Si-

! z=>150 A

mobile

| I

Figure SI-4: Equilibrated bulk of amorphous SiO; (left), and sketch of the simulation box
used for the SiOq surface (right).

O single bond, one hydroxyl hydrogen of the -Si-(OH); group was removed and its charge
summed to the one of the corresponding oxygen atom. The surface was prepared for grafting
as follows: oxygen atoms with coordination number of 1 located at z > 27 A were removed
from the slab and the corresponding total charge redistributed over the atoms of the frozen
layer (z < 20 A). A specific Lennard-Jones interaction (¢ = —0.1554 kcal/mol, r = 1.64
A) was then added between alkylsilane grafting oxygens and ‘reactive” silicon atoms from
the surface (the ones previously bonded to monocoordinate oxygen atoms), providing an

effective bond without explicit grafting.S°
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Functionalized surfaces with various coverage rates

After the preparation of a fully covered azidoalkyl SAM, only a fraction of the azide groups
was substituted by chromophore units, with the rationale of avoiding a too close packing
of the chromophores onto the surface that could hamper the efficiency of the switching
process. Three samples with different relative chromophore fraction (1/4, 1/2 and 3/4) were
generated, corresponding to coverages of 1.13, 2.26 and 3.38 molecules/nm?, respectively. As
can be seen in Figure SI-5, decreasing the coverage induces a decrease of the SAM thickness,
evaluated as the average difference between the height of the complete system and that of

the SiO, surface alone. The numerical data are collected in Table SI-1.

Figure SI-5: From left to right: SAMs functionalized with the closed IND molecule, with
relative grafting ratios of 1/4, 1/2 and 3/4.

Table SI-1: Average value of the cosine of the tilt angle,
O111), defined as the angle between the double C-C bond
of the vinyl bridge (red segment in Fig. SI-1) and the
axis normal to the surface plane. Thickness and rough-
ness (both in A) of the SAM in its closed form (CF)
and in its open form (OF), with respect to the relative
coverage (1/4, 1/2 or 3/4).

Property  CF (1/4) CF (1/2) CF (3/4) OF (3/4)

cos® (Bt 0.220 0.396 0.362 0.448
Thickness 26.68 33.96 40.40 40.56
Roughness 3.15 2.03 1.32 1.44
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Choice of the relevant molecular fragment for NLO calculations

Before running NLO calculations on molecular structures extracted from MD simulations,
preliminary tests were carried out to define the size of the fragments that should be consid-
ered. The complete reference molecule (IND1 in Figure SI-6), including from the indolino-
oxazolidine photoresponsive part to the terminal Si(OH)3 anchoring unit was first optimized
at the M06/6-311G(d) level, and its first hyperpolarizability 5 subsequently calculated at the
M06-2X/6-311G(d) level. Then, the NLO properties of the simplified fragments illustrated
in Figure SI-6 were calculated at the same level of theory, without performing any further
geometrical relaxation. So, in the IND2 fragment, the Si(OH); anchor was removed and re-
placed by an hydrogen atom; starting from IND2, the alkyl chain was removed in IND3 and
replaced by a simple methyl group; finally, the triazole moiety as well as the central (CHy)s
chain were removed and replaced by a methyl group in IND4. The geometries of the refer-

(CHp)11Si(OH)3 (CHz)10CH3

’ ,

Figure SI-6: Molecular fragments considered in DFT calculations of the
NLO properties.

ence open and closed conformers are illustrated in Figure SI-7, and the relevant geometrical
parameters are gathered in Table SI-2. The [ values calculated for the four IND 1-4 systems
in both their closed and open forms are collected in Table SI-3. According to a previous
study on indolino-oxazolidine molecules in solution (corresponding to the IND4 system),7
one single conformer exists at room temperature for the closed form, while three conformers

differing by the values of the 6; and gy dihedrals exhibit non negligible populations for the

open form. The corresponding three conformers were therefore considered as starting struc-
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tures for geometry optimizations of the OF in the present study. The static and dynamic
IND1 (CF) IND1 (OF) conf. 1

T

’ j"‘(‘\ o 3P

S oo s

IND1 (OF) conf. 2

$&

X 2
P~ . q

Figure SI-7: Geometry of the reference IND1 molecules optimized at the
M06/6-311G(d) level.

hyperpolarizabilities of the closed form (CF) and open form (OF) of the four systems de-
fined in Figure SI-6 are collected in Table SI-3, while the S(OF')/5(CF) contrast ratios are
reported in Table SI-4. The results lead to similar conclusions for the static and dynamic
cases. With the exception of the relatively large ~10% error obtained for the dynamic 5 of
the conformer 3 (IND2 OF), removing the terminal Si(OH)s anchoring unit neither impacts
the 8 values, which deviate from the reference ones by < 4% for the CF and < 1% for the
OF, nor the OF /CF contrasts, for which the errors are smaller than 5%. Removing the alkyl
chain induces slightly larger errors on the § values of both CF and OF, but the latter remain
lower than 10%, again with the exception of the dynamic value of conformer 3 (IND3 OF),
which reaches 22%. Finally, the most simplified IND4 system leads to large errors on [,
of the order of 60% for the CF and ranging from 22% to 47% for OF; in addition OF /CF
contrasts are significantly overestimated. On the basis of these results, the IND2 fragment
was selected as the best trade-off between accuracy and calculation time for all further DF'T
calculations of the NLO properties of the photochromic molecules extracted from the MD

simulation trajectory.
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Table SI-2: Bond Length Alternation (BLA, A) along the vinyl bridge of the
indolino-oxazolidine moiety (red segment in Fig. SI-1, and torsional angles (05 ¢
and v, degrees) calculated at the M06/6-311G(d) level for the reference system
(IND1) defined in Figure SI-6 in its closed and open form (CF, OF). Three
different conformers are considered for the OF.

System (form) Conf. BLA 6, 05 s 0
IND1 (CF) 1 -0.135 158.1 1.2 -17.7 101.7
System (form) Conf. BLA 07 05 0y ~y
IND1 (OF) 1 0051 -167.1 -59 -249 -16.4
IND1 (OF) 2 -0.055 1585 25 -1746 99.8
IND1 (OF) 3 -0.053 -258 3.3 -173.2 7.1

Table SI-3: Static (A = o) and dynamic (A = 1064 nm) hyperpolarizabilities (0,
a.u.) calculated at the M06-2X/6-311G(d) level for the four systems defined
in Figure SI-6 in their closed and open form. Three conformers (Conf.) are
considered for the open forms. The relative differences (% Diff.) between the
[ values calculated for the IND2-4 systems and the reference IND1 system are
also reported. All § values are given in atomic units (1 au of 3 = 3.63107*2
m*V~1 =3.2063 x 107° C*m3J 2 = 8.641 x 1073* esu).

A =00 A = 1064 nm
System (form) Conf. g % Diff. 54 % Dift.
IND1 (CF) 1 846/ 1306
IND2 (CF) 1 878 366 1325 145
IND3 (CF) 1 797 -5.90 1193 -8.65
IND4 (CF) 1 334 -60.57 468 -64.17
System (form) Conf. I6; % Diff. o] % Diff.
IND1 (OF) 1 13668/ 114016 |
IND2 (OF) 1 13572 -0.70 113328  -0.60
IND3 (OF) 1 12766  -6.60 109830  -3.67
IND4 (OF) 1 8967 -34.39 89040 -21.91
IND1 (OF) 2 3961 / 27787 /
IND2 (OF) 2 3965 0.10 25094 -9.69
IND3 (OF) 2 3941 -0.50 21669  -22.02
IND4 (OF) 2 4974 25.57 14777 -46.82
IND1 (OF) 3 13731 ) 49260 |
IND2 (OF) 3 13778 0.34 48435 -1.67
IND3 (OF) 3 13147  -4.25 45833 -6.96
IND4 (OF) 3 0547 -3047 33966 -31.05
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Table SI-4: 5(OF)/S(CF) contrast ratios for the static (A = o0) and dynamic
(A = 1064 nm) first hyperpolarizabilities, calculated at the M06-2X/6-311G(d)
level for the four systems defined in Figure SI-6 (considering three different
conformers (Conf.) for the OF). The relative differences (% Diff.) between the
contrast values calculated for the IND2-4 systems and the reference IND1 system
are also reported.

A =00 A = 1064 nm

System Conf. [(OF)/B(CF) % Diff. B(OF)/B(CF) % Diff.
IND1 1 16.14 ] 87.30 J
IND2 1 15.46 -4.21 85.53 -2.03
IND3 1 16.02 -0.74 92.06 0.45
IND4 1 26.85 66.37 190.26 117.93
IND1 2 4.68 / 21.28 /
IND2 2 4.52 -3.43 18.94 -10.99
IND3 2 4.94 5.74 18.16 -14.63
IND4 2 14.89 218.45 31.57 48.40
IND1 3 16.21 / 37.72 /
IND2 3 15.69 -3.20 36.95 -3.08
IND3 3 16.50 1.75 38.42 1.86
IND4 3 28.58 76.32 72.58 92.42
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Probability distributions of dihedrals

Figures SI-8 and SI-9 report the potential energy curves associated to torsions within the
isolated molecule around the #; — 6o and v —+’ dihedrals, respectively. The plots also show
the probability distributions of the dihedral angles for the subset of molecular geometries
extracted from the MD trajectories. The distributions indicate that the 6, and 03 (and in a
lesser extent ;) dihedrals assume all possible values due to low rotational energy barriers,
while all other dihedrals (04—614) adopt specific values due to larger energy barriers associated

to steric and conjugation constraints.

Relationships between geometrical structures and NLO responses

Figures SI-10 and SI-11 report the scatter plots of § with respect to torsions around 6; — 6y
and v — 7/ dihedrals, respectively. These graphs evidence how the amplitude of the NLO
responses of the molecules within the SAM is strongly correlated to the value of the ~
dihedral: large [ values are obtained when 7 is close to 0° or 180°, while 5 is much weaker
when 7 is close to 90°. To gain further insights on the v — g relationship, we focused on
the three open-form conformers of IND2, since this molecular fragment was selected for
the statistical sampling of the NLO properties. As reported in Table SI-3, conformers 1
and 3 display very similar static § values associated to quasi planar conformations with
respect to v, while conformer 2 exhibits a much lower § value associated to a perpendicular
conformation. Within the two-state approximation (T'SA), the static first hyperpolarizability

of these conformers can be expressed as:

“2 A f A
TSA ge Hage geRge
ﬁ =6 X Ege =9 x EQQG (S )

in which AE,, is the excitation energy between the ground state (¢g) and the dipole-allowed
excited state (e), fig is the transition dipole associated to the excitation, f, = %AEge,u;e is

the oscillator strength, and Ay = |,LTZ — ;Tg>| is the change in dipole moment between the
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two electronic states. This latter quantity can be factorized into two contributions:

Apge = Ag x Ar (SI-2)

where Aq is the amount of charge transferred during the excitation, and Ar is the average
distance over which this charge transfer occurs. The quantities involved in equations SI-
1 and SI-2 were calculated for the three lowest-energy excitations of the IND2 open-form
conformers using time-dependent DFT at the M06-2X/6-311G(d) level, and are collected
in Table SI-5. Results show that Se and S3 exhibit strong optical absorption (with large
oscillator strengths f,.), while the Sy — S; transition is dipole forbidden with f,. close to
zero. Thus, according to equation SI-1, the dark S; state does not contribute to the second-
order response of the compounds. The differences in the total densities of the optically active
So and S3 states and ground state are reported in Figure SI-12. The density maps show that
the lowest-energy So — Ss transition is localized on the indolino-oxazolidine moiety and the
closest thiophene ring, with no contribution of the central sulfur atom. The most intense Sy
— S5 transition is more delocalized and induces an electronic redistribution impacting both
the indolino-oxazolidine and bithiophene units. Moreover, in conformers 1 and 3 (showing
quasi planar conformations with respect to ), the charge transfer extends to the central
sulfur atom, while this latter does not contribute to the density reorganization in conformer
2 (showing a perpendicular conformation with respect to 7). Therefore, the excitation-
induced charge transfer is much more pronounced in planar conformers 1 and 3, with dipole
moment variations Ay, two times larger than that of conformer 2, mainly due to an increase
of the charge transfer distance Ar. In addition, the Sy — Ss3 transition energies of conformers
2 and 3 are lower than that of conformer 2, which also contributes to increase the § values
of these two conformers with respect to conformer 2. The dependence of 8 on the value
of the dihedral angle v is then explained in terms of the sizable participation of the sulfur

atom of the thioalkyl group to the brightest S35 excitation in the case of planar conformers,

S12
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as highlighted in Figure SI-12.

Table SI-5: Excitation energies (AE,., €V), oscillator strengths (f,.), dipole mo-
ment variation (Ap,, D), charge transfer (Ag, |e|) and charge transfer distance
(Ar, A) for the three lowest-energy excitations of the three IND2 open-form
conformers.

System (form) Conf. Transition AFE, foe Apge  Aq Ar
IND2 (OF) 1 So — S 1.3908 0.0010 9.605 1.013 1.974
So — S 1.7878 0.3598 3.203 0.470 1.418
So — Ss 2.8953 1.2107 7.289 0.538 2.822
IND2 (OF) 2 So — S1 1.4396 0.0069 8.194 0.951 1.794
Sog — S 1.9202 0.4573 1.548 0.383 0.841
So — S 3.1123 1.1350 3.774 0478 1.644
IND2 (OF) 3 So — S1 1.4528 0.0043 7.171 0.946 1.578
So — S 1.8864 0.4223 1.628 0.388 0.874
So — S3 2.9850 1.0865 7.735 0.559 2.879

Origin of the resonance enhancement of the first hyperpolarizability

of open forms

To gain insight on the origin of the huge resonance enhancement of the first hyperpolariz-
ability observed for few structures extracted from the open-form SAM layer, the absorption
properties of molecules exhibiting the lowest and the largest dynamic /3 values (respectively
referred to as 1 and 2 in the following) were calculated at the M06-2X/6-311G(d) level. The
vertical excitation energies and oscillator strengths associated to the lowest-energy optical
transitions are reported in Table SI-6 for these two chromophore geometries. Structure 1
with minimal 5 displays an intense absorption transition (Sy — S3) at 449 nm, as well as
a transition (Sp — Si) at 582 nm, associated to a lower oscillator strength. In structure
2 displaying the maximal dynamic § value, the absorption wavelength of the lowest-energy
optically-absorbing excited state (S3) is associated to the largest oscillator strength and red-
shifted to 546 nm, i.e. very close to the second harmonic wavelength of a 1064 nm laser. This

state is thus at the origin of the large resonance-enhancement of the first hyperpolarizability

S13
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Table SI-6: Excitation energies (AE,., eV), wavelengths ()\,., nm) and oscillator
strengths (f,.) associated to the lowest-energy dipole-allowed excitations of the
open-form molecular structures exhibiting the lowest (1) and largest (2) dynamic

B values (in a.u.).

Physical Chemistry Chemical Physics

Structure 16 Transition AE, Ag fge

1 3295 Sp — So 2.1302 582 0.3611
So — Ss3 2.7585 449 0.8995
So — Ss 3.6252 342 0.1236

2 =10 Sy — Ss 2.2718 546 0.8026
So — Sy 2.9335 423 0.3023
So — Ss 3.2863 377 0.2020

S14
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Figure SI-8: Potential energy curves associated to torsions 6; —61 (black line) and probability
distributions of the dihedral angles of molecules in the SAM, in the closed (blue) and open
(green) forms.

S15



Physical Chemistry Chemical Physics Page 32 of 45

0.9 . . . . . 0.010 3.0 . . . . . 0.030
081 25 0.025
07+ 1 0.008 : :

S 06 E S 20 0.020 8

£ 0.006 8 £ -

gos 2 8 =
< F 15 10015Z

504 0004 G 3 5

203 Q, % 1.0 | 10.0109,
02t |

0.002 05 | 1 0.005
0.1 f
0.0 0.000 0.0 : 0.000
-180 -120  -60 0 60 120 180 -180 -120 -60 0 60 120 180
v torsion (deg) Yy’ torsion (deg)

Figure SI-9: Potential energy curves associated to torsions v and ' (black line) and proba-

bility distributions of the dihedral angles of molecules in the SAM, in the closed (blue) and
open (green) forms.
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IND2 (OF) conf. 1
y= -16.4°

IND2 (OF) conf. 3
y=7.1°

£
9 J‘J 2 Saad
Figure SI-12: Deunsity difference maps calculated at the M06-2X/6-311G(d) for the three
IND2 open-form conformers (isovalues = 0.0004). Light (dark) blue lobes are associated
with negative (positive) values. The terminal alkyl chains are hidden for clarity. The red
circles highlight the contribution of the thioalkyl sulfur atom in the electronic redistribution.
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Atomic coordinates of the reference IND1 molecule

IND1 closed form
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10.69989800
13.77868700
12.66825200
12.99854400
12.35565800
13.25364300
13.92567300
9.21499900
9.00570500
8.88572100
8.09379200
9.84610600
8.06750400
8.15718100
7.09276900
8.07990900
9.37076800
8.08752000
7.57088800
7.58382000
8.14477300
6.35289900
5.84844400
5.27921100
4.62274800
6.36640000
4.17301200
4.09008600
2.97142600
2.69961400
1.61049600
1.40827100
3.42477000
0.68657200
1.00876800
-0.93681700
-1.87017100
-1.63678100
-1.51761000
-3.35167400
-3.56130200
-3.68531000
-4.16390200
-3.98415500
-3.81508100
-6.66024400
-6.71635600
-5.61973900
-6.12918400
-7.41227500
-7.75093100

1.94829900
2.98303200
4.21461700
4.43231900
3.38438000
2.13692300
5.02589200
3.54431900
1.34060200
5.76815000
6.56455800
6.04874600
5.77761600
2.52271400
2.94531800
4.03366800
2.49416100
2.64833700
3.04181100
2.70217800
2.71405800
4.13820100
0.98196900
0.22043200
0.11205700

-0.30399700
-0.16733400
-1.04405500
-1.58620600
-1.35179100
-2.25828500
-1.50307500
-2.23359800
-2.76923400
-2.80888600
-3.13295900
-3.17927100
-3.66892500
-3.00324000
-3.76355100
-3.99104400
-4.40045900
-2.82148400
-2.22768300
-2.26716300
-3.10978800
-3.73766200
-3.68189600
-1.82361800
-1.18822800
-1.25213000
-1.80380400
-1.31557200
-2.08567600
-2.72220700
-2.84067500
-2.29647000

S21

0.62034400
0.13306200
0.17974200
0.52165400
1.26597100
1.32962700
0.76907700
1.81761400
1.93275200
0.46436800
0.85942000
0.56500200
1.04618400
0.73547800
2.17879100
2.24213100
2.58996600
2.80951900
0.13122600
1.16918900
0.24873600
0.13531000
0.58917100
0.49588700
1.45243200
0.62171300
1.55003800
0.75520200
1.90788100
0.58318300
1.73162500
2.85978300
0.43774700
2.52915800
0.11472700
1.41992500
0.90580000
1.60878600
.21910600
.45258800
.56589800
.24824100
.13980400
.03213000
.73876900
.03935400
.83676500
.91703700
.07101100
.80754100
94337000
.63512600
1.59865400
0.21224400
1.29989600
1.16858100
0.00674600
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-9.14744200
-9.66637000
-9.22644800
-9.73857600
-9.61141700
-9.15908500
-11.20202800
-11.77507300
-11.31752700
-11.80093200
-11.21765600
-11.69140400
-13.26107200
-13.84841700
-13.37041600
-13.84691700
-13.25206400
-13.74201000
-15.30349200
-15.90263400
-15.40955500
-15.87651700
-15.27399300
-15.77196100
-17.33110500
-17.93885300
-17.43917400
-17.89179600
-17.28622100
-17.78579900
-19.35399200
-19.95802000
-19.45009700
10.95882600
11.91443700
10.34540000
11.10511600
12.08360800
10.97892000
10.09294900
10.26203200
-19.69853100

conformer 1

11.59577700
11.63100600
12.81436800
13.96881500
13.90125500
12.71803500
12.86238500
14.81468600
12.67385700
15.26051600
15.33862500
15.35703100
16.12351800
10.26785200

9.67001400
10.29426800

-2.17661100
-3.01966800
-2.30159500
-0.85415100
-0.76682600
-0.02930400
-0.71970500
-1.54947800
-0.82937600
0.60297700
1.43051200
0.70835800
0.76218000
-0.05926300
0.64967600
2.09347000
2.91243600
2.20415800
2.26915800
1.45731400
2.15089300
3.60959700
4.41962200
3.72830500
3.79553700
2.99272400
3.67286300
5.14451300
5.94598000
5.26796900
5.33402500
4.55271900
5.27508300
-0.46192900
-0.51592600
-1.31089300
-0.41091700
-0.00622300
-1.39545400
0.47070000
0.78287400
6.30967200

1.28003600
-0.00716800
-0.52135400

0.26595100

1.54289700

2.08203400
-1.53441800

2.13118900

3.02548100
-0.25453000
-1.34186800
-0.02822400

0.19412000
-0.62277500
-0.92942100
-1.66660200

S22

-0.
-1.
-1.
-1.
.24108900
-0.
.24712700
.16910600
.21109800

-1

-2
-1
-0
-2
-2

-3.
-1.
.22545100
-2.
-3.

-1

.37692600
.09215000
.46442700
.07048900
.15916400
.37241200
.30429400

13965600

.39507200
.13612200

29937300

.22726600
.24414100
.19738500
.33521300

18721500

.24923600
.27870700
.19988600
.24388400
.29071300
.22037300
.22195400
31109900
.16897000
.27995300
.25928500
.24311400
.20476700
.33204800

14886200

.31245300
.23301500
.24736300
.77440600
.56623900
.27560200
.57106500

74247200
72153600

.55352700
19392900

84863100
36006100
84480700
80108200

75153400

35049200
24439000
42020300
84826700

60095400
11905500
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8.65985000
9.62384800
10.30348800
10.72290500
9.29998000
10.92724100
9.49720600
8.14178500
7.62841700
7.44499300
7.97143000
6.07737100
5.40777900
4.99756000
4.06994200
5.90019700
3.67980000
3.40132400
2.39903100
2.05582000
0.99451300
0.69757000
2.77548200
-0.01171700
0.26678300
-1.69337000
-2.37864100
-2.07842600
-1.95525100
-3.88633500
-4.16959700
-4.30201100
-4.51541700
-4.28550800
-4.06527800
-7.01493000
-7.04662900
-5.98722400
-6.53047400
-7.82168700
-8.13337000
-9.52179800
-9.62794200

-10.09770700
-10.00717800

-9.38200400
-9.85701100

-11.46524100
-11.60414800
-12.08056000
-11.98188400
-11.84890800
-11.36441300
-13.43871400
-13.56932400
-14.05536800
-13.96296600
-13.83845000
-13.34417000
-15.41774400

-1.34734100
-0.02985300
-1.88003200
-1.66604700
-2.29932100
-2.64682200

0.49718800

0.36145700
-0.46744500

1.06630300

1.78521600

0.88914400

1.51361400
-0.19225300

1.12265500

2.22931600

0.19169900

1.49409900
-0.43408500
-1.52213800

0.18206300
-1.88888200
-2.07048900
-1.07293400
-2.73978300
-1.11648100
-2.21912700
-1.83655600
-3.22341000
-2.26041900
-2.61578700
-1.24822100
-3.17818700
-2.81581500
-4.17852500
-2.94313900
-2.51322500
-3.29102200
-3.79995700
-3.78684200
-3.27773200
-3.06938500
-3.26614600
-3.83295800
-1.67721700
-0.92990400
-1.51701100
-1.47790200
-1.66544500
-2.23387800
-0.09204900

0.09497200

0.66506800

0.10703200
-0.08680400
-0.64948500

1.49229000

1.68591300

2.24944500

1.68823800

S23
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.52129500
.22439100
.35910700
.62937600
.22261100
.83354700
.54695100

17962700

.67244700

75802400
38552800

.09506000

12661400

.24083200

25372700
77926400
31681500
02516900

.15390200
.39585000

99868800

.49835700
.20662200
.33880800

01849800

.82688100
.54726200
.43668100
.67426500
.68579300

68504300

.58558500
.35635100
.36810100
.27514300
.02071700
.01269000
.18230300

95465100

.85852500
.33937100

70203800

.77651600
.16781700
.34817700
.86076200
72909700
.71562300
.79300900
.20188100
.37594600
.70149900
.88583600

75000700

.82725400
.23798000
.42048000
.65724000
.92911900
.80444000
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-15.54097400
-16.03657600
-15.94652200
-15.82844700
-15.32646800
-17.39942700
-17.51876000
-18.02198000
-17.92808800
-17.81318700
-17.30739700
-19.38840400
-19.49940800
-20.01625300
9.93610500
8.85297500
10.45139100
10.44288400
9.90617700
9.87120800
11.72275000
10.27475100
-19.70230200

conformer 2

11.15614100
11.61169200
12.91649500
13.76807900
13.28480000
11.98057700
13.29116000
13.96497000
11.64350400
15.18296500
15.47686900
15.32923800
15.88333700
10.52502500
10.24704000
11.15370200
9.45841500
9.94828500
10.94337300
11.15595400
10.16445700
11.85362800
9.37237400
8.04056900
7.34634300
7.54246800
8.20775100
6.18528400
5.67689300
4.90587000
4.29777500
6.30846500
3.71908600
3.73393400
2.34156300

1.49085700
0.93196300
3.07347300
3.27074600
3.83051600
3.26737300
3.07058900
2.51265400
4.65369400
4.85114700
5.40875400
4.84575300
4.67251800
4.13108800
2.87203200
3.01321900
3.61666200
3.12521600
2.30575900
4.07506300
3.16422600
1.57567100
5.87210900

1.49734900
0.22719800
-0.12676600
0.80758100
2.09123900
2.46384000
-1.12070200
2.82723900
3.48007500
0.45525200
-0.50616000
0.38504300
1.21426400
-0.51741600
-1.87620700
-2.49148400
-2.42844600
-1.76903200
-0.62940500
0.36614500
-1.09484500
-1.23476300
0.46295100
0.27946600
1.08257700
-0.78860600
-1.59074500
-0.97558700
-2.03532400
0.14111100
-1.95283600
-2.84367500
-0.82857500
-2.68364100
-0.41482900

S24

HFNEHENMNORR

.88194900
.29440800
.48204500
.59574700
.98924900
.87361000
.95179000

36541400

.55250900
.52352200
.05946600
.95104400
.03163100
.39872100
.06358300

00917100

.55003400

58929800
16100000

.81418300

69757900

.42870400
.71008600

.24424800
.93712400
.21347200
.80280800
.07225600

79414200

.96605700
.49858100
.96020600
.14084500
.70839600
.22604300
.77441300

21251200

.84470000
.81554700
.32520000
.89301100
.26318400

67086800

.87618100
.34688400
.31146800

11302500

.13627000
.79495600
.11344900
.17737400

89975000
76281000
13321600

.25842600
.59258200
.70620000
.63279800
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1.82160400

1.07039100

0.41655700

2.44391300
-0.14886300
-0.17888100
-1.85169400
-2.24036500
-1.93481900
-1.64436500
-3.72016900
-4.01304900
-4.30143600
-4.09575700
-3.83243000
-3.50269100
-6.55245500
-6.58150800
-5.54026200
-6.07657900
-7.34840600
-7.65313000
-9.03347200
-9.05703700
-9.54212700
-9.69627300
-9.13294500
-9.62211600

-11.14586400
-11.20832000
-11.70001200
-11.82595700
-11.76458800
-11.26892100
-13.27617800
-13.33665500
-13.83390600
-13.95465200
-13.89557100
-13.39523400
-15.40420800
-15.46328600
-15.96498200
-16.08057300
-16.02212300
-15.51994000
-17.52978100
-17.59059400
-18.09475500
-18.20128300
-18.14138000
-17.64083400
-19.65918300
-19.71861400
-20.23499100

9.17307900
8.08441200
9.49878700
9.66340000
9.10409400

0.84285300
-1.56545500
0.88898800
1.71560500
-0.32767000
1.79069500
-0.69352700
-1.35775500
-0.60950500
-2.26388400
-1.65673300
-2.38312700
-0.74467900
-2.21279900
-1.48977400
-3.11710400
-1.96424700
-1.13674400
-2.55056300
-3.56982900
-3.64096500
-2.67851100
-2.45199100
-2.17100000
-3.41720600
-1.39674700
-0.45405000
-1.70995700
-1.17108500
-0.87865300
-2.12023800
-0.11681200
-0.41009000
0.83114500
0.11709000
0.40604500
-0.83028600
1.17548100
0.88638000
2.12207500
1.41337100
1.69874500
0.46785400
2.47656100
2.19235200
3.42204400
2.71553500
2.99561000
1.77296100
3.78602100
3.51117000
4.72928300
4.02216100
4.30923500
3.09915000
2.86884200
2.79222400
3.48996300
3.56066500
2.87533900

S25

1.44700700
1.94039000
1.54483500
1.26759300
.80769300
.43780800
.03021100
36080900
.38084200
.19649300
.26723200
.03707600
46528400
.10275300
.88739500
30027700
.90436200
.60025500
.18878900
.46673600
.70056600
.57957000
.96072100
.02146400
.86279100
09719900
.17658600
.04579800
.48143400
.54245700
40281900
.62780900
.43234400
.70387000
.00660500
.06864900
.92717100
.15708700
90475200
.23524800
.53637800
.59951200
-0.45439500

0.30889600

1.37207400

0.22661300
-0.07059200
-1.13518200
0.01872200
0.77047400
1.83373900
0.67735200
0
0

I
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.38856100
.67165400
0.55134100
-0.81526100
-0.80717800
-1.65202900
0.59771100
1.31256900
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9.09905600
10.93571000
9.79454800
-20.07521400

conformer 3

10.60823400
11.41519800
12.75495400
13.28996900
12.45634200
11.10925700
13.40284400
12.88373100
10.49472900
14.73220400
15.35961400
14.88227600
15.11575300
10.61108600
10.74768900
11.79933200
10.18143300
10.40524700
11.06253500
10.96907700
10.46695800
12.11373900
9.22059900
8.00555100
7.10320500
7.85427600
8.73373600
6.62349700
6.46994900
5.05809200
5.13559500
7.32332600
4.23314700
4.82636500
2.79826200
2.02210400
1.79219300
0.63553700
2.44379400
0.34357200
-0.11801000
-1.19591800
-2.32071400
-2.24369800
-1.99936000
-3.73820200
-3.81050900
-4.02900100
-4.71752800
-4.71764600
-4.37580100
-7.27440400
-7.52120300
-6.09875600

4.53652300
3.59965600
1.59750900
4.82837400

2.77990600
1.74437600
1.96041500
3.23505800
4.25173800
4.04540600
1.14705100
5.23552300
4.84001100
3.50605800
2.63301300
3.76298300
4.34279200
0.47462400
-0.28742600
-0.54262300
-1.22318300
0.31769300
-0.34785900
0.25973300
-1.25862300
-0.63645800
0.99960400
0.28495800
0.88128100
-1.05945400
-1.69717000
-1.76788800
-3.13526900
-0.99135300
-3.55967300
-3.80657400
-2.52372800
-4.60005200
-2.61248400
-3.61798300
-1.37433100
-3.41160000
-4.47710500
-2.23494100
-4.10422500
-1.51422300
-2.87476100
-3.05755100
-3.78110500
-2.50484000
-2.34304500
-1.55811700
-3.60171600
-3.72902200
-4.55881200
-3.19904200
-3.24686200
-3.33033600

S26

0.57116300
0.71602500
-0.88687700
1.01060600

-0.05179500
-0.49351900
-0.73237600
-0.53311200
-0.06532900

0.19124400
-1.06227800

0.12176000

0.59956300
-0.82720800
-0.61776900
-1.88385900
-0.23471300
-0.50281300
-1.81348800
-1.98728900
-1.81884900
-2.65994900

0.71954600

1.62837400

0.84341700

0.60163800
-0.20478400
-0.19881800
-0.05802200
-0.35699200
-0.44075100
-0.39895300
-0.50463400
-0.33353900
-0.50929200
-0.55486200
-0.42145400
-0.54366200
-0.42657100
-0.93674200

0.29291000
-0.77276200
-1.45107200
-0.13508700
-1.13202900

0.29127500
-0.15543600
-1.23526200

0.37331300

0.22895300

1.31181400
-0.24790100
-0.17313100
-1.26468500

0.24868100
-0.38938700
-1.44121700

0.30418400
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-6.37593800
-7.64491600
-8.20727700
-9.62676100
-9.99481200

-10.10549600

-9.93663400
-9.42736400
-9.51167500

-11.42987500
-11.84609000
-11.92471600
-11.78982600
-11.36728100
-11.30822700
-13.28684200
-13.70785100
-13.76370200
-13.66690600
-13.24222600
-13.19932400
-15.16666200
-15.59044800
-15.63170800
-15.55974400
-15.13541300
-15.10034400
-17.06108800
-17.48657200
-17.52117700
-17.45998300
-17.03828000
-17.00560300
-18.97114600
-19.39021200
-19.41972900

8.36006900
7.32673100
8.49285100
8.71462000
8.32483900
7.96185200
9.95479600
9.28696900

-19.19309800

-3.18268900
-2.97458000
-2.98977700
-2.72957200
-3.31204300
-3.12833300
-1.25465100
-0.86878900
-0.71015300
-1.00742900
-1.57585100
-1.41155800
0.45905700
1.02926100
0.86564800
0.69404100
0.12337400
0.27858700
2.15647400
2.72828600
2.57410300
2.37883200
1.81062600
1.95242800
3.83911100
4.40781600
4.26816800
4.05202700
3.49005400
3.61698500
5.51254800
6.07518500
5.95027400
5.71760300
5.18083200
5.32882200
3.02352800
2.74237400
4.09666100
2.61599900
1.54707300
3.22127100
2.75951900
2.30510500
6.79100800

S27

.62667400
.77978200
.56588800
.42325300
.43090200
.32446500
.25821100
63820600
.11346000
.16204900
.68588000
.05979200
.00988100
0.85244400
-0.89393200
-0.06125500
-0.90516800
0.84135200
-0.20134700
0.63961700
-1.10772500
-0.25636000
-1.10057900
0.64742700
-0.38232200
0.46092200
-1.28753000
-0.42834200
-1.27603600
0.47409400
-0.53961100
0.30619100
-1.44181800
-0.58148500
-1.44534800
0.34459500
0.89415900
0.68068400
0.74485000
2.45030800
2.41945900
3.03036900
2.73397200
0.09143800
-0.67389200

OFrRPOORFROOHOOOR K
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The second harmonic generation responses of photoresponsive self-assembled monolayers based
on indolino-oxazolidine derivatives are computed using a sequential MD/DFT approach.



