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Abstract

We present linear optical absorptions of photo/thermochromic molecules interact-
ing with a gold nanoparticle. The photo/thermochromic system is the dihydroazu-
lene/vinylheptafulvene system and our aim is to study the effects of the interaction
between the gold nanoparticle and the molecular systems. We consider the changes
of the one-photon excitations of the dihydroazulene/vinylheptafulvene system as we
increase the interactions between the molecules and the nanoparticle by decreasing
the distance between them. We utilize a quantum mechanical/molecular mechanical
method for investigating the photo/thermochromic molecular system interacting with
the gold nanoparticle. The photo/thermochromic molecules are described quantum
mechanically using density functional theory whereas the gold nanoparticle is repre-
sented as gold atoms with atomic polarizabillities using molecular mechanics. We
observed that the optical properties of the photo/thermochromic systems are affected
by the presence of the nanoparticle and the changes depend strongly on the conformer
of the molecular system along with the relative orientation and distance between the

photo/thermochromic molecules and the nanoparticle.

Introduction

An alternative method for capturing and storing solar energy is to utilize MOlecular Solar
Thermal (MOST) systems. 7 For this type of system, one utilizes that some molecules can
undergo photoisomerization when they are excited by photons and end up in a meta-stable
state. Thereby, one could ideally store the energy until it is needed, upon which the stored
energy could be released through an isomerization back to the starting point. The advantage
of the MOST systems compared to conventional solar cells is that the energy does not have
to be utilized momentarily or stored externally.

The DHA/VHF system was initially synthesized in 1984 by Daub and co-workers! and

it has since then been further investigated and modified for utilization and exploitation of
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Figure 1: Reaction scheme and energy level diagram for the photoinduced ring opening
isomerization of DHA into the s-cis conformer of VHF and the thermal equilibrium between
the s-cis and s-trans conformer of VHE. The s-trans conformer is more stable than the s-cis
conformer, but it still lies higher in energy than DHA.

The DHA /VHF MOST system represents one of the promising systems for storing solar
energy in this fashion.® DHA undergoes a ring-opening reaction after the photoexcita-
tion and turns into s-cis-vinylheptafulvene (s-cis-VHF). Thereafter, a thermal equilibrium
is established between s-cis-VHF and s-trans-vinylheptafulvene (s-trans-VHF). The stored
energy can be released by the thermal backreaction to DHA (see Fig. 1).

The two isomers, DHA and VHF, have their respective absorption bands in different
areas of the UV /Vis spectrum. DHA has an absorption band from 310-410 nm and VHF
has one from 370-500 nm. This means that there is a small overlap where DHA competes

with VHF for the same solar photons.! 2" Presently, we wish to investigate if we are able to
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change the positions of the absorption bands for DHA, s-cis-VHF and s-trans-VHF as the
molecules are placed in close proximity of gold nanoparticles (NPs).

Several research groups have been investigating photo/thermochromic molecular sys-
tems since these systems are of interest concerning switches in molecular electronics, use in
data storage, biological systems, and solar energy harvesting.?'™3 The utilization of NPs
as anchors or electrodes requires investigations concerning the influence of the NPs on the
optical and electronic properties and the photo/thermochromic properties of the molecular
systems. 34343939

We consider (8aS)—2—(4nitrophenyl)-1,8a-dihydroazulene-1,1-dicarbonitril which is a DHA
molecule substituted with a nitro group in para position on the phenyl group. We are only
considering one stereoisomer since the investigated properties are independent of stereoiso-
merism. 218The VHF molecule has two conformers, namely s-cis-VHF and s-trans-VHF.

The main purpose of this investigation is to study how the absorption spectra change for
DHA, s-cis-VHF and s-trans-VHF as the molecules interact with the gold NP, 4042

We wish to study how the absorption bands change with respect to (i) distance between
the NP and the molecules, (ii) the conformations of the three molecules, and (iii) the relative
orientations.

We have chosen to consider a DHA compound with a nitro group on the phenyl ring since
this creates a large permanent dipole moment of the molecule. %! A large permanent dipole
moment of the molecular compounds will enable large interactions between the polarizable
NP and the molecules. Thereby, we expect that the molecular properties of the investigated
molecules will change significantly.

We wish to provide an atomistic description of the nanoparticle and thereby we go beyond
a dielectric medium approach by assigning the individual gold atoms a polarizability and
allowing each of them to have different induced dipoles. The photo/thermochromic system is
attached to a planar surface of the nanoparticle and thereby we simulate how the DHA /VHF

is physisorbed onto a very large nanoparticle. The present approach does not include the
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absorption or frequency dependent polarizability of the nanoparticle which has previously
been done through the use of dielectric medium approaches on other photo/thermochromic

systems. 4344

Computational approach

In order to investigate how the absorptions of the photo/thermochromic molecules DHA, s-
cis-VHF og s-trans-VHEF are affected by the interactions with a gold nanoparticle, we utilize
a QM/MM method where the molecular systems are treated by quantum mechanics and
the gold nanoparticle is given by molecular mechanics. The molecular systems are described
by density functional theory using the functional CAM-B3LYP#® and the basis set aug-cc-
pVDZ.4¢ The structures of the three molecules are geometry optimized in vacuum using
Gaussian09%” and the optimized structures were subsequently used in QM /MM and linear
response calculations of the first 15 excitations and associated oscillator strengths carried
out using Dalton.*®

The present investigations do not include larger gold nanoparticles since we have previ-
ously shown that one photon absorptions do not change more than 5% when increasing the
size of the nanoparticle. 442

Each of the three molecules are placed at the nanoparticle in three different ways: 1)
The NO, group points towards the nanoparticle. 2) The 7 membered ring points towards
the nanoparticle. 3) The cyano group points towards the nanoparticle as displayed in Fig.
2-10.

Furthermore, we investigate the dependence of the excitation process on the distance be-
tween the photo/thermochromic molecules and the nanoparticle. We calculate the molecular
properties at three different distances: 1) the shortest distance between the molecule and
the nanoparticle which is given by the sum of the van der Waals radii between the atom of

the molecule and the gold atom, that are closest to each other in the given relative orienta-
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tion. 2) The other two distances are, respectively, 1.0 A and 2.0 A longer than the shortest
distance. Previous investigations showed that the gold NP only has a minimal effect on the
molecules for distances greater than 5 A.0

The gold nanoparticle is formed as a hemisphere and the flat surface points towards
the photo/thermochromic molecules. The gold surface is given by a fec(111) surface since
previous work has shown this to be the best description of how molecules are attached to
gold nanoparticles. 4> The gold atoms are described by a static polarizability of 31.040

au. !

Results and discussion

We present the calculated linear optical properties of the photo/thermochromic molecules
for each of the relative orientations of the molecules with respect to the nanoparticle. The
15 obtained vertical excitations are presented in calculated UV /Vis spectra while the tables
contain the wavelength and oscillator strength of the first 5 excitations for each molecule in
all orientations and at all three distances. Our focus is on the first absorption band and the

most intense transitions when the molecules are closest to the nanoparticle.

The NO, orientation

DHA at the NO, orientation s-cis-VHF at the NO, orientation s-trans-VHF at the NO, orientation
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Figure 2: The NO, orientation of DHA, s-cis-VHF, and s-trans-VHF respectively.
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Figure 3: The UV/Vis spectra of DHA in the NO, orientation with a molecule cluster
separation of 3.18 A, 4.18 A, and 5.18 A respectively.

For this orientation, the NOs group of the three molecules points towards the nanoparticle
(see Fig.2). In Fig. 3, we present the UV /Vis absorption spectrum of DHA and we observe
an effect of the gold nanoparticle on the first absorption of DHA. We note that decreasing the
distance between the molecule and the nanoparticle leads to a larger intensity and a longer
wavelength of the first absorption band. This orientation gives rise to the largest change for
the first absorption band of DHA and the shift is related to the interactions of the polar
group with the nanoparticle. The change is not sufficiently large to shift the absorption of
DHA into the part of the solar spectrum with the largest intensity. The two most intense
transitions at the shortest distance for DHA are shifted by around 3nm and the intensities

are increased by 7,4 and 230 percent as DHA gets closer to the nanoparticle (see Table 1).
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Figure 4: The UV /Vis spectra of s-cis-VHF in the NO, orientation with a molecule cluster
separation of 3.18 A, 4.18 A, and 5.18 A respectively.

Generally, the first absorption band for s-cis-VHF is wider and lower compared to the
spectra of DHA og s-trans-VHF. We note that the NO, orientation leads to a small redshift
and a minor decrease of the intensity for s-cis-VHF (see Fig. 4). For s-cis-VHF, we note
that the wavelengths of the two most intense transitions have increased by 1.9 nm and 1.2
nm, respectively, as we decrease the distance between the molecule and the nanoparticle
(see Table 1). Furthermore, the intensities for these two transitions increase by 7.3 and
11.7 percent as the distance between the molecule and the nanoparticle decreases (see Table
1). The huge increase of the intensity of excitation 3 relates to a forbidden excitation that

becomes allowed as the molecule approaches the nanoparticle.
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Figure 5: The UV /Vis spectra of s-trans-VHF in the NO, orientation with a molecule cluster
separation of 3.18 A, 4.18 A, and 5.18 A respectively.

In the case of s-trans-VHEF, the intensity of the first absorption band is significantly larger
and the band is narrower compared to the spectrum for s-cis-VHF (see Fig. 5). We observe
a slightly larger redshift for s-trans-VHF compared to s-cis-VHF. We note from Table 1
that the wavelengths of the two most intense transitions increase by 2.5 nm and 0.4 nm,
respectively. For the most intense transition, there is a decrease of the intensity by about 5.2
percent as the molecule approaches the nanoparticle. For the second most intense transition

we see an increase of 21 percent (see Table 1).
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Table 1: The wavelengths of excitation and associated oscillator strengths of the
first five excitations for all three molecules in the NO2 orientation.

DHA

Ex. number /\3.18fi[nm] f 3184 /\4.182[nm f 1184 >‘5.182[nm] f 5.184
1 360.4 0.203 358.1 0.193 357.2 0.189
2 307.8 2.20E-05 309.7 2.50E-05 310.4 2.60E-05
3 278.8 0.103 276.2 0.101 275.7 0.0311
4 273.2 0.00118 274.7 0.00811 274.9 0.0797
5 268.7 0.00350 267.8 0.00299 267.5 0.00263

s-c1s-VHF

Ex. number /\3.18f;[nm] f 3184 )\4.18,§[nm] f 4184 >\5.18/§[nm] f 5.184
1 425.0 0.117 423.6 0.112 423.1 0.109
2 405.6 0.038 405.9 0.0445 406.0 0.0476
3 308.2 0.0618 309.4 0.000172 310.0 8.1E-05
4 307.1 0.0147 302.8 0.0723 300.9 0.0708
5 280.4 0.134 279.4 0.123 279.2 0.120

s-trans-VHF

Ex. number )\3.18;{[”7”] fs.lsﬁ )\4.181;[nm] f4.182{ )\5.182[nm] f5.18/i
1 412.4 0.0120 412.8 0.0145 413.0 0.0132
2 404.6 0.219 402.8 0.228 402.1 0.231
3 322.8 0.0422 316.7 0.0363 314.6 0.0345
4 306.4 7.10E-05 308.8 7.00E-05 309.4 9.50E-05
5 278.6 0.108 278.2 0.0936 278.2 0.08%9

The CN orientation

DHA at the CN orientation

s-cis-VHF at the CN orientation

s-trans-VHF at the CN orientation
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Figure 6: The CN orientation of DHA, s-cis-VHF, and s-trans-VHF respectively.

10




UNDER PEER REVI EW

1.2

1.0

0.8

0.6

e/[Mcm™1]

0.2

0.0

x10°

lle ‘ |
200

Figure 7: The UV /Vis spectra of DHA in the CN orientation with a molecule cluster sepa-
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ration of 3.21 A, 4.21 A, and 5.21 A respectively.

For this molecular orientation, the cyano group (the other polar group) points towards the
nanoparticle (see Fig. 6). In the case of DHA, there is hardly any redshift of the first
absorption band but a small increase in the oscillator strength (see Fig. 7). For DHA, we
observe an increase of the wavelength of 0.8nm for the most intense transition whereas the
wavelength for the second most intense transition does not change as the molecule approaches

the nanoparticle (see Table 2). For both transitions, the intensities are increased by about

3 percent as DHA gets closer to the nanoparticle (see Table 2).

11
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Figure 8: The UV /Vis spectra of s-cis-VHF in the CN orientation with a molecule cluster
separation of 3.21 A, 4.21 A, and 5.21 A respectively.

On the other hand, the effect of the nanoparticle on s-cis-VHF is substantially larger for
the CN orientation than for the NO, orientation (see Fig. 8). The two most intense transi-
tions for s-cis-VHF are the excitations numbered 1 and 5 (see Table 2). The wavelengths for
these transitions increase 5.3nm and 0.4nm as the molecule gets closer to the nanoparticle.

The corresponding intensities increase by 18.8 and 8.4 percent (see Table 2).

12
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Figure 9: The UV/Vis spectra of s-trans-VHF in the CN orientation with a molecule cluster
separation of 3.21 A, 4.21 A, and 5.21 A respectively.

In the case of s-trans-VHEF in the CN orientation, we observe significant effects in terms
of a larger redshift and a larger intensity (see Fig. 9). It is clear that the VHF compounds
are influenced significantly when the cyano group points towards to nanoparticle. We note
from Table 2 that the second lowest transition has a decrease of the wavelength of 3.0 nm
and its intensity decreases by 35 percent. For the first excitation the wavelength decreases

by 1.6 nm and the corresponding intensity is increased by 5.2 percent (see Table 2).

13
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Table 2: The wavelengths of excitation and associated oscillator strengths of the
first five excitations for all three molecules in the CN orientation.

DHA

Ex. number /\3.212[nm] fg.mﬁ /\4.212[nm] f4.21,f{ )\5‘212[nm] f5.21,§
1 357.6 0.192 357.1 0.189 356.8 0.187
2 311.1 2.70E-05 311 2.70E-05 310.9 2.70E-05
3 276.1 0.00389 276 0.00399 276.0 0.00374
4 274.3 0.114 274.3 0.111 274.3 0.110
5 267.2 0.00187 267.2 0.00218 267.2 0.00225

s-c1s-VHF

Ex. number /\3.212[7””] fs.mﬁ >\4.212[nm] f4.21§ >\5.21/§[nm] f5.212§
1 429.5 0.139 425.7 0.126 424.2 0.117
2 403.6 0.0292 405.2 0.0373 405.7 0.0427
3 311.0 5.30E-05 310.8 5.30E-05 310.7 5.20E-05
4 298.1 0.0689 208.7 0.0692 298.9 0.0693
5 279.5 0.129 279.2 0.122 279.1 0.119

s-trans-VHF

BEx. number | A, clom]  fooa Aalt™ fas Al i
1 410.7 0.108 411.6 0.0273 412.3 0.0175
2 405.8 0.150 404.0 0.224 402.8 0.231
3 310.5 0.0235 311.8 0.0315 312.2 0.0321
4 310.3 0.00696 310.1 0.000338 310.0 0.000248
5 279.4 0.0895 278.7 0.0869 278.4 0.0858

The 7 membered ring orientation

DHA at the 7 membered ring orientation s-cis-VHF at the 7 membered ring orientation | s-trans-VHF at the 7 membered ring orientation
o X <, i)
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Figure 10: The 7 membered ring orientation of DHA, s-cis-VHF, and s-trans-VHEF respec-
tively.
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Figure 11: The UV/Vis spectra of DHA in the 7mem orientation with a molecule cluster
separation of 2.86 A, 3.86 A, and 4.86 A respectively.

This orientation of the three molecules is such that the 7 membered ring of the three molecules
points towards the nanoparticle (see Fig. 10). For DHA in this orientation, we observe a
larger effect than for the orientation where the CN group is pointed towards the cluster, but
the redshift is smaller than that of DHA in the NO2 orientation (see Fig. 11). Additionally,
we observe that the two most intense transitions are the excitations numbered 1 and 4 (see
Table 3). The intensity of transition 1/4 increases/decreases by 4.8/10.7 percent as the
distance of the molecule and the nanoparticle gets smaller. The wavelength for the 1/4

excitation increase by 2.1nm/0.2nm (see Table 3).

15
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Figure 12: The UV /Vis spectra of s-cis-VHF in the Tmem orientation with a molecule cluster
separation of 2.86 A, 3.86 A, and 4.86 A respectively.

For s-cis-VHF, we find the same tendencies as s-cis-VHF with the CN orientation (see
Fig. 12). We note from Table 3 that the excitations 1 and 5 are the most intense and
the intensities increase by 18.3 and 2.6 percent, respectively, as s-cis-VHF approaches the
nanoparticle. The corresponding wavelengths are increased and decreased by 3.3 nm and 0.3

nm, respectively.

16
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Figure 13: The UV/Vis spectra of s-trans-VHF in the 7mem orientation with a molecule
cluster separation of 2.86 A, 3.86 A, and 4.86 A respectively.

In the case of s-trans-VHF, we note that the trends are the same as for s-trans-VHF in
the CN orientation (see Fig. 13). In the 7mem orientation, the s-trans-VHF molecule has an
intense transition for excitation 2 where the wavelength increases by 3.8 nm and the intensity
decreases by 15.5 percent as the molecule-particle separation is decreased (see Table 3). The
second most intense transition hardly changes its intensity but the wavelength decreases by

0.4nm as the molecule gets closer to the nanoparticle.

17
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Table 3: The wavelengths of excitation and associated oscillator strengths of the
first five excitations for all three molecules in the 7mem orientation.

DHA

Ex. number /\2.86/;[nm] f 2.86.4 /\3.86,Z[nm] f 3.86.4 >\4‘86;§[nm] f 1.86A
1 359.2 0.197 357.7 0.191 357.1 0.188
2 310.7 2.60E-05 310.8 2.60E-05 310.9 2.60E-05
3 275.9 0.0164 275.9 0.00643 275.9 0.00447
4 275.0 0.0968 274.6 0.106 274.4 0.108
5 267.4 0.00315 267.3 0.00258 267.2 0.00239

s-c1s-VHF

Ex. number /\2.86f;[nm] f 2.86A )\3.862[nm] f 3.86A >\4.86/§[nm] f 4864
1 427.0 0.136 424.6 0.122 423.7 0.115
2 405.0 0.0320 405.7 0.0398 406.0 0.0445
3 310.4 0.000138 310.5 7.80E-05 310.5 6.30E-05
4 302.3 0.0719 300.7 0.0705 299.9 0.0699
5 278.6 0.120 278.8 0.118 278.9 0.117

s-trans-VHF

Ex. number Az.saﬁ[nm] f 2.86A )\3.861;[nm] f 3.86A )‘4.862[nm] f 1864
1 410.7 0.0619 411.8 0.0210 412.4 0.0157
2 406.8 0.196 404.3 0.230 403.0 0.232
3 316.2 0.0355 314.5 0.0342 313.7 0.0336
4 309.7 6.50E-05 309.8 9.20E-05 309.8 0.000120
5 277.6 0.0880 277.9 0.0864 278.0 0.0856

The interactions between DHA and the gold nanoparticle are not sufficient for redshifting

the first absorption band significantly and bringing the absorption closer to the maximum

of solar irradiation. Redshifting the first absorption band would benefit the performance of

the MOST system since there is a larger amount of photons in the area of 450-550 nm. It is

clear that the obtained results give a valid representation of how the nanoparticle influences

the absorption spectra in the DHA /VHF molecular system. We do observe a redshifting of

the molecular spectra and the magnitude of the shift strongly depends on the orientation

of the molecules and the distance between the nanoparticle and the photo/thermochromic

molecular system. It is also clear that the distance between the nanoparticle and the re-

spective polar groups is crucial for understanding how the absorption spectra change. The

18
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polar groups are able to induce sizeable induced dipole moments in the nanoparticle which
can then polarize the molecule even more. This effect can lead to a larger influence of the
nanoparticle on the properties of the molecular system. Additionally, it is worth considering
that the model used in this study does not include the frequency dependence of the proper-
ties of the nanoparticle. This effectively means that one discards the plasmonic effects which

could create an even larger electrical field for the molecules to be perturbed by.

Conclusion

In conclusion, we find that the resulting linear optical properties of the photo/thermochromic
DHA/VHF system are promising with respect to the redshifting of the first absorptions of
DHA and VHF. The redshifting of the absorption band is expected to potentially provide for
an improved performance of the MOST system. Furthermore, we observe that the redshifts
of the photo/thermochromic molecules depend substantially on the molecular orientation
and the distance between the nanoparticle and the photo/thermochromic molecule.

The influence of the nanoparticle is larger on the optical properties of s-trans-VHF and
s-cis-VHF than on the corresponding properties of the DHA molecule. It is also clear that
we observe the largest changes when one of the two polar groups (NOy or CN) is oriented
towards the nanoparticle. Generally, we observe that the excitation energies are redshifted
as we decrease the molecule-cluster distance and we note that the stronger interaction of
the s-trans-VHF and s-cis-VHF molecules with the nanoparticle provides a wider separation
between the absorption peaks of DHA and VHEF.

Experimentally,®? it has been shown that the first excitation band of VHF is redshifted by
about the same amount as calculated in the present investigation. The experiments involved
complexes of VHF and Ag atoms along with complexes of DHA and Ag atoms. In the case
of the complexes of DHA and Ag atoms there is no observed shifts of the first absorption.??

Similar experimental results have been obtained for the DHF/VHF photo/thermochromic

19
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system and Cu atoms. "

We have not included the optical properties of the nanoparticle in the presented calcula-
tions but it would be interesting to investigate how the excited states of the photo/thermochromic
system are influenced by plasmonic modes of the nanoparticle using theoretical models that
go beyond the dielectric models. Dielectric models have been utilized for investigating the

effects of plasmons on photo/thermochromic systems. 4344

References

(1) Daub, J.; Knéchel, T.; Mannschreck, A. Photosensitive Dihydroazulenes with Chro-

mogenic Properties. Angew. Chem. Int. Ed. 1984, 23, 960-961.

(2) Broman, S. L.; Petersen, M. A.; Tortzen, C. G.; Kadziola, A.; Kilsa, K.;
Nielsen, M. B. Arylethynyl Derivatives of the Dihydroazulene/Vinylheptafulvene
Photo/Thermoswitch: Tuning the Switching Event. J. Am. Chem. Soc. 2010, 152,
9165-9174.

(3) Gorner, H.; Fischer, C.; Gierisch, S.; Daub, J. Dihydroazulene/vinylheptafulvene pho-
tochromism: effects of substituents, solvent, and temperature in the photorearrange-

ment of dihydroazulenes to vinylheptafulvenes. J. Phys. Chem. 1993, 97, 4110-4117.

(4) Gorner, H.; Fischer, C.; Daub, J. Photoreaction of dihydroazulenes into vinylheptaful-
venes: photochromism of nitrophenyl-substituted derivatives. J. Photochem. Photobiol.:

A Chem. 1995, 85, 217 — 224.

20



UNDER PEER REVI EW

()

(10)

(11)

Petersen, M. A.; Broman, S. L.; Kilsa, K.; Kadziola, A.; Nielsen, M. B. Gaining Con-
trol: Direct Suzuki Arylation of Dihydroazulenes and Tuning of Photo- and Ther-
mochromism. Fur. J. Org. Chem. 2011, 2011, 1033-1039.

Gierisch, S.; Bauer, W.; Gierisch, T.; Bauer, J.; Burgemeister, S.; Daub, W.
SUBSTITUENT DEPENDENCY OF THE DIHYDROAZULENE-REVERSIBLE-
VINYLHEPTAFULVENE PHOTOCHROMISM - STERIC AND ELECTRONIC EF-
FECTS OF 9-ANTHRYL COMPOUNDS - NEW ACCESS TO CONDENSED HY-
DROPENTALENES. Chem. Ber. 1989, 122, 2341-2349.

Schalk, O.; Broman, S. L.; Petersen, M. A.; Khakhulin, D. V.; Brogaard, R. Y.;
Nielsen, M. B.; Boguslavskiy, A. E.; Stolow, A.; Selling, T. I. On the Condensed Phase
Ring-Closure of Vinylheptafulvalene and Ring-Opening of Gaseous Dihydroazulene. J.
Phys. Chem. A 2013, 117, 3340-3347, PMID: 23556480.

Petersen, M. .; Rasmussen, B.; Andersen, N. N.; Sauer, S. P. A.; Nielsen, M. B.;
Beeren, S. R.; Pittelkow, M. Molecular Switching in Confined Spaces: Effects of En-
capsulating the DHA/VHF Photo-Switch in Cucurbiturils. Chem. FEur. J. 2017, 23,
17010-17016.

Vlasceanu, A.; Frandsen, B. N.; Skov, A. B.; Hansen, A. S.; Rasmussen, M. G.; Kjaer-
gaard, H. G.; Mikkelsen, K. V.; Nielsen, M. B. Photoswitchable Dihydroazulene Macro-
cycles for Solar Energy Storage: The Effects of Ring Strain. J. Org. Chem. 2017, 82,
10398-10407, PMID: 28853882.

Wang, Z.; Udmark, J.; Brjesson, K.; Rodrigues, R.; Roffey, A.; Abrahamsson, M.;
Nielsen, M. B.; Moth-Poulsen, K. Evaluating Dihydroazulene/Vinylheptafulvene Pho-
toswitches for Solar Energy Storage Applications. ChemSusChem 2017, 10, 3049-3055.

Skov, A. B.; Petersen, J. F.; Elm, J.; Frandsen, B. N.; Santella, M.; Kilde, M. D.;
Kjaergaard, H. G.; Mikkelsen, K. V.; Nielsen, M. B. Towards Storage of Solar Energy

21



UNDER PEER REVI EW

(13)

(14)

(15)

(17)

(18)

in Photochromic Molecules: Benzannulation of the Dihydroazulene/Vinylheptafulvene

Couple. ChemPhotoChem 2017, 1, 206-212.

Gertsen, A. S.; Olsen, S. T.; Broman, S. L.; Nielsen, M. B.; Mikkelsen, K. V. A DFT
Study of Multimode Switching in a Combined DHA /VHF-DTE/DHB System for Use
in Solar Heat Batteries. J. Phys. Chem. C 2017, 121, 195-201.

Nisa, R. U.; Shahzad, N.; Ayub, K. Density functional theory study of linear and non-
linear optical properties of dihydroazulene-vinylheptafulvene photoswitches. Comput.

Theor. Chem. 2016, 1095, 1 — 8.

Shahzad, N.; Nisa, R. U.; Ayub, K. Substituents effect on thermal electrocyclic re-
action of dihydroazulenevinylheptafulvene photoswitch: a DFT study to improve the
photoswitch. Struct. Chem. 2013, 24, 2115-2126.

Skov, A. B.; Broman, S. L.; Gertsen, A. S.; Elm, J.; Jevric, M.; Cacciarini, M.; Kadzi-
ola, A.; Mikkelsen, K. V.; Nielsen, M. B. Aromaticity-Controlled Energy Storage Ca-
pacity of the Dihydroazulene-Vinylheptafulvene Photochromic System. Chem. Eur. J.
2016, 22, 14567-14575.

Cacciarini, M.; Skov, A. B.; Jevric, M.; Hansen, A. S.; Elm, J.; Kjaergaard, H. G.;
Mikkelsen, K. V.; Nielsen, M. B. Towards Solar Energy Storage in the Photochromic

DihydroazuleneVinylheptafulvene System. Chem. Fur. J. 2015, 21, 7454-7461.

Petersen, A. U.; Broman, S. L.; Olsen, S. T.; Hansen, A. S.; Du, L.; Kadziola, A.;
Hansen, T.; Kjaergaard, H. G.; Mikkelsen, K. V.; BrndstedNielsen, M. Controlling
Two-Step Multimode Switching of Dihydroazulene Photoswitches. Chem. A Fur. J.

2015, 21, 3968-3977.

Hansen, M. H.; Elm, J.; Olsen, S. T.; Gejl, A. N.; Storm, F. E.; Frandsen, B. N.;
Skov, A. B.; Nielsen, M. B.; Kjaergaard, H. G.; Mikkelsen, K. V. Theoretical Inves-

22



UNDER PEER REVI EW

(21)

(22)

(23)

(24)

(25)

(26)

tigation of Substituent Effects on the Dihydroazulene/Vinylheptafulvene Photoswitch:
Increasing the Energy Storage Capacity. J. Phys. Chem. A 2016, 120, 9782-9793.

Ree, N.; Hansen, M. H.; Gertsen, A. S.; Mikkelsen, K. V. Density Functional
Theory Study of the Solvent Effects on Systematically Substituted Dihydroazu-
lene/Vinylheptafulvene Systems: Improving the Capability of Molecular Energy Stor-
age. J. Phys. Chem. A 2017, 121, 8856—-8865.

Broman, S.; Brand, S.; Parker, C.; Petersen, M.; Tortzen, C.; Kadziola, A.; Kilsa, K.;
Nielsen, M. B. Optimized synthesis and detailed NMR spectroscopic characterization

of the 1,8a-dihydroazulene-1,1-dicarbonitrile photoswitch. Arkivoc 2011, iz, 51-67.

Irie, M. Diarylethenes for Memories and Switches. Chemical Reviews 2000, 100, 1685—

1716.

Tian, H.; Yang, S. Recent progresses on diarylethene based photochromic switches.

Chem. Soc. Rev. 2004, 33, 85-97.

Russew, M.-M.; Hecht, S. Photoswitches: From Molecules to Materials. Advanced Ma-

terials 2010, 22, 3348-3360.

Plaquet, A.; Champagne, B.; Castet, F.; Ducasse, L.; Bogdan, E.; Rodriguez, V.;
Pozzo, J.-L. Theoretical investigation of the dynamic first hyperpolarizability of DHA-
VHF molecular switches. New J. Chem. 2009, 33, 1349-1356.

Irie, M.; Fukaminato, T.; Matsuda, K.; Kobatake, S. Photochromism of Diarylethene
Molecules and Crystals: Memories, Switches, and Actuators. Chemical Reviews 2014,

114, 12174-12277, PMID: 25514509.

Broman, S. L.; Nielsen, M. B. Dihydroazulene: from controlling photochromism to

molecular electronics devices. Phys. Chem. Chem. Phys. 2014, 16, 21172-21182.

23



UNDER PEER REVI EW

(27)

(28)

(29)

(30)

(31)

(33)

Kucharski, T. J.; Tian, Y.; Akbulatov, S.; Boulatov, R. Chemical solutions for the

closed-cycle storage of solar energy. Energy Environ. Sci. 2011, 4, 4449-4472.

Moth-Poulsen, K.; Coso, D.; Borjesson, K.; Vinokurov, N.; Meier, S. K.; Majumdar, A.;
Vollhardt, K. P. C.; Segalman, R. A. Molecular solar thermal (MOST) energy storage

and release system. Energy Environ. Sci. 2012, 5, 8534-8537.

Tsivgoulis, G. M.; Lehn, J.-M. Photoswitched and Functionalized Oligothiophenes:
Synthesis and Photochemical and Electrochemical Properties. Chem. Eur. J. 1996, 2,

1399-1406.

Zoppo, M. D.; Lucotti, A.; Bertarelli, C.; Zerbi, G. A new class of molecules with
large, switchable vibrational non-linear optical responses: Photochromic diarylethene
systems. Vibrational Spectroscopy 2007, 43, 249 — 253, VIBRATIONAL SPEC-
TROSCOPY.

Higashiguchi, K.; Matsuda, K.; Tanifuji, N.; Irie, M. Full-Color Photochromism of a
Fused Dithienylethene Trimer. Journal of the American Chemical Society 2005, 127,

8922-8923, PMID: 15969548.

Loucif-Saibi, R.; Nakatani, K.; Delaire, J. A.; Dumont, M.; Sekkat, Z. Photoisomer-
ization and second harmonic generation in disperse red one-doped and -functionalized

poly(methyl methacrylate) films. Chemistry of Materials 1993, 5, 229-236.

Plaquet, A.; Guillaume, M.; Champagne, B.; Castet, F.; Ducasse, L.; Pozzo, J.-L.;
Rodriguez, V. In silico optimization of merocyanine-spiropyran compounds as second-
order nonlinear optical molecular switches. Phys. Chem. Chem. Phys. 2008, 10, 6223—
6232.

Perrier, A.; Tesson, S.; Jacquemin, D.; Maurel, F. On the photochromic properties of

dithienylethenes grafted on gold clusters. Comput. Theor. Chem. 2012, 990, 167-176.

24



UNDER PEER REVI EW

(35)

(36)

(38)

(39)

(41)

(42)

(43)

Klajn, R.; Stoddart, J. F.; Grzybowski, B. A. Nanoparticles functionalised with re-

versible molecular and supramolecular switches. Chem. Soc. Rev 2010, 39, 2203-2237.

Snegir, S.; Mukha, I.; Sysoiev, D.; Lacaze, E.; Huhn, T.; Pluchery, O. Opti-
cally controlled properties of nanoparticles stabilised by photochromic difurylethene-
base diarylethenes: Optisch kontrollierbare Eigenschaften photochromer Difurylethen-

basierter Diarylethene. Mat.-wiss. u. Werkstofftech. 2016, 47, 229-236.

Mahmoodi, N. O.; Ahmadi, N. K.; Ghavidast, A. Light-induced switching of 1, 3-
diazabicyclo-[3.1. 0] hex-3-enes on gold nanoparticles. J. Mol. Struct. 2018, 1160, 463

470.

Ghavidast, A.; Mahmoodi, N. O. A comparative study of the photochromic compounds

incorporated on the surface of nanoparticles. J. Mol. Liq. 2016, 216, 552-564.

Perrier, A.; Maurel, F.; Aubard, J. Theoretical study of the electronic and optical
properties of photochromic dithienylethene derivatives connected to small gold clusters.

J. Phys. Chem. A 2007, 111, 9688-9698.

Boye, I. M. 1.; Hansen, M. H.; Mikkelsen, K. V. The influence of nanoparticles on
the polarizabilities and hyperpolarizabilities of photochromic molecules. Phys. Chem.

Chem. Phys. 2018, 20, 23320-23327.

Hillers-Bendtsen, A. E.; Hansen, M. H.; Mikkelsen, K. V. The influence of nanoparti-
cles on the excitation energies of the photochromic dihydroazulene/ vinylheptafulvene

system. Phys. Chem. Chem. Phys. 2019,

Olsen, S. T.; Bols, A.; Hansen, T.; Mikkelsen, K. V. Molecular Properties of Sandwiched

Molecules Between Electrodes and Nanoparticles. Adv. Quant. Chem. 2017, 75, 53-102.

Russo, R.; Fihey, A.; Mennucci, B.; Jacquemin, D. Theoretical Quantification of the

25



UNDER PEER REVI EW

(45)

(46)

(47)

(49)

(50)

Modified Photoactivity of Photochromes Grafted on Metallic Nanoparticles. J. Phys.

Chem. C 2016, 120, 2182721836.

Fihey, A.; Maurel, F.; Perrier, A. PlasmonExcitation Coupling for
Dithienylethene/Gold Nanoparticle Hybrid Systems: A Theoretical Study. J.

Phys. Chem. C' 2015, 119.

Yanai, T.; Tew, D. P.; Handy, N. C. A new hybrid exchange—correlation functional
using the Coulomb-attenuating method (CAM-B3LYP). Chem. Phys. Lett. 2004, 393,
51-57.

Wilson, A. K.; van Mourik, T.; Dunning Jr, T. H. Gaussian basis sets for use in cor-
related molecular calculations. VI. Sextuple zeta correlation consistent basis sets for

boron through neon. J. Mol. Struct. 1996, 388, 339-349.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheese-
man, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A. et al. Gaussian09

Revision D.01. Gaussian Inc. Wallingford CT 20009.

Aidas, K.; Angeli, C.; Bak, K. L.; Bakken, V.; Bast, R.; Boman, L.; Christiansen, O.;
Cimiraglia, R.; Coriani, S.; Dahle, P. et al. The Dalton quantum chemistry program
system. WIREs Comput. Mol. Sci. 2014, 4, 269-284.

Ceperley, D. M.; Alder, B. J. Ground State of the Electron Gas by a Stochastic Method.
Phys. Rev. Lett. 1980, 45, 566-569.

Bili, A.; Reimers, J. R.; Hush, N. S. The structure, energetics, and nature of the chem-
ical bonding of phenylthiol adsorbed on the Au(111) surface: Implications for density-
functional calculations of molecular-electronic conduction. J. Chem. Phys. 2005, 122,

094708.

26



UNDER PEER REVI EW

(51)

(52)

Hansen, T.; Hansen, T.; Arcisauskaite, V.; Mikkelsen, K. V.; Kongsted, J.; Mujica, V.
Nonlinear optical effects induced by nanoparticles in symmetric molecules. J. Phys.

Chem. C' 2010, 114, 20870-20876.

Parker, C. R.; Tortzen, C. G.; Broman, S. L.; Schau-Magnussen, M.;
Kilsa, K.; Nielsen, M. B. Lewis acid enhanced switching of the 1,1-
dicyanodihydroazulene/vinylheptafulvene photo/thermoswitch. Chem. Comm. 2011,
47, 6102-6104.

Cacciarini, M.; Vlasceanu, A.; Jevric, M.; Nielsen, M. B. An effective trigger for energy
release of vinylheptafulvene-based solar heat batteries. Chem. Comm. 2017, 53, 5874—
h8TT.

27



