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Introduction

The 3-amino-substituted dihyrdoazulene(DHA)/vinylheptafu
Ivene(VHF) is a photochromic system, with the parent DHA/VHF
system being synthesized for the first time by Daub in 1984 [1].
The parent system is the DHA/VHF system seen in Figure 1, but
with the amino group replaced by a hydrogen. This photochro-
mic system, along with other photochromic systems have been
studied for their use in many different applications including
data storage, chemical solar cells, molecular switches, and mo-
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Abstract

The focus of this paper is on the optical properties, in
particular the vertical excitations and two-photon excita-
tions, of the 3-amino-substituted dihydroazulene/vinyl-
heptafulvene system and how they change when the sys-
tem is physisorbed onto a nanoparticle. Di- hydroazulene,
s-cis-vinylheptafulvene and s-trans-vinylheptafulvene were
orientated in different ways and at different distances to sil-
ver and copper nanoparticles to see how this would affect
the optical properties. A combined quantum mechanical/
molecular mechanical method was used for these calcula-
tions with the molecules being treated quantum mechani-
cally, specifically using linear and quadratic response theory
within time-dependent density functional theory, while the
nanoparticles were treated classically, each being assigned a
static polarizability for each atom of the nanoparticles. The
calculations were carried out using the polarizable embed-
ding scheme, along with the long-range corrected function-
al, CAM-B3LYP and the augmented correlation con- sistent
basis set, aug-cc-pVDZ. It was found that the nanoparticles
affected the molecules differently, with the copper nanopar-
ticle generally influencing the optical properties the most. It
was found that the relative orientation of the different mol-
ecules had a very large impact on the effect of the nanopar-
ticles. It was also found that in general, the dihydroazulene
was affected the least by both nanoparticles and s-trans-
vinylheptafulvene was affected the most.

lecular electronics [2-25]. It is important to study the use of the
photochromic systems for the above mentioned applications as
they may allow more compact technologies, such as molecular
electronics which then allows for faster calculation capabilities
or the application of chemical solar cells which could help al-
leviate the increasing global energy demand [26]. The 3-amino-
substituted DHA/VHF system was found to have the highest so-
lar energy storage capability in a previous paper [27,28] and this
is the reason it was chosen for this study. Under an electronic
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excitation, the DHA molecule can ring-open and convert to the
metastable molecule, s-cis-VHF. The s-trans-VHF molecule is the
thermally more stable molecule, which the s-cis-VHF can ther-
mally interconvert to. The reaction from s-trans-VHF to s-cis-
VHF and the further reaction back to DHA are both thermally
induced.

This reaction scheme can be seen in Figure 1. The overall re-
action from s-trans-VHF to DHA releases energy which allows
for the chemical storage of solar energy in this system.
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Figure 1: The structure and reaction scheme of the studied
3-amino-substituted DHA/VHF photo- and thermoswitch.

Releases energy which allows for the chemical storage of
solar energy in this system.

Introducing a nanoparticle to the DHA/VHF system could al-
low for a perturbation of the molecular properties of the system
and thus the possibility of tuning the properties for a desired
application [29-33]. Nanoparticles have previously been shown
to have very useful applications in e.g. controlling drug release
[30,32], doing active switching of photochromic systems via ex-
citation of the nanoparticle [31], and also either catalyzing or
inhibiting photo isomerization for some systems chemisorbed
onto nanoparticles [29,33]. Previous papers have studied the
influence of a gold nanoparticle on this specific system and
found some interesting results where the molecular properties
can be changed by the nanoparticle [34,35]. This paper consid-
ers silver and copper nanoparticles since they represent cheap-
er alternatives to gold nanoparticles if the molecular properties
can be altered similarly.

The optical properties are, of course, very relevant to
the application of DHA/VHF asa chemical solar cell and will
therefore be the focus of this paper. We will, in particular,
look at the vertical excitation energies and associated oscillator
strengths, along with the two-photon excitations when DHA,
s-cis-VHF and s-trans-VHF are influenced by a silver or
copper nanoparticle. The main questions we are seeking to
answer are which nanoparticle has the greatest effect on the
optical properties? How important is the relative orientation
of the molecule with respect to the nanoparticle? If impor-
tant, which orientation gives riseto the greatest effect of the
nanoparticles on the molecular systems? How important is the
molecule-nanoparticle distance? Which molecule is the most
affected by the influence from that nanoparticle?

Computational approach

The calculations of the optical properties of the DHA/VHF
system were done using the combined quantum mechanical
(QM)/molecular mechanics (MM) method [36-40] using the
electronic structure program Dalton 16 [41]. In this method, we
split the system into two subsystems where one is described
by classical mechanics, for the non chemically interesting
part, the nanoparticle. And a subsystem which is described
by quantum mechanics, the chemically interesting part of the
system. The two subsystems interact through the polarizable
embedding (PE) scheme, which allow the subsystems to po-
larize one another.

The QM part, DHA, s-cis-VHF and s-trans-VHF, were
optimized using vacuum DFT in the electronic structure
program Gaussian09 [42] using the long-range corrected
CAM-B3LYP functional [43] and the augmented correla-
tion consistent basis set aug-cc-pVDZ [44]. This procedure
has been documented previously to be sufficiently accu-
rate for describing physisorbed molecules interacting with
nanoparticles [45].

The nanoparticles were constructed as hemispheres con-
sisting of 70 atoms and their geometries were kept con-
stant. This is to allow comparison to previous papers with
gold nanoparticles [34,35] and as a change in size and ge-
ometry of the nanoparticle have been shown to have only
a small effect on the studied molecular properties [34,35,45].
The coordination surface was a fcc (111) surface as this has
been shown to be the most likely site for the coordination of
the molecules [46,47]. Each atom was prescribed a static polar-
izability of 49.9843 au [48] for the silver atoms and 33.742 au
[49-51] for the copper atoms. This also means that the opti-
cal properties of the nanoparticles were not included. The
copper nanoparticle had a smaller bond-length within the
nanoparticle as compared to the silver nanoparticle, being
2.556 A and 2.889 A, respectively.

The molecules were then physisorbed onto the nanoparticle,
in four different orientations, the 7-membered, phenyl, cya-
no, and amino orientation, which can be seen in Figure 2, at
three different distances for each orientation. The closest dis-
tance was chosen to be the sum of the van der Waals radius of
the atom closest to the nanoparticle and the van der Waals
radius of the nanoparticle atom. For the orientations where
a hydrogen was closest to the nanoparticle, the 7-membered,
phenyl and amino orientations, the distances were 2.92 A and
2.60 A for the silver nanoparticle and the copper nanoparticle,
respectively. For the orientation where a nitrogen was closest,
the cyano orientation, the distances were 3.27 A and 2.95 A
for the silver nanoparticle and the copper nanoparticle, re-
spectively. Each distance was then increased twice, in steps
of 1 A. However, for the s-cis-VHF in the amino and cyano
orientations and for the s-trans-VHF in the amino orientation
had convergence issues in the PE calculations for the closest
distance, when physisorbed onto the copper nanoparticle. The
shortest distances were then increased in steps of 0.05 A until
convergence was achieved. This was achieved at distances of
3.10 A and 3.15 A for the s-cis-VHF in the amino and cyano
orientations, respectively. The amino orientation for the s-
trans-VHF converged at a shortest distance of 2.80 A. The
two other distances were still increased in steps of 1 A from
the sum of the van der Waals radii, even if the shortest dis-
tance did not converge.

Figure 2: The different orientations for each molecule physi-
sorbed onto the silver nanoparticle and the copper nanoparticle
at a distance of 3.00 A.
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After the PE calculations converged we move on to calculate
the optical properties, which were chosen as the first 15 verti-
cal excitation energies and corresponding oscillator strengths,
and for the first five two-photon excitations, the linear and cir-
cular two-photon absorption cross-section. This was done for
all the molecules in each orientation, at the three distances to
both nanoparticles. The method used was linear and quadratic
response within TD- DFT, again using the long-range corrected
functional, CAM-B3LYP [43] with the augmented correlation
consistent basis set, aug-cc-pVDZ [44]. The poles of the linear
response function provide the vertical excitation energies and
the residues of the linear response function give the transition
dipole moments needed to calculate the oscillator strengths.
The vertical excitation energies and corresponding oscillator
strengths were then used to simulate a UV- Vis spectrum by
fitting to Gaussian functions. The matrix elements of the two-
photon transition dipoles are calculated from the residue of the
quadratic response function and used for calculating the two-
photon absorption cross section.

1

§TPA = %0 > (SaaS55F + SasSasG + SapSsaH) (1)
a,B

where Sc(B is the matrix elements in various Cartesian com-

ponents, a and B, and F, S, and G being different constants re-

lated to either linear or circular polarized light.
Results

One-photon: In this section we present the investigations
of the effects of the nanoparticles onto the physisorbed mol-
ecules. We start out by presenting the results for DHA followed
by the ones for VHF in the cis and trans conformations. For each
molecule we present results for the four different orientations
and distances.

DHA: The UV-Vis spectra for the DHA molecules in each ori-
entation and on both the silver nanoparticle and the copper
nanoparticle are shown in Figures 3-10.

Table 1: Excitation wavelength change for each of the first [15]
excitations when moving from the closest to the furthest mole-
cule-nanoparticle distance for DHA in the 7-membered orientation
for both the silver nanoparticle and the copper nanoparticle.

Ex. no. Ag[nm] Cu[nm]
1 1.158 0.633
2 0.055 0.202
3 0.199 0.111
4 0.219 0.172
5 0.024 -0.712
6 0.082 0.213
7 -0.033 0.115
8 -0.574 -0.728
9 0.392 0.478
10 0.502 0.411
11 0.515 0.257
12 -0.281 -0.062
13 0.154 0.477
14 1.384 0.810
15 0.256 0.010

Starting with Figures 3 and 4, which is the 7-membered ori-
entation, we do not observe any redshift when moving towards
the nanoparticle, but there is a slight increase in absorption
for both the silver nanoparticle and the copper nanoparticle.
In Table 1, we see the difference in excitation wavelength be-
tween the closest and furthest molecule-nanoparticle distance.
We see primarily small increases in the wavelengths for both
the silver nanoparticle and copper nanoparticle with increasing
distance between the molecule and the nanoparticle.

Table 2: Excitation wavelength change for each of the first 15
excitations when moving from the closest to the furthest mole-
cule-nanoparticle distance for DHA in the phenyl orientation for
both the silver nanoparticle and the copper nanoparticle.

Ex. no. Ag[nm] Cu[nm]
1 1.300 1.306
2 0.251 0.247
3 0.193 0.266
4 -0.134 0.079
5 0.172 -0.524
6 0.067 0.141
7 0.164 0.471
8 0.129 -0.157
9 0.249 0.453
10 0.315 0.504
11 0.153 0.067
12 0.264 0.323
13 0.166 0.382
14 0.268 0.342
15 0.134 0.021

We see similar tendencies in the UV-Vis spectra for phenyl
orientations, Figures 5 and 6. That is small increases in the
wavelength as the separation distance is increased. There is no
significant redshift, but we see a slightly larger increase in ab-
sorption for the silver nanoparticle as compared to the copper
nanoparticle. The table of differences in wavelength, Table 2,
shows a similar increase in wavelength as for the 7-membered
orientation.

For the UV-Vis spectra for the cyano orientations, Figures 7
and 8, we see a redshift of 4 nm with the copper nanoparticle.
The copper nanoparticle leads to the largest increase in absorp-
tion intensities whereas the silver nanoparticle gives a small
increase in the intensities. In Table 3 we see increases in the
absorption wavelengths as well, and they are generally

larger than for the previous orientations, especially for the
copper nanoparticle. The UV-Vis spectra of the amino orien-
tations, Figures 9 and 10, exhibit the largest redshift for the
DHA molecule. This is again for the molecule with the copper
nanoparticle which has a redshift of 8 nm in this case. The silver
nanoparticle also provided a redshift in this case of 6 nm, but
does not show a real increase in the intensity of absorption.
However, the absorption increase is very large for the copper
nanoparticle. Table 4 shows only increases in wavelengths for
this orientation, and we note large increases of up to around
11 nm.

Nanoscience and Nanotechnology: Open Access
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Table 3: Excitation wavelength change for each of the first 15
excitations when moving from the closest to the furthest mole-
cule-nanoparticle distance for DHA in the cyano orientation for
both the silver nanoparticle and the copper nanoparticle.

Ex. no. Ag[nm] Cu[nm]
1 1.432 3.899
2 0.047 0.233
3 0.210 -0.018
4 0.244 0.172
5 -1.479 -1.367
6 0.525 0.618
7 1.331 1.236
8 -0.860 -1.196
9 2.786 1.935
10 0.942 1.677
11 0.221 -0.180
12 0.120 0.365
13 1.518 1.637
14 -0.028 -0.488
15 -1.052 -0.921

s-cis-VHF

We now move onto the s-cis-VHF, for all orientations and on
both nanoparticles and the UV-Vis spectra can be seen in Fig-
ures 12-18.

The 7-membered orientation, Figures 11 and 12, show a red-
shift in the first absorption band of around 5 nm for the silver
nanoparticle and 4 nm for the copper nanoparticle. We also see
a slight increase in absorption for both nanoparticles as well.
Looking at Table 5, we see almost only positive wavelength
changes again, with the silver nanoparticle having the largest
increases of the wavelengths.

Table 4: Excitation wavelength change for each of the first 15
excitations when moving from the closest to the furthest mole-
cule-nanoparticle distance for DHA in the amino orientation for
both the silver nanoparticle and the copper nanopar ticle.

Ex. no. Ag[nm] Cu[nm]
1 5.500 8.153
2 6.367 10.585
3 7.932 4.772
4 5.449 6.220
5 10.965 9.432
6 2.189 6.390
7 3.360 9.497
8 5.714 7.694
9 3.639 5.406
10 2.157 1.904
11 2.607 0.957
12 2.088 2.229
13 3.053 3.234
14 5.054 5.027
15 2.640 4.768

Table 5: Excitation wavelength change for each of the rst 15 ex-
citations when moving from the closest to the furthest molecule-
nanoparticle distance for s-cis-VHF in the 7-membered orientation
for both the silver nanoparticle and the copper nanoparticle.

Ex. no. Ag[nm] Cu[nm]
1 5.243 3.888
2 -1.247 0.620
3 0.609 0.393
4 1.220 0.533
5 2.438 0.171
6 -0.067 0.283
7 1.554 0.373
8 1.306 0.393
9 2.803 1.293
10 0.892 0.857
11 3.972 -0.198
12 2.511 0.634
13 0.929 0.143
14 1.084 0.586
15 0.027 0.154

Table 6: Excitation wavelength change for each of the rst 15 ex-
citations when moving from the closest to the furthest molecule-
nanoparticle distance for s-cis-VHF in the phenyl orientation for
both the silver nanoparticle and the copper nanoparticle.

Ex. no. Ag[nm] Cu[nm]
1 5.243 3.888
2 -1.247 0.620
3 0.609 0.393
4 1.220 0.533
5 2.438 0.171
6 -0.067 0.283
7 1.554 0.373
8 1.306 0.393
9 2.803 1.293
10 0.892 0.857
11 3.972 -0.198
12 2.511 0.634
13 0.929 0.143
14 1.084 0.586
15 0.027 0.154

The UV-V is spectra for the phenyl orientation, Figures 13
and 14, show no redshift and no real change in the absorption
intensities for both nanoparticles. This is also seen in Table 6,
where we have both increases and decreases in wavelength, all
of which are minuscule in magnitude.

At the cyano orientation, Figures 15 and 16, we see redshifts
for both nanoparticles. For the silver nanoparticle we see a red-
shift of 21 nm for the first absorption band. There is also an
increase in absorption for both of the larger absorption bands.
For the copper nanoparticle, the first absorption band has a
large increase in absorption, while the tall absorption band has

Nanoscience and Nanotechnology: Open Access
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a slight increase. The first absorption band is also redshifted
47 nm for the copper nanoparticle. Table 7 shows the large
increase in the wavelength excitation for this orientation. The
copper nanoparticle especially has large increases for almost all
excitations.

Table 7: Excitation wavelength change for each of the rst 15 ex-
citations when moving from the closest to the furthest molecule-
nanoparticle distance for s-cis-VHF in the cyano orientation for
both the silver nanoparticle and the copper nanoparticle.

Ex. no. Ag[nm] Cu[nm]
1 20.355 47.653
2 -4.614 -8.669
3 2.862 5.794
4 1.779 3.186
5 0.926 3.086
6 1.383 1.398
7 3.570 9.874
8 3.265 9.376
9 0.723 6.856
10 4.201 9.721
11 7.876 8.750
12 -0.216 6.861
13 2.702 5.370
14 1.267 3.266
15 0.628 1.522

For the amino orientation, we observe from Fig. 17, 18 and
Table 8, some increases when the molecule is near the nanopar-
ticle. The UV-Vis spectra show a redshift of 10 nm for the silver
nanoparticle and 8 nm for the copper nanoparticle, for the first
absorption band. We, however, see a decrease in absorption for
the tall peak for the silver nanoparticle and a smaller decrease
for the same peak for the copper nanoparticle UV-Vis spectrum.
The first absorption band, however, shows increases in absorp-
tion for both nanoparticles. The difference in excitation wave-
lengths is positive for all excitations for both nanoparticles and
we generally observe signifcant increases.

s-trans-VHF

The last one-photon results are for the s-trans-VHF mole-
cule, and the UV-Vis spectra can be seen in Figures 19-26. Start-
ing with the 7-membered orientation, Figures 19 and 20, where
there is a redshift of 8 nm and 11 nm for the silver nanopar-
ticle and the copper nanoparticle, respectively, for the first ab-
sorption band. We see a slight increase in absorption, which is
similar for the two nanoparticles. Table 9 shows both increases
and decreases in excitation wavelength almost all being of small
magnitude.

The phenyl orientation on the silver nanoparticle, Figure 21,
shows no redshift and no increase in absorption. However, on
the copper nanoparticle, Figure 22, we see a redshift of the first
absorption band of 4 nm along with a slight increase in absorp-
tion for both peaks. The table of excitation wavelengths for the
phenyl orientation, Table 10, shows both increases and decreas-
es in excitation wavelength for both nanoparticles. The magni-
tudes are also small with the largest increase being around 2
nm for both nanoparticles as well. For the cyano orientations of

Table 8: Excitation wavelength change for each of the first 15
excitations when moving from the closest to the furthest mole-
cule-nanoparticle distance for s-cis- VHF in the amino orientation
for both the silver nanoparticle and the copper nanoparticle.

Ex. no. Ag[nm] Cu[nm]
1 9.833 8.097
2 5.362 0.813
3 3.887 9.189
4 9.741 11.881
5 8.541 15.368
6 0.579 5.994
7 4.100 4.860
8 2.400 2.279
9 7.640 4.719
10 0.949 3.531
11 3.600 4.531
12 1.311 1.633
13 2.020 2.832
14 2.166 2.717
15 1.226 1.053

Table 9: Excitation wavelength change for each of the first 15 ex-
citations when moving from the closest to the furthest molecule-
nanoparticle distance for s- trans-VHF in the 7-membered orienta-
tion for both the silver nanoparticle and the copper nanoparticle.

Ex. no. Ag[nm] Cu[nm]
1 2.910 5.045
2 -0.986 -0.127
3 -0.361 -0.194
4 0.964 2.072
5 -0.381 -0.364
6 1.006 0.929
7 0.656 0.867
8 0.120 0.311
9 0.994 0.904
10 -1.029 -1.223
11 0.427 0.606
12 -0.213 0.047
13 0.750 0.754
14 0.003 0.502
15 0.130 0.206

s-cis-VHF, Fig. 23 and 24, we see redshifts as well. We observe a
redshift of 13 nm for the silver nanoparticle and 25 nm for the
copper nanoparticle for the first absorption band. We observe
a larger increase in the absorption intensities for the copper
nanoparticle of the rst absorption band but a larger increase for
the silver nanoparticle for the tall peak. The changes to excita-
tion wavelengths, Table 11, show both decreases and increases,
but mostly increases for both nanoparticles. The magnitudes of
most of these changes are quite small except for the firrst ex-
citation.

Nanoscience and Nanotechnology: Open Access
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Table 10: Excitation wavelength change for each of the first 15
excitations when moving from the closest to the furthest mole-
cule-nanoparticle distance for s- trans-VHF in the phenyl orienta-
tion for both the silver nanoparticle and the copper nanoparticle.

Ex. no. Ag[nm] Cu[nm]
1 0.314 2.318
2 -0.303 -0.390
3 2.060 1.960
4 -0.713 -0.281
5 1.007 1.187
6 0.264 -0.071
7 -0.969 -0.633
8 -0.375 -0.009
9 -0.091 -0.605

10 0.214 -0.199
11 0.767 0.222
12 0.543 0.368
13 0.769 -0.005
14 -0.306 -0.724
15 0.233 0.189

Table 11: Excitation wavelength change for each of the first 15
excitations when moving from the closest to the furthest mole-
cule-nanoparticle distance for s-trans-VHF in the cyano orientation
for both the silver nanoparticle and the copper nanoparticle.

Ex. no. Ag[nm] Cu[nm]
1 6.548 16.250
2 -2.696 -1.873
3 1.928 1.523
4 0.008 1.631
5 2.027 1.281
6 -0.738 -0.986
7 -0.953 0.737
8 0.306 2.343
9 -0.048 -1.059
10 -1.538 -1.215
11 1.453 3.027
12 0.169 -0.835
13 -0.438 0.283
14 -0.577 -0.174
15 0.490 0.812

The last UV-Vis spectra are for the amino orientation, Figures
25 and 26, which are very different when comparing the silver
nanoparticle and the copper nanoparticle. The silver nanopar-
ticle has a redshift of 19 nm while the redshift is 74 nm for the
copper nanoparticle for the first absorption band. The largest
increase in absorption intensity is also observed here for the
copper nanoparticle. The absorption intensity for the silver
nanoparticle also increases and this is similar to the other ori-
entations. The table of excitation wavelengths also show large
increases, the largest being 84 nm for the silver nanoparticle
and 67 nm for the copper nanoparticle. All the excitation wave-
lengths also increase except the second excitation for the cop-

per nanoparticle. The magnitudes of the changes are in general
quite large.

In summary, we observe the greatest effects of the nanopar-
ticles for the cyano and amino orientations and the largest
changes were generally caused by the copper nanoparticle.
Both VHF molecules are more affected by the nanoparticle
compared to the DHA, with the s-trans-VHF molecule being af-
fected the most overall. In general, the absorption of the mol-
ecule increases when close to the nanoparticle, but we have
some cases where we observe a redshift with no real increase
in absorption as seen in Figure 17.

Table 12: Excitation wavelength change for each of the first 15
excitations when moving from the closest to the furthest mole-
cule-nanoparticle distance for s- trans-VHF in the amino orienta-
tion for both the silver nanoparticle and the copper nanoparticle.

Ex. no. Ag[nm] Cu[nm]
1 16.930 67.182
2 6.020 -15.023
3 83.749 5.101
4 11.002 6.847
5 19.346 21.672
6 3.165 10.955
7 6.028 20.122
8 4.054 9.644
9 9.075 13.764
10 5.500 12.264
11 3.137 10.054
12 1.946 5.823
13 1.850 4.100
14 1.567 3.837
15 0.649 1.115
Two-photon
DHA

For the two-photon process, we can see in Table 13 the two-
photon absorption (TPA) crosssection for all orientations of
DHA with the silver nanoparticle. We see that there is only a
small change in TPA for the 7-membered orientation on the sil-
ver nanoparticle. We observe that in general the TPA decreases
when increasing the molecule-nanoparticle distance by 1 A and
the TPA increases when increasing the distance 1 A again. The
first excitation is the exception for this. For the phenyl orienta-
tion we also observe a small change in TPA, when increasing
the molecule-nanoparticle distance. Now looking at the cyano
orientation, we see a similar tendency in TPA compared to the
7-membered and phenyl orientation. The amino orientation
has the largest change in TPA compared to the previous orien-
tations, having larger values for the first, fourth, and fifth excita-
tion and then decreasing when increasing molecule-nanopar-
ticle distance. The second and third excitations are smaller
than the previous orientations and then increase when moving
further away from the nanoparticle. Comparing this with the
Table for the DHA molecule in all orientations with the copper
nanoparticle, Table 14, we observe similar trends. The copper
nanoparticle caused a much larger change in TPA for the cyano
orientation, but the copper nanoparticle had the same trends
as for the silver nanoparticle for this orientation. The same

Nanoscience and Nanotechnology: Open Access
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trend is noticed for the amino orientation, but it is even more  Orientation: Amino

pronounced in this orientation. In general, the TPA increases Linear Circular
when decreasing the molecule-nanoparticle distance for DHA. . . " " " "
Ex.no 292A @ 3.92A | 492A | 292A 3.92A 4.92A
s-cis-VHF 1 | 999% 7056 6108  7.625 4514 5.292
For the s-cis-VHF molecule in all orientations on the silver 2 3.338 | 58.042 @ 49.316 1.728 40.591 35.470
nanoparticle, Table 15, we see the same trend as for the DHA 3 58.611 | 125.947 | 143.587 41350 82.131 93.512
molecule, with only small decreases in the TPA when increasing
. . 4 | 161.986 20.106 | 20.675 | 111.910 | 14.472 14.795
the molecule-nanoparticle distance for the 7-membered and
phenyl orientations. This holds for all excitations, except the 5 20865 | 6942 | 4211 = 14.890 6.430 5.501
first linearly polarized light excitation for both orientations. For
the other two orientations, the cyano and amino orientation, Table 14: The two-photon cross-section, in a.u., of DHA with

we observe a much larger difference in TPA when increasing the copper nanoparticle for all the orientations and molecule-nanopar-
distance from the molecule to the nanoparticle. We observe a ticle distances.

significant increase in TPA for the cyano orientation, when mov-

ing 1 A away from the shortest distance in the fourth excitation. ~ Orientation: 7-membered

The greatest increase, for this molecule on the silver nanopar- Linear Circular

ticle, is when looking at the amino orientation and when mov-

. o . . o . Ex.no 2.60A | 3.60A | 4.60A 2.60A 3.60 A 4.60 A
ing 2 A away in the fifth excitation. Table 16 contains the TPA

results for the s-cis-VHF molecule in all orientations with the 1 | 5690 | 5596 | 55% | 4154 4.078 4.097
copper nanoparticle, where we again see similar tendencies for 2 68.664 | 66.008 | 66.767 @ 47.230 45.333 45.902
the 7-membered and phenyl orientation on copper nanoparti- 3 140931 | 113.238 | 121.584  91.805 73.785 79.096

cle, as we did with the silver nanoparticle, that is small changes

. . . 4 | 25417 19.727 | 21.434 | 18.038 14.321 15.440
in TPA. However, there is a large change for the cyano orienta-

tion, where we observe an increase in TPA on the order of 103 5 10.546 = 8.668 9.408 7.985 7.075 7.473

for the fifth excitation when moving towards the nanoparticle.

In general, the TPA values for the copper nanoparticle are larger ~ Orientation: Phenyl

than those for the silver nanoparticle. Linear Circular
Table 13: The two-photon cross-section, in a.u., of DHA with sil- Ex.no 2.60A = 3.60A | 4.60A  2.60A 3.60A 4.60 A
ver nanoparticle for all the orientations and molecule-nanoparticle 1 6.942 6.221 5.899 5102 4.344 4.590
distances.
2 64.111 66.008 65.819 44.575 45.713 45.713
Oriented : 7-membered 3 141311 | 112.290 | 120.825 92.753  73.216 78.906
Linear Circular 4 | 19916 @ 18.418 | 18873  14.814  13.619 13.998
1 5.368 5.558 5.596 4.021 4.097 4.097
Orientation: Cyano
2 71.509 68.284 | 69.802 49.506 47.040 48.178
Linear Circular
3 151364 113618 123.671 99392  73.975 80.803 - - - - - -
Ex.no | 2.92A 3.92A 492 A 2.92A 3.92A 492 A
4 25.607 19.916 21.813 18.380 14.529 15.743
1 7.625 6.335 6.013 5.520 4.647 4.401
5 11.646 8.592 9.446 8.555 6.961 7.397
. . 2 107.358 @ 83.459 75.682 73.785 57.662 52.351
Orientation: Phenyl
3 188.730 142.638 | 126.326 | 124.429 93.132 82.321
Linear Circular
- - - - - - 4 | 30349 | 25796 22572 @ 22572 | 18721 16.445
Ex.no | 2.92A 3.92A 492 A 2.92A 3.92A 492 A
5 12.671 9.674 8.839 9.218 7.701 7.227
1 6.923 6.259 5.937 4.932 4.344 4.533
2 66767 66767 @ 67.146 45713 | 46.092 46.282 Orientation: Amino
3 144.535 | 113.618 | 122.533 | 95.029 74.164 80.234 Linear Circular
4 18.399 | 18.285 = 18.437 | 13.884 13.562 13.733 Ex.no 2.60A  3.60A | 460A 2.60A 3.60 A 4.60 A
5 8.630 8.023 8.232 7.018 6.753 6.847 1 37.177 7.341 6.354 23.520 4.647 5.349
Orientation: Cyano 2 135.810 | 63.732 57.662 88.770 44.005 40.022
Linear Circular 3 24.658 | 146.053 187.782 | 35.849 95.598 123.291
Ex.no 327A 427R | 527A | 3.27A 427 A 5.27 A 4 430571 | 23.710 @ 29.211 282.621 17.052 20.675
1 6.620 6.146 5.880 4.514 4.856 4.306 5 17.166 9.332 9.143 14.833 7.682 7.701
2 68.664 71.319 68.284 47.609 49.696 47.230
3 121.584 | 136.000 @ 114.566 @ 79.665 89.718 74.733
4 19.347 19.537 19.158 14.264 14.605 14.112
5 8.536 9.124 8.232 7.018 7.151 6.847
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s-trans-VHF Orientation: Cyano

For the s-trans-VHF molecule, Table 17 contains the results Linear Circular
for TPA in all orientations with the silver nanoparticle and we  Ex.no| 3.27A  427A | 5274 | 3.27A 4.27A 5.27A
observe only small changes for the phenyl orientation when 1| 66008 52351 | 47799  35.660 48.178 38.884
looking at the three dierent distances. For the 7-membered ori-
entation we see both increases and decreases of the TPA when 2 >728 7777 6.127 4.742 6.392 >.064
moving away from the nanoparticle. For the cyano orientation, 3 25.038 | 36.418 | 28.262  37.177 54.248 41.729
we see a Iarge value of the TPA for the fifth excitation which 4 156.675 294.002 189.679 @ 111.341 220.027 136.379
decreases as we move further away from the nanoparticle. The

5 12.727 | 36.418 | 17.792 | 16.142 46.092 21.623

first three excitations do not lead to a large changes for the dif-

ferent distances. The amino orientation has the greatest TPA

. § . . Orientation: Amino
value for the third and fifth excitation at the closest distance

which decreases when increasing the distance to the nanoparti- Linear Circular
cle. For the copper nanoparticle, Table 18, we still see very small  |gx.no  2.92A 3.92A | 4.92A 2924 3.92A 4.92 A
changes for the phenyl orlgnta‘non, but the change is larger 1 62973 | 50265 | 46.661 | 37.746 34.901 16.851
than for the silver nanoparticle. However, for the 7-membered

2 6.316 = 5785  8.156 5.387 4.856 7.246

orientation we see a large TPA for the closest distance for the

fifth excitation, which again decreases when moving away from 3 | 26555  23.900 @ 34.522 | 39.453 35.849 51.024

the nanoparticle. For the cyano orientation we observe a very 4 | 152502 | 151174  80.044 | 110393 | 104.892 78.148

large TPA for the fifth excitation at the closest distance, with the

5 31.676 8.839 | 280.725 22.572 5.766 165.779

TPA being on the order of 10°. This then decreases to the order
of 10? for the furthest distance. The biggest TPA is observed for
the amino orientation where the closest distance for the third,
fourth and fifth excitation, are on the orders of 10°, 10° and 10°,
respectively. They all decrease when increasing the molecule-
nanoparticle distance.

Table 16: The two-photon cross-section, in a.u., of s-cis-VHF
with copper nanoparticle for all the orientations and molecule-
nanoparticle distances.

Orientation: 7-membered

In summary, we observe similar trends as for the one-pho- i cireul
ton section. The cyano and amino orientations are affected the inear ireufar
most for all three molecules, with the amino orientation being  Ex.no 260A | 3.60A | 460A  2.60A | 3604 4.60A
the most affected for the DHA and s-trans-VHF molecules and 1 51972 | 46471 44385 @ 34.711 33.194 38.505
the cyano orientation being the most affected for the s-cis-VHF
: 2 5.482 | 5368 | 4.590 4,552 4.457 3.850

molecule. The s-trans-VHF molecule was, again, aected the
most overall. Overall, the copper nanoparticle has the greatest 3 | 24658 | 23330 | 25.986 @ 36.229 34.332 38.505
infuence compared to the silver nanoparticle. 4 | 146811 136379 169.383 | 103.375 95977  120.256

5 | 11.419 @ 10375 | 17.982 @ 14.662 13.619 19.916

Table 15: The two-photon cross-section, in a.u., of s-cis-VHF
with silver nanoparticle for all the orientations and molecule-

- . Orientation: Phenyl
nanoparticle distances.

Linear Circular

Oriented : 7-membered

Ex.no | 260A 360A | 460A 260A 3.60A 4.60 A

Linear Circular
1 47.040 44,954 43.626 33.573 32.625 35.280

Ex.no  292A | 392A  492A 2924 3.92A 4.92A
2 5.614 5.444 5.899 4.666 4,533 4,913

1 51.972  46.851 @ 44.575 34.901 33.194 38.315

3 22.951 @ 22,192 | 24.848 34.332 33.383 36.418

2 5.652 5.425 6.108 4.666 4.514 4.970
4 139.035 | 132.775 150.605 | 96.736 92.943 103.754

3 24.848  23.141 @ 31.676 36.229 34.142 43.247
5 10.565 | 10.129 = 11.210 14.017 13.448 14.871

4 149.467 | 137.517 182.661 | 105.272 96.736 128.413

5 | 10470 | 10.148 @ 10.356  13.619 13.259 13.771 Orientation: Cyano

Linear Circular

Orientation: Phenyl

Ex.no | 2.92A 3.92A | 492A | 292A 3.92A 4.92A

Linear Circular
. . . . . . 1 112.100 68.284 55.007 78.717 40.591 49.696
Ex.no | 2.92A 3.92A 492 A 2.92A 3.92A 492 A
2 15.326 6.525 7.948 11.476 5.311 6.373
1 45.523 44.005 43.057 33.004 32.245 34.332
3 68.664 29.211 38.694 82.321 41.729 52.731
2 5.539 5.406 5.785 4.628 4.514 4.837

4 1198.770 | 188.161 | 280.725 997.710  134.293 204.853
3 22.572  22.003 @ 24.469 33.763 33.004 35.470

5 12215.315  15.402 | 28.641 | 8478.642 @ 18.797 32.245

4 137.517 | 132.206 @ 146.053 | 95.219 92.184 100.150

5 10.186 9.863 10.755 13.410 13.069 13.998
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Orientation: Amino

Table 18: The two-photon cross-section, in a.u., of s-trans-VHF

Linear Circular with copper nanoparticle for all the orientations and molecule-
Ex.no 260A 3.60A 4.60A 260A  3.60A 4.60 A nanoparticle distances.
1 80.044 62973 | 52731 | 54.817 46.851 39.453 Orientation: 7-membered
2 9.674 | 7.454 | 6.373 5.235 6.070 5.292 Linear Circular
3 139.793 | 32.814 | 26.934 185316 48558 40.591 Ex.no 2.60A @ 3.60A | 460A @ 260A 3.60 A 4.60 A
4 | 30349 | 252.273 185.696 44.575 = 172.987 | 128.033 1 41.54 33573 | 29.969 | 29.211 23.710 21.244
5 | 428674 67.336 13.012 212.440 | 39.264 17.185 2 | 17.375 | 20.675 | 22.003 @ 12.576 14.757 15.705

3 56.714 41.16 36.039 65.819 49.696 44.385

Table 17: The two-photon cross-section, in a.u., of s-trans-VHF 4 158.002  133.724 | 122.343 @ 231.408 @ 197.266 180.005
with silver nanoparticle for all the orientations and molecule-
nanoparticle distances.

5 512.133 | 199.163 @ 123.86 @ 404.016 175.074 116.083

Oriented : 7-membered Orientation: Pheny!
Linear Circular Linear Circular
Ex.no  292A | 3.92A | 492A  292A 3.92A 492 A Ex.no 2.60A  3.60A  4.60A 2.60A 3.60 A 4.60 A
1 40.212 33.194 29.780 28.072 23.330 21.054 1 34.522 30.918 28.641 24.658 22.003 20.485
2 17.754 21.244 22.382 12.803 15.136 15.971 2 23.33 23.52 23.52 16.749 16.787 16.787
3 50.455 39.643 35.849 60.128 48.178 44.005 3 37.746 35.28 33.763 47.989 44,195 42.109
4 143.587 | 127.654 | 119.687 | 210.543 187.213 175.643 4 153.64 | 131.068 | 120.825 @ 227.615 193.472 178.488
5 165.210 | 123.291 | 100.530 | 154.399 114.376 95.788 5 153.071 | 121.394 | 99.392 148.708 116.842 97.305

Orientation: Phenyl Orientation: Cyano

Linear Circular Linear Circular

Exno 292A 392A 492A 292A  392A | 4924 Beno 292A | 392A  492A  292A | 392A | 492A
1 28262 | 27.24 26555 20106  19.347 | 18.854 1 53.480 39074  33.194 36608 23520 27503
2 25417 24279 23900 18266  17.469 | 17.185 2 | 12898 | 21054 | 1874 | 8877 | 15008 | 13.296
334142 32814 32245 42298 40591 | 39.833 3 | 53300 35849  39.833  64.680 = 45144 | 50.644
4 139604 124429 117.411 202956 182281  172.228 4 | 302532 | 12993 | 153.071 | 493465 | 193472 | 229.511
5 | 70561 75872 | 75.872 80234 | 80424 | 78717 5 | 1.954x10° 227.615 734.057 1.305x105 188.730 & 542.481

Orientation: Cyano

. . Orientation: Amino
Linear Circular

Ex.no 327A 427A 527A 327A  427A 527 A Linear Circular

1 41.540 33383 | 29.780 28.641 23.520 21.054 Ex.no| 2.80A 3.60 A 4.60A 2.80A 3.60A 4.60 A

2 15.326 19537  21.434 10.698 13.847 15.326 1 515.926 = 60.508 45,144 | 311.073 41.729 31.487
3 33.763 31.866 @ 31.676 44.954 41.160 40.212 2 39.074 13.562 16.749 25417 9.465 11817
3 1.083x10° 64.491 44,195 | 7.170x10°  78.717 56.145

4 195.369 | 136.379 | 122.533  282.621 204.853 182.471

6 6
5 1354.307 | 220.027  132.016 1014.782 | 193.472 121.963 4 |4.382¢10°) 358.493 | 177.539 | 2.921x10°| 485.578 265.55

5 1.201x10° | 5.596x10* 1369.48' | 8.004x10® 3.756x10* 984.433

Orientation: Amino

Linear Circular 10 S
. —_— d:z.szAA
— d=3.92
Ex.no | 292A 3.92A  4.92FA 2924 3.92A 4.92A — d=492A
1 51.213 | 34.142 | 31.866  23.141 23.900 22.572 ,-_—0'8
|
2 23.900 | 22.572 | 21.813  18.001 16.218 15.573 g 06
3 286.415 41350 @ 36.039 @ 265.550 | 49.506 44.764 \n
4 66.388 | 149.657 | 129.551 | 69.043 | 218.131 189.679 =,04
~
5 | 176.591 65.629 | 125.947 | 254.170 | 63.163 112.669 w 0.2
0.0
200 250 300 350 400 450 500 550 600

Wavelength / [nm]

Figure 3: The simulated UV-Vis spectrum for the 7-membered
orientation of DHA on the silver nanoparticle.
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Figure 4: The simulated UV-Vis spectrum for the 7-membered
orientation of DHA on the copper nanoparticle
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Figure 5: The simulated UV-Vis spectrum for the phenyl orien-
tation of DHA on the silver nanoparticle.
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Figure 6: The simulated UV-Vis spectrum for the phenyl
orientation of DHA on the copper nanoparticle.
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Figure 7: The simulated UV-Vis spectrum for the cyano orienta-

tion of DHA on the silver nanoparticle
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Figure 8: The simulated UV-Vis spectrum for the cyano orienta-
tion of DHA on the copper nanoparticle.
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Figure 9: The simulated UV-Vis spectrum for the amino
orientation of DHA on the silver nanoparticle.
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Figure 10: The simulated UV-Vis spectrum for the amino orien-
tation DHA on the copper nanoparticle.
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Figure 11: The simulated UV-Vis spectrum for the 7-membered
orientation of s-cis-VHF on the silver nanoparticle.
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Figure 12: The simulated UV-Vis spectrum for the 7-membered
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orientation of s-cis-VHF on the copper nanoparticle.
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Figure 13: The simulated UV-Vis spectrum for the phenyl
orientation of s-cis-VHF on the silver nanoparticle.
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Figure 14: The simulated UV-Vis spectrum for the phenyl
orientation of s-cis-VHF on the copper nanoparticle.
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Figure 15: The simulated UV-Vis spectrum for the cyano
orientation of s-cis-VHF on the silver nanoparticle.
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Figure 16: The simulated UV-Vis spectrum for the cyano
orientation of s-cis-VHF on the copper nanoparticle.
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Figure 17: The simulated UV-Vis spectrum for the amino
orientation of s-cis-VHF on the silver nanoparticle.
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Figure 18: The simulated UV-Vis spectrum for the amino
orientation of s-cis-VHF on the copper nanoparticle.
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Figure 19: The simulated UV-Vis spectrum for the 7-membered
orientation of s-trans-VHF on the silver nanoparticle.
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Figure 20: The simulated UV-Vis spectrum for the 7-membered

orientation of s-trans-VHF on the copper nanoparticle.
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Figure 21: The simulated UV-Vis spectrum for the phenyl
orientation of s-trans-VHF on the silver nanoparticle.
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Figure 22: The simulated UV-Vis spectrum for the phenyl
orientation of s-trans-VHF on the copper nanoparticle.
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Figure 23: The simulated UV-Vis spectrum for the cyano
orientation of s-trans-VHF on the silver nanoparticle.

— d=295A
1.0 — d=395A
— d=495A
=038
|
IS
Q0.6
i
=04
~
w
0.2
0.0
200 300 400 500 600 700

Wavelength / [nm]

Figure 24: The simulated UV-Vis spectrum for the cyano
orientation of s-trans-VHF on the copper nanoparticle.
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Figure 25: The simulated UV-Vis spectrum for the amino
orientation of s-trans-VHF on the silver nanoparticle.
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Figure 26: The simulated UV-Vis spectrum of the amino
orientation of s-trans-VHF on the copper nanoparticle.

Conclusions

We have found that the inclusion of a nanoparticle to the
DHA/VHF system has an impact on the molecular properties,
in this case, the optical properties. It was found in general, that
the copper nanoparticle has a greater impact on the optical
properties as compared to the silver nanoparticle. However,
both the silver and the copper nanoparticle have a larger effect
when comparing with the gold nanoparticle from our previous
work [35].

It is clear that the molecular choice, relative orientation,
and molecule-nanoparticle distance all have a large impact on
the effect from the nanoparticle. In particular it was found that
when the two non-polar groups are facing the nanoparticle, the
7-membered and phenyl orientation, the nanoparticles have a
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smaller effect on the one- and two photon absorptions. Further-
more, we observe the largest effects when the two polar groups
are facing towards the nanoparticle, the cyano and amino ori-
entation. The two polar orientations seem quite similar, with
the amino orientation being influenced the most for the DHA
and s-trans-VHF molecules, while the cyano orientation was
influenced the most for the s-cis-VHF molecule. For the non-
polar groups it was found that the 7-membered orientation has
a slightly greater impact on the effect of the nanoparticle than
the phenyl orientation. The different effects of the nanoparticle
on the non-polar and polar groups facing towards the nanopar-
ticle could be explained by the different dipoles of the groups.
It could also be due to different overall molecular dipole orien-
tation with respect to the nanoparticle, causing larger dipole
interactions.

The nanoparticle has the greatest effect on the optical prop-
erties when the molecule- nanoparticle distance is small, which
is what we expected. In general, we saw an increase in both UV-
Vis absorption and two-photon cross-section when the distance
was decreased. There were, however, some exceptions, where
we observed a decrease in absorption in one region of the UV-
Vis spectrum and an increase in another. In general we also saw
a redshift when decreasing the molecule-nanoparticle distance,
which was usually accompanied with an increase in absorption
as well. We also observed cases where we have a redshift but
no real increase in absorption and cases where we have no red-
shift but an increase in absorption.

It was also found that in general the s-trans-VHF molecule
was the most affected by both nanoparticles and the DHA mol-
ecule was the least affected. This could also be due to a differ-
ence in dipole between the molecules.

Previous work has shown that polarizabilities and hyperpo-
larizabilities of the DHA/VHF system are also affected by the
interactions with silver and copper nanoparticles [52]. It was
shown that the linear and nonlinear polarizabilities depend
strongly on the orientation of the physisorbed molecules and
the distance between the molecule and the nanoparticle. The
molecular properties increased significantly when the mole-
cules have the polar groups pointing towards the nanoparticle
and this can clearly be explained by considering the results in
this manuscript. We observe that the excitation energies are
decreased when the physisorbed molecules have the polar
groups pointing towards the nanoparticles and the linear and
nonlinear polarizabilities are proportional to the inverse of the
excitation energies. We also observed that the linear and non-
linear polarizabilities are larger for the two conformations of
VHF compared to DHA and again this observation is based on
the much smaller excitation energies for the two VHF conform-
ers. The effects of the copper nanoparticle on the molecular lin-
ear and nonlinear polarizabilities for the physisorbed molecules
are for all orientations and distances larger than the effects due
to the silver nanoparticle. Again this change is related to how
the first excitation energies are changing as the physisorbed
molecules interact with the nanoparticle and the excitation
energies are lower when the three molecules interact with the
copper nanoparticle.

These results are interesting and show that it might be pos-
sible to use nanoparticles to tune this system to obtain the de-
sired optical properties for different application, such as solar
cells and hopefully other molecular properties as well.

In the future, the description of the nanoparticles could, in

particular, be improved. The nanoparticles are currently very
small and as previously mentioned, the optical properties of
the nanoparticle are also not currently included, excluding both
plasmonic effects and absorption of the nanoparticle, which
could have an effect on the results. The nanoparticle might
absorb much of the light or different amounts depending on
the molecule physisorbed onto it as well. In addition, only one
molecule close to a nanoparticle is probably not an accurate de-
scription, so adding more molecules or a solvent might change
the results as well.
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