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Italy
eINFN, Sezione di Genova, Via Dodecaneso 3
fOPTMATLAB, Dipartimento di Fisica, Uni

Genova, 16146, Italy
gDipartimento di Chimica, Materiali e Ing

Piazza Leonardo da Vinci 32, 20133, Milan
hCenter for Nano Science and Technology, Is

10, 20133, Milano, Italy

† Electronic supplementary information
derivatives, trend of complex refractive
10.1039/d0ra05535b

Cite this: RSC Adv., 2020, 10, 26177

Received 24th June 2020
Accepted 2nd July 2020

DOI: 10.1039/d0ra05535b

rsc.li/rsc-advances

This journal is © The Royal Society o
otochromic films based on D–A
diarylethenes and their application in holography†
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A set of photochromic dithienylethenes bearing amino and nitro groups are synthesised and embedded at

high concentrations in a polymer matrix (Cellulose Acetate Butyrate, CAB) to produce films showing a large

reversible modulation of the complex refractive index in the Vis-NIR spectral range, thanks to an interesting

combination of remarkable response at the molecular level and very high load capability in the chosen

matrix. The photochromic derivatives are characterized in solution and in CAB films by means of

electronic and vibrational spectroscopy, complemented by DFT calculations. Both the real and imaginary

part of the refractive index are determined by spectroscopic ellipsometry. The modulation of the

refractive index in the near infrared is in the range 0.02–0.04. These are very large values for such kinds

of systems and they are due to a favourable combination of very large solubility of the derivatives in CAB

and a high polarisability change. As for the change in transparency in the visible, contrast values larger

than 103 are easily achieved. Based on such films, holograms are written and reconstructed with a very

high fidelity and efficiency.
Introduction

Nowadays, photochromic materials are considered in a broad
perspective as light switches of microscopic and macroscopic
properties. The modulation and control of uorescence are
widely studied1–4 for their potential use in high-resolution
microscopy;5,6 the mechanical effect has also been high-
lighted7–9 and other examples include the use of photochromic
molecules in photopharmacology and to trigger specic func-
tions in biological systems.10,11
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ologie, Università Degli Studi di Perugia,

, Sezione di Perugia, Via Pascoli, Perugia,

va, Via Dodecaneso 33, Genova, 16146,

3, Genova, 16146, Italy
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In spite of such broader application spectrum, the optical
eld remains a key one where photochromic systems are valu-
able. In particular, this is the case of holography and holo-
graphic optical elements (HOEs).12–14

An HOE is a diffractive element that is produced by means of
holography15 and that allows the production of very different
optical functions, such as light focusing, light diffusing and 3D
imaging, paving the way to new conceptual optical designs that
are thin, light and efficient. Their principle of work is the
diffraction by a periodic modulation of transparency and/or the
refractive index impressed in the photosensitive material.
Moreover, their diffraction efficiency is directly related to the
modulation of transparency and refractive index.16,17

It is apparent how photochromic materials are good candi-
dates for such application thanks to their reversible modulation
of both transparency and refractive index.18 In particular, dia-
rylethenes have a prominent role. Since the discovery of their
photochromic properties by Irie,19,20 they have become the
reference P-type photochromic materials with high fatigue
resistance, high quantum yields and remarkable photochromic
properties in solid phase (crystal and amorphous).21 Indeed,
diarylethenes have been used in high response polymeric
lms.22–25 In these systems, it was demonstrated that changes in
transparency and refractive index were remarkable18 if back-
bone photochromic polymers were used.26 Thanks to that,
diarylethene-based HOEs have already been reported in the
literature.27,28
RSC Adv., 2020, 10, 26177–26187 | 26177
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To foster the application of photochromic molecules in
holography, it would be highly desirable to nd a good combi-
nation of diarylethene derivatives with peculiar structure and
polymer matrix showing a very large solubility and modulation
of optical properties.

Here we report about three dithienylethene derivatives that
are very soluble in the CAB matrix and that are functionalised
with donor and/or acceptor functional groups. Such molecules
are designed to enhance the absorption properties and the
refractive indexmodulation, thus improving the performance of
the holograms. The study of the photochromic and spectro-
scopic performances is carried out in solution and then in the
CAB matrix. We show the potential application of such systems
in real devices by producing reliable phase and amplitude
computer-generated holograms with performance comparable
or better than that of backbone photochromic polymers.
Materials and methods

The three molecules considered feature the same basic struc-
ture, namely the 1,2 dithienylperuorocyclopentene, function-
alized with different side groups (R1 and R2) in the para position
of the phenyl ring: two electron donor groups (dimethylaniline,
diphenylaniline) and one electron acceptor group (nitrophenyl).
Fig. 1 reports the chemical structure of the three derivatives in
their open form, which is uncoloured, and the corresponding
names used throughout the paper.

Notably, the two symmetric molecules, have been already
reported in the literature for improving the cycloreversion by
means of a complexation (AmAm)29 and for the development of
anti-counterfeiting inks (TrfAm),30 showing the effect on the
switching properties. The asymmetric derivative (NtAm) was
study from a theoretical point of view to evaluate the nonlinear
optical properties.31
Chemical synthesis and lm preparation

The synthesis of the molecules followed a Suzuki cross-coupling
between 1,2-bis-(5-chloro-2-methyl-3-thienyl)hexauorocyclo-
Fig. 1 Molecular structure of the studied molecules: AmAm:
symmetric with amino groups, NtAm: asymmetric with nitro and
amino groups, TrfAm: symmetric with diphenylamine groups. The
bond length Ri and the dihedral angle q are also reported.

26178 | RSC Adv., 2020, 10, 26177–26187
pentene and commercial available boronic acids or pinacol
esters,32 by catalysis with Pd(PPh3)4 or X-Phos and Pd(OAc)2.33

Unless otherwise specied, all reagents, catalysts, solvents
were commercial (Sigma-Aldrich, Alfa Aesar, Frontier Scien-
tic). All reactions of air–water-sensitive reagents and interme-
diates were carried out in dried glassware and argon
atmosphere. Solvents were previously dried by means of
conventional methods and stored under argon. NMR spectra
were recorded on a Bruker AXR 400 spectrometer at 400 MHz.
Mass spectra were recorded on a Bruker Esquire 3000 plus.

AmAm. 1,2-Bis-(5-chloro-2-methyl-3-thienyl)hexauorocyclo-
pentene (0.250 g, 0.57 mmol), 4-(N,N-dimethylamino)phenyl-
boronic acid (0.226 g, 1.37 mmol), Pd(OAc)2 (0.005 g, 0.022
mmol), X-Phos (0.013 mg, 0.027 mmol), nBuOH (3 mL,
degassed), and a solution of NaOH (0.075 mg, 1.86 mmol) in
water (0.8 mL, degassed) were subsequently added to a reaction
ask under inert atmosphere. The reaction was stirred for 1
hour at ambient temperature, and for a further hour at 40 �C to
favour the dissolution of 1,2-bis-(5-chloro-2-methyl-3-thienyl)
hexauorocyclopentene. The mixture was poured into water,
and extracted with ethyl acetate. The combined organic layers
were dried over Na2SO4, and, aer solvent removal, the raw
product was puried by ash chromatography on alumina
(petroleum ether : ethyl acetate, 1 : 0 to 19 : 1 v/v). Powder of the
desired compound (0.125 g, 0.21 mmol) was obtained in 36%
yield.

1H-NMR (CDCl3) d ppm: 7.43 (4H, Ph-H, d, J ¼ 8.8 Hz), 7.12
(2H, Th-H, s), 6.74 (4H, Ph-H, br d, J ¼ 7.8 Hz), 3.00 (6H,
–N(CH3)2, s), 1.94 (6H, –CH3, s).

13C-NMR (101 MHz, CDCl3) d ppm: 150.19, 142.88, 139.22,
126.58, 125.73, 121.89, 120.05, 112.55, 40.46, 14.44.

ESI-MS: m/z 607.2 [M + H+].
NtAm. 1,2-Bis-(5-chloro-2-methyl-3-thienyl)hexauorocyclo-

pentene (0.500 g, 1.14 mmol), 4-(N,N-dimethylamino)phenyl-
boronic acid (0.265 g, 1.60 mmol), 4-nitrophenylboronic acid
pinacol ester (0.455 g, 1.83 mmol), Na2CO3$10H2O (0.725 g, 6.84
mmol), Pd(PPh3)4 (0.139 g, 0.12 mmol), dimethoxyethane
(DME, 16 mL, degassed), and water (8 mL, degassed) were
subsequently added to a reaction ask, and processed by
microwave at 140 �C for 1 hour. Aer cooling to room temper-
ature, the mixture was poured into water, and extracted with
diethyl ether. The combined organic layers were dried over
Na2SO4, and, aer solvent removal, the raw product was puri-
ed by ash chromatography on alumina (petroleum ether-
: dicloro methane, 1 : 0 to 1 : 2 v/v). Powder of the desired
compound (0.06 g, 0.10 mmol) was obtained in 9% yield.

The NMR and mass spectra are reported in the ESI (Fig. S1,
S2 and S3†).

1H-NMR (CDCl3) d ppm: 8.24 (2H, Ph-H, d, J ¼ 8.8 Hz), 7.66
(2H, Ph-H, d, J¼ 9.2 Hz), 7.42 (2H, Ph-H, d, J¼ 8.8 Hz), 7.41 (1H,
Th-H, s), 7.08 (1H, Th-H, s), 6.80 (2H, Ph-H, br d, J ¼ 7.8 Hz),
3.00 (6H, –N(CH3)2, s), 2.05 (3H, Th-CH3, s), 1.98 (3H, Th-CH3,
s).

13C-NMR (101 MHz, CDCl3) d ppm: 146.90, 144.18, 143.19,
139.44, 139.26, 126.79, 126.65, 125.82, 125.43, 125.29, 124.50,
120.04, 112.96, 14.73, 14.48.

ESI-MS: m/z 609.1 [M + H+].
This journal is © The Royal Society of Chemistry 2020
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Table 1 Dihedral angle q between the thienyl ring and the phenyl ring
of the three diarylethenes. In the case of NtAm, the contributions of
the substitute nitro and amino are reported separately

Dihedral angles q (deg)

q open q close Dq

AmAm 25.1� 9.5� 15.3�

TrfAm 24.7� 12.3� 12.4�

NtAm Am Nt Am Nt Am Nt
25.2� 20.8� 5.0� 15.2� 20.2� 5.6�
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TrfAm. 1,2-Bis-(5-chloro-2-methyl-3-thienyl)hexauorocyclo-
pentene (0.600 g, 1.37 mmol), 4-(diphenylamino)phenyl-
boronic acid (1.07 g, 3.70 mmol), Pd(PPh3)4 (0.210 g, 0.182
mmol) in 9 mL of degassed toluene, and 6 mL of a degassed 2 M
aqueous Na2CO3 solution were reuxed under argon for 40
hours. Themixture was extracted with dichloromethane : water.
The combined organic layer was dried over Na2SO4, ltered and,
aer solvent removal, the raw product was puried by ash
chromatography on silica gel (hexane : dichloromethane, 8 : 2
v/v) to give 550 mg of the desired product in 47% yield.

1H-NMR (CDCl3) d ppm: 7.39 (4H, Ph-H, d, J ¼ 8.6 Hz), 7.27
(8H, Ph-H, dd, J ¼ 7.3 Hz, J ¼ 8.4 Hz) 7.17 (2H, Th-H, s), 7.11
(8H, Ph-H, d, J ¼ 7.6 Hz), 7.05 (two signals overlapping, 8H, Ph-
H, d, J ¼ 8.4 Hz), 1.96 (6H, –CH3, s).

13C-NMR (101 MHz, CDCl3) d ppm: 147.68, 147.39, 142.11,
140.41, 129.36, 127.27, 126.43, 125.87, 124.61, 123.53, 123.28,
121.44, 14.55.

ESI-MS: m/z 854.2 [M+].
The molecules were converted to the closed form by means

of UV illumination at 311 nm (Philips PL-S 9W/01). The back
conversion was obtained using a halogen lamp ltered with
a Schott OF570 longpass lter.

The three molecules have been chosen to produce thin lms
in cellulose acetate butyrate, CAB matrix (Eastman CAB-531-1)
on silicon substrates for the study of the complex refraction
index and on BK7 glass substrates to analyse the transparency
modulation. The lms have been obtained starting from
a solution of butyl acetate (80% v/v) and chloroform (20% v/v)
containing a concentration of CAB (3% wt/v for the modula-
tion of refractive index and 9% for the modulation of trans-
parency) and different concentrations of photochromic
molecules. The lms were obtained by spin coating (POLOS
200), using different revolution speed for the two substrates:
300–500 rpm in the case of silicon, obtaining thicknesses of
300/500 nm; 600–700 rpm in the case of BK7 obtaining a thick-
ness of approximately 3 mm.

Quantum chemical calculations

Density functional theory (DFT) calculations were carried out on
both open and closed forms for the evaluation of the equilib-
rium geometry, the normal modes of vibration, the IR spectrum
and the electronic molecular polarisability at static electric
eld. We employed the B3LYP/6-31G(d,p) method and the
quantum chemistry code Gaussian.34

Spectroscopic and ellipsometry characterisation

The measurements of the light absorption properties of the
photochromic solutions and lms were performed with a Jasco
V570 UV-Vis-NIR spectrometer. The absorption spectra are re-
ported here as molar extinction coefficient 3 (M�1 cm�1). The IR
absorption spectra were collected with a Nicolet FT-IR spectro-
photometer Magna IR 560 (64 scan, 2 cm�1 resolution), drop
casting the molecules from solution on a ZnSe substrate. The
spectra were then analysed with Omnic 7.1 soware.

Spectroscopic ellipsometry measurements were performed
with a rotating compensator instrument (M2000, J.A. Wollam
This journal is © The Royal Society of Chemistry 2020
Co., Inc) and analysed using the VASE soware. The measure-
ments were carried out at incident angles of 60�, 65� and 70�.

The well-known, simple Cauchy model was found to t data
in the transparent region (null extinction), 1000–1700 nm. The
real part of the refraction index and the extinction coefficient
have been obtained by applying a multi-oscillator model to data
in the 500–1700 nm range.26
Design and writing of computer generated holograms (CGH)

The CGHs adopted in this paper are Fresnel holograms calculated
starting from black and white images as reported in the literature.35

The calculated binary pattern was then transferred by means
of a direct-laser writing machine36 equipped with visible lasers.
The photochromic lm is rst completely converted to the
coloured form by means of UV illumination, then the visible
laser (638 nm, nominal power of 15 mW) is focused onto the
lm to convert it locally to the transparent form.

For the hologram reconstruction, a He–Ne laser (633 nm)
was employed in case of amplitude reconstruction. The images
were collected by a CCD camera (Thorlabs DCC1545M).

For the measurement of the diffraction efficiency of gratings,
we used a tuneable Xenon light source (Newport TLS130B-
300X). The wavelength was scanned from 500 to 1000 nm and
sent through the grating at normal incidence. The diffracted
light was measured by a silicon photodiode (Thorlabs S130VC)
at the corresponding diffraction angle. The same measurement
was performed without the grating to have the total intensity.
The ratio of the two measurements was the efficiency.

Interferometry has been applied to measure the pattern
distortion of the grating by means of a Zygo GPI interferometer.
Results and discussion

In this section, we report the results of our investigation. We
start from the outcomes of the DFT calculations; then, we show
the spectroscopic (UV-Vis/IR) characterisation of the solutions
and lms, and nally we report and discuss the results of the
holographic writing.
Molecular structure

Table 1 reports the dihedral angle q between the thiophene ring
and the phenyl ring (see Fig. 1 for the denition).
RSC Adv., 2020, 10, 26177–26187 | 26179
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Table 2 Bond length Ri between the two aromatic rings of the three
diarylethenes investigated in this work. For the NtAm molecule the
lengths of the Ri bonds located on the nitro and amino sides are re-
ported individually

Bond length Ri (�A)

Ri open Ri close DRi

AmAm 1.465 1.455 0.010
TrfAm 1.465 1.457 0.008
NtAm Am Nt Am Nt Am Nt

1.464 1.464 1.452 1.462 0.012 0.002
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q is larger in the open form than in the closed form, in
agreement with previous works.37 Such increase of the planarity
of the molecule in the closed form leads to more effective p

conjugation that competes with the steric hindrance of the
facing hydrogen atoms of phenyl and thienyl rings.37 A further
analysis reveals that the q angle is larger in the open form when
a donor group (Am) is present instead of an acceptor group (Nt).
This is consistent with the increase of electron density on the
phenyl ring caused by the donor, which increases the steric
hindrance. Remarkably, switching to the closed form, the
decrease of the q angle (i.e., the planarisation of the molecule) is
more pronounced in the molecules with donor groups. Inter-
estingly, the largest change occurs in the asymmetric molecule
(NtAm) on the amino side (Am) – see Table 1. This is not
surprising since, in the closed form, the presence of the push–
pull structure enhances charge transfer and p-delocalization
through the whole molecule. Therefore, in this peculiar case
(NtAm), a reduction of 20� in the q angle occurs, with a nal
value of about 5�, which corresponds to an almost planar
structure.

The inter-ring bond length Ri (Table 2) follows a trend
consistent with that of the angle q: Ri shortens on passing from
the open to the closed form. This means that the single bond
partially acquires a double bond character in the closed form, in
relation with the increased effectiveness of p-delocalization.

We are interested in the evaluation of the refractive index;
therefore, we calculated the molecular polarisability tensor (a)
since themacroscopic refractive index depends on it.38 From the
DFT calculations of a we obtained the average molecular
polarisability, P ¼ (axx + ayy + azz)/3, and the average polar-
isability contribution per electron, PPE ¼ P/Z (where Z is the
Table 3 Molecular polarizabilities (P ¼ 1/3Tra) and the corresponding
single electron contribution (PPE ¼ P/Z) from DFT calculation for the
three diarylethenes under study, in open and closed form

Polarizability P (bohr3) PPE (bohr3)

PO PC DP PPEO PPEC DPPE

AmAm 446 579 133 1.42 1.84 0.42
NtAm 429 569 140 1.37 1.82 0.45
TrfAm 694 876 182 1.57 1.98 0.41

26180 | RSC Adv., 2020, 10, 26177–26187
sum of the atomic numbers of the molecule). The values of P
and PPE are reported in Table 3. In the closed form, polar-
isabilities are always larger than in the open form. As already
pointed out, upon photoisomerisation, the delocalization path
of p electrons increases. This leads to the increase of polar-
isability, in agreement with literature.37,39 Accordingly, as shown
in Table 3, we observe polarisability increments in the range 20–
30%. The largest polarisability change occurs in TrfAm, thanks
to the presence of the three phenyl rings on each side. TheDPPE
is even more intersting: this quantity reects the specic
increase of the electronic p-delocalization. We notice that the
largest DPPE occurs in the push–pull structure (0.45 bohr3),
Fig. 2 Wavelength dependence of themolar extinction coefficients (3)
of the three molecules in their open (uncoloured, O) and closed
(coloured, C) forms. We report data for solutions in acetonitrile
(continuous lines) and hexane (dotted lines) calculated from �10�5 M
solutions.

This journal is © The Royal Society of Chemistry 2020
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whereas the two symmetric amine-based molecules show
a smaller value (�0.4 bohr3).
Fig. 3 Molar extinction coefficients, 3, for the three films in open,
uncoloured, and closed, coloured, forms, containing CAB and mole-
cules under study (from left to right: AmAm 1710�4 mol cm�3, NtAm
1610�4 mol cm�3 and TrfAm 1210�4 mol cm�3).
Characterisation in solution and thin lm

We show in Fig. 2 the UV/Vis absorption of the open and closed
forms of the three diarylethenes in solution state (acetonitrile
and hexane solvents). Table 4 reports the wavelength position of
the absorption peaks with the corresponding molar extinction
coefficients.

Considering the spectra of the open forms, we do not iden-
tify large differences between hexane and acetonitrile. We
observe a small bathochromic effect increasing the polarity of
the solvent,40,41 with NtAm showing a more pronounced effect.

The situation dramatically changes in the coloured form, the
bathochromic effect is large, especially for AmAm and NtAm. As
for the molar extinction coefficient 3, the three derivatives show
values of the order of 30 000 M�1 cm�1. They are very large if
compared with those of systems based on the same phenyl-
thienyl peruorocyclopentene structure, that are in the 10 000–
20 000 M�1 cm�1 range, depending on the enhancement of the
p extension.35,42 We also notice the large intensity of the
secondary peak in the region 400–450 nm for the coloured form
of AmAm and TrfAm and its shape is different in the two
solvents. Such large values will turn into high contrast values in
transparency for polymeric lms doped with such molecules.

The three derivatives were added to the CAB for the
production of thin lms on silicon and quartz substrates. In
Fig. 3, we report the wavelength dependence of the extinction
coefficients of such lms cast on quartz substrates.

The peak position (lo) and the corresponding molar extinc-
tion (3o) of the CAB lms doped with the three diarylethene
derivatives are reported in Table 5.

It is worth noting that the molar extinction coefficients are
very similar in acetonitrile and in CAB lms (see Tables 4 and 5
for comparison).
Infrared spectra

Infrared spectroscopy has been used in the past to study the
chemical structure of diarylethenes and the effect of the
substituents.37,43 For this purpose, the IR spectra of the three
diarylethenes in open and closed form were recorded and
compared to the spectra simulated from DFT calculations. We
focused on the 1700–700 cm�1 spectral range, where we observe
the largest differences between the open and closed form. We
Table 4 Absorption maxima (nm), molar extinction coefficients
(104 M�1 cm�1) and quantum yield for investigated diarylethenes in
acetonitrile and hexane solution

Acetonitrile

FO/C

Hexane

FO/Clo 3o lc 3c lo 3o lc 3c

AmAm 330 4.94 635 2.94 0.02 324 4.58 607 2.22 0.79
NtAm 336 4.30 663 2.93 0.09 330 4.42 640 2.58 0.57
TrfAm 351 4.40 630 2.78 0.37 353 5.10 613 2.81 0.62

This journal is © The Royal Society of Chemistry 2020
report in Fig. 4 the simulated and experimental IR spectra of
AmAm (the spectra of the other two derivatives are in the ESI,
Fig. S4†). We notice the good agreement of the theoretical
spectra with their experimental counterparts.

While going from the open to the closed form we observe
a redshi of the collective CC stretching mode of the backbone,
which is assigned to the intense band at �1600 cm�1. Another
band with similar behaviour is observed at about 1500 cm�1,
which is consistent with the results reported in the literature for
analogous systems.44,45
Table 5 Absorption maxima (nm) and molar extinction coefficients
(104 M�1 cm�1) for film with CAB and the different diarylethenes

Film CAB + molecule

lo 3o lc 3c

AmAm 330 4.35 627 2.46
NtAm 339 3.83 660 2.01
TrfAm 353 4.08 629 2.24
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Fig. 4 IR spectra for AmAm in the range 1700 to 700 cm�1: from top
to bottom, calculated closed form, experimental closed form, exper-
imental open form and calculated open form. To ease the comparison
of the simulated spectra with their experimental counterparts we
adopted an empirical scale factor of 0.97.

Fig. 5 IR spectra for AmAm in between 940 to 860 cm�1: from top to
bottom, calculated closed form, experimental closed form, experi-
mental open form and calculated open form. To ease the comparison
of the simulated spectra with their experimental counterparts we
adopted an empirical scale factor of 0.98.
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The inspection of the total IR intensities computed by DFT
for the three derivatives in the two forms reveals an interesting
effect (Table 6). A strong increase in the IR intensity occurs from
the open to the closed form. The effect is remarkable for the
NtAm derivative that has a strong push–pull character in the
closed form, which drives a large increase of the IR intensity of
the normal modes involving the CC stretching of the molecular
backbone. Indeed, such modes are coupled with sizeable p

electron density variations.
Another important information that can be achieved from

the IR spectra is the degree of conversion of the diarylethenes
from the uncoloured to the coloured forms. We identied
a band around 910 cm�1, which is assigned by DFT to the
bending of the two –CH3 groups linked to the thiophene rings.
The inspection of this band allows monitoring the photo-
chromic conversion because this band shis to higher
Table 6 Determination of the conversion degree from open to closed
form from the experimental IR spectra of the three investigated dia-
rylethenes (Fig. 4 and S1). The IR intensity ratio (IC/IO) and the IR
intensity difference (DI ¼ IC � IO) between the closed and open forms
of the three diarylethenes are taken from DFT calculations as the sum
of the intensities of all the normal modes. The conversion degree has
been calculated as the ratio of the area of the band at 910 cm�1 in the
close and open form: AC/AO

Conversion degree and intensity IR, I [km mol�1]

Conversion
degree Itot open Itot closed Ic/Io DI

AmAm 98.7% 5652.8 10 660.5 1.88 5007.6
NtAm 98.8% 5457.1 11 386.4 2.09 5929.3
TrfAm 87.7% 6407.3 11 863.8 1.85 5456.4

26182 | RSC Adv., 2020, 10, 26177–26187
wavenumbers when going from the open to the closed form –

see for instance the spectra of AmAm shown in Fig. 5.
When there is a complete conversion of the photochromic

system the doublet of the open form disappears. This behaviour is
common to all themolecules. The degree of conversion determined
by IR spectroscopy of the 910 cm�1 band is reported in Table 6 with
its denition. Such values are consistent with many diarylethene
derivatives40,46–48 and with those bearing the same per-
uorodithienylcyclopentene core,42 that show a degree of conver-
sion of about 100%at the photostationary state in different solvents.
Modulation of transparency

Photochromic materials, in particular diarylethenes, have an
important modulation of transparency:18,24,27 the systems
described in this paper have the same feature according to the
results obtained in solution. In order to quantify the modula-
tion of transparency, we dene the contrast as the ratio of
transmittance between the uncoloured (open) and coloured
(closed) forms:

C ¼ To ðlÞ
TcðlÞ ¼ 1

10�AcðlÞ (1)

The visible band is the most important spectral region for
applications, for instance, in holography.35 In this region, only
the closed form has an absorption, therefore the visible contrast
depends on the absorbance of the closed form, Ac(l), as shown
in eqn (1). It is therefore necessary to have lms with a very high
absorption in the visible. In the case of amplitude CGH, the
efficiency is directly dependent on the contrast and values larger
than 102 are required at the wavelength selected for the holo-
gram reconstruction,28 for other applications that exploit
a wider spectral range, such requirement must be extended to
the target region.
This journal is © The Royal Society of Chemistry 2020
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Table 7 Parameters of the four films under consideration: concen-
tration of diarylethene on CAB's array, thickness, absorbance of films
on closed form and contrast at 633 nm, reading wavelength of
holograms

Film Molecule Concentration d (mm)
Abs closed form
[633 nm]

Contrast, C
[633 nm]

1 TrfAm 16.2% 3.7 2.5 326.5
2 AmAm 16.6% 3.7 2.8 584.6
3 AmAm 16.6% 4.4 3.6 3919
4 AmAm 18.7% 2.8 2.8 828.5
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In accordance with this requirement, CAB lms doped with
AmAm and TrfAm derivatives were obtained on BK7 glass
substrates. The details of the lms are reported in Table 7.

One can see that the solubility of the photochromic mole-
cules in CABmatrix is large. Such feature together with the large
absorption coefficient of the closed form in the visible makes it
possible to obtain large absorption and contrast in lms with
a thickness of a few mm. This is important, since it is easier to
preserve a good optical quality in thin lms.

In Fig. 6, the spectra of Film 1 containing 16.2% of TrfAm are
reported together with the contrast function for the same lm.

We notice that the contrast threshold of 100 is exceeded in
a spectral region of about 100 nm centred at 600 nm. Bearing in
mind that this is the lm with the lowest value of contrast, this
means that is not difficult to have lms matching the require-
ments of having efficient amplitude holograms and optical
devices based on contrast in the visible.
Modulation of the refractive index

The modulation in transparency is suitable for amplitude
holograms, whereas the modulation of the real part of the
refractive index is crucial in order to have volume phase
holograms.49

The two key parameters that guide the refractive index and
its change upon photoisomerisation are the molecular polar-
isability and the concentration of the photochromic moiety.35
Fig. 6 Left: Absorption spectra for Film 1 with 16.2% of TrfAm in both
open and closed forms. Right: Contrast function of Film 1. The dotted
line at 633 nm identifies the wavelength used to reconstruct the
holograms.

This journal is © The Royal Society of Chemistry 2020
Here, we exploited spectroscopic ellipsometry50 to determine
the optical properties and in particular the refractive index of
lms contained CAB's matrix and different concentration of
AmAm, NtAm and TrfAm deposited on silicon substrates in
open and closed form.

We expect that the photochromic lm can be described by
multi-oscillator models with a trend of the refractive index re-
ported in the literature:18 the open form does not absorb in the
visible and in the NIR range, but only in the UV (see discussion
of Fig. 3 for the lms on quartz). In this situation, the extinction
is null (k ¼ 0) and the real part of refractive index has a normal
dispersion (see Fig. 7, top le). Instead, in the closed form
(Fig. 7, top right), the normal dispersion is only present in the
NIR range, because the structure is coloured and absorbs in the
visible (k > 0).

To evaluate the dispersion curve of the real part of the
refractive index, we selected a 2-terms Cauchy model to t the
data over the 1000–1700 nm range. Pure CAB lms were used to
determine the refractive index of the matrix and such value was
used as a reference. In the bottom of Fig. 7, we show the
refractive index at 1000 nm of CAB lms doped with different
amounts of the AmAm dye, together with the dispersion curve
of Dn calculated as the refractive index difference between the
closed and the open forms.

We report in Table 8 the values of the A and B parameters of
the Cauchy model, the corresponding refractive index (n), and
the refractive index difference Dn ¼ nC � nO at 1000 nm for all
concentrations. We observe a huge increase of the B parameter
going from the open to the closed form. The B parameter is
related to the dispersion and it is mainly dependent on the
presence and position of the absorption band in the visible.
Furthermore, we also observe a linear relationship of the
refractive index with the concentration of the dye. The slope is
Fig. 7 Top: Complex refractive index for the open (left panel) and
closed (right panel) forms of the AmAm doped CAB film (the plots of
the other two derivatives are reported in Fig. S5†). Bottom: (left panel)
The real part of the refractive index at 1000 nm in the open and closed
forms as a function of the molar concentration of AmAm in CAB; (right
panel) refractive index difference (Dn ¼ nC � nO) as function of the
wavelength.
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Table 8 Summary of Cauchy model fitting of ellipsometry data in the
NIR range for CAB films of the three derivatives investigated. A and B
are the Cauchy model coefficients and n the corresponding refractive
index at 1000 nm. Dn is the refractive index difference between closed
and open forms

C molar
[10�4 mol cm�3] Form A

B [104

nm2] n, 1000 nm
Dn,
1000 nm

AmAm
1.5 Open 1.473 0.667 1.480 0.014

Closed 1.480 1.346 1.494
2.6 Open 1.479 0.886 1.487 0.020

Closed 1.488 1.975 1.508
3.7 Open 1.489 0.966 1.499 0.030

Closed 1.506 2.377 1.529
4.4 Open 1.494 1.162 1.506 0.036

Closed 1.513 2.883 1.542
5.6 Open 1.503 1.088 1.514 0.041

Closed 1.522 3.207 1.555

NtAm
1.6 Open 1.474 0.887 1.483 0.013

Closed 1.480 1.558 1.496
2.5 Open 1.483 0.727 1.491 0.024

Closed 1.495 1.968 1.514
4.3 Open 1.492 0.874 1.501 0.030

Closed 1.506 2.571 1.531

TrfAm
1.2 Open 1.474 1.149 1.485 0.008

Closed 1.478 1.537 1.493
2.3 Open 1.490 0.783 1.498 0.016

Closed 1.499 1.538 1.514
3.2 Open 1.500 1.154 1.511 0.023

Closed 1.511 2.329 1.534

Fig. 8 Trends of Dn at 1000 nm of CAB films as function of molar
concentration of the three photochromic derivatives.
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much larger for the coloured form. This is expected since both
the A and B values of the Cauchy formula increase with the
concentration. This is due to the combination of the increase of
polarisability going from the open to the closed form and to the
pre-resonance effect which is more pronounced in the coloured
form.

This trend is common to the three derivatives. To better
understand the difference among such diarylethenes, we plot
the modulation of the refractive index at 1000 nm as a function
of dye concentration (Fig. 8).

It is clear that the dye concentration is the driving parameter
inducing the modulation of the refractive index, and just small
differences show up among the three diarylethenes investigated
here.

The modulation of the refractive index in the NIR is very
large and such values were achieved in the past only in back-
bone photochromic polymers18,24,26 indicating that a suitable
combination of soluble derivative in a polymer matrix and
a large modulation of polarisability induced by electroactive
substituents is a winning strategy. We can conclude that effi-
cient phase holograms can be obtained with such systems.
26184 | RSC Adv., 2020, 10, 26177–26187
Holographic writing and reconstruction

To test the capability of writing photochromic holograms, we
started with a diffraction grating, which can be considered as
the simplest hologram.Wewrote on Film 2 (see Table 7) a 10mm
� 10 mm grating with a line density of 125 L mm�1 and a duty
cycle of 50%. The procedure for the device manufacturing is
reported in Materials and methods. In Fig. 9, the microscope
image of the pattern is reported.

We notice the good quality of the pattern; moreover, the
measured value of the duty cycle (DC) was 45%, very close to the
design value of 50%.

The pattern distortion has been evaluated by using a null
interferometer with a plane reference. Indeed, by measuring the
0, �1 and +1 orders, it is possible to separate the component of
the wave front due to the pattern defects and to the surface
distortion.51 The RMS error in the pattern writing is 0.1 mm,
which is low and conrms the high precision of the direct
writing machine.

The diffraction efficiency of the +1 order was measured as
function of the wavelength and light polarization. The plot is
reported in Fig. 10.

Considering the absorption properties of the lm, we can say
that the grating is a pure phase grating at long wavelengths and
it becomes a mix of amplitude and phase grating below 800 nm.
We see how the efficiency increases from 1000 nm to shorter
wavelengths52 and this is consistent with the increase of the
Fig. 9 Microscope image of the binary grating written on Film 2 with
photochromic AmAm collected by means of a standard optical
microscope.

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Diffraction efficiency of the 1st order from 550 to 1000 nm
experimental and calculated.

Fig. 12 Top: Frames to achieve origin of first order focus of Fresnel
lens. Bottom: Images of the focus spot for the three diffraction orders.
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modulation of the refractive index. Remarkable values of about
22% are measured at about 770 nm, then the efficiency drops
quickly because of the increase in the absorption component
and a corresponding decrease of Dn, due to the anomalous
dispersion of the coloured form. Values of the order of 6% are
measured around 630 nm, then, at shorter wavelength, the
efficiency slightly increases since the absorption decreases and
Dn is not negligible (the closed form shows a low index). The
curve can be modelled by means of an RCWA approach, as
shown in Fig. 10. We notice the good agreement with the
experimental results.

The step forward has been the writing of a Fresnel lens on Film
1, which is doped with TrfAmmolecule. The lens was designed to
have a diameter of 7 mm and a focal length of 20 cm. In Fig. 11,
two images of the CGH Fresnel lens are reported.

The patternwas illuminatedwith a collimated red laser at 633 nm
and the intensity of the focused spot was measured with a photo-
diode, providing a diffraction efficiency of 6.7% in the rst order.

A CCD camera has been also used to determine the focal
position as reported in the top panels of Fig. 12, and the value of
20 cm was conrmed. In addition, we also recorded frames of
rst, second and third orders at the focal lengths L, L/2 and L/3,
respectively (bottom panels of Fig. 12).

The size of the focal spot decreases going from the rst to the
third order. This is consistent with the fact that the focal ratio
F# ¼ L/D decreases (L and D are the focal length and the
diameter of Fresnel lens, respectively).
Fig. 11 Left: Photo of the Fresnel lens written on the photochromic
film; Right: Detail of Fresnel pattern recorded with a standard optic
microscope.

This journal is © The Royal Society of Chemistry 2020
To prove the quality of the writing setup and of the substrate,
we realized two Fresnel CGHs of two images using Film 2 and
Film 3. In Fig. 13, the starting images, the corresponding
Fig. 13 Top: Starting images, left (Owl) and right (Deer). In the middle:
the two calculated CGH corresponding to image. Bottom: The two
reconstruction CGHs at focal length 50 cm and collimated beam at
633 nm; the images are recorded with a CCD camera.

RSC Adv., 2020, 10, 26177–26187 | 26185

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05535b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/2
0/

20
26

 1
:5

7:
46

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
calculated CGHs and the reconstructed images (at 633 nm) of
an owl (Film 1) and a deer (Film 2) are reported.

The overall size of the holograms is 8 mm � 8 mm, the pixel
size is 4 mm and in both cases the reconstructed image is 4 mm
� 4 mm at a focal distance of 500 mm. However, the pixel sizes
of the reconstructed images are different: 40 mm and 13 mm for
the owl and the deer respectively. We notice that the recon-
struction quality is in general high, with better details in the
case of the owl. This is due to the fact that the deer has many
tiny details that could be reconstructed only if the CGH had
a larger resolution.

Conclusions

In this paper we studied three dithienylethene derivatives
bearing both donor and acceptor groups with a unique combi-
nation of high solubility in CAB matrix and a large change in
molecular properties. The UV-vis characterisation in solution
showed the large absorption coefficients of the derivatives with
at least one donor group. Looking at the equilibrium geome-
tries, it is apparent how the increase in p conjugation going
from the open to the closed form is enhanced when a D–A
structure is present, which occurs for the nitro–dimethylamino
compound (NtAm). This behaviour is due to the push–pull
character ofNtAm. Considering IR spectroscopy, we have shown
that the increase of absorption intensity can reach a factor of
two when going from the open to the closed form of NtAm.
Based on IR spectroscopy in solution state we have also proved
an almost total photoconversion between the two forms. CAB-
based lms doped with the photochromic derivatives were ob-
tained and a very good solubility of the derivatives in the poly-
mer matrix was found. This is crucial since it allowed increasing
the doping level thus achieving, even for thin lms, a large
modulation of the transparency in the visible and a large
change of the refractive index in the NIR (Dn). Such high
response lms were used as substrates for CGHs, starting from
grating to images. It has been proved that the holograms can
work both in amplitude (in the visible) and in phase (in the NIR)
providing efficiencies larger than 20%. We can therefore
consider such polymer lms as rewritable lms with very
appealing potential in high performance hologram
manufacturing.
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