ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/334847528

“Dial-In” Emission from Unique Flexible Material with Polarization Tuneable
Spectral Intensity

Article in Chemistry - A European Journal - August 2019

DOI: 10.1002/chem.201902333

CITATIONS READS
4 106

8 authors, including:

Rajan Kumar Subir Kumar Ray
The Assam Royal Global University dg¥ v University of Toronto
15 PUBLICATIONS 68 CITATIONS 23 PUBLICATIONS 126 CITATIONS
SEE PROFILE SEE PROFILE
Saikat Mukherjee Sudipta Saha
Indian Institute of Science Education and Research Kolkata Indian Institute of Science Education and Research Kolkata
18 PUBLICATIONS 112 CITATIONS 17 PUBLICATIONS 106 CITATIONS
SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

et SPin-Orbit interaction of light in Plasmonic metasurfaces View project

et Machine Learning in Precancer Detection View project

All content following this page was uploaded by Subir Kumar Ray on 01 May 2020.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/334847528_Dial-In_Emission_from_Unique_Flexible_Material_with_Polarization_Tuneable_Spectral_Intensity?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/334847528_Dial-In_Emission_from_Unique_Flexible_Material_with_Polarization_Tuneable_Spectral_Intensity?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Spin-Orbit-interaction-of-light-in-Plasmonic-metasurfaces?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Machine-Learning-in-Precancer-Detection?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rajan-Kumar-29?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rajan-Kumar-29?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Rajan-Kumar-29?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Subir-Ray?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Subir-Ray?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-of-Toronto?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Subir-Ray?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Saikat-Mukherjee?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Saikat-Mukherjee?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Indian-Institute-of-Science-Education-and-Research-Kolkata?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Saikat-Mukherjee?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sudipta-Saha-5?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sudipta-Saha-5?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Indian-Institute-of-Science-Education-and-Research-Kolkata?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Sudipta-Saha-5?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Subir-Ray?enrichId=rgreq-9f8beb4fb914ebdc1380eac492dbb296-XXX&enrichSource=Y292ZXJQYWdlOzMzNDg0NzUyODtBUzo4ODY0MDcyMzcyMTQyMDlAMTU4ODM0NzM2MjQwNQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf

. ICHEMlSTRY '.) '
®*ChemPubSoc A European Journal
\{* Europe DOI: 10.1002/chem.201902333 Full Paper Check for

updates

] Photoluminescent Materials
“Dial-In” Emission from a Unique Flexible Material with
Polarization Tuneable Spectral Intensity

Rajan Kumar,” Subir Kumar Ray,” Saikat Mukherjee,” Sudipta Saha,™ Arijit Bag,"
Pradip Kr. Ghorai,'” Nirmalya Ghosh,™ and Raja Shunmugam*®

FOLDABLE LUMINESCENCE
ORGANIC FILM

Chem. Eur. J. 2019, 25, 13514~ 13522 Wiley Online Library 13514 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://orcid.org/0000-0002-0221-127X
http://orcid.org/0000-0002-0221-127X
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.201902333&domain=pdf&date_stamp=2019-09-13

.@2 ChemPubSoc
x Europe

CHEMISTRY

A European Journal

Full Paper

/Abstract: The development of organic photoluminescent
materials, which show promising roles as catalysts, sensors,
organic light-emitting diodes, logic gates, etc., is a major
demand and challenge for the global scientific community.
In this context, a photoclick polymerization method is
adopted for the growth of a unique photoluminescent
three-dimensional (3D) polymer film, E, as a model system
that shows emission tunability over the range 350-650 nm
against the excitation range 295-425 nm. The DFT analysis
of energy calculations and m-stacking supports the spectro-
scopic observations for the material exhibiting a broad
range of emission owing to newly formed chromophoric

-

units within the film. Full polarization spectroscopic Mueller
matrix studies were employed to extract and quantify the
molecular orientational order of both the ground (excitation)
and excited (emission) state anisotropies through a set of
newly defined parameters, namely the fluorescence diatten-
uation and fluorescence polarizance. The information con-
tained in the recorded fluorescence Mueller matrix of the or-
ganic polymer material provided a useful way to control the
spectral intensity of emission by using pre- and post-selec-
tion of polarization states. The observation was based on
the assumption that the longer lifetime of the excited dipo-
lar orientation is attributed to the compactness of the film.

Introduction

A recent survey highlighted the rapid global development of
photoluminescent molecules. Such luminescent molecules are
either comprised of inorganic constituents or organic-inorgan-
ic hybrid constituents.” Both inorganic and hybrid organome-
tallic luminescent material have come to dominate the field, al-
though some limitations remain. New approaches have in-
voked the use of modified organic-inorganic hybrids, but their
prolonged efficiency remains one of the major concerns.
Therefore, with the focus on such drawbacks, the field is
slowly switching to the development of luminescent organic
materials. Extensive research has been done on conjugated
fluorophore based diodes, whereas reports on intact mt-stacked
3D photoluminescent polymer films is limited.*™"" After thor-
ough examination of literature examples, we believe that with
modification of the existing systems would provide superior
materials with excellent features related to sensing, organic
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light-emitting diodes (OLEDs), catalysis, etc. First, we wanted
to adopt a simple and facile synthetic approach. Secondly, this
approach should give an intact st-stacked polymer film where
the chromophore constituents introduced should have a static
phase. The additional features that we expected to mould and
incorporate within the modelled luminescent macromolecular
film are flexibility, stability, insolubility, easy handling, among
others. Considering all these points, herein, we report the
design, synthesis, and demonstration of a newly developed
photoluminescent polymer material. We have utilized the
thiol-alkene photoclick polymerization reaction to grow such
polymer material."*" The polymerization is a two-plane poly-
merization process, which gives rise to three dimensional (3D)
polymer material in the form of a film. This polymer film
grown by the proposed photopolymerization technique is
likely to be stable. Our proposed photopolymerization method
has been highlighted in Scheme 2a.

Further, we have explored the fluorescence Mueller matrix
(MM) spectroscopy technique for probing the polarization ani-
sotropies of the film arising owing to its crosslinked organiza-
tion. The fluorescence polarization spectroscopy has shown
considerable promise for characterization of different chemical,
biological, and complex physical systems. Traditionally, fluores-
cence polarization anisotropy is quantified by the anisotropy
parameter r=(I,—/)/(I;+21,) in which I, and I, are, respec-
tively, the measured fluorescent intensities parallel to and per-
pendicular to the excitation linear polarization." The anisotro-
py parameter (r) contains information about the inherent de-
polarization associated with the fluorescence emission. Depo-
larization in the case of fluorescence is caused by the random
orientation of fluorophores, radiationless energy transfer
among fluorophores, and extrinsic causes like multiple scatter-
ing effects, etc. Thus, the resulting anisotropy parameter con-
tains lumped information about all the contributing polarizing
and depolarizing effects associated with the fluorescence scat-
tering process. In addition to the intrinsic and extrinsic causes
of depolarization, it is useful to capture and quantify exclusive
information of the molecular orientation and organization of
the fluorescent molecules. For this purpose, we have employed
Mueller matrix (transfer function of an optical system) mea-
surements for quantification of organizational anisotropies of

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/chem.201902333
http://www.chemeurj.org

AP ChemPubSoc
\{* Europe

both the excitation and emission states of the molecule. These
anisotropies manifest themselves as differential excitation of
fluorescence with orthogonal polarization (both linear and cir-
cular) and differential emission of fluorescence for orthogonal
polarization (both linear and circular). These anisotropies are
quantified through the various elements of the recorded fluo-
rescence Mueller matrix. Note that the Mueller matrix polarim-
etry is usually used and is well-explored for elastic scattering
processes like reflection, refraction, etc."”"'® Recent theoretical
and experimental studies by our group and others have ex-
tended Muller matrix measurements to inelastic scattering pro-
cesses like fluorescence."”?” The inverse analysis of the fluores-
cence Mueller matrix has enabled us to quantify the excitation
and emission state anisotropies through a set of newly defined
polarimetry parameters, namely, the fluorescence diattenuation
(differential excitation of fluorescence) and fluorescence polari-
zance (differential emission of fluorescence).”" These are then
used to quantify the molecular orientational order of the or-
ganic polymer domain, and finally, the polarization anisotropies
of fluorescence emission showed useful application involving
polarization based tuning of spectral intensity.

Results and Discussions

Photoluminescent materials are a typical example for future
utilization in a scientific and global society. With this in mind,
there is a need to upgrade the efficiency in terms of tunability
and mechanical properties. We first undertook the photopoly-
merization of the synthesized monomers B and C (Scheme 1),
with the commercial monomer pentaerythritoltetrakis (3-mer-
captopropionate) tetrathiol (4SH) to grow the photolumines-
cent 3D polymer film E (abbreviated as polymer E) as shown in
Scheme 2a. To check the film formation, the non-luminescent
3D polymer film D (abbreviated as polymer D) was also synthe-
sized. The synthetic scheme for polymer D is shown in the
Supporting Information. The synthetic routes for the mono-
mers required for the growth of polymer E are shown in
Scheme 1. All the monomers were well characterized by using
NMR spectroscopy, mass spectrometry, and FTIR-ATR (attenuat-
ed total reflection) spectroscopy techniques (Figures S1-S8,
S13-S17, in the Supporting Information). The formation of
polymers D and E was confirmed by NMR spectroscopy (Fig-
ures S9, S10, in the Supporting Information) and FTIR-ATR
spectroscopy techniques (Figure S18, in the Supporting Infor-
mation). The comparative 'H NMR spectra confirmed the prop-
agation of polymerization and product formation (Figures S11,
S12, in the Supporting Information). Comparative FTIR-ATR
spectra supported these results well: the thiol (-SH) signal at
2535 cm™' disappeared for the polymers (Figure S18, in the
Supporting Information). This confirmed that thiolation had oc-
curred during the photopolymerization process. The thermo-
gravimetric analysis (TGA) curves for both the polymers D and
E confirmed their thermal stability (Figure S20, in the Support-
ing Information). The morphology for the materials was ob-
served using field emission scanning electron microscopy (FE
SEM; Figure S22, in the Supporting Information). The energy
dispersive X-ray (EDX) and mapping for the respective poly-
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Scheme 1. a-d) Synthesis of compounds A, A’, B, and C.

mers was also analysed (Figures S23 and 24, in the Supporting
Information). These observations supported the presence of
carbon, oxygen, nitrogen, and sulfur. Comparative UV spectros-
copy for the monomers was recorded as shown in Figure S19
(in the Supporting Information). This confirmed only monomer
C showing absorbance up to 350 nm. The physical observation
under ultraviolet (UV) light reveals polymer E containing chro-
mophore C emits white light with excitation at a wavelength
of 365 nm (Scheme 2c). The basic principle that governs pho-
toluminescence in devices is a combination of charge injection
(Cl) and charge recombination (CR) that is, back electron trans-
fer (BET).”? Based on this, in-depth analysis has been undertak-
en to check the tunability of polymer E. During the growth
process of pyrene-based polymer E, the reaction mixture was
allowed to stabilize. The reorientation and interlocking owing
to m-stacking occurred within the reaction mixture. The poly-
mer E film thus grown was flexible, transparent, and compres-
sible (Scheme 2b). The probable mechanism to formation of
polymer E is shown in Figure S21 (in the Supporting Informa-
tion).

The proposed mechanism has been highlighted for a single
thiol-alkene moiety. The thiol radical (-S’) generated in step 1
reduces the alkenes B and C in substages. The free radical
crosslinking proceeds repeatedly unless the saturation and the
randomness of the monomers ceases. The polymer E with
white light emission was analysed by using solid-state ultravio-
let (UV) and fluorescence spectroscopy. The solid-state UV and
fluorescence spectroscopic analysis supported our physical ob-
servations. The UV curve shows the polymer E covers the
range 250-600 nm, whereas the emission spectrum covered
the range for red, green, and blue (RGB; Figure 1a, b). To value

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 2. a) Synthesis of polymer E (sample). b) Flexibility and c) luminescence of polymer E. d) Schematic of the experimental spectroscopic fluorescence
Mueller matrix setup. F: long-pass filter; P1 and P2: linear polarizers; Q1 and Q2: achromatic quarter-wave retarders. P1 and Q1 form the polarization state
generator (PSG) unit. P2 and Q2 form the polarization state analyser (PSA) unit. The inverse analysis of the recorded fluorescence Muller matrix gives anisotro-
pies of the ground and excited molecular states, namely fluorescence diattenuation and polarizance, respectively. The 4x 4 fluorescence spectroscopic Muel-
ler matrix R (A =450-800 nm) recorded from the gel sample. The first element (R,;) represents the polarization independent fluorescence spectra. The other
three elements in the first row (blue) represent the excitation anisotropy related to the ground molecular state whereas the three elements in the first
column (red) represent the emission anisotropy related to the excited molecular state.

the white colour and emissive properties, Commission Interna-
tional de I'Eclairage (CIE) chromaticity coordinates (x,y) were
calculated.”>?! The colour coordinates were 0.34 and 0.37, fall-
ing in range of white light CIE coordinates (x=0.33, y=0.33).
The correlated colour temperature, T, for the polymer E is
4936 K. The T, value is around that of a light source of a cool
compact fluorescent lamp (CFL).

Further to check the emission tunability, emission spectra in
the range 400-650 nm and for excitation in the range 295-
425 nm were observed. The lifetime decay for polymer E was
found to be 17.8 us (Figure 1f). The emission tunability can
now be attributed to the formation of m-stacked pyrene units
within polymer E. To support the growth of m-stacked energy
states in polymer E being responsible for the emission tunabili-
ty, theoretical analysis of the mt-stacking was undertaken.

We performed quantum computations with the density
functional approach by using the Gaussian 09 package for
molecular-level understanding of the observed absorption
phenomenon of our polymer E. It was previously reported that
pyrene or pyrene derivatives show fluorescence owing to the
formation of excimers.”’=% Recently, it has also been reported
that intermolecular photoinduced electron transfer (PET) and
BET are also possible for pyrene, which causes intense fluores-

Chem. Eur. J. 2019, 25, 13514-13522 www.chemeurj.org
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cence.BV But, in all these cases, emission occurs in the blue
region. At the same time, it is believed that the formation of
excimers is not possible for polymer E. However, there are pos-
sibilities for electron transfer from the pyrene unit to any other
unit. Similarly, it is expected in both the units that exist in our
pyrene-based polymer film E. To test these possibilities, we
computed absorption spectra of compounds formed from
unit ¢ (pyrene derivative) with unit b, unit ¢ with unita sepa-
rately, and unit ¢ with both unita and unit b. The computed
results are presented in Figure S25 (in the Supporting Informa-
tion). We observe that all the lowest energy absorption peaks
are located near 338 nm, which is where the lowest absorption
peak of unit c is found. Thus, the emission of white light is not
due to intramolecular charge transfer. There is only one possi-
bility left that may be responsible for white light emission—m—
7t stacking of the m-electrons of pyrene rings, which exist in
parallel orientation within the polymer film E. To test this possi-
bility, we computed the absorption spectra of aggregated
forms of unit c. We studied dimers, tetramers, and hexamers of
unit c. A computed spectrum is presented in Figure 1e. Ab-
sorption spectra of the pyrene derivative monomer, that is,
unit ¢ consists of three different peaks located at 338 nm,
266 nm, and 225 nm. Here, the lowest energy transition

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) UV spectrum, b) fluorescence spectrum for excitation at 355 nm,
) CIE coordinate diagram, d) tunability of emission with switch in excitation
energy, €) computed absorption spectra of aggregated pyrene derivative,
and f) lifetime decay for the polymer E with lifetime of 17.7 ps.

(338 nm) occurs for the HOMO to LUMO electron transition.
Both the HOMO and LUMO are located over the pyrene ring
(Figure S26, in the Supporting Information). Thus, derivatiza-
tion of pyrene does not contribute to the shift of the absorp-
tion spectra. Transitions corresponding to the other two peaks
(266 nm and 225 nm) are dominated by HOMO—1 to LUMO
and HOMO-1 to LUMO+2 electron transfers. All these MOs
are also located on the pyrene ring (Figure S26, in the Support-
ing Information). Thus, the other peaks also do not undergo a
change as a result of derivatization. Thus, the peaks shifted
owing to aggregation. It is observed that with an increase of
aggregation, the peaks merge into two peaks for the dimer
and tetramer. This further reduces to one peak for the hexa-
mer. In the hexamer, only one broad peak appears, which
shows very good absorbance (more than 5000) in the visible
region (400 nm to 650 nm). Thus, it could emit white light. To
understand the redshift of spectra on aggregation, we studied
key electron transitions of the hexamer. It is observed that the
electron transition for the lowest energy absorption (710 nm),
which is in the red colour zone, is dominated by the HOMO—1
to LUMO + 6 transition. This is, in fact, the charge transfer from
one pyrene ring to its nearest pyrene ring (Figure S27-Y1, in
the Supporting Information). The key absorption in the green
colour zone (542 nm) is dominated by the HOMO to LUMO +
14 electron transfer. This transition is the charge transfer from
the pyrene ring to the carbonyl m-electron (Figure S27-Y2, in
the Supporting Information). Absorption in the blue colour
zone (399 nm) is also due to pyrene ring electron transfer but
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it is quite complicated. Here, the m-electron cloud of two clos-
est pyrene rings is simultaneously transferred to their nearest
pyrene ring (Figure S27-Y3, in the Supporting Information). The
important nature of these transitions is that they depend on
aggregation and the compactness of aggregation.

With the theoretical analysis paralleling the spectroscopic
observations, the aspect we looked for was the flexibility of
polymer E. To analyse the material strength, polymer E was
mounted onto the Universal Testing Machine (UTM). The re-
spective length (/), breadth (b), and height (h) of the material
were monitored (/=7.01 mm, b=6.9 mm, h=3.09 mm). The
compression curve revealed the strength and elasticity of the
film. The release of compressive pressure allowed the film to
regain its usual form. The compression was performed over
multiple cycles to analyse the elasticity. The polymer material
tends to retain its linear elasticity over multiple cycles as
shown in Figure 2. This promising property makes it as a po-
tential model system for the development of organic photolu-
minescent materials that are easy to handle and can be ap-
plied to applications such as catalysis, OLEDs, etc.
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Figure 2. Compression analysis for the polymer film E over multiple cycles
Cn.

Further, during our experimental fluorescence Mueller matrix
measurements, we selected 1=405nm beams and excited
polymer E; this wavelength is close to the absorption band
maxima at =399 nm. The fluorescence is found to be highly
anisotropic both during excitation and emission. In this situa-
tion, polymer E likely undergoes a HOMO—1 to LUMO + 27
transition with a negligible contribution from the HOMO to
LUMO+14 and HOMO—1 to LUMO+6 transitions (see the
Supporting Information for the anisotropic configuration ob-
tained by using DFT calculations). This is the reason for the
ground state (during excitation) anisotropy of the fluorescence,
which is manifested as fluorescence diattenuation (differential
excitation of fluorescence by orthogonal polarizations). We
also saw higher anisotropy during emission of the fluorescence
signal from polymer E, implying more organized emission of
fluorescence from the excited state of the molecule manifest-
ing as the fluorescence polarizance (differential emission of
fluorescence with orthogonal linear polarization).
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Experimental fluorescence Mueller matrix studies

A schematic representation of our home-built comprehensive
experimental Mueller matrix fluorescence spectroscopy plat-
form is introduced in Scheme 2d. The system is calibrated by
using a robust Eigenvalue calibration method.??3¥ The specif-
ics of the system and various steps of this method can be
found elsewhere.® The recorded spectroscopic 4x4 fluores-
cence Mueller matrix (R) from polymer E is highlighted in
Scheme 2d. Ground and excited state anisotropic information
is extracted from the recorded R (4).

Inverse analysis of fluorescence Mueller matrix for determi-
nation of molecular orientation

When light interacts with an optical medium, the output light
is characterized by its Stoke vector So,=RS,, in which S,, and
Sout are the input and output Stokes vectors, and R is the
transfer function (Mueller matrix) of the medium, which con-
tains all the polarization information of the system under
study. There are several decomposition methods that may de-
couple the contributing polarization information from a re-
corded Mueller matrix. This polarization information has been
successfully extracted by using several decomposition methods
in case of elastic scattering. However, the existing decomposi-
tion methods are not valid for inelastic scattering processes
such as fluorescence. Recent studies by our group and others
have shown that for complex processes such as fluorescence
the polarization information can be extracted from a recorded
Mueller matrix as R=MMM, in which M, represents the depo-
larization effects that occur owing to the random orientation
of the fluorophores and other extrinsic causes, M, and M, rep-
resent the amplitude anisotropies of the ground and excited
states of the fluorophore molecules (Figure S28, in the Sup-
porting Information).*” Finally, florescence anisotropy parame-
ters can be obtained from the recorded fluorescence Mueller
matrix (R) as [Egs. (1) and (2)I:

\/R$2 + R$3 + R$4 \/R$2 + R$3 Rl4
ot = o = O = 55— (1)
T RH t RH ¢ RH /
RH RH RH

in which a; a, and ac are the total, linear, and circular fluores-
cence diattenuation, respectively, and fS; S, and fc are the
total, linear, and circular polarizance, respectively.

The anisotropy parameters contain information about the
molecular orientation of the samples. Mueller matrix elements
R:s/R;, and R5/R,; represent the average fluorescent dipolar
orientation angles for the ground (6., and the excited (6..)
molecular states and can be expressed in terms of the record-
ed spectral Mueller matrix®* as [Eq. (3)]:

1 L Re ., 1Ry
gex_itan (R_n)aeem_ztan (R_21) (3)
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Here, we define a molecular angular distribution function
f(0) = e %2 1246, orn® With width A6 around the average
fluorescent dipolar orientation angle (6., and 6.,,), which con-
tains information about the distribution of the orientation
angles of the molecules. Hence, the measured fluorescence in-
tensity for excitation with a given polarization vector E can be
written as [Egs. (4) and (5)]:

T

I, = / |UE, [*f(6)d6 =
o (4)

7T

(1-7) l cosz(G)f(G)dH—Hyl sin?(6)f(6)d6

in which = {? :erf I‘-/I
o = / [k [7(0)d00 / "cos?(0+7)f(0)d0 (5)
0 " 0

Figure 3a shows the recorded experimental normalized fluo-
rescence Muller matrix. Figure 3b shows the extracted fluores-
cence linear () and circular (8c) polarizance parameter and
fluorescence linear (o) and circular (¢,) diattenuation using
Equation (1). Figure 3¢ shows the wavelength variation of the
average fluorescent dipolar orientation angles for the ground
(0, blue dashed line) and the excited (0., red solid line) mo-
lecular states using Equation (2). Figure 3d shows the derived
molecular angular distribution function for the ground (f.(0),
blue solid line) 6, and the excited (f.(0), red dashed line) mo-
lecular states of the fluorescent molecule. Several interesting
trends can be obtained from these figures. The first element
(Ry;) of the recorded experimental normalized fluorescence
Muller matrix represents the total fluorescence intensity. The
elements in the first row coloured in blue represent the intrin-
sic anisotropic properties of the ground molecular states. Simi-
larly, elements in first column of the MM highlighted in red
represent the emission state anisotropy of the molecules in
the excited state. The diagonal elements of MM are related to
the depolarization effects associated with the fluorescence pro-
cess. Elements Ry;, R,s Rss Riy R and R, are related to the
phase anisotropy effect associated with the fluorescence pro-
cess, which is negligible (close to zero) in case of fluorescence
scattering. In Figure 3b, we show the linear and circular aniso-
tropy of the polymer E. The linear anisotropy of the excited
molecular state is higher than that of the ground molecular
state, which means the excited molecular state is more organ-
ized than the ground molecular state. However, the circular
anisotropy has a negligible value, implying that the molecules
possess no chirality, which is also confirmed by the DFT simula-
tion. The ground and excited state molecular orientation
angles are plotted in Figure 3c. We have plotted the distribu-
tion function to understand the molecular orientation. As the
excited molecular state anisotropy parameter (5,) is significant-
ly larger compared with the ground state anisotropy parame-
ter (ay), the excited molecular states are more organized than
the ground states, accordingly the standard deviation A@,, is
larger than A#6,.,. The molecular distribution functions f,(6)

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Normalized fluorescence spectroscopic Mueller matrix. b) The fluorescence diattenuation and polarizance parameters. c) Wavelength variation of
the average fluorescent dipolar orientation angles for the ground (6.,, blue dashed line) and the excited (6.,, solid red line) molecular states. d) The derived
molecular angular distribution function for the ground (f,,(0), blue dashed line) 6., and the excited (f,,,(0), solid red line) molecular states of the fluorescent
molecule. Inverse calculations were performed on the Mueller matrix-derived a, and 5, parameters to extract this information. The estimated standard devia-
tions of the orientation angle distribution for the ground and excited states were found to be Af.,=0.02614 rad and Af,,,=0.05397 rad, respectively. The

vertical lines mark the centre positions of the distribution functions.

and f,,(0) were calculated near the peak of the fluorescence
intensity (520 nm). Note that -z stacking of pyrene moieties
and the thiol-alkene photoclick radical polymerization reaction
of the norbornene monomers generated a single one-product
material within the crosslinked framework. This leads to prefer-
ential linear organization of the fluorescent molecular dipoles
(of pyrene units), which appears to be the underlying reason
for the considerably high magnitudes of the fluorescence ani-
sotropy, a, and f3, parameters.

Polarization controlled tuning of fluorescence spectra

The strong polarization anisotropy of fluorescence of the cross-
linked polymer E provides a useful handle to control the emit-
ted spectral intensity of the fluorescence by using a proper
pre- and post-selection of the set of polarization states. To get
the much desired control over the emitted fluorescence inten-
sity without changing the physical or chemical properties of
the polymer E, we have used a general approach using polari-
zation state projection on the recorded fluorescence Mueller
matrix (I(A) = 1/287 M(1)S,.). The fluorescence intensity can
be desirably enhanced or suppressed by orders of magnitude
by using different pre- and post-selected polarization states, as
illustrated in Figure 4. This also leads to systematic changes in
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Figure 4. Comparison of polarization projected intensity using different pre-
and post-selected states: the polarization independent fluorescence spectra
is shown by the black dashed line, the recorded fluorescence intensity for
input horizontal pre-selection and horizontal (vertical) post-selection state is
shown by the red (blue) solid curve. The inset shows spectral variations of
area normalized to the projected intensities of the same. The vertical line in
each curve corresponds to the maximum position of the corresponding in-
tensity.

the spectral line shape of the emission (shown in the inset,
where the area normalized spectral line shapes are displayed).
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The emitted fluorescence spectra with horizontal input and de-
tection with horizontal and vertical post-selection are shown
by the red and solid blue curves, respectively. By using hori-
zontal pre- and post-selection, the emitted fluorescence signal
is observed to be considerably enhanced for unpolarized fluo-
rescence intensity, which is accompanied by subtle changes in
the line shape. For detection with vertical post-selection for
horizontal pre-selection leads to more apparent shifts in the
peak position (=5 nm) and a more drastic reduction in the in-
tensity of emission. The fluorescence anisotropy properties,
namely, linear fluorescence diattenuation (differential excitation
of fluorescence by orthogonal linear polarizations) and the
fluorescence polarizance (differential emission of fluorescence
with orthogonal linear polarization) properties of the OLED
sample are responsible for such differential spectral intensity
profiles for different linear polarizations. Thus, in these intrinsi-
cally anisotropic systems, pre- and post-selection of the polari-
zation states provides a unique handle to desirably control
both the intensity and the spectral line shape of emission with-
out changing the chemical composition or molecular organiza-
tion of the sample. This remarkable feature of polymer E may
find useful application for developing polarization controlled
tunable devices for diagnostics and imaging, apollo sensors,
and logic gates.®®

Conclusions

In this article, we have successfully demonstrated the emission
properties of the newly synthesized photoluminescent 3D
polymer film E, which covers a wide RGB range from spectro-
scopic analysis. This synthesized polymer E exhibits physical
properties such as flexibility and mechanical strength in rela-
tion to compressibility, which could be useful as an efficient or-
ganic spin-optical device.

Moreover, the theoretical analysis confirms m-mt stacking
leads to formation of dimers, trimers, tetramers, pentamers,
and so on, which covers the region of our interest. Also, we
have quantified the excited and emission state anisotropies
arising from the orientation and organization of organic poly-
mer film E through the fluorescence diattenuation and fluores-
cence polarizance parameters. These parameters are further
used to quantify the molecular orientational order of the or-
ganic LED sample. Finally, the information contained in the
fluorescence Mueller matrix is exploited for polarization-con-
trolled tuning of spectral intensity of emission. Thus, the mod-
elled organic polymer E holds considerable promise and could
turn out to be a potential candidate for devices related to cat-
alysis, sensing, diagnostics and imaging, light emission as
OLEDs, etc. In particular, the polarization-controlled tuning of
the intensity may also have useful applications in this domain.
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