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The present work reports, for the first time, synthesis of
dye incorporated o-phenylenediamine (OBB) with a view to obtain a
conjugated oligomer with enhanced functionality. The structure was
confirmed by IR studies, while the electronic transitions were
confirmed by UV visible studies. The dye modified oligomer showed
one order higher fluorescence intensity than the pristine Bismarck
Brown (BB) dye. Confocal imaging showed red emission which could
be utilized in near infra-red imaging. Density functional theory (DFT)
studies were carried out to predict the theoretical properties of the
oligomers. The energies of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital orbital were
computed to explore how the HOMO energies of the reactants
initiated the electronic interactions between them. The interaction energies were correlated to conjugation/hyper conjugation
stabilization energies of the natural bond orbitals (NBO) via the DFT method using the B3LYP functional with the 6-311G(d) basis
set on Gaussian 09 software. Drug binding was evaluated through simulation of interaction energy, (AE,_,) with drugs such as
captopril, propranolol, thiazide, and fentanyl. The results predicted that the oligomer could be developed into a fentanyl drug sensor.
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tuneable optical properties.' " The huge demand for low-cost Figure 1. Structure of BB dye.
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the later industries which leads to water pollution.” Hence, if The application of these CPs as imaging agents has also been
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also save the cost of designing multifunctional polymers.”'® BB monomers which can help in predicting the interaction of the
dye has three phenylene rings, two azo bonds between first/ —
second and second/third phenylene rings, and several free May 28, 2023 PHYSICAL
amino groups that can undergo polymerization, Figure 1. The August 9, 2023
dye molecule also has twist in its structure and has long August 11, 2023
conjugation across two azo bonds."' August 28, 2023

This conjugation can be further extended if the dye molecule
is oligomerized with o-phenylenediamine and is expected to
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reactants as well as their chemical stability besides their
electronic characteristics. We have synthesized BB dye
oligomer as well as its oligomers with o-phenylenediamine
(OPD) in three different ratios. The oligomers were
experimentally characterized by IR, UV, fluorescence spectros-
copies, confocal imaging and SEM, to explore their photo-
physical and morphological characteristics. The theoretical
properties were computed via time-dependent density func-
tional theory (TD-DFT) using the B3LYP functional with the
6-311G(d) basis set on Gaussian 09 software for optimizing
the oligomer structures and finding out highest occupied
molecular orbital (HOMO)—lowest unoccupied molecular
orbital (LUMO) energies and optical band gap. The
conjugation/hyper-conjugation stabilization energies across
the azo bond formed between BB dye and OPD molecules
was computed through NBO analysis to find out which of the
two molecules initiates conjugation/hyper-conjugation in the
oligomer. The experimental FTIR, UV—visible studies were
compared with the computationally obtained results. SEM and
confocal imaging studies were carried out to analyze the
morphological features and imaging capability of the
oligomers. The BB/OPD-1/2 oligomer was conjugated with
drugs used in heart ailments: captopril (CPT), propanolol
(PPN), a diuretic drug: hydrochlorothiazide (HCTZ), and a
synthetic opioid used in pain management: fentanyl (FEN) to
theoretically infer their binding efficiency.

Bismarck Brown Y dye (SD Fine Chem Ltd, India), o-phenylenedi-
amine (Sigma-Aldrich, USA), ferric chloride (Merck, India), hydro-
chloric acid (Merck, India), N-N dimethyl pyrrolidone (NMP)
(Merck, India), dimethyl formamide (DMF) were used without
further purification. Double distilled water was used throughout the
synthesis.

Bismarck Brown Y (BB) (1 g 4.6 X 107 mol) was dissolved in
aqueous solution of 2 M HCI (25 mL). Ferric chloride (1 g, 6.17 X
1073 mol) dissolved in distilled water (25 mL) was added to the
above reaction mixture drop by drop with the help of.a burette. The
reaction mixture was continuously stirred on a magnetic stirrer at —5
to 0 °C to for 2 h. After completion of the reaction, the solution was
stored in deep freezer for 24 h. The obtained oligomer was then
centrifuged and dried in a vacuum oven for 72 h at 70 °C and was
designated as OBB.

BB dye (1 g, 4.6 X 107> mol) dissolved in an aqueous solution of 2 M
HCI (25 mL) and o-phenylenediamine (0.497 g, 4.6 X 107> mol)
dissolved in DMF (S mL) were added to 250 mL Erlenmeyer flask.
The solution was stirred at 25 °C for 20 min. Ferric chloride (1 g,
6.17 x 107 mol) dissolved in distilled water (25 mL) was added to
the above mixture and stirred for 2 h at —5 °C. The obtained product
was kept in a deep freezer for 24 h. Purified products were obtained
via Soxhlet extraction using ethanol and then dried in a vacuum oven
for 72 h at 70 °C to ensure complete removal of water and impurities.
The oligomer was designated as BB/OPD-1/1. A similar procedure
was adopted for the synthesis of oligomers BB/OPD-2/1 and BB/
OPD-1/2 by varying the molar ratio of the dye/monomer.

Spectral Measurements. IR measurements were carried out on
Fourier transform infrared (FT-IR) spectrophotometer model
Shimadzu IRA Affinity-1 in the form of KBr pellets. UV—visible
spectra were taken on PerkinElmer-Lambda-Ez-25. Fluorescence
spectra of the sample were taken in on a fluorescence spectropho-
tometer model Horiba Fluorolog 3-11. Viscosity average molecular
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weight was calculated as per the method reported in our previous
studies."”

Morphological and Confocal Imaging Studies. SEM images
were obtained on field emission-scanning electron microscope (FE-
SEM), Leo Supra SOVP, Carl Zeiss, Germany, equipped with an
energy-dispersive X-ray system.

DFT Studies. The computational studies were done in the gas
phase using the Becke3-Lee—Yang—Parr (B3LYP) functional with the
6-311G(d) basis set on Gaussian 09W software.”>*' The theoretically
calculated FT-IR spectra were obtained at the same level of the
theory. Intermolecular interaction (total and counterpoise corrected
interaction energies), charge analysis (Mulliken and natural bonding
orbital), and molecular orbital analysis (HOMO and LUMO), were
simulated at the above-mentioned level of theory. Band gap is
estimated from the difference of HOMO and LUMO energies, and it
gives an idea about the change in conductivity of polymer upon
interaction with different molecules. The vertical electronic excitation
energies were computed by using the TD-DFT approach using the
B3LYP functional and the 6-311G(d) basis set on the previously
optimized molecular geometries obtained at the same level of
calculation.”>** TD-DFT formalism provided information about
excitation energies and oscillator strength values. Natural bond
order (NBO) analysis gives a clear evidence of stabilization
originating from hyperconjugation of various intramolecular inter-
actions. Conjugation and hyper conjugation stabilization energies
were simulated across the azo bond between BB dye and OPD, to find
out which was the most reactive moiety (BB or OPD) and the
direction from which the insertion of OPD proceeded (BB — OPD or
OPD — BB). Natural transition orbitals (NTOs) were generated for
the lowest energy transitions using Gaussian 09 software, and
population analysis of the NTOs was done using the Multiwfn
program.”* The highest occupied natural transition orbital
(HONTO) to the lowest unoccupied natural transition orbital
(LUNTO) excitation amplitude is always the most significant for any
particular excited state, due to its dominating role in determining the
one electron transition for the generation of the corresponding excited
state from the ground state (S;).** The overlap extents between
HONTO and LUNTO at S, (IS) and T, (IT) states, which take full
considerations of electron transition components at the corresponding
excited states, were also calculated using Multiwfn.>*

The mechanism of electrochemical oligomerization of BB has
been well-documented in literature and was found to undergo
via the azo linkages."' We have for the first time attempted to
chemically oligomerize BB dye with OPD through the
chemical oxidation method which is shown in Supporting
Information as scheme Sla—c. The intrinsic viscosity (17) and
viscosity average molecular weight was determined using the
method reported in our previous studies.”'® The 5 values
were found to be 0.32 for oligomeric OBB. The viscosity
average molecular weight M, was determined as 2192 for OBB.
The 7 values for BB/OPD-2/1, BB/OPD-1/1, and BB/OPD-
1/2 were calculated to be 0.61, 0.555, and 0.41, respectively,
while the M, values were computed to be 5891, 5090, and
4385 for BB/OPD-2/1, BB/OPD-1/1, and BB/OPD-1/2,
respectively. The solubility data is given in Supporting
Information as Table S1. The M, values clearly confirmed
the formation of oligomers.

The oligomer OBB, Figure 2, showed a fluorescence peak at
550 nm indicating a large Stokes shift of 110 nm. The peak was
well formed, a Gaussian type, but had low intensity. It showed
very low quantum yield and hence greater part of the emissive
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Figure 2. Fluorescence spectra of BIS-OPD oligomers.

radiation was presumably lost by the non-radiative path. It was
observed that the fluorescence intensity of the three oligomers
was more than 1 order of magnitude higher than the BB dye.
The enhancement in the fluorescent intensity in these
oligomers occurred due to aggregation induced emission
(AIE).*

It appeared that the dye aggregation was enhanced upon
oligomerization of BB with OPD which also resulted in the
enhancement of the fluorescence intensity by more than an
order of magnitude, Table 1. The BB/OPD-2/1 oligomer

Table 1. Fluorescence Characteristics of OBB Oligomer and
BB/OPD Oligomers

sample Armax integrated area quantum yield (¢)
OBB 529 3553785 0.097
BIS-OPD-2/1 53§ 9775 490 0.352
BIS-OPD-1/1 530 15816415 0.212
BIS-OPD-1/2 53§ 35859 505 0.124

exhibited twice as higher fluorescence intensity than the BB/
OPF-1/1 oligomer, while the latter has about 1.8 times higher
in fluorescence intensity than the BB/OPD-1/2 oligomer. It
can be inferred that in addition to the aggregation effect, the
higher amount of dye in the oligomer also contributed to the
fluorescence intensity which was reflected by the highest
quantum yield value of 0.352 for the BB/OPD-2/1 oligomer
and lowest quantum yield value of 0.124 for BB/OPD-1/2
oligomer. The planar structure of the oligomers helped in
increasing the fluorescence intensity. The BB/OPD-1/1, BB/
OPD-1/2, and BB/OPD-2/1 oligomers showed fluorescence
peaks between 530 and 535 nm and a large blueshift of about
1S nm was observed in these oligomers. The OPD engenders
aggregation induced intensity (AIE) effect in these oligomers
and also blocks the torsion of the azo group, or causes
restriction of intramolecular motion (RIM), in the a§6gregated
dyes which produces blueshift in these oligomers.”>** A large
Stokes’s shift of 110 nm may have resulted from the structural
difference between the ground and excited states of the
oligomers.zs’26

The confocal image of pure BB, Figure 3a, revealed scant red
emission from discrete particles. The particles were bulky;
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hence reflections were poor. BB/OPD-2/1, Figure 3b,
exhibited red emission from localized regions of thick flat
particles. It appears that emission emanates from the particles’
ultra-thin regions, which normally occur at the boundary of the
particles. The confocal image of BB/OPD-1/1, Figure 3c,
showed red emission throughout the whole cross-section. In
this case, the particles are relatively thin which causes the
emission to be relatively uniform and a little brighter. The
confocal image of BB/OPD-1/2, Figure 3d, yielded thick
particles; the red emission was observed, but the emissive
regions were not as prominent as in the previous case. BB-
OPD-1/1 showed best red emission because of its capability to
form thin particles; hence it can be used in near infra-red
imaging.

The SEM of OBB, Figure 4a, showed minuscule nuggets of
Bismarck joined to each other intimately forming big lumps
which lay snugly to each other. The SEM of BB/OPD-2/1
Figure 4c exhibited miniscule particles larger than those in
OBB which join in the same manner as in the case of OBB. In
this oligomer, the effect of higher amount of BB dye is
manifestly visible. The effect of higher amount of OPD in the
remaining two oligomers was easily visible, Figure 4b,d. In
these oligomers, minute particles joined each other intimately
and made a flowery structure. The microstructures were visibly
different from those of OBB and BB/OPD-2/1. When seen
broadly, the microstructures of BB/OPD-1/1, Figure 4b, and
BB/OPD-1/2, Figure 4d, the latter oligomer appeared brighter
than the former one and agglomerates in the latter oligomer
were larger than the former one. These effects could be
correlated to the proportionately highest, and penultimately
highest loading of OPD in the oligomer BB/OPD-1/2 and
BB/OPD-1/1 respectively.

The geometry optimization of OBB was carried out by taking
two units of the BB dye. The optimized geometries for the
oligomers were computed by taking 2 units of BB dye and 1
unit of OPD for BB/OPD-2/1; 1 unit of BB dye and 1 unit of
OPD for BB/OPD-1/1 and 1 unit of BB dye and 2 units of
OPD for BB/OPD-1/2, respectively. The experimental as well
as theoretical data were compared to confirm the proposed
structure of the oligomer as well as oligomers of BB with OPD.
The optimized geometries as well as Mulliken charge
distribution is provided in Supporting Information as Figure
Sla—d. The oligomer OBB, Figure Sla, revealed a twisted
configuration around the azo linkage, while the Mulliken
negative charge in OBB was noticed to be concentrated around
the nitrogen atoms of the amino group as well as the nitrogen
of azo linkages. The optimized geometries of BB/OPD-2/1,
BB/OPD-1/1, and BB/OPD-1/2, showed planar configuration
with negative charges concentrated around the nitrogen of
amino as well as azo linkages (given in Supporting Information
as Figure S1b—d). It also showed distribution of a partial
negative charge on carbons in OBB and BB/OPD-2/1, BB/
OPD-1/1 and BB/OPD-1/2, respectively.

The IR spectral data of OBB and its oligomers are given in
Table 2, while the actual spectra are compiled in Supporting
Information as Figure S2a—d. The spectrum of OBB revealed
an N—H stretching vibration peak at 3355 cm™' due to the
presence of secondary amine (—NH). The area under the peak
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Figure 3. Confocal images of (a) OBB, (b) BB/OPD-2/1, (c) BB/POPD-1/1, and (d) BB/POPD-1/2.

was calculated to be $86.6 cm™'. The imine bending peak was
noticed at 1610 cm™". The peak at 1326 cm™" was designated
to ring puckering of benzenoid rings. The copolymer of BB/
OPD-2/1 revealed a NH stretching peak at 3120 cm™". The
NH peak shifted to lower wavenumbers. Similarly, the NH
stretching peak for BB/OPD-1/1 was found at 3100 cm™},
while for BB/OPD-1/2, it was noticed at 3100 cm™". With the
increasing ratio of BB, small change in the NH peak values in
oligomers was noticed. It confirmed the interaction between
BB and OPD.
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Values of the IR peaks of different functional groups and
chemical bonds, given as second column in Table 2, were
computed by DFT studies. The peak values computed
theoretically closely match their corresponding experimental
values. This validates the theoretical protocol followed by us.

Frontier molecular orbitals of BB/OPD-1/1, BB/OPD-2/1,
and BB/OPD-1/2 oligomers are depicted in Figure Sa—c. The
BB/OPD-1/1 oligomer, Figure Sa, yielded a band gap of 3.24

https://doi.org/10.1021/acsphyschemau.3c00025
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Figure 4. SEM images of (a) OBB, (b) BB/OPD-1/1, (c) BB/OPD-2/1, and (d) BB/OPD-1/2.

Table 2. IR Data of OBB and BB/OPD Oligomers

samples

OBB

BB/OPD-2/1

BB/OPD-1/2

BIS-OPD-1/1

functional group

N—H stretching

imine (C=N)

C=C stretching (benzenoid)
C—N bending

C—H bending

substituted benzene ring
N—H stretching

imine (C=N)

C=C stretching (benzenoid)
C—N bending

C—H bending

p-substituted benzene ring
aromatic ring of POPD
N—H stretching

imine (C=N)

C=C stretching (benzenoid)
C—N bending

C—H bending

p-substituted benzene ring
aromatic ring of POPD
N—H stretching

N—H stretching

imine (C=N)

C=C stretching (benzenoid)
C—N bending

C—H bending

p-substituted benzene ring

aromatic ring of POPD

wavenumber/(cm™")experimental
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3355
1610
1326
1234
1110
995
3120
1608
1373
1263
1118, 1054
833, 792
730, 599
3100
1610
1344
1221
1039
910
730, 599
3100
3090
1612
1326
1236
1051
825

736

wavenumber/(cm™") theoretical

3350
1620

1350, 1320
1230

1120, 1110
990, 930
3110

1630

1370, 1320
1260, 1220
1120, 1060
950, 880
790, 600, 590
3100

1615

1340

1220

1040

910

790, 600, 590
3100

3090

1600

1380, 1376, 1320
1230

1050

820, 800
730, 700

https://doi.org/10.1021/acsphyschemau.3c00025

ACS Phys. Chem Au 2023, 3, 521-531


https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00025?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00025?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00025?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00025?fig=fig4&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(@)

LUMO =-2 eV

[* e Y »'. 2 4
9 (g o
4 ! v,
3 ‘\,‘ ‘_J ,.‘J‘.‘ , “..‘.‘..‘3“ J‘ “ “j
°® B0, 8 @y et 0 b, 8.8 .‘0‘,
: Plipge@ Py Wity 2%
[ 9,0 @. 929 % §
] > ™ — r? !
2 LUMO =-1.62 eV LUMO = -0.79 eV
Eg=-3.24eV
T Eg=4.58 eV Eg=5.59 eV
34 HOMO =-524 eV 5 ", e HOMO =-6.38 eV :a
' , 2
< 2 " T 4 , Lo ’ (" 3 797
1". *0® ‘J .‘ . ’ 950 ,“0.4“‘ ‘o ‘.Q‘&
4 °® , 00 %0, a0 ’ s ) ’
! , L) 00 S ® ‘ f LA s 3 °
LR 9 0 3 g
(A i .
> e Y
’ HOMO =-6.21 eV ¢

v

Figure S. Frontier molecular orbitals of (a) BB/OPD-1/1, (b) BB/OPD-2/1, and (c) BB/OPD-1/2.

(@)

— HOMO 0 (b)
o — — LUMO — HOMO
-1.949  -1.87 2 ] 079 — LUMO
-3 2 .
< -1.949
3 O
=4 3
S 3
9 =4
>-5 3
g 524 5 —
] 5. )
g G -4.78
- -6
-6.44 _
7 P . y
-6.99 -7 _— -6.65 6.38
BB OPD  BB/OPD-1/1 -6.99 -
(monomer) (monomer) OPD ~ BB/OPD-1/2
(monomer) (trimer)
1 © — HOMO
— LUMO
2l — — 162
2 -1.89 -1.87
-3
S
IC
54
>
@
>
5.5
@
C
|
-6 _
8.3 EM -6.21
7
BB OPD BB/OPD-2/1

(trimer) (monomer)

Figure 6. HOMO—LUMO energies of OPD, BB, and their oligomers (a) BB/OPD-1/1, (b) BB/OPD-1/2, and (c) BB/OPD-2/1.

eV. This can be called a poor semiconductor. The HOMO
orbitals were noticed to be concentrated in the area near the
end of the BB unit, while the LUMO orbitals were found to be
spread over first two benzene rings wholly, leaving only the last
benzene ring. DFT calculations revealed overlap integral as
0.5342 (53.4%). This also indicated a lower band gap and
intra-molecular charge transfer. The oligomer BB/OPD-2/1,
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Figure Sb, exhibited a band gap of 4.58 eV. It showed that the
oligomer was an insulator. The HOMO orbital was noticed to
be concentrated on the first two rings of the BB moiety. The
structure also revealed that the HOMO charge density was
low. LUMO was found to occupy the third, fourth, and fifth
benzene rings of the BB unit. LUMO charge density appeared
to be quite low. The overlap of orbitals also appeared to be
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low. The DFT calculations exhibited an overlap integral value
equal to 0.0590 (5.9%), which was also quite low. The
oligomer BB/OPD-1/2, Figure Sc, showed a band gap value of
5.59 eV. This showed that the oligomer was a good insulator.
The HOMO orbitals were found to be spread partly over the
first benzene ring and fully over the second and third benzene
ring as well as partly on one benzene ring of OPD. The
structure revealed that the HOMO charge density was high
only on the second and third benzene units of BB. The LUMO
orbitals were concentrated over the two benzene units of OPD
and third benzene unit of BB with high LUMO charge density.
The overlap of orbitals appeared to be fair, while the DFT
calculations showed a matching overlap integral value equal to
0.3723 (37.23%). The high band gap of this oligomer matched
with those of diamond (5.46 eV),”” polystyrene (4.4 eV),**
poly(methyl methacrylate) (5.6 eV),” polyethylene tereph-
thalate (4.0 eV),?” and poly(tetrafluoro ethylene) (5.37 eV).*’
It was found to be only two odd units less than the highest
organic insulator polyethylene and polypropylene. This
oligomer, therefore, shows promise to be used as a gate
insulator in OFET's and also as a Schottky diode.

The energies of HOMO and LUMO orbitals of OPD, BB, and
the three sets of oligomers in different ratios of OPD and BB
were compared to reveal the relative stability of oligomers.
Figure 6a shows HOMO—-LUMO energy levels of OPD
(monomer), BB (monomer), and BB/OPD-1/1 oligomer,
Figure 6b, represents HOMO—LUMO energy levels of OPD
(trimer), BB (monomer), and -BB/OPD-1/2 oligomer, while
Figure 6¢ exhibits HOMO—LUMO energy levels of OPD
(monomer), BB (dimer), and BB/OPD-2/1 oligomer. Figure
6a revealed that the HOMO energy level of the oligomer BB/
OPD-1/1, occurred at —5.2 eV compared to that of OPD
(—6.4 eV) and BB (—7.0 V). This establishes the reaction of
OPD with BB and that the oligomer to be less stable than
individual OPD and BB monomers. The formation of this
oligomer was stabilized through a high stabilization energy of
1466 kcal of natural bond order (NBO). This energy is
calculated in the next section. The LUMO energy values of
OPD (—1.87 V) and BB (—1.94 eV) stabilized the LUMO
energy value of the oligomer BB/OPD-1/1 to —2.0 eV which
also contributed to the stabilization of this oligomer.

The oligomer BB/OPD-1/2, wherein the ratio of BB to
OPD is 1/2, Figure 6b, OPD dimer revealed an unexpected
value of HOMO energy level (not shown). The HOMO
energy value of the OPD trimer looked reasonable being —6.65
eV, but the LUMO energy level appeared to be far deeper
being —4.78 eV showing very low tendency of accepting
electrons. BB carried a HOMO energy value of —6.99 eV and
LUMO energy value of —1.94 eV, the former value showing
strong electron donor capacity. Upon interaction of OPD
dimer (trimer) and BB monomer, the HOMO energy value of
BB/OPD-1/2 occurred at —6.38 V. This showed fairly strong
interaction between two reactants in the given proportion.
This was also supported by fairly high value of NBO
stabilization energy of the oligomer being 1200 kcal. The
LUMO energy level of the oligomer occurred at —0.79 eV.
This indicated that the oligomer was a good electron acceptor
and could be easily reduced. Since the OPD dimer gives erratic
values, it can be deduced that it is not the OPD dimer that
reacts with the BB, but it is the two OPD monomers reacting
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with the BB individually one after another. In the oligomer,
BB/OPD-2/1, Figure 6¢, BB (dimer) HOMO energy level was
observed to be —6.3 eV, OPD (monomer) energy value was
found to be —6.4 eV which caused the HOMO energy value of
BB/OPD—OPD 2/1 to have a value of —6.21 eV. The HOMO
energy values of the two reactants were found to be quite close
to each other (—6.3 and —6.4 eV) indicating low electronic
interaction between OPD and BB. The HOMO energy value
of the oligomer (—6.21 eV) was observed slightly above the
reactants. This indicated low stabilization energy of the
oligomer. It was observed that the oligomer was stabilized by
a low NBO stabilization energy of 659 kcal. Even LUMO
energy levels of the OPD and BB were computed to be quite
close to each other, being —1.87 and 1.89 eV, respectively,
causing the LUMO energy value to go slightly above them to
—1.62 eV, Figure 6b. This confirmed the low LUMO
electronic interaction between the moieties and the less
stabilized LUMO energy of the oligomer matched with the low
NBO stabilization energy of the oligomer (659 kcal).

We have calculated the conjugation/hyper-conjugation stabi-
lization energies of NBOs across the azo bond between BB and
OPD (BB < OPD) in all three cases of oligomer formation
using the B3LYP functional with the 6-311G(d) basis set. In
the system, BB/OPD-1/2 (given in Supporting Information as
Tables S2—S4), the sum of hyper-conjugation/conjugation
stabilization energy of NBOs from BB — OPD was found to
be 3832 kcal/mol, while the same from OPD — BB was
obtained as 2632 kcal/mol. The difference between the two
sides of conjugation/hyper-conjugation energies of NBOs, BB
< OPD, was found to be 1200 kcal. Thus, the stabilization of
the BB-OPD oligomer occurred through higher conjugation/
hyper-conjugation energies of NBOs from BB to OPD. It
reveals BB is more reactive than OBB.

In the system BB/OPD-2/1 (given in Supporting
Information as Table S4), the conjugation/hyper conjugation
energies of NBOs from BB — OPD was higher by 659 kcal/
mol than the same from OPD — BB. The conjugation/hyper-
conjugation energies of NBOs from BB < OPD were,
respectively, 4812 and 4153 kcal/mol. It reveals that reaction
occurs in the direction BB — OPD, in other words BB is more
reactive than OPD. Comparing the stabilization energies of
complexes BB/OPD-2/1 and BB/OPD-1/2, the latter is found
to be more stable than the former. The oligomer BB/OPD-1/1
exhibited the individual/hyper-conjugation energies of each
direction of NBOs, BB «> OPD, as 8403 and 6937 kcal/mol,
higher than the corresponding energy values in the preceding
two systems (given in Supporting Information as Table S2).
The net stabilization energy of this system,
AE(pp_orp—orp—pp) of BB/OPD-1/1, was obtained as 1466
kcal/mol. Comparing the AE (g, opp-opp—pp) Values, it can be
concluded that the system BB/OPD-1/1 was the highest in
stability, while the system BB-OPD-2/1 was computed to have
the lowest in stability. It was also observed that individual
conjugation/hyper-conjugation NBO energies were controlled
by the amount of BB in the oligomer. In the oligomer BB-
OPD-1/2, the individual NBO energies varied between 367
and 401 kcal/mol. In the system BB-OPD-2/1, the lowest
value of the NBO energy was 573 kcal/mol and highest was
605 kcal/mol, while the system BB-OPD-1/1 (2/2) showed
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Figure 7. UV visible spectra of (a) OBB, (b) BB/OPD-1/1, (c) BB/OPD-1/2, and (d) BB/OPD-2/1.

the lowest NBO energy as 556 kcal/mol and highest value as
666 kcal/mol. The results of the NBO stabilization energies
match with those of HOMO—LUMO energies.

Theoretical spectra of OBB, Figure 7a, calculated through TD-
DEFT revealed a peak at 450 nm; the experimental value of this
peak was found to be the same. The theoretical and
experimental values are closely matching. The peak arises
due to n—z* transition. The theoretical value of oscillator
strength was computed to be 1.4 for this peak, while the
experimental value was found to be 0.88. These values are also
matching as given in Table 3. The experimental and theoretical
values of the transition peak for the oligomer BB/OPD-1/1,
Figure 7b, were found to be 450 nm. The experimental and
theoretical peak values of the oligomer BB/OPD-1/2 are 450

Table 3. UV—Visible spectra of OBB and BB/OPD
Oligomers

Amax €xperimental oscillator strength exg)erimenta.l

oligomer (theoretical) (theoretical
OBB 445 (450) 0.88 (0.94)
BIS-OPD-2/1 450 (447) 0.23 (0.25)
BIS-OPD-1/1 450 (450) 0.16 (0.15)
BIS-OPD-1/2 450 (448) 0.17 (0.16)
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and 448 nm, Figure 7c. The difference in the two values is
noticeable. If the theoretical protocol is further improved, the
two values could be matching. This also confirms the validity
of our theoretical protocol. The oligomer BB/OPD-2/1 Figure
7d showed the experimental and theoretical peak values as 450
and 447 nm, respectively. The experimental value of the
transition peak was the same in the three cases, since it
emanates from the azo group, extended conjugation does not
affect this value. Absorption intensity is the highest in the case
of BB/OPD-2/1 (1.55), followed by BB/OPD-1/1 (1.35), and
the lowest in the case of BB/OPD-1/2 (0.55). The absorption
intensity depended on the azo bond unit per mol which is the
highest in BB/OPD-2/1, followed by BB/OPD-1/1, and the
lowest in BB/OPD-1/2 which matches with the molar masses
of the oligomers (viz., section Molar Masses of Oligomers).

Oscillator strength values were found to noticeably decrease
with the increase in the loading of OPD in BB. The oscillator
strength value of BB/OPD-2/1(0.23/0.25) was found higher
than that of other two oligomers with values 1.6, 0.16 and 0.17
respectively, Table 3. This occurs due the decrease in
transition dipole moment intensity which depends on the
value of q and r evident from HONTO—LUNTO orbitals, the
same being highest in the oligomer BB/OPD-2/1, (given in
Supporting Information as Figure S3a—c).
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Some authors® ~>* working on theoretical estimation of the

sensing ability of several semiconductors have observed that
the interaction energy of 40 kJ/mol or as low as 20 kJ/mol, of
the semiconductor with the analytes ensured the sensing
efficiency of the semiconductor. Apart from the interaction
energy, the bandgap difference between the dye—semi-
conductor conjugate A, and conjugate A—drug complex and
their HOMO—LUMO energy values also plays a role in
sensing evaluation. These inferences have been attempted to
be strengthened from the UV—visible spectral analysis. We
have used the B3LYP functional with the 6-311G(d) basis set
to simulate binding/interaction and HOMO—LUMO energies
of these moieties to obtain information about the sensing
ability of BB/OPD-1/2 for drugs like captopril, thiazide,
propranolol, and fentanyl. The interaction energies (AE,_,, E,,
and E,) where A is the dye—semiconductor conjugate (BB/
OPD-1/2) and «x is the drug molecule: captopril (CPT),
thiazide (HCTZ), propranolol (PPN), and fentanyl (FEN) are
compiled in the Table 4.

Table 4. Energy Parameters of Dye-Oligomer—Drug
Conjugate

AEBB/OPD—I/Z—drug Egomo  Epumo  band

oligomer—drug (keal mol™) (eV) (eV) gap

BB/OPD-1/2 —6.38 -0.79 5.59
BB/OPD-1/2—CPT —20.62 —4.11 —-2.30 1.8

BB/OPD-1/2—FEN +423 -7.31 —6.25 1.06

BB/OPD-1/2—HCTZ —20.00 —4.41 —-2.35 2.06

BB/OPD-1/2—PPN —11.87 —4.18 —-2.07 2.11

The data in the Table 4 reveals that the interaction energy
AEgg/opp-1/2-cpr and AEgg/opp.1/2-nerz exhibit a high
interaction energy of —20 kcal/mol which ensure high sensing
ability of the BB/OPD-1/2 for these drugs. AEgg,opp.1/2-ppx 1S
—11.875 kcal/mol which is equivalent to 49.88 kJ/mol that
indicates good sensing ability of the conjugate moiety, BB/
OPD-1/2 for this drug, AEgpopp.1/2-ren has an excessively
high value of 400 kcal/mol; the reaction is indicated to be also
endothermic. It shows this reaction occurs partly or fully using
its own internal energy which will cause major electronic and
structural changes in this conjugate complex. This is confirmed
by excessive changes in the HUMO and LUMO energies of
this conjugate complex as compared to other conjugate
complexes (Table 4). The band gap of BB/OPD-1/2 is 5.59
eV. On interaction with drug captopril, the band gap decreases
to 1.8 eV. A fall of 3.79 eV in the band gap value indicates a
strong interaction between the conjugate BB/OPD-1/2—CPT
which is reflected in noticeable change in its electronic and
physical properties that can be used in sensing this drug.
Likewise, the interaction of drugs thiazide and propranolol
with oligomer brings down the band gap energy of conjugate
BB/OPD-1/2 from 5.59 to 2.06 and 2.11 eV, respectively.
Such a large fall in band gap energy of conjugate BB/OPD-1/2
is expected to reflect in good change in some of its physical or
electronic properties which can be sensed with an appropriate
sensor. Drug fentanyl shows a large fall from 5.5 to 1.06 eV
upon interaction with the oligomer. This is the largest fall in
band gap energy among these drugs. Moreover, Eyoyo and
Eiumo of the BB/OPD-1/2—FEN conjugate is, respectively,
—7.31 and —6.25 eV which have strangely low values of Eyopmo
and E o compared to the other three drugs (Table 4).
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These values indicate excessively large electronic reorganiza-
tion in the BB/OPD-1/2—FEN conjugate matching with its
large endothermic interaction energy. These factors favor the
conjugate BB/OPD-1/2 to be potentially a good candidate for
sensing these drugs. These electronic effects are revealed in the
simulated UV—vis spectra of BB/OPD-1/2—drug conjugates.
The conjugate BB/OPD-1/2 has a simulated UV—vis spectral
peak at 420 nm. The simulated UV—vis spectral peak of BB/
OPD-1/2—CPT is observed at 400 nm showing a high
blueshift of 28 nm and another well-formed transition peak at
748 nm. The conjugate BB/OPD-1/2—PPN gives a main
simulated UV—vis peak at 405 nm revealing a high blueshift of
43 nm. This conjugate gives an additional transition simulated
peak at 648 nm. The conjugate BB/OPD-1/2—HCTZ shows
the main simulated transition peak at 430 nm giving a blueshift
of 18 nm and another well-formed simulated peak at 650 nm.
The conjugate BB/OPD-1/2—FEN exhibits the main simu-
lated transition peak at 530 nm giving a huge redshift of 82 nm
matching with its endothermic property, opposed to the
blueshift given by other three drugs. This conjugate does not
reveal a second transition peak. Although we have not given
the simulated energy parameter of BB/OPD-1/2—ATN, its
simulated UV—vis spectra give a main transition peak at 400
nm and the second transition peak at 615 nm of high transition
intensity. The above results reveal that taking into account the
differently located two transitional peaks, their peak values and
intensity of the conjugates BB/OPD-1/2—CPT, BB/OPD-1/
2—PPN, BB/OPD-1/2—HCTZ, and BB/OPD-1/2—ATN and
the peak value and the peak intensity of hugely redshifted
conjugate BB/OPD-1/2—FEN a sensor can be developed for
these drugs. Our studies on the electrochemical sensing of
drugs using BB/OPD-1/2 are underway and will be published

soon.

Oligomers of BB with OPD were successfully synthesized. The
HOMO-LUMO energies of the three oligomers reveal highest
stability of the oligomer BB/OPD-1/1 which is also confirmed
by highest conjugation/hyper-conjugation NBO stabilization
energy of this oligomer. UV—vis spectra revealed that the
oligomer BB/OPD-2/1 showed the highest optical absorption
intensity. The absorption intensity of these oligomers depends
upon the number of azo bonds per gram mol. Fluorescence
studies revealed that the oligomers showed one order higher
fluorescence intensity than the OBB oligomer through
aggregation-induced emission (AIE) mechanism; BB/OPD-
1/1 emits brightest red emission in confocal imaging. This
oligomer can be used in infrared imaging. The oligomer BB/
OPD-1/2 has high insulator strength with a band gap value of
5.9 eV with a potential to be used in OFET as a gate material.
The simulated electronic energies and UV—vis spectral analysis
of the conjugates BB/OPD-2/1-CAPT, BB/OPD-2/1—-PPN,
BB/OPD-2/1-HTCZ, BB/OPD-2/1—ATEN, and BB/OPD-
2/1—FEN have revealed that the conjugate BB/OPD-2/1 can
be developed into an effective sensor of these drugs.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00025.

Mechanism of co-oligomerization of BB dye with OPD,
optimized geometry and Mulliken charge distribution of
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