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Abstract

A detailed computational analysis of intermolecular interactions and optoelectronic
properties is carried out using DFT/TD-DFT methods for the emissive materials namely
bis(2,2'-diphenylvinyl)-1,1'-biphenyl,  DPVBIi, phospholes 2-thienyl  5-fluorenyl
thioxophosphole, A and 2-(5-methyl) thienyl 5-fluorenyl thioxophosphole, B and the two
host-dopant systems, DPVBi-A(DA) and DPVBIi-B(DB). DPVBi is a classical blue
emitter and, phosphole-based compounds A and B are the complementary orange
emitters for generation of white light emission in Organic Light Emitting Diodes
(OLEDs). The intermolecular interactions are analyzed at B2PLYPD/6-31G(d,p) level for
homodimers using the data from CSD and heterodimers with possible structures as
predicted at B97D/6-31G(d) level of theory. Drift mobilities, based on Marcus theory for
both hole and electron transfers are estimated for DPVBi and compounds A and B in
solid state. Vertical and adiabatic excitation energies are calculated for DPVBi and
phospholes A and B using TD-DFT. To determine the emission energies, excited state
geometry optimizations are carried out using B3LYP, CAM-B3LYP, PBEO, M06-2X
functionals with 6-31+G(d,p) basis set.
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Introduction

Organic Light Emitting Diodes (OLEDs)" are emerging as a fore-front in organic
optoelectronics research? since the first report of Tang and VanSlyke:** Among all the
possible applications of organic devices, white organic light-emitting diodes
(WOLEDs)>® have received considerable interest due to their potential for replacing
conventional lighting sources for display backlighting ‘and: solid-state lighting. In
particular, the WOLEDs have promising properties like improved power efficiency, high
color temperature, homogenous large area emission, low operating voltage and simple
fabrication process etc.”"! According to Commission Internationale de I'Eclairage (CIE)
regulations, white light can be achieved with coordinates close to (0.313, 0.329). In this
domain, the most general attempt for white light generation is either by adjusting three
primary colors i.e. red, green and blue or by mixing two complementary colors through
doping. This latter approach is simpler in practice where a blue emitter is doped with an

orange emitter.'?

Phosphole-based functional molecules are of increasing interest in the field of

optoelectronics, and have proven to be efficient orange emitters for WOLEDs. ">

Phosphole 1

is “weakly aromatic in which the delocalization arises from a
hyperconjugation phenomenon involving the exocyclic P-R o-bond and the 1-system of
the dienic moiety."”?° The variation of the substitution pattern of phospholes and
chemical modification of their P atoms afford thermally stable derivatives having specific
optical properties.?"** Amongst phosphole based emitters synthesized by the Réau and
Hissler group,''* thiophene-phosphole-fluorene based orange emitting oligomers (2-
thienyl 5-fluorenyl thioxophosphole, A; 2-(5-methyl) thienyl 5-fluorenyl thioxophosphole),
B (Figure 1)) have been successfully used as dopants of a blue emitting matrix (4,4'-
bis(2,2"-diphenylvinyl)-1,1"-biphenyl (DPVBI))* for the production of near white-light."?



In order to address severe drawbacks with respect to the small doping ratios
(0.2-2%) within the precise controlled rates (+0.1%), associated reproducibility of device
performance and insensitivity towards the very small concentration changes, the
possibility for fine-tuning optical and electrochemical properties of phosphole based
conjugated systems for the preparation of WOLEDs has been exploited and used for
the development of efficient dopants for DPVBI.'? Interestingly, the structurally similar
phosphole emitters, A and B, showed very different doping properties. For achieving
white emission, the doping rate for A is very low (0.3%) when compared to the doping
rate of B (3.2%). Moreover, increasing the doping rates for B from 2.1% to 3.8% had
only a small effect on the CIE coordinates and also there was no modification of the
external quantum efficiency, unlike for compound A'2. Hence, phosphole B has been
suggested as an appealing dopant for DPVBIi matrix towards the development of easy-
to-make WOLED. A minor structural change (-CH3 group) between phospholes A and B
is playing a crucial role in determining the observed doping properties.

An in-depth knowledge of opto-electronic properties at the molecular level is
essential for a better understanding of the processes which in turn would help us to
improve the design of m-systems. Density Functional Theory (DFT) has been found to
be suitable to study the molecular properties of interest. Time Dependent Density
Functional Theory (TD-DFT)*?° is essential to rationalize the optoelectronic properties,
and to explore the electronically excited states of the functional molecules.®*>* The
geometry changes between the fundamental state and the excited states can be
determined which are otherwise very challenging to measure experimentally**. Liu et al
reported a computational analysis of structural, electronic, and optical properties of
phosphole-containing T-conjugated oligomers for LEDs®. The authors explained the
possible planar excited states of a few phosphole derivatives through the excited state
optimizations using CIS calculations. Hu et al reported a DFT study of host-dopant
polymer for WOLED comprising a single-polymer system with simultaneous blue
(polyfluorene as a blue host) and orange (2,1,3-benzothiadiazole-based derivative as an
orange dopant) emissions.® In addition to the 2,5-disubstituted systems, the effect of

the extension of the 1r-system on the physical properties of planar phosphorus-



containing polycyclic aromatic hydrocarbons has been unveiled through frontier

molecular orbitals and nucleus independent chemical shift values.>"*®

In this work, through our calculations at molecular level, we study the structural
and optoelectronic properties of orange emitting thiophene-phosphole-fluorene
oligomers, phospholes A and B, and the well known blue emitter, DPVBi. We address
the difference in behaviour of dopants A and B based on DFT calculations of the

respective homodimeric systems.

Computational Methods

Geometry optimizations are carried out using Gaussian 09 software.>® Crystal
structures of DPVBIi, Phospholes A and B are retrieved from Cambridge Structural
Database (CSD).*® The ground state (GS, Sp) neutral geometries are optimized at
B3LYP*'3/6-31+G(d,p) level of theory. Vibrational frequencies are calculated to ensure
that these Sy geometries correspond to real minima on the potential energy surface. At
this geometry, aiming at realizing an efficient TD-DFT protocol within the vertical
approximation, the lowest singlet excited states are computed using hybrid exchange
correlation functionals B3LYP, PBE0*, MO06-2X** and range separated hybrid
functionals, CAM-B3LYP*, LC-wPBE*, LC-BLYP* in dichloromethane (DCM)
solvent. The solvent effects ((DCM) are included using the IEFPCM formalism.>' The
software GaussSum is used to interpret the nature of transitions.>® First singlet excited
state (ES, S1) geometry optimizations (adiabatic TD-DFT) are carried out using B3LYP,
CAM-B3LYP, PBEO and MO06-2X functionals with 6-31+g(d,p) basis set. Symmetry
constraints were turned off to avoid any complications in following the electronic state of
interest. In addition to this, an ultrafine grid for numerical integrations is used for a better
description of the excited states. Emission energies are obtained at both Linear
Response (LR) and State-Specific (SS) formalisms.>*** Radiative lifetimes () are
calculated using the Einstein transition probabilities according to the equation ((1), all in

atomic units).>
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Where c is the velocity of light, Ez;, is the excitation energy, and f is the oscillator

strength.

Using the optimized Sy, geometries, the internal reorganization energies based on
Marcus theory are calculated at B3LYP/6-31+G(d,p) level of theory (Figure S3, Sl).
Frequency calculations were carried out for optimized cations and anion geometries to

ensure that these stationary points are minima on the potential energy surface.

Intermolecular interaction energies are obtained using dispersion corrected
B2PLYPD>**"/6-31G(d,p) for homodimers of DPVBI, phospholes A and B, using CSD
data and heterodimers DA and DB with optimized geometries at B97D*%/6-31G(d) level
of theory. Counterpoise corrected basis set superposition errors®®® have been
calculated and added to the interaction energies:. These calculations are based on the

following equations,
AE;, (AB)= E£E(AB) — Ef(AB) — EE(AB) e cev vvv e e e s e v e e (2)

AESP

int

(AB)= [E4f (AB) — E4 (AB) = E§ (AB)] + [Ef (A) — Ej5 (A) + Efp(B) - Ejg (B)]
=AE; (AB) +8EBSSE Lo o e e s s e e e e e e et e oo een e een e e e (3)

Where A and B are interacting molecules, and the notation EZ (X) represents the energy

of system X at geometry Y with basis set Z.

Hole and electron drift mobilities are calculated for homodimers based on the hopping
model where the charge hops between two neighboring molecules (i and j)®'. The
effective charge transfer integrals are calculated for heterodimers using B3LYP
functional and a valence triple zeta basis set with two polarization functions (TZ2P
basis) within the Amsterdam Density Functional (ADF) Code.’*®® The hole-

transfer/electron-transfer reactions between the neighboring molecules is shown as

A= A A+ A7 i (B)



Where A is the neutral molecule interacting with neighboring oxidized (A") or reduced
(A7) molecule. According to Einstein relation, the drift mobility of hopping p,*' can be
expressed as

e

T KT

Where e is the electronic charge, D is the isotropic charge diffusion coefficient, k,, is the

Boltzmann constant, and T is the temperature.

According to Marcus theory,?® the rate constant for charge transfer (CT)/hopping rate is
defined as

2 2
_ A Uerr )y N T
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Where (J.¢f );; is the effective charge transfer (hole/electron) transfer integral/coupling

.. (6)

matrix element between neighboring molecules, A is the reorganization energy (A. for

hole and A- for electron).

The effective charge-transfer .integrals (J.5f);; (equation (7)) for hole and electron
transfer are estimated using the Entire Dimer Hamiltonian (EDH) method, as suggested
by Siebbles and co-workers and implemented in ADF software for most of the possible
dimer interaction pathways. The matrix elements of the molecular Kohn-Sham
Hamiltonian on the basis of fragment orbitals are used to calculate site energies e; and

ej, charge transferintegrals (J;) and the overlap integrals, S;.

_ Jij=Sij(ei+e;)/2

Ueff )l] - T WEE mEE mEE EES EES EES EES EES EEE EEE GGG EES EES EEA EEE EEG RES RS mEE wEw owww (7)

Results and Discussion

Geometries at Ground states and Excited States



Comparison of ground state (GS) geometries has been carried out for all the
molecules with the experimental data and their respective excited state (ES)
geometries. The selected bond lengths and dihedral angles along with the labeling
schemes of the optimized neutral GS and the lowest singlet ES geometries obtained at
B3LYP/6-31+G(d,p) level of theory of all the molecules, in dichloromethane solvent are
collected in Table S1.

DPVBI In the GS, the bond lengths agree well with the crystal structure®, very
small changes are observed. The inter-ring distance of biphenyl moiety, bond 1, is
elongated by 0.002 A. The intra-ring C-C bonds of the biphenyl moiety, bonds 2 to 7,
are elongated by =0.02 A. The connecting vinyl’ C-C bonds 8 to 11 are elongated not
more than =0.01 A. The dihedral angle between biphenyl moiety (®4) is twisted by =34°,
when compared to the experimental value of almost 0°, which indicates non-planarity in
the GS geometry, whereas the dihedral angles at terminal vinyl groups are very less
deviated from experiment. This deviation in dihedral angles of biphenyl between
calculated and experimental values - in solid state has been attributed to the
intermolecular forces.®® In the ES, there is a slight decrease in bond lengths 1, 4, 5, 8
and 10, 11 and a slight elongation in bond lengths 2, 3, 6, 7 and 9. There is a decrease
in the torsional angle ®4 of about 30°, making the geometry near-planar in ES from
twisted GS w.r.t the biphenyl moiety. The terminal vinyl groups are twisted in ES (®,
and &3 are 19.5° and -19.6° respectively). Accordingly, the dipole moment from GS
(0.21 Debye) to the ES (0.04 Debye) is decreased. The schematic representation of
observed changes in geometry of DPVBi and phospholes A and B from non-planarity to

planarity is shown in Figure 2.

Phospholes A and B The cyclohexane ring, in both the phosphole dopants A and
B, is almost planar in the crystal but a chair form is considered for optimizations. In the
optimized GS, all the bond measures agree well with those measured in the crystal
structure. Bond lengths around the phosphorus atom and the bond Cs3-C4 show very
slight elongations in both compounds A and B. The twist angles between the central
phosphole and the side thiophene or the fluorenyl ring are observed as 17.1° (-5.4°) and

53.6° (64.1°) respectively in A (B) in GS. This result indicates that conjugation between



phosphole and thiophene is more effective than that with fluorenyl ring. From GS to ES,
P-C, and P-Cs bond lengths are contracted by 0.02 A and the inter-ring bonds C»-C7
and Cs-C¢ by about 0.03 A and 0.04 A respectively. In addition, larger structural
reorganization is seen in case of C,-Cs3, C3-C4 and C4-Cs bonds. Furthermore significant
changes in dihedral angles between central phosphole ring and the side thiophene or
the fluorenyl moieties is seen in ES of A and B compared to their GS. They are
observed at -5.4° (-11.2°) and 20.4° (27.9°) respectively in A (B). Thus, these
observations facilitate higher order conjugation in ES of A and B than their respective

GS geometries.

Frontier molecular orbitals

It is important to examine the frontier molecular orbitals to ascertain the optical
transitions and the charge transfer properties. The frontier molecular orbital plots with
their corresponding energies obtained at B3LYP/6-31+g(d,p) level of theory in gas
phase are given in Figure 3a. In DPVBI, both the HOMO and LUMO are spread over
the entire molecule. In phospholes A and B, in accordance with the geometrical
parameters, HOMOs are mainly distributed over the phosphole, thiophene moieties with
small coefficients on fluorenyl moiety, whereas LUMOs are confined majorly on
phosphole and thiophene moieties.

In the charge hopping regime, it is essential to examine the frontier orbitals of
interacting-molecules. The frontier molecular orbitals of homodimers of DPVBI, A and B
calculated at B3LYP/6-31+G(d,p) level of theory in gas phase are given in Figure S1
and those of heterodimers DPVBi-A (DA), DPVBIi-B (DB) calculated at B3LYP/6-
31+G(d,p)//B97D/6-31G(d) level of theory in gas phase are shown in Figure S2, SI. The
extent of splitting of HOMO (LUMO) and HOMO-1 (LUMO+1) is proportional to hole
(electron) mobility between the dimers. Symmetric crystal packing and absence of -1
interactions between dimers of DPVBi results the near degeneracy of frontier molecular
orbitals. A few dimers of dopants experience a few -1 interactions along with CH-1T
stabilizing interactions, which lead to non-degeneracy of HOMO (LUMO) and HOMO-1



(LUMO+1) orbitals (vide supra). Larger HOMO (LUMO) and HOMO-1 (LUMO+1)
splitting is seen for homodimer AA4 of A by 0.36 eV (0.41 eV), whereas less orbital
energy splitting is seen in case of B, i.e. 0.20 eV and 0.13 eV respectively for HOMO
and HOMO-1, and LUMO and LUMO+1 for its homodimers BB3 and BB1.

lonization Potential and Electron Affinity

The calculated ionization potentials (IP), electron affinities (EA), reorganization
energies, HOMO & LUMO energies and HOMO-LUMO gap (HLG) at B3LYP/6-
31+G(d,p) level of theory in gas phase are listed in Table 1. The calculated HOMO and
LUMO energies of DPVBI are 5.47 eV and 1.92 eV respectively. In comparison, HOMO
and LUMO levels of A are located at 5.49 eV and 2.30 eV respectively with reduced
HLG of 3.19 eV. In general, the HLG of donor should be higher than the HLG of
acceptor for a feasible energy transfer when doped®. The methyl group, which
differentiates the phospholes A and B, has an impact on frontier molecular orbital levels
with the presence of node mainly in HOMO between methyl group and thiophene
moiety. This leads to the larger destabilization of HOMO of B obtained at 5.44 eV and
small effect on LUMO obtained at 2.19 eV with negligible change in HLG. This report
was further confirmed with experimental results of large oxidation potential of B
compared to A while reduction potentials are almost same'. In case of energy of
ionization, less |IP and large EA values are usually expected for better hole and electron
mobilities respectively. Interestingly, the IP values of DPVBi, A and B are not much
different whereas EA values are significantly different. Adiabatic EA of A and B are
large -1.41 eV and -1.33 eV respectively compared with -1.06 eV of DPVBI. Hence,
acceleration of electron mobility is expected with the presence of A and B when doped
with blue emitter, DPVBi.

Reorganization energies



The estimated internal reorganization energies (Scheme to calculate
reorganization energy in Figure S3, Sl) at B3LYP/6-31+G(d,p) level of theory are
included in Table 1 and the corresponding optimized geometries of cation and anion are

sorted in supporting information (Table S2).

The reorganization energies of the hole and electron transfer are 0.310eV and
0.425eV respectively in DPVBI. Slightly larger reorganization energies are obtained for
phospholes, A:is 0.441 eV, A.is 0.506 eV in A and A+ is 0.480 eV and A_is 0.576 eV in
B, which is due to the rigidity of the distorted tetrahedral phosphole moiety in the
structure of dopants. The observed A. are smaller than A, indicating that the hole

transfer rate is higher than the electron transfer rate in these molecules.

In DPVBI, shortening and elongation of bond lengths along the long axis is
observed upon oxidation and reduction. Particularly, the bonds, 1, 8 and symmetrically
identical bonds are shortened by about 0.03 A while inter-ring bond pairs 2, 3 and 6, 7
are elongated by about 0.014-0.02 A. The changes in the geometrical parameters
indicate the better conjugation between rings in oxidized and reduced states than in
neutral state. This is further supported by the torsion angle within the biphenyl unit 158°
and 162° respectively for oxidation and reduced states (Table S2.a, Sl). Though, the
torsion angles at the terminal phenyl rings are more twisted than in neutral state. In
dopants A and B, major changes in geometry are observed for the bonds at the central
phosphole ring after ionization when compared to respective neutral geometries (Table
S2.b, Sl). More profound elongations observed, upon reduction, for P=S, P-C4 bonds by
0.04 A and 0.02 A respectively for both A and B while they are shortened upon
oxidation by-0.01 A and 0.01 A respectively. In contrast, P-C, and P-Cs bonds are
shortened and elongated by about 0.03 A and 0.01 A respectively during reduction and
oxidation steps. C3-C, and C4-Cs are elongated during oxidation and reduction. At the
same time, the inter-ring bonds, C,-C7 and Cs-Cg are shortened by the same order while
oxidation indicates the increased charge mobility between phosphole ring and
fluorenyl/thiophene rings.
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Interactions and Drift mobilities

In charge transport regime, intermolecular interactions are very important.m'71

Keeping this in view, Interactions at dimer level are analyzed at B2PLYPD/6-31G(d,p)
for homodimers (DD, AA and BB) and at B2PLYPD/6-31G(d,p)//B97D/6-31G(d) level
for heterodimers (DA and DB). All possible immediate neighbors of monomers in the
crystal packing have been considered. The interaction energies (AEfft in kcal/mol)
effective charge transfer integrals ((Jerr)j in eV), rate constants (in S, and drift
mobilities (u in cm?/V s) for hole and electron transfer of DPVBi and the dopants A and
B are summarized in Table 2. The transfer integral values for hole and electron
transport are discussed as absolute values herewith. Crystal structure of DPVBi shows
a near planarity at the biphenyl part along with vinyl bridge and the terminal phenyl rings
are non-planar. This reflects in the herringbone crystal packing where 11-11 interactions
are few, and instead CH-11 interactions stabilize the crystal packing, which leads to
smaller interaction energies. The highest AEfrf’t (-10.73 kcal/mol) is seen for parallel
stacked homodimer DD2 with 9.277< A centroid-centroid distance, larger electron
transfer integral (10.20 meV) and corresponding rate constant is 4.39 x 10" S™.
Furthermore, the slipped stacking of two monomers, with a larger centroid-centroid
distance 17.319 A resulted in the transfer integral of 2.46 meV for electron transport. It
is worth to be noted that, irrespective of the orientation and interaction energies (AE;"),
larger electron transfer integrals have been obtained when compared to hole transfer
integrals for DPVBI. However, the calculated drift mobilities for hole (u+) and electron (.

) transport are 1.37 x10° and 1.94 x10° cm?/V s.

Similar to DPVBI, CH-11 interactions stabilize the crystal packing majorly for both
A and B. Homodimer AA2 shows the largest AE;" of -12.9 kcal/mol and largest J.
27.30 meV which has CH-1r interactions between cyclohexane ring and the fluorenyl
moiety of the neighboring molecule, and between the benzene ring of one phosphole of
and the cyclohexane ring of the other monomer. A Tr-1r interaction is seen in
homodimer AA5 separated by 3.883 A between fluorenyl and phenyl rings along with
CH-11 interaction with 2.618 A between fluorenyl rings of two monomers. Thus dimer

AA5 has AE" of -7.08 kcal/mol and large J. of 17.30 meV. Furthermore, notable

int

11



effective transfer integrals have been found for electron (10.30 meV) in homodimer AA3

[

for which CH-1 interactions are seen with thiophene ring but small AE;" has been
obtained. Apart from this, dimer AA1 with a centroid-centroid distance of 8.248 A shows
effective transfer integral for both electron and hole: 3.10 meV and 1.90 meV
respectively which results in smaller hole and electron charge drift mobilities i.e., 1.15

x102 and 1.21 x 10 cm?/V s respectively.

Interestingly, the crystal packing of B presents several dimers with T-17
interactions which are not observed for A. This behavior can be attributed to the
difference in crystal packing due to the added methyl group in B. Here, the 1r-1m
interactions are seen between thiophene and phosphole rings of two monomers. Even
though, the centroid-centroid distance is larger (11.753 A) in dimer BB3, the near
planarity of thiophene and phosphole rings allow effective interaction between 1T clouds
of two monomers. Also in case of dimer BB1, more number of CH-1 interactions have
been seen for thiophene and phosphole-phenyl rings which leads to larger AE" (-17.12
kcal/mol) amongst all dimers. Similarly,’in case of dimer BB4, the effective overlapping
is seen between fluorenyl rings of two monomers, though large centroid-centroid
distance of 10.561 A is seen. Hence larger effective transfer integrals have been
obtained for dimer BB3 and dimer BB1 as 91.6 meV and 56.20 meV respectively for
hole and electron transport which are larger than for any dimer of A (Table 3). This is
reflected in large charge drift mobilities as 1.59x10™" cm?V s and 1.14x102 cm?V s

respectively for hole and electron transfer.

Intermolecular interactions between DPVBi and dopants A and B have been
studied by considering most of the possible orientations between them. The estimated
interaction energies, effective charge transfer integrals are given in Table S3
respectively at B2PLYPD/6-31G(d,p) level using optimized geometries at B97D/6-
31G(d) level of theory. Most stable heterodimers of DA and DB are included in Figure
3b. The interaction energies and the electron/hole transfer integrals are almost similar in

the heterodimers.
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Absorption and Emission spectra

Table 4 collects the TD-DFT/LR-PCM based low lying vertical excitation energies
in B3LYP, M06-2X, PBEO, CAM-B3LYP, LC-BLYP and LC-wPBE functionals and 6-
31+g(d,p) basis set, in dichloromethane solvent media using ground state optimized
geometries obtained at B3LYP/6-31+G(d,p) level of theory in gas phase. The transition
energies (AE® in eV) with oscillator strengths and main configurations for the first three
singlet excited states of all the molecules are reported. The range-separated hybrid
functional LC-BLYP and LC-wPBE show poorer performance as when compared with
experimental Sp—S1 transition energies by 0.4 eV to 0.5 eV for three molecules. The
popular hybrid functional BALYP and PBEO show much deviation of about 0.45 eV and
0.33 eV respectively for DPVBi molecule. At the same time, transition energies obtained
of dopants A and B are moderately good with these functionals. Apart from this,
coulomb attenuating CAM-B3LYP and meta-hybrid M06-2X functionals provide better
agreement with the experimental excitation energies. The calculations are showing
about 0.04-0.16 eV deviation with the experimental values 3.54 eV, 3.00 eV and 2.95
eV respectively for DPVBI, A and B. The Sy—S; transitions are 1-11* localized on the
entire molecule in the case of DPVBIi and in the case of A and B dopants, they are
mainly confined in the phosphole and thiophene rings (vide supra). The character of
So—S, and Sy—S; transitions in DPVBI are not different from the prominent Sp—S
transition. At the same time, the dopants are showing different character in So—S, and
So—S3 transitions. It is seen from Figure S4 and Figure S5 (using natural transition
orbitals) that these transitions in the solvent are confined within the middle part of the
molecular structure i.e. sulphur and phosphole ring.

The fluorescence emission energies of all the molecules have been obtained by
using LR-PCM and SS-PCM formalisms in dichloromethane solvent media, and are
compared with experimental data in Table 5. First singlet excited-state (S1) geometry
optimizations were performed employing various exchange correlation functionals like
B3LYP, PBEO, M06-2X and CAM-B3LYP with 6-31+g(d,p) basis set.

In B3LYP, CAM-B3LYP, PBEO, and MO06-2X functionals, emission energies
(AE®™) for DPVBi are obtained as 2.14 eV, 2.25 eV, 2.22 eV and 2.27 eV respectively

13



when LR-PCM formalism is used. The emissions are significantly improved to 2.35 eV,
245 eV, 2.43 eV and 2.46 eV respectively in SS-PCM method. Similarly, the emissions
for A and B are improved by about 0.10 eV with SS-PCM method than with LR-PCM.
This can be explained as the alteration of geometry and electronic density from ground
state to excited state (vide supra). It leads to the reorientation of solvent molecules in
respective excited state of DPVBIi, A and B molecules. This behavior is accounted in
SS-PCM formalism and hence possesses superior performance for predicting
fluorescence emission than LR-PCM. To infer the emissions in all molecules, M06-2X
and CAM-B3LYP functionals with SS-PCM formalism showed better match with the
experimental values than the other functionals, though there is an overestimation of

about 0.33 eV-0.45 eV for all three molecules.

Using the calculated fluorescence energies (AE®™) and corresponding oscillator
strengths from LR-PCM approximation, the -radiative lifetimes (z, ns) have been
calculated and included in Table 5. It is seen that irrespective of DFT methodology,
phospholes exhibit longer radiative lifetimes than those of DPVBI. The blue emitter has
shorter lifetime of 3.6 ns compared to 12 ns and 16.6 ns for dopants A and B
respectively in M06-2X.

Conclusions

In this study, we have carried out a detailed computational analysis of the
significant molecular interactions of DPVBI, the blue emitter, phospholes A and B, the
orange dopants. The geometries for ground state, excited state, oxidized state and
reduced state of the three molecules have been optimized and compared with the
experimental data. The geometry of ES is found to be more planar than in GS of blue
emitter and dopants considered in this study. In case of phosphole dopants, upon
oxidation and reduction, greater conjugation is seen between phosphole ring and
thiophene and fluorenyl rings while phenyl ring attached to phosphole ring is not in
molecular plane due to distorted tetrahedral character of P atom. Similarly, biphenyl and

vinyl bridge attain near planarity upon ionization in DPVBi.
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The inspection of frontier orbitals revealed that the splitting of frontier orbitals is
prominent in dopants while near degeneracy is seen in DPVBIi. This behavior is more
significant in case of heterodimers, DA and DB than their respective homodimers, which
indicates the larger interactions between the molecules in heterodimers. The
corresponding reorganization energies, interaction energies, effective transfer integrals,
rate constants and drift mobilities of hole and electron transfer have been calculated
and analyzed. Tr-11 interactions dominate in phosphole B solid state. Thiophene-
thiophene and fluorenyl-fluorenyl interactions in this case are stronger due to parallel
stacking. This may also be present in the heterodimer DB, thereby showing a different

behaviour from DA.

This work looks toward the development of host-dopant systems comprising the
active organic blue emitters and phosphole based orange emitters to achieve better

white organic light emitting diodes.
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Figure 1. Sketch map of the structures DPVBI, Phospholes A and B studied in this

work.

R=-H, A

R=-CH;3; B

DPVBi

Figure 2. Comparison of DFT ground state (GS)-and TDDFT excited state (ES)
geometries at B3LYP/6-31+g(d,p) level of theory in dichloromethane solvent: Side views
of DPVBi and phospholes A and B.
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Figure 3a. Frontier molecular Orbitals (Energies in eV) of DPVBIi, Phospholes A and B

calculated at B3LYP/6-31+G(d,p) level of theory in gas phase (isovalue=0.02).
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Figure 3b. Frontier molecular Orbitals (Energies in eV) of most stable homodimers
DD2, AA2, BB1 calculated at B3LYP/6-31+G(d,p) level and heterodimers DA19, DB12
at B3LYP/6-31+G(d,p)//B97D/6-31G(d) level of theory in gas phase (isovalue=0.02).
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Table 1. lonization potentials (Vertical (VIP) and Adiabatic (AIP)), Electron affinities
(Vertical (VEA) and Adiabatic (AEA)), Reorganization energies for hole and electron
transport (A), HOMO, LUMO energies and HOMO-LUMO gaps (HLG) of DPVBi and
Phospholes A, B (all in eV), calculated at B3LYP/6-31+G(d,p) level of theory in gas
phase.

VIP AIP VEA AEA A+ A HOMO LUMO HLG

DPVBi 6.49 6.33 -0.93 -1.15 0.310 0.425 -5.47 -1.92 3.55
A 6.62 6.39 -1.15 -1.41 0.441 0.506 -5.49 -2.30 3.19

B 6.57 6.32 -1.03 -1.33 0.480 0.576 -5.44 -2.19 3.25

P ‘in keal/mol) at B2PLYPD/6-31G(d,p)

int

Table 2. The calculated Interaction energies (AE,
level of theory, Effective charge transfer integrals ((Jerr)j in €V) at BLYP/TZ2P level of
theory, Rate constants (in S"), and Drift mobilities for hole and electron transfer (u in
cm?V s) of homodimers of DPVBIi, phospholes A and B. (Reorganization energy

obtained from B3LYP/6-31+G(d,p) level is used to calculate charge mobilities).

DPVBI, j1. = 1.37 x10%, p.= 1.94 x10°

center-center: 9.277
2 sets of equal interactions
CH-11: 3.840, 3.603, 3.940, 3.202, 3.845 A

center-center: 8.990 A AE;+=-16.12, SEB3SE =5.38, AESE =-10.73
CH-1r: 3.984, 3.368, 3.499, 3.333 A J. = 1.50 x10%, J.= -1.02 x10™%,
AE=-10.42, SEBSSE = 2,90, AES, = -7.52 K.=3.39x10", K.= 4.39x10"°

J. = 2.30x10%, J.=3.91 x10®
K.=7.96 x10”, K_= 6.47 x10%
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center-center: 12.742 A

CH-TT: 3.955, 4.153, 3.872, 3.597 A
AE; = -9.39, SEBSSE= 3,49, AECP

J. =-3.06 x10%, J.=-5.52x10%
K.=1.41x10" K =1.29 x10"

cF =-5.89

\
center-center: 17.319 A

AE; = -4.46, SEBSSE= 1,39, AECE =-3.07
J, =8.80x10%, J.=-2.46 x10°"
K.=1.17 x10%, K. = 2.56 x10%°

A, 1. =1.15x10%, p=1.21 x10°

center-center: 8.248 A
AE; = -5.63, 8EBSSE = 1.82,
AEER = -3.81

J. =-3.10x10%, J.= 1.90 x10™*
K.=3.42 x10%, K = 6.40 x10%

center-center: 11.003 A
CH-m: 3.981, 3.967 A
AE; = -5.44, SEBSSE = 1.37,
AESR =-4.07

J. =2.89x10%, J.=-1.03 x10™
K.=2.97 x10%, K = 1.87 x10"

center-center: 8.955 A

CH-Tr: 3.556, 3.269, 3.664, 3.798,
3.588, 3.194, 3.570 A

AE; = -18.2, SEBSSE =528,

AECP =-12.92

J.=-2.73x10%, J.=-5.37 x10*
K.=265x10"", K.=5.11 x10%
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center-center: 10.144 A center-center: 10.511 A

CH-m: 3.348, 3.260 A m—: 3:883 A
AE = -7.93, SEBSSE = 1,65, AESP =-6.28 CH-1r: 2.618, 3.778 3.620 A
J. =4.48 x10%, J.= 1.04 x10™* AE; = -10.85, SERSSE = 3.77, AESR = -7.08
K.=7.15x10%, K .= 1.91 x10" J. =1.73x10%, J.= 540 x10™

K.=1.06 x10"", K. = 5.17x10%

B, p.=1.59 x10”", p.=1.14 x10?

center-center: 8.603 A, 2 sets of equal interactions
CH-m: 3.410, 3.431 A

AE;=-23.06, SEBSSE =5.94, AESE =-17.12

Jr =2.15x10%, J.= -5:62 x10%

K.=1.08 x10"", K.= 2.67 x10""

center-center; 9.069 A, CH-1: 3.636, 2.821 A
AE = -7.29, SEBSSE =209, AESE =-5.20

J. =2.32x10%, J.= 8.40 x10*

K.=1.26 x10%, K. = 5.96 x10%

28




BB3 BB4

center-center: 11.753 A, 2 sets of equal interactions center-center: 10.561, 2 sets of equal interactions
CH-1r: 3.622, 3.057, 3.254 A CH-1r: 3.235, 3.637, 4.166, 3.529,3.902 A

AE;, =-16.54, SEBSSE = 4,51, AESF =-12.03 AE;=-16.72, SEBSSE =6.05, AESE =-10.67

J, =-9.16 x10%, J.= 2.00 x10™* J, =1.97 x10%, J.= 8.77 x10®

K.=1.96 x10"2, K_= 3.36x10"° K.=9.12x10", K. =6.50 x10%

Table 3. Comparison of effective charge transfer integrals ((Jes)j in eV) for hole and

electron transfer of homodimers of phospholes A and B at B3LYP/TZ2P level of theory.

. B
0.09 vzaA 0.09 .22 Q
' B B B3
0.08 4 0.08
0.07 4 0.07
0.06 0.06
3
3 0054 c 005
= <
=" 0.04 0.04
0.03 4 0.03
7
0.02 // 0.02 -
/ 7
0011 / / 0.01 -
0.00 L2224 d 2277, Y, A 0,00
AA1 BB1 AA2 BB2 AA3 BB3 AA4 BB4 AA5 AA1 BB1 AA2 BB2 AA3 BB3 AA4 BB4 AA5
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Table 4. Calculated singlet vertical excitation energies (AE*S, S; — S,) (in eV) with
Oscillator strength f, of DPVBI, phospholes A and B computed with the IEF-PCM-TD-

X/6-31+g(d,p)//B3LYP/6-31+G(d,p) approach (X denotes different functionals in
dichloromethane solvent).
DPVBi
Functional State AE™® f Major AE®®® f Major AE®®® f Major
(X) Contribution Contribution Contribution
B3LYP S1 3.09 1.7457 H—L(98%) 2.72  0.5991 H—L (98%) 2.76  0.5097 H—-L (98%)
S2 3.66 0.0027 H-1-L (92%) 3.16 0.0335 H-2—-L(38%),, 3.19 0.0247 H-2—-L (42%),
H-1—-L (60%) H-1—-L (55%)
S3 3.72 0.0070 H—-L+1(92%) 3.78 0.0136 H-3—L (76%), 3.36 0.0175 H-3—L (23%),
H-2—L (12%) H-2—L (47%),
H-1—-L (28%)
PBEO S1 3.21 1.8447 H—L (97%) 2.80 0.5978 H—L (98%) 2.83 0.5147 H—L (98%)
S2 3.80 0.0090 H-1-L (76%), 3.30 0.0447 H-2—L (42%), 3.34 0.0343 H-2—-L (47%),
HoL+1 (22%) H-1-L (55%) H-15L (49%)
S3 3.91 0.0011 H-1-L (22%), 3.53 0.0090 H-3—L (78%), 3.51 0.0110 H-3—L (27%),
HoL+1 (75%) H-2—L(10%), H-2-L (41%),
H-15L (31%)
MO06-2X S1 3.58 2.0532 H-1-L+1(11%), 3.08 0.5548 H—-L (91%) 3.10 0.4935 H—L (92%)
H—L(87%)
S2 411 0.0107  H-1-L (50%), 3.72 0.0946 H-2—L (56%), 3.75 0.0764 H-2—L (70%),
HoL+1 (45%) H-1-L(31%) H-1-L (18%)
S3 4.67. 0.0004 H-3—L (11%), 4.01 0.0032 H-3—L (84%) 4.01 0.0095 H-3—L (63%),
HoL+2 (34%) H-1-L (22%)
CAM- S1 359 20710  H—oL (84%) 3.08 05766 H-L(89%) 3.11 0.5144 H-L (91%)
B3LYP S2 411 0.0110 H-1-L (49%), 3.86 0.1066 H-2—L (59%), 3.90 0.0908 H-2—-L (73%),
HoL+1 (45%) H-1-L (28%) H-1-L (15%)
S3 467 0.0003 H-L+2 (31%) 413 0.0019 H-3—-L (78%) 4.13 0.0192 H-3—L (56%),
H-1-L (26%)
LC-wPBE S1 3.94 21782 H-1—L+1 3.36  0.5502 H—L(80%) 3.39 0.5072 H—-L (83%)
(18%),H—L
(74%)
S2 444 0.0123 H-1-L (45%), 440 0.2326 H-2—L (41%), 4.44 0.1602 H-2—L (65%),

HoL+1 (43%)

H-15L (29%)

H-15L (11%)
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S3 496 0.0002
LC-BLYP S1 3.96 2.1523
S2 446 0.0123
S3 4.99 0.0003
Exp 3.54°

2 See ref no. 25, ° See ref no.12

HoL+2 (17%),

HoL (73%)

H-1-L (44%),
HoL+1 (42%)
H-3—L (10%),
HoL+4 (11%)

4.64

4.00

4.51

4.71

3.00°

0.1942

0.5654

0.3563

0.1044

H-2L (28%),
H-1-L (15%),
HoL+1 (22%)

HoL (78%)

H-2-L (22%),
H-1-L (34%)
H-2—L (46%),
HoL+1 (17%)

4.66

3.43

4.58

4.69

2.95°

0.2466

0.5205

0.2994

0.1906

H-2—-L (11%),
H-1-L (23%),
H-1—-L+1
(19%)
H—L (80%)

H-2-L (49%),
H-1-L (15%)
H-2-L (23%),
H-1-L (14%),
H-1—L+1
(20%)

Table 5. Calculated fluorescence energies (S1 — Sp), (in eV, Oscillator strength, f) and

radiative lifetimes (in ns) of DPVBI, phospholes A and B using different functionals,

6-31+g(d,p) basis set (at both LR-and SS formalisms) and dichloromethane solvent.

B3LYP PBEO M06-2X CAM-B3LYP
AE®™ T AE™ O AET" T AE®™  AET" T AE™  AE™" T AE™  AE™"
(LR) (SS) (LR) (SS) (LR) (SS) (LR) (SS) (Exp.)
DPVBI 2.14 23 235 2.22 21 243 2.27 3.6 246 2.25 3.6 245 281°
(2.2052) (2.2159) (1.2500) (1.2551)
A 1.65 1.9 1.75 1.69 11.5 1.79 1.78 12.0 1.87 1.80 1.5 189 222°
(0.7092) (0.6993) (0.6079) (0.6200)
B 1.56 149 1.62 1.59 14.7 1.65 1.64 16.6 1.70 1.69 148 1.76 2.15°
(0.6377) (0.6235) (0.5160) (0.5459)
* Used loose convergence criterion for the PCM polarization charges during the external iteration procedure.
2 See ref no. 25, ° See ref no.12
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Graphicalabstract

J_ineV

2-thienyl 5-fluorenyl thioxophosphole, A

2-(5-methyl) thienyl 5-fluorenyl thioxophosphole, B

Larger transfer integrals in B due to the extra methyl group
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Highlights
Thiophene-thiophene and fluorenyl-fluorenyl interactions in phosphole B are stronger.

Larger effective charge transfer integrals (Jo) in phosphole B than phosphole A, due to the extra methyl

group.

The geometry of ES is found to be more planar than in GS.
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