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Aiming to develop efficient blue-emitting thermally activated delayed fluorescence (TADF) compounds,
we have designed and synthesized derivatives of the well-known sky-blue emitter 2CzPN that contain
electron-accepting phosphine chalcogenide groups to stabilize the HOMO level relative to the pristine
compound, thus increasing the HOMO-LUMO gap and blue-shifting the emission wavelength. By cyclic
voltammetry, photophysical data and quantum-chemical calculations, it was found that polar solvents
and matrices validated the proposed concept, but these trends were not recovered in non-polar media.
The suitability of these 2CzPN derivatives in polar matrices for optoelectronic applications was explored
with electrochemiluminescence (ECL) by measuring emission delays, radical stability, emission stabilities,
emission efficiencies and emission spectra. Some of the 2CzPN derivatives showed an unprecedented

Received 26th November 2021, delayed onset of the ECL, and delayed rising time to the ECL maximum, as well as long ECL emission

Accepted 7th February 2022 decay. All of these mentioned delay times suggest that these luminophores primarily emit via organic
DOI: 10.1039/d1tc05696d long-persistent electrochemiluminescence (OLECL) mechanisms. The derivatization of the donor groups
of the emitters affected both the radical stability and the predominant emission mechanism, providing

rsc.li/materials-c important insight into their potential as emitters in solid-state electroluminescent devices.

1. Introduction

Developing strategies to harvest triplet states in organic light-
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the focus of considerable effort because, according to spin
statistics, they constitute 75% of the excitons generated in the
device.! While phosphorescent heavy-metal-based organo-
metallic complexes have successfully achieved 100% internal
quantum efficiency (IQE) thanks to their large spin-orbit
coupling (SOC) and hence rapid intersystem crossing (ISC)
rates, the use of scarce elements such as iridium and platinum
is a detracting feature that will ultimately impact large-scale
application of OLED technology.> Moreover, the inherent
instability of blue-emitting heavy metal phosphorescent OLEDs
has meant this class of materials is a non-starter in commercial
devices.?

Materials showing thermally activated delayed fluorescence
(TADF), which typically take the form of donor-acceptor organic
compounds, have attracted tremendous recent attention as they
are capable of efficiently harvesting triplet excitons.*™® For the
TADF mechanism to be operational, there must exist a suitably

This journal is © The Royal Society of Chemistry 2022
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small splitting energy (AEsy) between the lowest excited singlet
(S1) and triplet (T,) states. When this criterion is met, efficient
reverse intersystem crossing (RISC) processes become feasible
such that non-emissive triplet excitons are thermally up-
converted to emissive singlet excitons.>™** In order to maintain
a small AEgy, the exchange integral between the HOMO and
LUMO must be minimized,"® and is commonly achieved by the
spatial separation of these orbitals.*’*'* In general, there are
three main molecular designs that respond to this criterion:
(1) compounds with twisted conformations between donor and
acceptor moieties that emit via an intramolecular charge-transfer
state (ICT);'° (2) compounds that promote through-space charge-
transfer interactions between adjacent donor and acceptor units
(TSCT);"® and (3) compounds that are p- and/or n-doped nano-
graphenes that emit via multi-resonance TADF (MR-TADF).'®
Each TADF emitter design principle has its own advantages and
disadvantages in terms of emission color, color purity, photo-
luminescence quantum yield (@p;), and RISC efficiency, the latter
of which is correlated strongly with device stability. For example,
ICT- and TSCT-based TADF emitters have both been reported to
be highly emissive; their color is easily tunable but their broad
emission profiles lead to poor color purity."'”*® In contrast,
MR-TADF emitters exhibit excellent color purity and ®p; but
generally possess much lower RISC rates."® Regardless of emitter
design, the stability of TADF OLEDs remains sub-optimal.®

In the pantheon of ICT emitter design, the majority of the
research focus has been devoted to new acceptors while the
selection of donor moieties has remained rather limited; with
carbazole,'*?*?" triphenylamine,”*>* acridan,>®*’ phenox-
azine,>®*!' phenothiazine**** and dihydrophenazine®*?**
accounting for more that ca. 98% of all reported donors. This
library of donors has been enriched through their chemical
substitution that serves to tune the photophysical properties of
the emitter. The majority of examples revolve around substi-
tuted carbazole derivatives and can be broadly categorized
into two families: (i) substituents that enhance the electron-
donating strength of carbazole and promote a red-shift in
the emission, and; (ii) substituents that reduce the electron-
donating strength of the carbazole and promote a blue-shift in
the emission.*® Electron-rich carbazole derivatives used within
TADF emitter design include 3,6-dimethylcarbazole,®” 3,6-di-
methoxycarbazole,*® 3,6-di-t-butylcarbazole,>”*® fluorene-fused
carbazole,* benzofuran-fused carbazole,*® donor-dendronized
carbazole*'"*> benzothiophene-fused carbazole,** and paracyclo-
phane-fused carbazole.** In contrast, 3,6-diphenylcarbazole,®
9-phenylcarbazole,*® «-/p-/5-carboline,**>° indolocarbazole,*
diphenylphosphine oxide-substituted carbazole derivatives,>>
triaryl and diarylboronate-substituted carbazole derivatives,*?
and cyanocarbazoles®>® represent examples of electron-poor
carbazole derivatives reported in the TADF literature. In the
context of blue TADF emitters employing functionalized carba-
zole donors, Adachi et al. have reported several examples of
blue TADF emitters. In 2012, Adachi et al. reported the first
example of a deep blue emitter, DTC-DPS (Apy, = 423 nm, Ppy, =
80%, AEsr = 0.32 eV in 10 wt% in DPEPO), based on 3,6-di-(tert-
butyl)carbazole as the donor and diphenylsulfone as the acceptor.
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The OLED employing this emitter showed a maximum external
quantum efficiency (EQE;.x) of 9.9% and CIE coordinates of
(0.15, 0.17).°® In a following report, an improved EQE ., of 14.5%
and CIE coordinates of (0.16, 0.16) were reported for the emitter,
DMOC-DPS (/p;, = 455 nm, ®py, = 80%, AEgy = 0.21 €V in 10 wt%
in DPEPO) in which 3,6-di-(tert-butyl)carbazole (DTC) was
replaced by 3,6-dimethoxycarbozole (DMOC) as the donor.*®
In another example, a sky-blue emitter BDPCC-TRZ (lp;, =
480 nm, dp; = 100%, AEsy = 0.11 eV in 6 wt% in DPEPO),
composed of bis(3,6-diphenylcarbazolyl)carbazole (BDPCC) as
the donor and triphenyl-1,3,5-triazine (TRZ) as the acceptor,
was reported. The OLED with this emitter achieved an EQEax
of 20.6% with /g, at 487 nm and CIE coordinates of (0.19, 0.25).%”
Lee et al. reported 5,11-di(9H-carbazol-9-yl)indolo[3,2,1-jk]carba-
zole-2-carbonitrile (CNICCz, Zp;, = 445 nm, Pp;, = 46%, AEgy =
0.27 eV) as a deep blue emitter, with a CN-modified indolocarba-
zole as the acceptor core and carbazole as the donor. Here,
deep-blue OLEDs [/g;, = 449 nm, CIE: (0.15, 0.08)] were realized
with an EQE . of 12.4%.®

In the seminal paper published in 2012, Adachi et al
reported one of the earliest sky-blue TADF emitters, 4,5-di-
carbazolylphthalonitrile (2CzPN, Apy = 473 nm, ®p;, = 47% in
toluene)."® An OLED device employing this emitter produced a
sky-blue emission (Zg;, = 475 nm in 5 wt% PPT doped emitting
layer) with an EQEn,, of 8.0%. An improved OLED device
performance (lg, = 483 nm, CIE: (0.17, 0.30), EQEp.x =
13.6%) was achieved when the same emitter was used in a
mCP host (1py, = 477 nm, @p;, = 89% in 6 wt% mCP doped film,
AEgr = 0.09 €V).”° By optimizing the device architecture, Sun
et al. were able to achieve an EQE .« of 21.8% [CIE: (0.17, 0.27),
Jg1 = 480 nm] while using the same emitter in the OLED, by
adopting a mixed co-host system (mCP:PO15 = 1:1). However,
such a high EQE was only achieved at a very low current density
of ca. 0.01 mA cm 2, and the device suffered from severe
efficiency roll-off at high current density.”® In pursuit of a
deeper blue color using the same general structural motif as
2CzPN, Gyeong et al. reported a-CbPN (ip, = 445 nm, Ppy, =
37%, AEgr =0.28 eV in 20 wt% mCP doped film) and §-CbPN
(Apr, = 480 nm, Ppy, = 93%, AEgy =0.13 eV in 20 wt% mCP doped
film), employing o/3-carboline donors in lieu of carbazole.®
A maximum EQE of 22.5% for a sky-blue OLED with Ag;, =
486 nm and CIE: (0.19, 0.34) was achieved using 20 wt% &-CbPN
in mCP as the light-emitting layer. The same group also
reported a triazine-based emitter 5,5-(2-(9H-carbazol-9-yl)-5-
(4,6-diphenyl-1,3,5-triazin-2-yl)-1,3-phenylene)bis(5H-pyrido-
[3,2-b]indole) (CzDCbTrz) containing a §-carboline donor, and
produced an OLED with an EQE,, of 23.4% and Ag;, = 471 nm
with CIE: 0.16, 0.19 using 6 wt% emitter in 2,8-bis(diphenyl-
phosphineoxide)-dibenzofuran (DBFPO) host. The chemical
structures of blue TADF emitters discussed above are shown
in Fig. 1.

Electrochemiluminescence (ECL) or electrogenerated chemi-
luminescence is emitted when electron transfer between
electrochemically-generated radicals results in an exciton for-
mation in the proximity of a working electrode, which relaxes
radiatively.®'"** In fact, this combination of charge recombination,
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Fig. 1 Chemical structures of discussed blue TADF emitters.

radical generation, exciplex formation,®® and possibilities of
host-guest systems,°® TADF,*” triplet-triplet annihilation®® and
phosphorescent emissions via ECL mirrors photophysical pro-
cesses that can occur in OLEDs. Furthermore, high lumino-
phore concentrations, and film electrodes®" in ECL studies can
mimic bulk and interfacial molecular conditions in OLEDs,
allowing predictions of molecular performance before full
device manufacturing. ECL finds additional applications in
discovering luminophore film enhancement phenomena,*® "
and in commercial applications for antigen sensing.”> Since the
early studies on ECL in the 1960s,”*>””> various types of emissive
compounds have been studied.”® However, the design of
commercial ECL luminophores has been mainly limited to
noble-metal complexes such as those of Ru, due to their
efficient and electrochemically-stable conversion of excitons
to light, regardless of the total spin. Analogously to their
popular use as emitters in OLEDs, TADF molecules are likewise
expected to give high ECL efficiency. Despite the thousands of
reports of TADF emitters used in OLEDs, there are only a small
number of examples of TADF compounds employed in ECL
studies. Imato et al. studied the annihilation ECL properties of
carbazole-decorated phthalonitrile based TADF emitters in
both DCM and MeCN.®” Of the compounds investigated, the
ECL emission maxima, Agcr, for 2CzPN were modestly red-shifted
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(Agct. = 550 and 585 nm in DCM and MeCN, respectively)
compared to the photoluminescence maxima, Apy, (Ap = 533
and 560 nm in DCM and MeCN, respectively) regardless of
solvent. Further, the low @p;, (¥p, = 34 and 10% in DCM and
MeCN, respectively) translated into low relative ECL efficien-
cies, Pgcr, of 90 and 22%, respectively, in DCM and MeCN, in
comparison to [Ru(bpy);]*" which showed @gcp, = 100% under
the same conditions. No discussion concerning the kinetics of
exciton decay was provided. Most recently, Niu et al. reported
the first example of a solid-state ECL study of a TADF polymer
containing a backbone acridan-based donor and pendant
triazine-containing acceptor, PCzAPT10.”” The polymer showed
significantly enhanced ®pc; of 194% relative to [Ru(bpy)s]**
when using tri-n-propylamine (TPA) as a co-reactant, compared
to the @py, of 21%. The Agcr, was also significantly red-shifted, at
587 nm, compared to the Apy (542 nm) for a neat film of
PCzAPT10 immersed in 0.1 M TBAP:MeCN electrolyte solution.
Furthermore, Niu et al. made water-soluble 4CzIPN nano-
particles which achieved a relative ®@g¢;, = 0.7%, marking the
first water-soluble TADF nanoparticle tested.”®

Using the same 2CzPN scaffold as a starting point, we
hypothesized that adding strong electron-withdrawing group
such as phosphine-chalcogenides onto the carbazole donor
moieties would promote the desired blue-shift in the emission.

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Chemical structure of 2CzPN and the three phosphine chalcogenide derivatives.

In this regard, we designed and synthesized three 2CzPN
derivatives and thoroughly investigated their physical, photo-
physical, electrochemical properties, further supporting these
optoelectronic studies with density functional theory (DFT)
calculations (Scheme 1). ECL was then used to gauge the
suitability of these derivatives for optoelectronic applications
in the desirable polar media. Assessing the potential of the
three 2CzPN derivatives as OLED materials was possible with-
out the time-intensive and costly task of constructing full
OLEDs, since ECL provides a tool to simulate charge imbal-
ances, judge relative stabilities of electrically generated radical
cations and anions (holes and electrons, respectively), evaluate
relative emission efficiencies and understand emission
mechanisms of luminophores.®””””®%" Although our reference
compound, 2CzPN is a well-studied TADF emitter in the literature,
we have redetermined its optoelectronic properties under the
same conditions as the three new emitters, as well as calculating
its properties, to allow the most accurate comparison.

2. Experimental section
2.1 General synthetic procedures

All commercially available chemicals and reagent grade solvents
were used as received. 3-Bromocarbazole, 3,6-dibromocarbazole,
N-TBDMS-3-bromocarbazole and N-TBDMS-3,6-dibromocarbazole
were prepared according to the literature.® Air-sensitive reactions
were performed using standard Schlenk techniques under a
nitrogen atmosphere. Anhydrous THF was obtained from a
solvent purification system. Flash column chromatography
was carried out using silica gel (60 A, 40-63 um). Analytical
thin-layer-chromatography (TLC) was performed using silica
plates with aluminium backings (250 pm with F-254 indicator),
and were visualized using a 254/365 nm UV lamp. "H, *C and
*'P NMR spectra in CDCl; or DMSO-ds were recorded on
an NMR spectrometer (400 MHz for 'H, 101 MHz for **C and
162 MHz for *'P). The NMR signal is described as follows:
s = singlet, d = doublet, dd = doublet of doublets, td = triplet of
doublets, ddd = doublet of doublets of doublets, and m =
multiplets. Melting points were measured using open-ended
capillaries on Electrothermal Mel-Temp®™ melting point appa-
ratus and are uncorrected. High-resolution mass spectrometry
(HRMS) was performed by the EPSRC National Mass Spectro-
metry Service Centre (NMSSC), Swansea University. Elemental
analyses were performed by Mr Stephen Boyer, London Metro-
politan University. High performance liquid chromatography
(HPLC) analysis was conducted on a Shimadzu Prominence

This journal is © The Royal Society of Chemistry 2022

Modular HPLC system. HPLC traces were performed using an
ACE Excel 2 C18 analytical (3 x 150 mm) column. Gas chromato-
graphy mass spectrometry (GCMS) analysis was carried out on a
Shimadzu GCMS-QP2010 SE instrument, an advanced standard
gas chromatograph mass spectrometer coupled with automated
AOC-5000 sample injection system using a Shimadzu-SH RTX®-1
column (fused silica) (length = 25 m, thickness = 0.25 mm, oven
temp.: 40 °C to 250 °C; detector: MS; detection temp.: 250 °C;
Carrier gas: helium).

Photophysical measurements. Optically dilute solutions of
concentrations on the order of 10> or 10~ ® M were prepared in
HPLC grade acetonitrile for absorption and emission analyses.
Absorption spectra were recorded at room temperature on a
Shimadzu UV-1800 double beam spectrophotometer. The
molar absorptivity values were determined by linear regression
analysis of four solutions of different concentrations within the
range of 10~ * to 10> M prepared by dilution of stock solution
(107 M). Aerated solutions were prepared by using aerated
solvents with prior air bubbling for 5 min whereas degassed
solutions were prepared via five freeze-pump-thaw cycles prior
to emission analysis using a home-made cuvette with extended
solvent bulb designed for cryogenic degassing. Steady-state
emission and time-resolved emission spectra were recorded
at 298 K using Edinburgh Instruments FLS980 fluorometer.
Samples were excited at 360 nm using a Xenon lamp for steady-
state measurements and at 378 nm using a PicoQuant pulsed
diode laser for time-resolved measurements. Photoluminescence
quantum yields for solutions were determined using the opti-
cally dilute method® in which four sample solutions with
absorbance at 360 nm being ca. 0.10, 0.080, 0.060 and 0.040
were used. Their emission intensities were compared with those
of a reference, quinine sulfate, whose quantum yield (¢,) in 1 N
H,SO, was taken as 54.6%.%* The photoluminescence quantum
yield of a sample, @, can be determined using the equation & =
&(A/A)((I/I)(ns/n.)?, where A stands for the absorbance at the
excitation wavelength (Aex: 360 nm), I is the integrated area
under the corrected emission curve and 7 is the refractive index
of the solvent, with the subscripts “s” and “r” representing
sample and reference respectively. 10 wt% doped poly(methyl
methacrylate) (PMMA)/1,3-bis(N-carbazolyl)benzene (mCP) thin
films were prepared by spin-coating a chlorobenzene solution of
the desired sample on a quartz and sapphire substrate. Solid-
state @p;, measurements of thin films were performed in an
integrating sphere under a nitrogen atmosphere or air using
a Hamamatsu C9920-02 luminescence measurement system.
For temperature-dependent measurements, samples prepared
on sapphire substrates were cooled down to 77 K in a cryostat
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(Oxford Instruments). Time-resolved spectra (prompt fluores-
cence and phosphorescence) were obtained in 10 wt% doped
mCP or 10 wt% doped PMMA thin films at 77 K using a gated
intensified charge coupled device (iCCD camera) from Stanford
Computer Optics and under laser excitation at 360 nm.

Electrochemical measurements. All electrochemical experi-
ments were carried out in 3 mL of DCM with a luminophore
and with TBAP as the electrolyte, at concentrations of 0.7 mM
and 0.1 M, respectively. A Pt electrode with an active diameter
of 2 mm was used as the working electrode and was polished
with 1, 0.3 and 0.05 pm aluminum oxide nanoparticles before
every use. An electrochemical polish was subsequently per-
formed in 0.1 M H,SO, scanning between —0.9 and 0.9 V vs.
Pt wire at a scan rate of 0.5 Vs~ ' for 20 minutes. The quality of
the polish was verified with cyclic voltammetry of a [Ru(bpy)s]**
solution at a scan rate of 0.1 V s~ by seeing the 60 mV
difference between the cathodic and anodic peaks for the
[Ru(bpy);]** oxidation and the same peak height. Pt coil coun-
ter and reference electrodes were used for all measurements,
and calibration of the potential was performed with ferrocene
as a reference. All ECL cells were constructed in an inert
atmosphere glove box and were sealed to prevent oxygen from
entering the cell during experiments.

ECL was measured by a photomultiplier tube (R928 PMT,
Hamamatsu Photonics, Japan) held at —750 V. The voltage
signal from the PMT was transduced by a Keithley ammeter
(6487, Keithley Instruments, Cleveland, OH) into so-called
photocurrent measured in nanoamperes (nA).

The spectroscopic measurement methods were reported
elsewhere,® with a spectrograph (Acton 2300i, Princeton
Instruments Inc., Trenton NJ) coupled with a CCD camera
(Model DV420-BV, Andor Technology, UK) cooled to —55 °C.

The relative efficiency of the ECL emission was determined
by finding the charge input and the ECL output for the specific
experimental setup and comparing these values to the com-
mercial standard of ECL emitter systems, [Ru(bpy)s;]** for
annihilation systems and [Ru(bpy);]**/BPO or [Ru(bpy);]**/TPrA
for co-reactant systems, by the following equation:

JECL di
Do — (qurrent dt) .
FCL = TECL dr
(fCurrent dt) o

where st and x refer to the standard [Ru(bpy)s
pounds of interest, respectively. Pulsing annihilation efficien-
cies were measured from 25 pulses using eqn (1).

x 100% M

J** and com-

TBDMS

e
O

R=H, TBDMS-BrCz 87 % R=H, TBDMS-PPCz85%
R=Br, TBDMS-DBrCz 90% R=PPh,, TBDMS-DiPPCz 60%

TBDMS

R Br

() & (i) (i) & (iv)
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Reaction enthalpies were calculated by the following
equation:*®

R R
—AH® < E° —E°(—) - TAS® 2
() () s o

where E° values are the standard reduction potentials for two
half reactions and TAS” is equal to 0.1 eV when considering the
temperature dependence on half reaction potentials. This
measurement has an uncertainty of 0.1 eV.

3. Results and discussion
3.1 Synthesis and characterization

The synthesis of the phosphine chalcogenide-modified 2CzPN
emitters is shown in Scheme 2. Nitrogen-protected precursors
9-(tert-butyldimethylsilyl)-3-bromo-9H-carbazole, TBDMS-BrCz
and 9-(tert-butyldimethylsilyl)-3,6-dibromo-9H-carbazole, TBDMS-
DBrCz were prepared from their respective bromo- or dibromo-
9H-carbazole derivatives.®' The key intermediates, the phosphine
chalcogenide-substituted carbazoles (PPOCz, PPSCz, DiPPOCz),
were prepared by lithiation of TBDMS-BrCz and TBDMS-DBrCz
followed by diphenylphosphination (TBDMS-PPCz and TBDMS-
DiPPCz), and finally oxidation/sulfuration. Removal of the TBDMS
group afforded the desired phosphine chalcogenide-substituted
carbazole derivatives in moderate-to-excellent yield (40-95%).
The respective emitters PPOCzPN, PPSCzPN and DiPPOCzPN
were likewise obtained in moderate-to-excellent yield (52-96%)
through a nucleophilic aromatic substitution reaction of
4,5-difluorophthalonitrile with PPOCz, PPSCz or DiPPOCz.
All the emitters were characterized by 'H, '*C, and *'P NMR
spectroscopy and high-resolution mass spectrometry (HRMS),
and their purity was demonstrated by HPLC and elemental
analysis. The emitters PPOCzPN and PPSCzPN were each found
to exist as a mixture of rotamers at room temperature in a ratio
of 58:42 and 70: 30, respectively, which was observed by both
HPLC and *'P{’"H} NMR spectroscopy (Fig. S1, ESI%). This was
further substantiated by obtaining single crystals of both
rotamers for PPSCzPN.

Single crystal X-ray diffraction. The molecular structures of
PPOCzPN, PPSCzPN, and DiPPOCzPN were determined by
single crystal X-ray diffraction analysis (Fig. 2). Single crystals
were grown from a binary solvent system by the vapour diffu-
sion method: chloroform/acetonitrile and DCM/hexane for
PPOCzPN; DCM/hexane and chloroform/methanol for PPSCzPN;
and DCM/hexane for DiPPOCzPN. On initial analysis of the
structure of PPOCzPN (obtained from chloroform/acetonitrile),
partial-occupancy chlorine atoms were identified on both the

H NC CN
N. Ph
Q L
R e
———= CIRS
R R

O

R=H,  X=0, PPOCz82% R=H,  X=0, PPOCzPN 96%
R=H,  X=S, PPSCz90% R=H,  X=S, PPSCzPN 0%
R=PPh,0, X= O, DIPPOCz 95% R= PPh,0, X= O, DiPPOCZPN 52%

Scheme 2 Synthetic routes for the synthesis of PPXCzPN and DiPPOCzPN. Reaction conditions: (i) n-BuLi (1.6M), THF, —78 °C, 30 min, (i) PPh,Cl,
—78 °C — rt, 30 min, (iii) H,O, or Sg, THF, rt, 18 h, (iv) TBAF (1.0 M), THF, rt, 1 h, (v) NaH, THF, 30 min, (vi) 4,5-difluorophthalonitrile, rt, 6 h.

4650 | J Mater. Chem. C, 2022,10, 4646-4667

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1tc05696d

Open Access Article. Published on 08 February 2022. Downloaded on 2/13/2026 1:16:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

carbazoles, forming PPOCICzPN. This likely arose from chlori-
nation during crystallization from the chloroform solvent. A later
crystallisation from DCM/hexane gave rise to a structure of
PPOCzPN not showing any chlorination. Crystallisation of
PPSCzPN from the two different solvent combinations gave rise
to crystals showing substantially different unit cells. Analysis of
these revealed the presence of a different rotamer in each
structure, with form 2 also showing included solvent. Only a
single rotamer could be crystallised for PPOCzPN. In all the
emitters, the interplanar angles between the donor carbazole
derivatives and phthalonitrile moiety ranged between 50.71° and
59.91° and were mostly close to identical within an individual
molecule [PPOCZPN 58.12(6)° and 59.36(6)°, PPSCzPN-1 50.7(3)°
and 50.9(3)°, PPSCzPN-2 52.8(8)° and 53.9(8)°, and 51.5(7)° and
59.7(7)°, and DiPPOCzPN 56.82(8)° and 57.69(8)]. By contrast, a
larger interplanar angle range is computed in the optimized
ground-state geometries of the isolated emitters with all com-
pounds showing one torsion angle around 45° and the other
around 70° (see Section 2.3).

The four structures show a number of intermolecular inter-
actions. In both PPOCzPN and DiPPOCzPN a three-dimensional
network of weak C-H---O and C-H---N hydrogen bonded
molecules is formed [PPOCzPN H---A distances 2.39-2.60 A,
C---A separations 3.120(2)-3.529(3) A; DiPPOCzPN H---A dis-
tances 2.26-2.54 A, C---A separations 3.018(3)-3.383(3) A]
(where A is the acceptor atom). The networks are reinforced
by C-H---m interactions in both structures [PPOCzPN
H. - -centroid distances 2.79-2.90 A, C---centroid separations
3.549(3)-3.719(2) A; DiPPOCZPN H.- - -centroid distances 2.74 A,
C---centroid separations 3.546(3) A], m-m interactions in
PPOCZPN [centroid- - -centroid distances 3.7287(9) A], and by
conventional hydrogen bonds to the water solvent molecule in

Fig. 2 Thermal ellipsoid plots of the crystal structures of (a) PPOCzPN, (b)
PPSCzPN-1, (c) PPSCzPN-2 and (d) DiPPOCzPN. Ellipsoids are drawn at
the 50% probability level and hydrogen atoms and solvent molecules are
omitted for clarity.

This journal is © The Royal Society of Chemistry 2022
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DiPPOCZPN [H.--O distances 1.83(3) and 1.87(4) A, O---O
separations 2.811(3) and 2.858(4) A].

Both PPSCzPN structures show a different pattern of inter-
actions where weak interactions of specific types give rise
to multiple one-dimensional chain structures, these being
linked into two-dimensional sheets when they are combined.
In PPSCzPN-1, C-H---n interactions [H---centroid distances
2.70 and 2.89 A, C---centroid separations 3.623(12) and
3.799(15) A] form chains along the ac-diagonal axis, and weak
C-H---N hydrogen bonds [H---N distances 2.45 A, C---N
separations 3.322(16) A] form chains along the hb-axis. The
combination of these leads to sheets in the (1 0 —1) plane. In
PPSCzPN-2, -1 interactions [centroid---centroid distances
3.668(10)-3.803(10) A] form chains along the b-axis, and
C-H.---m interactions [H:--centroid distances 2.78 A,
C- - -centroid separations 3.63(3) A] form chains along the hc-
diagonal axis. The combination of these leads to sheets in the
(1 0 0) plane, which are further reinforced by weak C-H---S
hydrogen bonds [H---S distances 2.71 A, C---S separations
3.56(2) A]. The chloroform solvent molecules in PPSCzPN-2
are held within the lattice by weak hydrogen bonds [H-- N
distances 2.54 A, C---N separations 3.41(4) A; H---S distances
2.62 A, C- - -S separations 3.59(2) A].

None of these structures show a matching pattern of inter-
actions to that shown in the structure of 2CzPN, where multiple
sets of C-H- - -m interactions form sheets in the (0 0 1) plane,
which are reinforced by weak C-H- - -N hydrogen bonds.®® This
is closest to what is seen in PPSCzPN-1, in that sheets are
formed by combinations of C-H- - -m and C-H- - N interactions;
however, in 2CzPN, the C-H---m interactions form sheets
directly, whereas in PPSCzPN-1 both the C-H: - - interactions
and the weak hydrogen bonds are required to form the sheets.

3.2 Electrochemical and photophysical properties

The three emitters PPOCzPN, PPSCzPN and DiPPOCzPN show
irreversible oxidation waves and reversible reduction waves in
their cyclic voltammograms (CV), recorded in DCM with 0.1 M
tetrabutylammonium perchlorate (TBAP) (red curves in Fig. 3a—c).
The values of the HOMO and LUMO energy levels were estimated
from the peaks observed in the CV and verified from the
differential pulse voltammograms (Fig. S36, ESI%). The
HOMO/LUMO levels of the reference compound 2CzPN, as well
as PPOCzPN, PPSCzPN and DiPPOCzPN are determined to be
—6.28/—3.50, —6.39/—3.56, —6.56/—3.48 and —6.86/—3.56 €V,
respectively. As expected, it is easier to reduce and harder to
oxidize DiPPOCzPN than PPOCzPN due to the presence of the
second electron-withdrawing diphenylphosphine oxide moiety
on each carbazole. PPOCzPN is the easiest to oxidize and has
the least stable HOMO. Similar electrochemical trends were
seen in MeCN (Fig. S37, ESI#).

The optical absorption study of PPOCzPN, PPSCzPN,
DiPPOCzPN and the reference emitter 2CzPN was carried out
in acetonitrile (polar) and toluene (nonpolar) solvents. Table 1
summarizes the photophysical and electrochemical properties
of PPOCzPN, PPSCzPN, DiPPOCzPN and the reference
emitter 2CzPN in polar solutions and doped films in PMMA
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(a—c) CVs (red) along with ECL-voltage curves (blue) and (d—f) ECL-time curves (red) along with voltage-time curves (blue) during potential

pulsing at a pulsing frequency of 10 Hz for PPOCzPN, PPSCzPN and DiPPOCzPN, respectively. Scans were recorded in DCM. CVs were all performed at a

scan rate of 0.1V s™?
below the first reduction potentials of the compounds.

(polymethyl methacrylate) as a polar host matrix, leading to the
following observations. The phosphine chalcogenide-substituted
emitters exhibited similar UV-visible absorption spectra to that
of 2CzPN with three major bands observed at around 265 nm,
325 nm, and 360 nm in both solvents (Fig. 4a and d). The high-
energy band near 265 nm is attributed to a LE transition of the
carbazole moiety (see Fig. S40, ESIi) while the lowest energy

and the second cycle is shown in every case. Pulsing experiments were carried out between 0.1 V above the first oxidation and

bands near 325 nm and 360 nm are ascribed to ICT transitions
in view of their low intensity.’® The ICT bands of the phosphine
chalcogenide-substituted emitters are modestly blue-shifted by
380-1020 cm ™' (30-65 nm) compared to the reference emitter
2CzPN due to the presence of the electron-withdrawing substi-
tuents. The presence of the second diphenylphosphine oxide
group in DiPPOCzPN produced both a more intense absorption

Table 1 Summary of photophysical and electrochemical properties of PPOCzPN, PPSCzPN, DiPPOCzPN and 2CzPN in polar media and in a PMMA

matrix
MeCN DCM 10 wt% doped PMMA film  DCM

Emitter Japs”mm, (& x 107" M em™")  Jp’/mm  @p %  Ap%nm Do %/% Eo/V (HOMO//eV)  Eyeq/V (LUMO//eV)  AES/eV
PPOCZPN 356 (1.24) 498 51 465 56 1.59 (—5.99) ~1.24 (~3.16) 2.83
PPSCZPN 358 (1.49) 501 47 465 59 1.76 (—6.16) ~1.32 (—3.08) 3.08
DIiPPOCZPN 351 (1.51) 465 61 428 28 2.06 (—6.46) —1.24 (-3.16) 3.29
2CzPN 366 (1.33) 515 29 494 77 1.48 (—5.88)‘ —1.30 (—3.10)‘ 2.78
2CzPN" 364 (1.14) 532 29 492 76 1.50 (—5.90)' —1.42 (—3.00)' 2.90'

@ ICT band measured in MeCN at 298 K. © In degassed DCM (Jexe = 358 nm). © Solution @py values were determined by the relative method* using
0.5 M quinine sulfate in H,SO, (aq) as the reference (®pr: 54.6%).%” ¢ 10 wt% doped PMMA thin films (exe = 360 nm). ¢ Absolute @p; values in 10

wt% doped PMMA thin films under N,.

noted.®® The HOMO and LUMO energies were calculated using the relation Egomo/Erumo = —(E”/E™
anodic and cathodic formal potentials, respectively, obtained from CV.%° ¢ AE =

4652 | J Mater. Chem. C, 2022,10, 4646-4667

/In DCM with 0.1 M ["Bu,N]CIO, as the supporting electrogrte and SCE as the reference unless otherwise

s. Fc/Fe' +4.8) eV, where the E° and E™? are

|Eomo — ELUMO| Values from ref 77. * Determined in MeCN.
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(a) Absorption (solid line) and emission (dashed line) spectra of PPOCzPN, PPSCzPN, DiPPOCzPN and 2CzPN recorded at room temperature in

MeCN and DCM solution (lexc = 358 nm), respectively. (b) Steady-state photoluminescence spectra of 10 wt% PMMA films of PPOCzPN, PPSCzPN,
DiPPOCzPN, 2CzPN (/exc = 358 nm). (c) Time-resolved photoluminescence decay profiles of 10 wt% PMMA films of PPOCzPN, PPSCzPN, DiPPOCzPN,
2CzPN (Zexec = 378 nm). (d) Absorption and emission spectra of PPOCzPN, PPSCzPN, DiPPOCzPN and 2CzPN recorded at room temperature in toluene
solution (Zexe = 370 nm). (e) Steady-state photoluminescence spectra of 10 wt% mCP films of PPOCzPN, PPSCzPN, DiPPOCzPN, 2CzPN (cx. = 358 nm).

(f) Time-resolved photoluminescence decay profiles of 10 wt% mCP films of PPOCzPN, PPSCzPN, DiPPOCzPN, 2CzPN (/¢yc = 378 nm).

of the n-n* band at around 270 nm and the most blue-shifted
ICT band. The absorption spectra did not appreciably change
between toluene and acetonitrile (see Fig. 4a and d).

The photoluminescence properties of PPOCzPN, PPSCzPN,
DiPPOCZPN and 2CzPN were investigated in DCM and toluene,
as neat films and as 10 wt% doped PMMA and mCP (1,3-bis-
(N-carbazolyl)benzene) films, the latter matrix identified as a
suitably high triplet-energy host that had previously been used
with 2CzPN. The photophysical properties are summarized in
Tables 1 and 2 and the emission spectra and decay profiles of
the emitters doped in PMMA and mCP thin films are shown in
Fig. 4c and f. In DCM, the emission maxima shift to progres-
sively higher energy across the series from 2CzPN to PPOCzPN,
PPSCzPN, and DiPPOCzPN, at 532 nm, 498 nm, 501 nm, and
465 nm, respectively, reflecting the weakening of the donor.
On the other hand, owing to its lower polarity, the emission
maxima of these emitters are further blue-shifted in toluene

compared to DCM, a reflection of their CT character. In 10 wt%
doped PMMA films, the Ap;, values are all blue-shifted com-
pared to those in DCM solution at 492 nm, 465 nm, 465 nm,
and 428 nm, due the less polar nature of this medium (Fig. 4b).
In 10 wt% doped mCP films, the Ap;, values are surprisingly
red-shifted and clustered closer to each other at 496 nm,
474 nm, 474 nm, and 490 nm for 2CzPN, PPOCzPN, PPSCzPN,
and DiPPOCzPN, respectively, in full consistency with the
trends observed in toluene (Fig. 4d). The photoluminescence
quantum yields, ®p;, in DCM of PPOCzPN, PPSCzPN and
DiPPOCzPN (47-61%) are higher than that of 2CzPN
(29%).%¢ The ®p; values of the emitters are somewhat lower
in PMMA doped films (ranging from 28-59%), and are lower
than that of 2CzPN (76%) in the same medium. In mCP, the
®pp is recovered with values of 72%, 73% and 56% for
PPOCzPN, PPSCzPN and DiPPOCzPN, while that of 2CzPN is
very similar to that seen in PMMA (77%). A slightly higher ®p,

Table 2 Summary of photophysical and electrochemical properties of PPOCzPN, PPSCzPN, DiPPOCzPN and 2CzPN in apolar media and in the solid

state in @ mMCP matrix and as neat films

Toluene 10 wt% doped mCP film Neat film
Emitter Jabs /MM Jp 2/nm AEg#leV JpLS/nm Do Y% AEg#leV JpLfmm Do 1%
PPOCZPN 321, 331, 367 460 0.20 474 72 0.19 501 54
PPSCzPN 321, 332, 369 460 0.42 474 73 0.24 524 26
DiPPOCzPN 319, 332, 361 443 0.43 490 56 0.15 466 38
2CzPN 317, 329, 375 476 0.36 496 77 0.23 516 33
2CzPN 317, 329, 375" 484" 0.31" 477 89" 0.09’ NA NA

@ ICT band measured in toluene at 298 K. ? In toluene (fexe = 370 nm). © In 10 wt% doped mCP thin films. ¢ Absolute quantum yield in 10 wt%
doped mCP thin films. ¢ In neat thin films./ Absolute quantum yield in neat thin films. & Measured as the energy difference between the prompt
fluorescence onset (at 77 K, Aexe = 378 nm, time delay = 1 ns, integration time: 1-100 ns) and the phosphorescence onset (at 77 K, Jexc = 378 nm,
time delay = 1 ms, integration time = 1-10 ms). " Values from ref. 86. ! Values from ref. 59, measured in 6 wt% doped mCP film, AEgr was
estimated from the fluorescence (300 K) and phosphorescence (5 K) peaks. NA = not available.
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(89%) has been reported for 6 wt% 2CzPN in co-evaporated
mCP thin film.*’

Fig. 4c shows the time-resolved decay traces of the emitters
in a PMMA matrix. The emission decay consisted of both
prompt (z,) nanosecond and delayed (z4) microsecond fluores-
cence components. The prompt fluorescence decays of
PPOCzPN, PPSCzPN and DiPPOCzPN were found to be bi-
exponential with lifetimes, 7, ranging from 13-20 ns, similar
to that of 2CzPN (1, = 8, 21 ns). The delayed fluorescence decay
of the three emitters is tri-exponential in nature with average
lifetime of 393 us, 416 ps, and 513 ps for PPOCzPN, PPSCzPN
and DiPPOCzPN, respectively, significantly longer than that of
2CzPN (t4 = 270 ps). Fig. 4f shows the emission decays in mCP,
which are similar to the decay profiles in the PMMA matrix. In
this medium, the 7, ranges from 8-37 ns, longer than those
measured in PMMA, and also longer than that of 2CzPN (1, =9,
23 ns). The 14 values, on the other hand, for PPOCzPN,
PPSCzPN and DiPPOCzPN in 10 wt% mCP thin films were
found to be 210 ps, 206 ps, and 54 ps, respectively, which are
significantly shorter than those in PMMA and are also shorter
than that of 2CzPN (tq = 277 ps). An average 74 of 273 ps has
been reported previously for 6 wt% 2CzPN in mCP thin film.>®
The excited state lifetime of the emitters doped in PMMA and
mCP films are summarized in Table 3. Altogether, in contrast to
2CzPN, the present data for PPOCzPN, PPSCzPN and DiPPOCzPN
emitters clearly demonstrate the high sensitivity of the emitter
decay dynamics and emission energy towards the nature of the
host medium.

Temperature-dependent time-resolved emission decay mea-
surements in 10 wt% doped mCP thin films are shown in
Fig. S39 (ESI%). There is a clear thermal activation of the delayed
fluorescence that is consistent with compounds emitting via a
TADF mechanism, despite the different trends in comparison
to the PMMA matrix.

The singlet-triplet energy gaps (AEsr) were determined from
the difference in energy of the onset of the prompt fluorescence
and phosphorescence spectra in 10 wt% doped mCP films
measured at 77 K (Fig. 5). The AEgr values for PPOCzPN,
PPSCzPN, DiPPOCzPN and 2CzPN were found to be 0.19 eV,
0.24 eV, 0.15 eV and 0.23 eV, respectively. The experimentally
determined AEgy value for 2CzPN in 10 wt% doped mCP film is
in good agreement with the reported value of 0.21 eV in a 6 wt%
doped mCP thin film.**®® The smallest AEgy value (0.15 eV for
DiPPOCZPN) is consistent with the observed 14, value of 54 s,
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which is the shortest among these emitters. It is noteworthy
that the TD-DFT calculated AEgr values in the gas phase are
consistent with those experimentally determined in the apolar
matrix, vide infra, Table 4. The AEgy values determined for
these chalcogenide-substituted 2CzPN derivatives are of similar
magnitude to literature 2CzPN derivatives such as a-2CbPN
(AEgr = 0.28 V) and 8-2CbPN (AEgy = 0.13 V) in 20 wt% mCP
thin film, where o/6-carboline was used as carbazole replace-
ment to blue-shift the emission.®°

3.3 Theoretical modelling

To better understand the differences between the PL behaviors
observed in the polar DCM solvent or PMMA matrix versus the
apolar toluene solvent or mCP matrix, our study has been
complemented by quantum-chemical calculations. In line with
our previous theoretical studies on TADF emitters,**°°
first optimized the ground-state geometry of the 2CzPN and its
three derivatives in the gas phase at the Density Functional
Theory (DFT) level using the PBEO functional® and a 6-31G(d,p)
basis set.”® In a second step, we have analyzed the nature of the
frontier electronic levels of the compounds. Finally, we have
described the lowest singlet and triplet excited states of
the emitters by performing TD-DFT calculations within the
Tamm-Dancoff approximation,”® employing the same func-
tional and basis set.

In the case of the isolated PPOCzPN and PPSCzPN com-
pounds, we have obtained two different low-energy conformers
varying by the amplitude of the torsion angles ¢ between the
carbazole and phthalonitrile units (see Fig. S40, ESI%). For
PPOCzPN, rotamer 2 with ¢; = 134.3° and ¢, =-69.2° is more
stable by 0.29 eV compared to the other rotamer with ¢, =
—64.8° and ¢, = —65.9% in the case of PPSCzPN, there is a
much larger difference of 1.33 eV between the most stable
rotamer (with ¢; = 133.2° and ¢, = —69.5°) compared to the
second rotamer (with ¢, = —65.8° and ¢, = —64.6°). In view
of the large energy difference between the two rotamers
(compared to the thermal energy, kT), their co-existence in
solution most probably arises from their synthesis, rather than
from thermal conversion following synthesis. We will discuss
hereafter the properties of the most stable rotamer; for sake of
completeness, the very similar properties computed for the
second rotamer in the gas phase are collected in the ESIi
(Fig. S40, S41 and Tables S2, S4). In contrast, we only found a
single stable conformer for 2CzPN and DiPPOCzPN with the

we have

Table 3 Excited state lifetimes of the emitters doped in PMMA and mCP films

10 wt% doped in PMMA films

10 wt% doped in mCP films

Emitter 7 (%)/ns; 1q (%)/1s 7 (%)/ns; 1q (%)/us S,/ev T,/eV
PPOCzPN 6.1 (43), 20.0 (57); 9 (3), 146 (22), 1024 (75) 10.0 (12), 37.2 (88); 20 (4), 90 (18), 522 (78) 2.96 2.77
PPSCzPN 5.8 (44), 13.6 (56); 5 (0. 5), 174 (10), 1361 (90) 8.6, (44), 31.6 (56); 23 (4), 175 (33), 422 (62) 2.97 2.73
DiPPOCzPN 6.7 (40), 14.1 (60); 5 (2), 69 (6), 1176 (92) 8.1 (58), 26.4 (42); 0.5 (76), 28 (18), 136 (6) 2.96 2.81
2CzPN 8.3 (15), 21.1 (85); 6 (4), 124 (22), 680 (72) 9.9 (29), 23.2 (71); 7 (3), 134 (23), 690 (73) 2.90 2.67

S, = singlet state energy obtained from the onset of prompt fluorescence spectra measured at 77 K (Aexe = 360 nm, delay time: 1 ns, time window:
1-100 ns). Ty = triplet state energy obtained from the onset of the phosphorescence spectra measured at 77 K (Zexc = 360 nm, delay time: 1 ms, time

window: 1-10 ms).
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Fig. 5 Prompt fluorescence (at 77 K) and phosphorescence spectra (at 77 K) of (a) PPOCzPN, (b) PPSCzPN, (c) DiPPOCzPN, and (d) 2CzPN, in 10 wt%

doped MCP thin films (lexe = 360 Nnm).

same torsion angles for both carbazole substituents (¢, = ¢, =
58.9° for 2CzPN and ¢, = ¢, = 65.7° for DiPPOCzPN).

Table 4 collects the HOMO and LUMO energies of the four
emitters calculated in the gas phase as well as in acetonitrile by
modelling the solvent as a dielectric continuum using the
Polarizable Continuum Model (PCM),’* as implemented in
Gaussian 16-A03;”° in the latter case, the geometry is fully
reoptimized within the PCM model, although this hardly
changes the gas phase geometry. In acetonitrile, the HOMO is
progressively stabilized going from 2CzPN to PPOCzPN to
PPSCzPN and DiPPOCzPN, which is generally consistent with
the trends observed in the experimental electrochemistry data
in DCM (Table 1) and acetonitrile (Fig. S36, ESI). On the other
hand, the calculated LUMO energies vary to a lesser extent
both according to the calculations and electrochemical mea-
surements, as expected by the fact that the LUMO is localized
on the phthalonitrile acceptor while the varying substituents
are added on the donor fragment. Strikingly, the trends appear
to be quite different when computing the frontier orbital

Table 4 Calculated HOMO and LUMO energies of PPOCzPN, PPSCzPN,
DiPPOCzPN and 2CzPN in gas phase versus MeCN

In gas phase In MeCN

HOMO/eV LUMO/eV AE/eV HOMO/eV LUMO/eV AE/eV

PPOCzPN  —6.05 —2.52 3.53 —6.06 —2.48 3.58
PPSCzPN —5.98 —2.58 3.40 —6.13 —2.50 3.63
DiPPOCzPN —6.42 —2.73 3.69 —6.37 —2.57 3.80
2CzPN —6.11 —2.41 3.70  —6.04 —2.39 3.65

This journal is © The Royal Society of Chemistry 2022

energies in the gas phase, which is expected to reflect the
properties in a non-polar medium such as toluene or the
mCP matrix. The major difference is that the HOMO is not
stabilized but in fact slightly destabilized when going from
2CzPN to PPOCzPN or PPSCzPN, although it is stabilized going
from 2CzPN to DiPPOCzPN.

The shape and energies of the orbitals in acetonitrile are
displayed in Fig. 6 (and Fig. S41, ESL% for the less stable
rotamers of PPOCzPN and PPSCzPN). As expected, the HOMOs
are mainly localized on the carbazole moieties, and the LUMOs
are strongly localized on the phthalonitrile. In the mono-
substituted compounds, the HOMO displays a small amount
of electron density on the phosphine chalcogenide units, thus
limiting the role played by mesomeric effects in defining the
actual HOMO energies. The HOMO level is both the most
delocalized in DiPPOCzPN and the most stabilized, which is
also evidenced by its electrochemistry (Fig. 3 and Fig. S36,
ESI#). The shift of the HOMO among the compounds is a subtle
interplay mostly between the inductively electron-withdrawing
effects associated with the phosphine chalcogenide groups and
electrostatic interactions between the polar phosphine chalco-
genide and cyano moieties, which are expected to be further
tuned by changes in the medium polarity. Altogether, the
HOMO-LUMO gap in the gas phase is red shifted by 0.2-0.3 eV
going from 2CzPN to PPOCzPN and PPSCzPN while it remains
unchanged for DiPPOCzPN. In contrast, the electronic
bandgaps of 2CzPN, PPOCzPN, PPSCzPN are quite similar in
MeCN and larger by ~0.2 eV for DiPPOCzPN, thus demonstrat-
ing the strong impact of the medium polarity on the electronic
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Fig. 6 HOMO and LUMO energies of the four compounds in their most stable geometries together with the energy of the lowest singlet and triplet

excited states, as calculated in acetonitrile.

structure of the compounds and by extension on the charge-
transfer state energies, as evidenced at the experimental level.

When coupled to a time-dependent (TD) formalism, DFT
calculations can also give access to the excited-state photophy-
sical properties of the emitters. We will describe below the
excited state energies and associated oscillator strength (f)
calculated in acetonitrile as well as the energy difference
between T; and S; (Table 5) for vertical excitation processes
(i.e. in the ground-state geometry). We will not address here at
the theoretical level the changes in the emission properties as a
function of the medium polarity evidenced experimentally,
since a proper analysis would require a time-consuming

Table 5 Excitation energies, AEst, oscillator strengths, and main compo-
nent of the excitations in terms of one-electron transitions, as calculated in
acetonitrile

Main component

Compound States Energy/eV f of the excitation [N

PPOCzPN T, 2.65 HOMO — LUMO (76.5%) 0.60
S1 2.86 0.028 HOMO — LUMO (97.7%) 0.35
AEgr 021

PPSCzPN T, 2.68 HOMO — LUMO (80.5%) 0.61
S1 2.90 0.032 HOMO — LUMO (97.9%) 0.37
AEgr 022

DiPPOCzPN T, 2.80 HOMO — LUMO (82.1%) 0.66
T, 3.06 0.50
Sy 3.07 0.045 HOMO — LUMO (98.3%) 0.39
AEgr 027

2CzPN T, 2.63 HOMO — LUMO (87.8%) 0.66
T, 2.86 0.53
Sy 2.95 0.100 HOMO — LUMO (98.4%) 0.43
AEgr  0.32

4656 | J Mater. Chem. C, 2022, 10, 4646-4667

optimization of the S; state (both in gas phase and in a polar
medium described with PCM) which is often impeded by
convergence problems and might require the use of another
functional.”’ PPOCzPN and PPSCzPN exhibit a slightly red-
shifted S, state compared to 2CzPN (blue-shifted in the case
of DiPPOCzPN), accompanied by a reduction in the oscillator
strength, as well as slightly smaller AEgy values. The calculated
AEgr values of the emitters in the toluene are all around or
above 0.2 eV, in good consistency with those experimentally
obtained in toluene (Table 2); there is a very good quantitative
agreement for 2CzPN (0.31 eV in theory versus 0.36 eV in
toluene). These energies are marginally affected when perform-
ing the calculations in toluene or in acetonitrile (Table S4,
ESI%). Strikingly, the experimental AEgr values are systemati-
cally reduced in the mCP matrix, most likely due in part to
changes in the conformations of the emitters in these thin
films. Both 2CzPN and DiPPOCzPN have a second triplet
excited state T, that lies below S;, thus providing a conduit to
facilitate reverse intersystem crossing process.”””°® The T; and
S, excited states are predominantly characterized by a HOMO-
LUMO transition and hence both display a significant ICT
character.

The absorption spectra simulated in the gas phase (Fig. S43,
ESIt) predict similar energy for the lowest absorption peaks
(around 350 nm and 400 nm) for the four compounds; the same
trends are also observed for the experimental spectra recorded
both in MeCN and toluene (Fig. 4a and d). Note that the lowest
absorption peak around 400 nm is systematically associated
with higher-lying excited states while the lowest excited state S;
gives rise to the shoulder on the low energy side. This state is
mostly described by a HOMO to LUMO excitation. Analysis of the
hole and electron densities (see typical plots for the gas phase in

This journal is © The Royal Society of Chemistry 2022
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Fig. S42, ESIi) obtained within the attachment/detachment
formalism points to a similar charge transfer character in the
S; state of the four compounds in acetonitrile or in gas phase
(Table 5); the overlap index ¢g, ranging from 1 for a pure locally
excited state (LE) to 0 for a pure charge-transfer (CT) state, is
around 0.4 in all cases, i.e., an indication of a hybrid state with
significant LE and CT character. The T; state exhibits system-
atically a higher ¢ index pointing to a more local excited state.
This change in character between the S; and T; (T,) states
ensures non-vanishing spin-orbit coupling based on El Sayed’s
rules and opens up the RISC channel.

3.4 Electrochemiluminescence via the Annihilation pathway

ECL is luminescence generated when electrochemically-
generated radical cations (hole) and radical anions (electron)
undergo an electron transfer to create an excited state (exciton),
which can release its energy as light (Fig. 7a). The behavior of
this luminescence can describe radical stability, reactivity and
general emission mechanisms of luminophores at concentra-
tions that are typically greater than that in solutions used in
photoluminescence studies. Radical cations and anions are
produced in solution when the species are oxidized and reduced,
respectively in the vicinity of the same working electrode. If these
two species collide, an electron transfer can happen from the
HOMO (or LUMO) of a radical anion to the HOMO (or LUMO) of
a radical cation, potentially creating an exciton that can subse-
quently emit light in the form of ECL. This mechanism is not
limited to the generation of triplets as illustrated in Fig. 7a,
but also can form systematically singlets in the case of an
annihilation mechanism, in an analogous manner to exciton
generation in an organic light-emitting diode. We note that it is
unlikely for radicals to undergo further redox reactions at an
electrode surface to create excited state species as described in
the literature.®” In fact, the electrode surface might quench the
radical or excited species.

To electrogenerate an excited state, the electronic gap of the
redox reactions (EEy) must be greater than the photolumines-
cence emission peak energy (Ey) as defined by eqn (2). For an
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ECL annihilation system, R’ and R are the same species.
However, R’ can become a radical while R remains the lumino-
phore in an oxidative-reduction ECL co-reactant system or R
can become an oxidant while R’ remains a luminophore in a
reductive-oxidation ECL co-reactant system. Using eqn (2), the
electronic gap for PPOCzPN, PPSCzPN and DiPPOCzPN in DCM
are measured to be 2.73, 2.98 and 3.19 eV, respectively, from the
redox potentials in differential pulse voltammograms (Fig. S35,
ESI#). From the prompt fluorescence spectra in DCM in Fig. 5,
the optical gap for PPOCzPN, PPSCzPN and DiPPOCzPN are
2.49, 2.47 and 2.66 eV, respectively. As expected, the energy
provided by the redox reactions for all compounds is sufficient
to generate both singlet and triplet excited states. The blue
curves in Fig. 3a-c demonstrate ECL generated during scan
cycles between redox reaction potentials for PPOCzPN, PPSCzPN
and DiPPOCzPN. DiPPOCzPN shows a maximum ECL intensity
of 60 nA, while PPOCzPN and PPSCzPN display weak emissions
up to 1 nA. This indicates that the radical cation is sufficiently
stable to survive in solution until the radical anion is created,
and the two species collide. DIPPOCzPN** is the most stable
radical ion because it produced the highest ECL emission in the
annihilation pathway. It also appears that the radical anion is
not as stable as the radical cation for all species, because no ECL
is seen upon first reduction of the species followed by compound
oxidation, even after multiple cycles. The irreversibility of the
oxidation reaction shown in CVs might be caused by the
potential window limit of the DCM electrolyte solution as can
be seen from the CVs in MeCN, Fig. S37 (ESIi).

Fig. 3d-f shows ECL-time curves during pulsing between
0.1 V more anodic than the oxidation and 0.1 V more cathodic
than reduction peak potentials, respectively. PPOCzPN,
PPSCzPN and DiPPOCzPN yielded annihilation ECL maxima
at 700, 1100 and 17500 nA, respectively. In pulsing experi-
ments, the time between the generation of both radical species
in solution is shorter than that in potential cycling, allowing the
lifetime of the radical not to be a significant issue and the
annihilation ECL to be enhanced. The pulsing annihilation
efficiency was determined by eqn (1) where x and st stand for

Bz

S B
©} “ J |
I

BPO~ BPO

M
® T

V<o I |

Fig. 7 (a) Annihilation and (c) benzoyl peroxide (BPO) co-reactant mechanisms for ECL emission. L, benzoic acid (Bz) and BPO stand for luminophore,

benzoate and benzoyl peroxide, respectively. This scheme is illustrative and n
from either co-reactant or annihilation mechanisms. (b) Diagram illustrating
cationic radicals.

This journal is © The Royal Society of Chemistry 2022

ot energy accurate. Both triplet and singlet energy states can be accessed
excimer formation and the equilibrium established between anionic and
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Table 6 Summary of ECL data

PPOCZPN PPSCzPN DiPPOCzPN [Ru(bpy);]**
EE, (eV)* 2.73 2.98 3.19 2.55
Pulsing ECLopset 7 14 11 0
delay (ms)”
Pulsing ECLuqx 11 19 24 4
delay (ms)”
Pulsing ECL 1 1 10 100
efficiency (%)°
Max pulsing 700 1150 17500 70000
ECL (nA)
Annihilation 520 500 475 620
ECL Amax (nm
EE; BPO (eV) 3.01 3.48 3.39 3.04
BPO ECL 17 6 1 100
efficiency (%)°
Max BPO ECL (nA) 3200 1280 80 26500
BPO ECL Apax (nm) 520 500 545 620

“ Electronic gaps (EE,) were obtained using eqn (2) and the differential
pulse voltammograms of the compounds in Fig. $36. ” These values are
averages from at least 40 pulses with individual conditions described in
Fig. 3. ¢ Obtained from eqn (1) relative to [Ru(bpy);]*" at the same
concentration, electrolyte and concentration of co-reactant if applic-
able. ¢ Obtained from eqn (2) but with substituting E°(R**/R') with the
oxidative power of BPO from ref. 98.

the luminophore and [Ru(bpy);]*" under the same conditions,
respectively. These ECL efficiencies were determined to be 1,
1 and 10% relative to [Ru(bpy)s]**, for PPOCzPN, PPSCzPN
and DiPPOCzPN, respectively (Table 6). Interestingly, 2CzPN
showed no emissions in the annihilation pathway as seen in
Fig. S38a and b (ESI#). DiPPOCzPN continued to have the
highest ECL maxima and also had the most efficient emission;
interestingly, the structurally similar PPOCzPN had the lowest
efficiency. Most emission was observed when a negative
potential was applied, further providing evidence for the higher
stability of the radical cation over the radical anion. In fact,
PPOCzPN is the only species to display emission when a
positive potential was applied or when radical cations were
actively being produced in pulsing experiments (Fig. 3d-f),
indicating a relatively high radical anion reactivity, or a rela-
tively lower radical cation reactivity than the other compounds.
For optoelectronic applications, ECL efficiency, ECL maxima,
radical stability and radical reactivity are all important para-
meters to consider. Inequalities between radical cation and
radical anion stabilities and reactivities can cause excess charge
buildup in OLEDs, leading to fast device degradation. High ECL
maxima and efficiencies indicate efficient charge transfers
as well as limited non-radiative decay pathways. Therefore,
PPOCzPN appears desirable for optoelectronic applications
because of relatively more stable and reactive radical ion
species, although it has low ECL maxima and efficiency.

After several pulses, the emission intensity of DiPPOCzPN
decreases by over 75%, whereas PPOCzPN and PPSCzPN
remain relatively stable over the same time (Fig. S45, ESI¥).
It appears that DiPPOCzPN may form side products during
the annihilation pulsed ECL experiment that influence the
generation of excited species. This fast decay may also be
caused by a charge imbalance where negatively or positively
charged species that accumulate over time interfere with the
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exciton states, similar to exciton—-polaron quenching of excited
states.”’

Average ECL onset times. These experiments reveal for the
first time (Fig. 3d-f) that there is a delay in the ECL onset times
(ECLopser) from donor-acceptor TADF compounds; PPOCzPN,
PPSCzPN and DiPPOCzPN had 7 (26 pulses measured), 14
(36 pulses measured) and 11 ms (37 pulses measured) initial
ECL delays, respectively. The data are summarized in Table 6
and zoom-in ECL-time curves of a single pulse of each com-
pound are shown in Fig. S46 (ESIi). The slow kinetics of the
formation of an excimer between the radical cation and radical
anion of these compounds may cause this delay as illustrated
in Fig. 6.

We first considered phosphorescence as the origin of these
long ECL onset times. For time comparisons of diffusion
properties and emissions, the well-studied commercial phos-
phorescent ECL emitter [Ru(bpy);]**,"**'*® was tested under
the same conditions (Fig. S47, ESIf) and showed no observed
delay (47 pulses measured). A well-studied organic compound
with a known diffusion coefficient is diphenylanthracene (DPA)
(Dacx = 0.20 x 107° em?® s7),'** which shows an order of
magnitude difference between its diffusion coefficient and that
of [Ru(bpy)s]*" (Dacx = 5.8 x 107 % em® s 1).'%° If we assume that
DPA and these 2CzPN derivatives have similar magnitudes of
diffusion coefficient in DCM, from a comparison of their initial
emission delays (7 and 0 ms for PPOCZPN and [Ru(bpy)s]*",
respectively), differences in diffusion rates can be ruled out as a
cause of emission delays in the 2CzPN derivatives. We believe
diffusion delays are on the time scale of microseconds and
cannot explain the observed time delay shown in Fig. 3d-f.

We next considered triplet-triplet annihilation as the origin
for the long ECL onset times. A TTA mechanism has been used
to explain millisecond photoluminescence lifetimes for phen-
anthrene and may explain the delay of the onset of the ECL
seen here.®® Also, the competition for triplet exciton depopu-
lation by TTA, RISC and non-radiative pathways has been
studied by Griine et al. in a m-MTDATA:3TPYMB exciplex TADF
OLED to estimate that TTA was responsible for 50% of triplet
depopulation, which effectively extended the emission decay
time.*” However, Griine et al. excited their sample for 4 ms at a
specific current density and did not see any delay in the onset
of emission. TTA has been observed in carbazolyl phthalonitrile
derivatives where there is an observed blue-shifting in the solid-
state PL as well as serious efficiency roll-off in the OLEDs, %'
but to the best of our knowledge it has not been demonstrated
before by ECL in 2CzPN derivatives. Mechanistically, TTA can
be simplified to two triplet excitons (T;) combining to form a
singlet exciton (S,) seen in Fig. 7b. The system in the S, state
then relaxes to the S, state by internal conversion according to
Kasha’s law, which can then emit light. TTA is also a common
tetramolecular process in ECL where the radical cation of
N,N,N',N’-tetramethyl-p-phenylenediamine (TMPD*") and the
radical anion of DPA (DPA*") reside as a well-studied purely
TTA-emitting ECL system.®®°%"%'!! This TMPD**/DPA®~ sys-
tem can only generate T; from charge transfer reactions and
not S, as dictated by eqn (2). However, this TTA mechanism has

This journal is © The Royal Society of Chemistry 2022
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never been accompanied by an observed induction time either
in ECL or OLED prior to observed emission.

To the best of our knowledge, there has only been one study
of emission delay after excitation in an ECL system, where the
ECL of DPA was found to have a delay on the order of 100 ps.'"?
This delay was attributed to uncompensated solution resis-
tance. In comparison, our experiment also has a platinum
working electrode with the same electrolyte (TBAP) at a similar
concentration, but the delay we determined is a few orders of
magnitude larger than what Rosenmund et al. observed. Thus,
neither uncompensated solution resistance, nor triplet-triplet
annihilation (TTA), nor phosphorescence is responsible and
that this ECL emission delay is currently unexplained in the
literature.

Interestingly, an organic long-persistent photoluminescence
(OLPL) phenomenon was recently discovered by Kabe et al. in a
system comprising a phosphine oxide-containing TADF accep-
tor (2,8-bis(diphenylphosphoryl)dibenzo-[b,d]|thiophene) (PPT))
and N,N,N’,N'-tettramethylbenzidine (TMB) as a donor
molecule.'™® More recently, this OLPL system has been used
in an OLED to achieve organic long-persistent electrolumines-
cence (OLEL).'"*™* Unfortunately, solution and solid state
emission delays of the system were not investigated on time
scales smaller than 1 s, thereby limiting comparisons with the
2CzPN derivatives. However, OLPL and OLEL are both emitted
from an exciplex state and therefore the emission was found to
be both concentration dependent and layer-thickness depen-
dent. This exciplex emission was also found to have thermal
activation processes and thermoluminescence in films.**® Li
et al. reported that the TADF emitter, CzPhAP, did not show any
delay in the onset of emission but did show 900 s of persistent
emission after 60 s of laser excitation, when cast in a PMMA
"¢ These unusually long emission times were ascribed to
slow charge recombination rates of the luminophore in the
thick film, leading to organic long-persistent photolumines-
cence (OLPL) because of an established equilibrium between
exciplex formation with radicals and the subsequent radical
disassociation. We thus contend that the delay in the onset of
the ECL emission seen in Fig. 3d-f may be best explained by
a heretofore previously unreported organic long-persistent
electrochemiluminescence (OLECL), analogous to the works
of Kabe et al. We hypothesize that an equilibrium exists
between the emissive excimer and the dissociated constituents
and that the slow association kinetics could cause this delay as
illustrated in Fig. 7b.

Average ECL rising times to maximum. The average times
from the onset of ECL to the ECL emission maximum after a
pulse for PPOCzPN, PPSCzPN and DiPPOCzPN were found to be
11 (78 pulses measured), 19 (37 pulses measured) and 24 ms
(77 pulses measured), respectively (Fig. 3d-f and Table 6).
Again, for comparison, [Ru(bpy);]** was analyzed using the
same ECL pulsing method and this compound shows a rise
time of 4 ms (158 pulses measured, Fig. S47, ESI}). Notably, the
magnitude of the delay in reaching the maximum ECL emis-
sion intensity (Table 6) correlates with the trends in AEgy values
in toluene (Table 2), where PPOCzPN has the smallest AEgy at

film.

This journal is © The Royal Society of Chemistry 2022
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0.20 eV, and PPSCzPN and DiPPOCzPN have the largest AEsy at
0.42 and 0.43 eV, respectively (Fig. 8). Based on this relation-
ship, we can confidently rule out TTA as a dominant emission
mechanism. Interestingly, the OLPL TADF emitter CzPhAP
mentioned earlier had a similarly large AEgr of 0.18 eV com-
pared with PPOCzPN (Table 2).

Average long emission decay time. The average long emis-
sion decay time after switching off pulses was measured to find
how long it took ECL emission to return to 0 nA after the
potential is switched off (Fig. 3d-f and Fig. S47, ESI}). These
long emission decay times were found to be 0, 6, and 6 ms for
PPOCzPN, PPSCzPN and DiPPOCzPN, respectively. Expectedly,
the same trends for the delay to the onset of ECL and the time
required from the ECL onset to reach a maximum ECL intensity
were observed. However, the ECL decay times were roughly half
the magnitude of the ECL onset times. By contrast, [Ru(bpy)s]**
shows instantaneous ECL emission during both cathodic and
anodic pulses (Fig. S47, ESIf), and rapid decay of the ECL
emission, which could not be quantified.

3.5 ECL of BPO Co-reactant systems

Benzoyl peroxide (BPO) was added as a co-reactant to the
electrochemical systems described in Fig. 3 and the potential
was scanned in the cathodic direction. This co-reactant path-
way is described in Fig. 7c. Around —0.45 V vs. SCE, BPO is
reduced and ultimately decomposes into a benzoate radical
(Fig. 7c). When PPOCzPN, PPSCzPN and DiPPOCzPN are
subsequently reduced to form PPOCzPN®~, PPSCzPN*~ and
DiPPOCzPN°* ", the benzoate radical produced earlier can
abstract an electron from the HOMOs of the reduced TADF
compounds to produce excited states PPOCzZPN*, PPSCzPN*
and DiPPOCzPN*, respectively. These excited-state compounds
then emit ECL through the so-called co-reactant pathway.
Fig. 9a-c show the reduction waves corresponding to the
reduction of BPO (red traces) and the corresponding photo-
current generated (blue traces). ECL intensity maxima of 3000,
1280 and 80 nA were measured for PPOCzPN, PPSCzPN and
DiPPOCZzPN, respectively. PPOCzPN showed the strongest ECL
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response, which was almost three-fold stronger than that of
PPSCzPN and 38 times that of DiPPOCzPN. From previous
theoretical and experimental studies,’® benzoate radicals have
a redox potential of 1.5 V, which is sufficient to oxidize the
three TADF compounds in this study, and for this co-reactant
ECL pathway to provide more energy than the annihilation ECL
pathway. The difference in emission intensities compared to
the annihilation pathway is likely due to this available energy
increase.

The BPO co-reactant ECL efficiencies for PPOCzPN, PPSCzPN
and DiPPOCzPN were determined to be 17, 6 and 1%, respec-
tively, using eqn (1) (Table 6). Interestingly, this ECL efficiency
difference between PPOCzPN and DiPPOCzPN resembles the
difference in ®p;, for the emitters in a PMMA film (56 to 28%)
more than it does the ®p;, difference in DCM (51 to 61%). This
indicates that the ECL co-reactant pathway for DiPPOCzPN has
an additional non-radiative decay pathway. In ECL co-reactant
systems, the lifetime of the radical poses less of an issue than in
annihilation experiments, since radical reactants are generated
almost simultaneously, typically allowing ECL enhancement in
solution. Now that radical stability is less of a factor, PPOCzPN°* "~
appears to have a higher reactivity than DiPPOCzPN*~ and
PPSCzPN*~ towards BPO. A higher anion reactivity for PPOCzZPN

View Article Online
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to have been observed again in the BPO experiments. With
increased available energy, it appears that PPOCzPN is the
strongest emitter and maintains its position as the best candi-
date for optoelectronics.

3.6 ECL spectroscopy

Fig. 9d-f show spooling ECL spectroscopy performed on all
co-reactant systems described herein. The ECL spooling spectra
add a new data dimension of wavelength to the same spectra
seen in Fig. 9a-c. The BPO co-reactant systems show a light
green emission for all species with maximum emission CIE
coordinates of (0.29,0.40), (0.31,0.42) and (0.33,0.38) for
PPOCzPN, PPSCzPN and DiPPOCZzPN, respectively. In contrast
to the annihilation pathway and also observed in the PL study,
the DiPPOCzPN/BPO co-reactant system has the most red-
shifted emission spectrum (Table 4 and Fig. 9f), rather than
the most blue-shifted. This large red-shift and relative drop in
efficiency indicate that DiPPOCzPN may suffer from exciplex
formation under these conditions. Exciplexes are heterodimeric
species created by intermolecular interactions between a hole
on the donor moiety of one molecule and the electron on the
acceptor moiety of a second molecule."”” Exciplexes typically
have smaller HOMO-LUMO gaps than either of the constituent

was noted during pulsing experiments (Fig. 3d-f) and appears components, thereby resulting in an observed red-shifted
oy ! PPOCZPN 5
- o NC  CN _3000(,.,\1 d. gzooo g
G = 2000 = %1
2 = <
S H’w N K
_ od 0o < = Wavelength(nm) & :
< PPOCzPN c
= 50 = o
c
g
5 1004
o
l L
00 05 Wavelength (nm)

? Potentlal (Vvs SCE)

e | oo B P PPSCZPN i
b. - = e 2 "%
I 3 10004 & e
‘ f=500 © ‘E 400 \\’
on 2 > 80 = T
2. - — -
g 2 o ’
0= [ 5 600§ W 400
— -
3 PPSCZPN ) Wavelength (nm)
g 30w ¥ 200
5
0
Y 00 13 .
T 400 Potential (V vs. SCE)
|o os o‘o 05 600 01
800 w, o
’ potential Vs, SCE Wavelength (nm) °
( ) = DIPPOCZPN ,, & .
0 2 m G "
C P hoen -0 2 f € 20 -
‘ b= 40 ;__ ‘g "1)"‘ "‘T
- - £ P
,rﬁh m‘\;.n = 3 E g “k “,
o [ g Wavelength (nm)
< DIPPOCZPN £ i
= '
= 50 b
e
S 100 400
T T T T

15 1.0 0.5 0.0 0s

Potential (V vs. SCE)
Fig. 9

600
Wavelength (nm)

(a—c) CVs (red) along with ECL—voltage curves (blue) during potential pulsing at a pulsing frequency of 10 Hz for PPOCzPN, PPSCzPN and

DiPPOCzPN, respectively, all with 10 mM BPO was added as a co-reactant. (d—f) Spooling ECL spectroscopy of the corresponding systems described in
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emission. Exciplex formation in OLEDs with luminophores
substituted by diphenyl phosphine oxide substituents have
been reported by Tourneur et al., who harnessed this exciplex
formation to produce emissions from both intramolecular and
intermolecular charge-transfer states yielding white light
OLEDs."™® The exciplex identified during DiPPOCzPN/BPO co-
reactant analysis appears not to be affected by an increasing
concentration of reduced species in the vicinity of the electrode,
since as the cyclic voltammogram progresses, no shift in
emission maxima is seen (insets of Fig. 9d-f with expansions
of the insets in Fig. S48, ESIf). Additionally, there was no
identified exciplex formation during the annihilation studies
with DiPPOCzPN. The most probable explanation for the
observed red-shifted emission is due to the exciplex between
DiPPOCzPN*~ and Bz*'. Newcomb et al. has identified the
necessity to screen potential TADF OLED emitters for exciplex
formation, as the presence of exciplexes was shown to lower
device lifetime."*® Masui et al. also identified large EQE roll-off
in OLEDs caused by charge imbalance in the emissive layer that
are exacerbated at higher current densities.'*'*° The exciplex
formation in these compounds is characteristic of compounds
that also exhibit OLPL, thereby supporting OLECL emission as
the dominant mechanism. Interestingly, the longest pulsing
ECLonser delay belonged to DiPPOCzPN, which was the only
compound to form a very evident exciplex during BPO
co-reactant analysis. Interestingly, 2CzPN showed emissions
centered at 550 nm, resembling the emissions seen in the
DiPPOCzPN/BPO coreactant studies in Fig. S38c and d (ESI%).
This center wavelength is also 50 nm red-shifted from the
2CzPN PL studies likely due to a similar exciplex formation.

In a similar manner to the BPO co-reactant, 5 mM tripropyl-
amine (TPrA) was added as an alternative co-reactant (Fig. S49
and S50, ESI¥). A thorough discussion of the TPrA co-reactant
systems follows Fig. S49 (ESI}) in the ESI.f Under these
conditions, the PPSCzPN/TPrA system behaved in the exact
same manner as the DiPPOCzPN/BPO system, likely indicating
a similar exciplex formation. There were no excimers identified
in the PPSCzPN annihilation mechanism, indicating that the
interactions between PPSCzPN** and NPr3® may be responsible
for the exciplex formation. The PPSCzPN/TPrA system also
seems to be concentration-dependent where an increasing
overpotential that creates more PPSCzPN*" in the vicinity of
the electrode gradually causes a red-shift. The compounds with
the longest onset to ECL emission, longest time to achieve a
maximum ECL intensity, longest ECL decay time, largest AEgy
and weakest ECL efficiencies likely form exciplexes under
co-reactant conditions. These correlations and relationships
all support the putative OLECL emission mechanism.

In Fig. 10, the normalized accumulation spectra of all ECL
processes discussed so far are overlapped, with ECL peak
wavelengths summarized in Table 6. A slight red-shift is seen
for all ECL emissions relative to the PL emissions, which is
likely due to the more concentrated solutions used in the ECL
measurements that result in increased self-absorption of the
higher energy components of the emission spectra in the ECL
studies. The PL and ECL spectra for PPOCzPN do not shift,

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 Accumulated ECL spectra during different light generation
methods. The annihilation ECL, BPO co-reactant ECL, TPrA co-reactant
ECL and photoluminescence emissions are colored in black, blue, red and
green traces for (a) PPOCzPN, (b) PPSCzPN and (c) DiPPOCzPN,
respectively.

indicating a common excited state accessed in all processes.
However, there is a large red-shift observed for both the
DiPPOCzPN/BPO co-reactant pathway and for the PPSCzPN/
TPrA co-reactant pathway. These red-shifts in the ECL spectra
typically indicate exciplex formation.

4. Conclusions

Herein, we detailed the synthesis and characterization of three
new 2CzPN derivatives with phosphine chalcogenide oxide
groups substituted on the donor moiety. This strategy success-
fully stabilized the HOMO level of the donor, confirmed by
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cyclic voltammetry. By extension, the lowest-lying charge-transfer
state was shifted to higher energy, thereby promoting a deeper
blue emission, confirmed by photoluminescence studies.
Surprisingly, the same trends are not recovered when measuring
emissions in apolar media, thus highlighting solvatochromic
effects on the TADF properties of the 2CzPN derivatives.
Quantum-chemical calculations support these solvatochromic
observations. Electrochemiluminescence studies in the desirable
polar medium revealed a heretofore undocumented emission
mechanism under electrical excitation in solution. Delayed ECL
onset times relative to common ECL emitters in annihilation
pathway revealed that organic long-persistent emission was
operational and that the delay in the onset times correlated with
the AEgr of the emitters. PPOCzPN, which has the smallest AEgr,
yielded the strongest, fastest, and most efficient ECL emissions
when using BPO co-reactant. Thus, this compound should be the
most suitable for optoelectronic applications after considering
radical stability, emission stability, emission efficiency and
emission intensity. Studies on ECL spooling spectroscopy and
accumulated ECL spectroscopy identified that an exciplex of
DiPPOCzPN forms while in the presence of radical anions.
Analogous to the OLPL mechanism advanced by Kabe et al
the slow kinetics of exciplex formation and subsequent emis-
sion are likely responsible for the OLECL in this case. This work
reveals a heretofore unknown ECL emission mechanism,
OLECL, that manifests in both very long onset of ECL emission
and long ECL lifetimes. Our study also provides significantly
more detailed insight into the ECL of TADF compounds, which
can be used to guide and screen TADF compound suitability for
optoelectronic applications such as OLEDs.
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Abbreviations

TADF Thermally activated delayed fluorescence;

ECL Electrochemiluminescence

2CzPN 4,5-Dicarbazolylphthalonitrile

BPO Benzoyl peroxide

TPrA Tripropylamine

HOMO Highest occupied molecular orbital

LUMO Lowest unoccupied molecular orbital

OLPL Organic long-persistent photoluminescence

OLECL Organic long-persistent
electrochemiluminescence

TTA Triplet-triplet annihilation
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RISC Reverse intersystem crossing
LE Locally excited

CT Charge transfer

DFT Density functional theory

Ccv Cyclic voltammetry

DPV Differential pulse voltammetry.
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