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Abstract. Unconventional non-fluorescent J-aggregates of Tetracene (TC) and Naphtho[2,1,8-qra]tetracene
(NT) were witnessed and their consequent dramatic quenching was unravelled by a steady state, time-resolved
and transient spectroscopy in conjunction with excited state density functional calculations. The TC O-aggregate
with slippage angle § = 22.3° < 54.7° exhibited substantial transition dipole moment (TDM) for both lower
(2.79 D) and higher (1.59 D) energy singlet excitations, while, NT formed an ideal J-aggregate (polarization
angle, a ~ 0°) with a predominant TDM to only a lower excitonic state (2.69 D). Subsequently, their unusual
quenching was quantified with large drops in the photoluminescence quantum yields (PLQY) from 0.116
to 0.002 upon TC O-aggregation and from 0.478 to 0.038 upon NT J-aggregation. These intense PL drops
were systematically investigated for possible occurrence of excimer-like emission quenching and/or photo-
degradation of the TC core unit. In view of the TC O-aggregates exhibiting a perfect energetic balance between
the singlet (2.34 eV) and triplet (1.28 eV) energies for singlet fission (SF) and a concomitant delayed fluorescence
signal, their S; decay characteristics were attributed to SF followed by an inverse triplet-triplet recombination.
In contrast, the energetic imbalance (E(S;) < 2xE(Tj)) in NT J-aggregates permitted only forward process
of SF and the resulting long-lived triplet formation was traced with a positive transient absorption (T} — Ty)
band at 500 nm. Accordingly, the singlet excited state (S;) dynamics of TC O- and NT J-aggregates, being
largely dominated by SF, depicted a depleted S; population, accounting for the large deviation from aggregation

induced enhanced emission, exhibited by classical dye J-aggregates.
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1. Introduction

Highly ordered molecular aggregates'? have been
classified on the basis of their slippage angle (), defined
as the angle subtended by the line joining monomeric
centers and the monomeric electronic transition dipole
moment (TDM) (cf. Figure 1(a)).* It is well known that
the strong monomeric coupling in J-aggregates (9 <
54.7°) results in a coherent excitation at a pronounced
red-shifted wavelength in reference to the monomer.??
Moreover, J-aggregates following the exciton cou-
pling model® demonstrated a manifold fluorescence
enhancement leading to the dramatic improvement in

=
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the photoluminescence quantum yield (PLQY).*¢ In
contrast, the rapid internal conversion of the allowed
higher energy exciton state to the forbidden lower
energy exciton state has quenched the fluorescence in
H-aggregates (§>54.7°).°> Although existing reports
on some of the emissive H-aggregates have clearly
proven the violation of exciton coupling model,””
the unusual non-emissive behavior in J-aggregates are
rare. %" However, it is worth mentioning that ever
since the discovery of J-aggregates in the 1930s,'? the
scientific interest in their structural and photophysi-
cal properties were limited only to a certain class of
dyes.
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Tetracene (TC)

(a) (b) Naphtho[2,1,8-gra]tetracene (NT)

Figure 1. (a) Schematic diagram of a molecular dimer
depicting a slippage angle, § (angle subtended by monomeric
transition dipole moment (TDM) and molecular centres) and
polarization angle, a (angle subtended by monomeric TDMs).
(b) Chemical structures of the TC and NT molecules. Hydro-
gen atoms are removed for clarity.

Polyacenes and their derivatives have been used
in a plethora of applications such as solar cells, !>
light-emitting diodes '*-*° and organic field-effect tran-
sistors?'*? to name a few. It is well-understood that
in some polyacenes, the singlet excited state dynamics
is largely dominated by a spin-allowed singlet fission
(SF) process that involves the conversion of a singlet
exciton to two nascent electron-hole pairs via long-
lived triplet formation.?* Moreover, the SF process is
observed to occur at an ultrafast time scale (80 fs — 25
ps)!7?3?* leading to a rapid decay of an excited sin-
glet to the lowest triplet. Consequently, as SF takes
place, the singlet excited state population within an
acene could deplete. Indeed, SF was first introduced by
Schneider and co-workers in 1965 to explain the fluores-
cence quenching in crystalline anthracene;* however,
the technological development of SF-based materi-
als has outstripped the fundamental understanding of
their photoluminescence (PL) behavior. In molecu-
lar dimers, SF by direct coupling has served much
better by slip stacking than by linearly linking the
chromophores.

While our recently published'' unusually non-fluore-
scent colloidal J-aggregates of Rubrene were explained
via SF, the motivation of this study was to explore
whether the documented SF can significantly affect
the PL behavior in the J-aggregate nuclear confor-
mations of structurally different (from Rubrene), but
belonging to a similar class of polyacenes. Tetracene
(TC) and its derivatives represented a perfect ener-
getic balance (i.e., E(S;) ~ 2xE(T,)) for both SF as
well as its inverse process of triplet-triplet recombina-
tion.?¢?” Consequently, the excited singlet and triplet
state dynamics of TC have been largely monitored via
prompt and delayed fluorescence (DF) signals, respec-
tively.?2 This established nature of SF makes TC an
ideal system for the investigation of SF impact on its
PL behavior. However, in literature, several other fac-
tors have also accounted for explaining the complex PL
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behavior. Swenberg and Stacy in 1968 have reported
the anomalously low PL quantum yield (0.2%) in TC
crystals which was tentatively assigned to thermally
activated dissociation of singlet excitons.** Moreover,
a long wavelength excimer-like emission at 600 nm was
also evident in amorphous TC films.** Furthermore, pre-
vious studies have found evidence of naphthalene-like
emission features in TC introduced by the oxidation of
TC.*737 Bardeen et al., observed a 50 ps emission in
TC nanocrystalline particles, attributed to a thermal dis-
tribution of super-radiant exciton states extending over
~10 TC molecules.*® Therefore, although the excited
state dynamics of TC is known to be largely domi-
nated by an ultrafast SF process, investigation of SF
consequential PL origin in TC molecular aggregates
demanded a careful attention. TC although represents a
prototypical molecule for the investigation of SF impact
on PL, its dimeric conformation in single crystalline and
polycrystalline forms was noticed to slightly deviate
from an ideal J-dimer.**3° Therefore, Naphtho[2,1,8-
grajtetracene (NT) (cf. Figure 1(b)), consisting of a
molecular backbone structurally equivalent to TC, was
also investigated in the present work. The molecular
structure of NT was thought of supporting an ideal J-
aggregation promoted by enhanced -1 and minimized
C-H stacking interactions.

Literature cites optical absorption in J-aggregate
nuclear geometry to be associated with the lowest
bound exciton state with a predominant charge transfer
(CT) character.' Interestingly, the role of CT states in
accelerating SF was also recognized,”*’ and recently
a theoretical framework based on the role of CT
states have predicted large effects on the SF rates by
changing the chromophore - chromophore interaction
geometry.*'*? Along with Kasha’s Coulomb-coupled
ensembles, a report by Hestand and Spano*® described
short-range, CT mediated interactions in the varied J
and H nuclear geometries. Therefore, in the present
investigation, the accurate determination of CT charac-
ter associated with singlet excited states of TC and NT
aggregates was also established via electronic structure
calculations.

2. Experimental

2.1 UV-Vis absorption and steady state emission
characteristics

TC and NT were purchased from the Sigma—Aldrich and TCI
chemicals, Japan respectively and stored in dark at room tem-
perature before and after the spectral acquisition. THF was a
good solvent for both TC and NT. On the other hand, TC and
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NT were sparingly soluble in water. TC and NT colloidal
aggregates were prepared by injecting a 1.0 mM solution
of TC and NT in Tetrahydrofuran (THF) into a large vol-
ume of vigorously stirred ultrapure water of 18.2 MQ.cm™!
resistivity under controlled volume ratios of THF to water.
For steady-state optical studies, TC and NT aggregates were
degassed with N and placed in a 1 cm path length quartz
cell for absorption and emission experiments. Steady-state
absorption and fluorescence experiments were performed
using standard methods and instruments. The experimental
UV-vis spectra of both TC and NT monomers and their aggre-
gates were initially Gaussian fitted to accurately obtain the
various electronic transitions and their associated vibronic
bands. The oscillator strength for an electronic transition was
experimentally calculated using: f = 4.32 x 107 f e.dv,3
where f e.dv, represents area under the curve ine(M~lem™1)
vs. v(cm™ 1) plot. The frequency range [v(cm™")] for oscil-
lator strength calculation was selected on the basis of the
obtained curve for the lowest energy electronic transition.
The as-obtained value of oscillator strength as a theoretical
quantity was converted to a more meaningful experimental

; " ucine M 3he?.f \/?
quantity as the TDM (M), using M (D) = ( ) =

872mec.v
0.461 x /f x A(nm).>3 The magnitude of excitonic cou-
pling energy in aggregates was calculated as A E¢xe = h.c

1 1 1 2 :
( e %) where 4., and A;,, represented absorption

wavelengths for in-phase and out-of-phase arranged TDMs.
The PLQY for TC and NT monomers in THF (ntgr = 1.407)
and TC and NT aggregates in water (n,, = 1.330) were deter-
mined using perylene-3,4,9,10-tetracarboxylic acid (0.1 M
K>CO3,n=1.335)asa standard.>*

2.2 HR-scanning electron microscopy

The aggregate geometry was examined by collecting high-
resolution images from a field emission scanning electron
microscope (Inspect F50 - FEI, USA). Sample preparation
was done by drop casting aqueous suspensions of TC and NT
aggregates onto a glass microscope slide and allowed to dry
overnight in dark prior to use.

2.3 Time-correlated single photon counting
experiments

Time-resolved PL decay curves were measured using the
time-correlated single-photon counting technique; here,
nanosecond pulsed excitations from light-emitting diodes of
296 nm and 496 nm with an instrument response function
(IRF) = 260 ps were made use of with a FluoroCube, Horiba
Jobin Yvon Inc. fluorescence lifetime system. Lifetime mea-
surements for the monomers were performed on the very
dilute 1 x 10~7 M dye solution in THF with well-separated
monomers and their negligible molecular interaction. The
resulting fluorescence emission from N, degassed samples,
housed in a 1 cm path length quartz cell, was collected at right
angles to the sample.
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2.4 Nanosecond laser flash photolysis experiments

Transient absorption spectra (TAS) were recorded for NT
aggregates using a nanosecond laser flash photolysis instru-
ment (Applied Photophysics, U.K.). The transient signals
were detected using a 150 W pulsed xenon lamp, a Czerny-
Turner monochromator, and Hamamatsu R-928 photomulti-
plier tube as a detector. The pulse width of the laser light was
8 ns. The Agilent infinitum digital storage oscilloscope cap-
tured the transient signals, followed by data transferring to
the computer for further analysis. Colloidal aggregates sus-
pended in a long-necked cuvette (10 mm path length) were
deoxygenated by constant bubbling with argon gas for 45 min
prior to the laser irradiation. Decay profiles were collected
typically as the average of 4-8 shots (126 maximum) at 1-2
Hz.

2.5 Electronic structure calculation of TC and NT
monomers and the respective dimers

The ground state optimization and electronic structure
computation of monomers were performed at DFT/6-31G+
(d,p)/B3LYP and TD-DFT/6-31G+(d,p)/B3LYP levels respec-
tively following the integral equation formalism polarizable
continuum model (IEFPCM) in THF using Gaussian 09 set
of programs.> Even though it is cumbersome to model a
complete molecular aggregate with density functional calcu-
lations, its photophysical behaviour can be well-captured via
a dimeric model. Therefore, to obtain deeper insight on the
TC O- and NT J-aggregate structures, the computed ground
state and the corresponding energetics of low-lying singlet
excited states in the base settings of their dimeric forms
were next detailed. The equilibrium dimeric conformation
of TC was unravelled by computing the globally optimized
structure using the single crystal coordinates® at DFT/6-
31G+(d,p)/M062X level in the water, with M062X as a hybrid
meta-exchange correlation functional,® previously bench-
marked *>36-38 for dimers. All optimizations were performed
with tight convergence criteria without any symmetry con-
straints, followed by frequency calculations to assure the
global minimum. The TC dimeric stabilization energy was
computed as the absolute energy difference between the TC
dimer and double that of the TC monomer, optimized at the
same theory level i.e., DFT/6-31G+(d,p)/M062X with IEF-
PCM in water. The initial model geometry of NT dimer
was predicted based on the parallel alignment of monomeric
TDMs obtained from ground state absorption studies. Sub-
sequently, the potential energy curve was scanned at the
DFT/6-31G+(d,p)/M062X level of theory by fixing R (inter-
molecular distance) constant at 3.7 A_y typical of -7 stacked
dimers,® while varying the horizontal displacement R, and
noting the concomitant change in the slippage angle 9§ as
35° < @ < 90°. The dark or bright character of the sin-
glet excited states of TC and NT dimer were ascertained
from the computed magnitudes of the oscillator strength (f).
From the methodology point of view, locally excitonic (LE)
and CT states can in principle be described by standard
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electronic structure methods, such as, the configuration
interaction singles, TD-DFT, or equation-of-motion coupled-
cluster singles and doubles. With a primary focus towards
characterization of low-lying singlet excited states in this
present contribution, LE or CT characteristics of the dimeric
singlet excited states were unravelled following TD-DFT-
M062X/6-31G+(d,p) method with IEFPCM in water. The
visual inspection of LE and CT singlet states were carried out
using charge density difference (CDD) plots, procured from
the difference of computed electron (EDD) and hole (HDD)
density distribution maps, following Multiwfn 3.3.8.%0 Elec-
tron (P_(r)) and hole (p+(r)) density distribution maps are
characteristic regions belonging to photoexcited states. Tian
Lu and Cheng Zhong have shown the EDD and HDD to be
described in terms of molecular orbital wavefunction (®) and
configuration coefficient (w) corresponding to transition of
an electron from occupied MO (i) to a virtual MO (1) upon
electronic excitation, ® vide equations 1 and 2.

p-(r) = Y (W) i (r)Pi(r)
i—1
+D Y wiw () Py (r) (1)
i—li—>m#l
=Y W) P ()P;(r)
i—1

+Y 0> wiwh @i ®;(r) 2)

i—l j#i—I

P4 (r)

The above formalism was used in the present investigation for
computing EDD and HDD maps for the monomers and the
dimers at TD-DFT/6-31G+(d,p) level of theory with IEFPCM
in THF and water respectively. The centroids of the electron
(C-) and hole (C,) density distribution, which are a quali-
tative and easy-to-visualize measure of the spatial extent of
LE or CT were calculated following Multiwfn 3.3.8. The two
centroids of charges associated with the positive (C4(r)) and
negative (C_(r)) density regions were defined as:

(x—xp)? O —yd)?  (2—z4)?
=A - - -
Ce ) e ( 203)( 20%), 20?FZ
3)
3 x—x) O-y) @—z)
C-n=A-e (_ 202, B ZUEy - 2(73Z
“4)

The direction of monomeric TDM was thus defined as the line
passing through the centroids of EDD and HDD maps for the
associated monomeric electronic transition. This approach in
deducing an accurate TDM direction was previously tested by
us on a p-nitroaniline monomer. *> Moreover, in the optimized
TC dimeric structure, the intermolecular distance ‘r’ along
with the polarization («) angle (an angle between monomeric
TDMs) were obtained from two defined positions placed at the
centres of the TC subunits and the as-computed monomeric
TDM.
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Obtaining a quantitative measure of the length and mag-
nitude of CT is far from trivial both from the experimental
and theoretical points of view. With an aim in defining the
CT spatial extent associated with the electronic transitions,
the indexes ¢c+c- and t, previously developed for the eval-
uation of excited state characteristics,®%2 were estimated
and detailed in Tables S6-S10, Supplementary Information.
Briefly, these indexes were based on the computed electron
(p—(r)) and hole (p(r)) density distribution of the excited
states. The overlap integral (¢c+c-) of C— and C for the
associated electronic transitions was used as a quantitative
parameter for differentiating the excited states into either LE
or CT state:

/‘\/C_s_(r )/ C— (r )

Yctc- =

Nonetheless, it is important to note that ¢c+c- is also an
indicative of ‘intra-molecular CT’ character of the excited
states. Therefore, the final assessment of the excited state
character in the present context warranted a more detailed
investigation. A tangible proof was obtained by evaluating
the t-index in all three spatial directions using the computed
EDD and HDD; a positive t-index defined the quantitative
extent of intermolecular CT through space. 2 Finally, the
“t” indexes representing the extent of intermolecular degree of
separation between hole and the electron were calculated as:

t(A) = D (A) — H(A) (6)

The quantitative expressions for root mean square deviation
(o) of C_ and C, along the three axes in equations 3 and 4,
normalization factors (A_ and Ay ) in equation 5, D and H
indexes in equation 6 were originally defined by Bahers et
al.,®! and in the present work were evaluated following Mul-
tiwfn 3.3.8. For t < 0, an overlap between hole and electron
was expected and thus the associated electronic excited state
was ascribed as LE. However, a clear separation of hole and
electron on individual monomeric units led to a larger posi-
tive value of t-index, making the associated electronic excited
state to be of predominant CT type. In this regard, using the
total EDD and HDD computed for the singlet excited states
of dimers, the evaluation of the above-mentioned indexes on
a grid of points with isovalue 0.001 around the dimeric struc-
tures were established. All density derived quantities were
computed using a numerical integration procedure by using
Multiwfn 3.3.8. The combined use of ¢c+c- and t-indexes
in all three spatial directions was used to ascertain the CT or
LE character of the low-lying singlet excited states of TC and
NT dimers.

3. Results and Discussion

3.1 Validation of the TC O- and NT J- aggregation
from steady state absorption characteristics

Solvent polarity dependent UV-vis spectroscopic
signatures of TC and NT in Figure 2(a) and (b)



J. Chem. Sci. (2019) 131:52

Page 5of 14 52

*m=473nm TG Aggregation 209M, =197D Amon =473 nm
' f,=0.00
211 _/‘/'\/;\ 0.16 T 154
¥ M 033
J: ; ;
s M 0.50 '.E 104
2 |l 067
- T4 o
~ LT ~ 5
___,\_/\//\ 0.97
400 450 500 550 600 0 -
(a) Alnm ——> (c)380 500 (e) TC aggregates
Am= ?57 nm NT aggregation Mlmo” =3.13D 429 nm Amon = 456 nm
N AVANE £,=0.00 T 24
T33'°,_/\/’k -
N : sl j
' ’_/\/\ 033 % 164 i /
<> ,_/\/\ 050 mE aosnm_ fi \ /i
= ; = ‘o 12 NG B v
oy ,_/\/’\ S| N A i j830cm
= : - 8- Y Y
S os3 © ] u
509 nim; 182 Bmf A A
—_A_/w . ‘}('\\ _/’ \_\. .I_l \_\‘
400 450 5/’00 850 600 375 400 425 450 475
(b) Alnm ——> @ Alnm —— () NT aggregates
Figure 2. (a) and (b) Solvent polarity dependent UV-vis absorption spectra of TC and NT at a fixed concentration (1.67 x

1073 M) with the varied volume fraction of water (fy,). The formation of self-assembled molecular aggregates of TC and NT
are indicated with a red-shifted absorption band (blue curves). (c) and (d) The deconvoluted absorptionﬁspectra of TC and NT
monomers respectively, depicting the associated electronic transitions and transition dipole moments (M;,;,0,). (€) and (f) The
HR-SEM images of TC and NT respectively at a THF: water volume fraction of 0.1:2.9 depicting the self-assembled TC and

NT aggregates.

respectively were investigated to unravel the aggrega-
tion pattern and the associated electronic processes. At
0 < f,, (water-volume fraction) < 0.50, no percep-
tible spectroscopic change with solvent polarity was
observed. However, at 0.83 < f, < 0.97, new UV-
Vis absorption bands at pronounced longer wavelengths
(Agge = 521 nm for TC and A,,; = 509 nm for NT)
than the monomeric absorption maximum were wit-
nessed, indicating the formation of self-assembled TC
and NT aggregates. The deconvoluted spectrum of TC
monomer in Figure 2(c) depicted a predominant elec-
tronic transition at 473 nm (2.62 eV) with an oscillator
strength of 0.038 (M,,,, = 1.97 D), excellently match-
ing with a literature value 21,200 cm~'(2.63 eV).* The
UV-Vis spectroscopic signatures of NT monomer in
Figure 2(d) was found to be identical to TC monomer
with a lowest electronic transition at Ay, = 456 nm,
possessing a comparatively larger oscillator strength
of 0.101 (M,,, = 3.13 D). The HR-SEM images in
Figure 2(e) and (f) for TC and NT respectively obtained
at f, = 0.97 solvent composition validated the forma-
tion of their stable colloidal aggregates with finite shape
and size.

The abrupt transition from a monomeric to an aggre-
gated phase was also evident with a concomitant visible

colour change: green to pale pink for TC (cf. Figure 3(a)
inset) and bright green to yellowish brown for NT (cf.
Figure 3(b) inset). The deconvoluted UV-vis absorp-
tion spectrum of TC colloidal aggregates in Figure 3(a)
depicted the transition to fit Gaussians centred at 531 nm
(2.34 eV) and 505 nm, in a closer match with the TC
thin films.* It was interesting to note that TC aggre-
gates exhibited significant transition probabilities for
both lower (A! 531 nm, M;; = 2.79 D) as

agg
well as higher (A2, = 505 nm, M,; = 1.59 D)
energy excitations. In contrast, the deconvoluted UV-
vis spectrum of NT aggregates in Figure 3(b) depicted
predominant absorption only to a lower energy exci-
ton state [A},, = 512 nm (2.42 eV), M, = 2.69 D]
along with a meagre transition probability to a higher
energy exciton state (Aigg = 491 nm, M = 0.69
D). This uneven TDM distribution was rationalized
in accordance with the theory of molecular exciton
coupling.® According to this theory, a finite deviation
from a parallel alignment of monomeric TDM’s (rel-
ative to the ideal J- and H-dimers), as in an O-dimer
(oblique dimer), should cause finite transition probabil-
ities to both higher and lower exciton states.® In line
with this, we had reported a large deviation from J-

and H-aggregates for p-nitroaniline O-aggregates and
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Figure 3. Deconvoluted UV-vis absorption spectrum of TC (a) and NT (b) aggregates (1.7 x 1076 M)
in THF-water binary solvent depicting predominant absorption features and associated transition dipole
moments along with exciton coupling energies. The insets depict the colour change upon aggregation in both

TC and NT.

quantified it with the polarization angle (o), an angle
subtended by the monomeric TDMs in a dimeric unit. *’
Therefore, based on the considerable distribution of
TDMs, we assigned the TC colloidal aggregates as pre-
dominantly of O-type. In contrast, the prevalent 512 nm
red-shifted absorption feature for NT was indicative of
the ideal J-aggregation. It is also important to note that,
the coherent coupling of monomeric TDMs resulted in
similar exciton coupling energies (AE.,. = —969 cm™!
for TC O-aggregates and AE,., = —835cm™! for
NT J-aggregates). These large magnitudes of exci-
ton coupling energies precluded the possibility of TC
and NT excimer formation, of which more concrete
evidences were captured by emission and excitation
spectroscopic measurements, discussed in the following
sections.

3.2 Unusual steady state emission characteristics of
TC O- and NT J-aggregates

To obtain insights into the aggregation-induced PL
characteristics, solvent polarity controlled emission sig-
natures of TC and NT were collected in Figure 4(a)
and 4(b) respectively; progressively increasing the vol-
ume fraction of water did not affect the spectra until the
water fraction became 83%. The inset micro-images in
Figure 4(a) and (b) depicted the TC and NT monomer
solutions respectively exhibiting a bright green and cyan
fluorescence under UV lamp illuminated at 365 nm. The
emission spectrum (cf. Figure 4(a)) of TC monomer
depicted an intense emission band at 478 nm for which
the calculated PLQY was estimated to be & = 0.116

(see Figure S1, Supplementary Information). Likewise,
the emission spectrum (cf. in Figure 4(b)) of the NT
monomer depicted an intense emission band at 466
nm with PLQY, ®r = 0.478 (Figure S2, Supplemen-
tary Information). In literature, the J-type aggregation
is primarily associated with a dramatic improvement in
fluorescence quantum efficiency.*® Therefore, TC O-
and NT J-aggregates could be thought of supporting
‘aggregation induced enhanced emission’ phenomenon.
Much to our surprise, at f, = 0.97, emissions from
the TC O- and NT J-aggregate solutions were drasti-
cally reduced in reference to the pure monomeric THF
solutions (cf. micrograph in Figure 4(a) and (b) insets),
indicating a virtually non-emissive behaviour of the
former. The monomeric emission intensities decreased
abruptly (cf. Figure 4(a) and (b)) with the onset of new,
feebly intense emission bands at 535 and 524 nm respec-
tively. Subsequently, the PLQY for the TC O- aggregates
(Pr = 0.002, see Figure S3, (Supplementary Informa-
tion) for calculation) and NT J-aggregates (P = 0.038,
see Figure S4 (Supplementary Information) for calcula-
tion) were estimated to be dramatically lower than their
corresponding monomers. Although this reduction in
PLQY upon aggregation provided a clue for the possibil-
ity of a faster non-radiative deactivation channel for the
S, state or a ground state structural perturbation, the rea-
son for such large emission quenching, especially in the
J-aggregate nuclear conformation, was a huge deviation.

The large excitonic coupling energies obtained from
ground state UV-Vis absorption spectra of TC O-
and NT J-aggregates provided an initial indication of
the absence of excimer-like species. Moreover, emis-
sion spectra obtained for TC and NT aggregates (cf.
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(a) and (b) Emission spectra of TC and NT monomers and the corresponding aggre-

gates respectively, depicting fluorescence quenching with a dramatic drop in PL quantum yield
(PLQY). Insets illustrate the structured, narrow band-width and low Stoke’s shifted emission
bands for TC O- and NT J-aggregates. The micrograph images depict the visual colour change
upon aggregation under UV lamp exposure at 365 nm. (c) and (d) Excitation spectra (red) of
TC O- and NT J-aggregates respectively obtained at the corresponding emission maximum
depicting a close resemblance with the ground state UV-vis absorption spectrum (blue) of the
aggregated form, thus ruling out the excimer formation.

Figure 4(a) and (b) insets respectively) were observed
to be highly structured with extremely low Stoke’s
shifts and narrow bandwidths, providing additional evi-
dence for non-excimer formation. A more concrete
proof for non-excimer formation was drawn from the
excitation spectral studies in Figures 4(c) and (d).
Figure 4(c) depicted the collected excitation spectra
of TC O-aggregates with monitoring emission wave-
lengths of 535, 545 and 555 nm. The spectral profile
of the solution excitation spectrum was in good agree-
ment with the corresponding TC O-aggregate solution
absorption spectrum and was markedly different from
the TC monomeric absorption spectrum. The sharp
resemblance of excitation spectrum to that of the absorp-
tion spectrum definitely led us to the conclusion that
the pronounced emission quenching observed in TC
O-aggregates was not associated with the excimer for-
mation. In Figure 4(d), similar excitation spectral results
were visualized for NT J-aggregates. A close resem-
blance of the excitation spectrum with that of its
J-aggregates absorption spectrum along with a large
deviation from the NT monomeric absorption ruled out
the existence of NT excimers.

In TC, photo-oxidation via cycloaddition studies
have shown evidence for naphthalene-like spectral fea-
tures. 37 Thus, in order to establish the TC O- and
NT J-aggregates to be unperturbed by oxidation, their
absorption and PL spectra as a function of irradiation
time were recorded in the air (cf. Figures S5 (Supple-
mentary Information) (a) and (b) respectively). In both
cases, other than an overall homogeneous reduction of
absorption and PL intensities, no new spectral changes
have been observed. This suggests that none of the PL
bands in TC O- and NT J-aggregate forms were related
to naphthalene-like impurities. In contrast, a face-to-
face stacked covalent TC dimer (an H-aggregate) was
photo-oxidized by more than half within the first 10 min
of light irradiation.?” Therefore, in the present inves-
tigation SF as a process was thought of which could
complicate the aggregate excited state dynamics. In
order to assess the possibility of SF in TC O- and NT
J-aggregates and thus to explain the consequential dra-
matic drops in PLQY, density functional computational
calculations, time-correlated single photon counting
and nanosecond transient absorption experiments were
undertaken.
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Figure 5. (a) and (b) The optimized structures of TC and NT monomers dgpicting a planar tetracene core with 0° dihedral
angle (C1-C,--C3-Cy4). The computed electronic transition dipole moment (M,,,,) direction procured from electron (yellow)
and hole (red) density distribution centroids are depicted with blue arrows. (c) The optimized oblique dimeric structure of
TC dimer depicting the dimer stabilization energy along with slippage angle () and a large polarization angle (o). (d) The
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states. The quantitative index (¢) ~1 and the negative t-index signify the LE nature of both S; and S, excited states. Hydrogen

atoms are removed for clarity.

3.3 TC O- and NT J-dimer excited state energetics
and correlation with singlet fission

The DFT/6-31G+(d,p)/B3LYP computed ground state
optimized structures of TC and NT monomers in
Figure 5(a) and (b) respectively depict the planar
tetracene core with a 0° dihedral angle (C,-C,--C;-Cy).
The computed 2.43 eV electronic transition for the TC
monomer involved 97% HOMO — LUMO weighing
contribution for which the computed HDD and EDD
maps (Figure S6, Supplementary Information) showed
a symmetrically distributed isosurface on TC core unit.
The thus computed configuration coefficients for this
electronic excitation along with the centroid coordi-
nates of EDD and HDD were tabulated in Table S3,
Supplementary Information, and were further used for
the estimation of TDM direction. Accordingly, the com-
puted TDM direction in Figure 5(a) was depicted as a
vector passing through the shorter molecular axis of TC
monomer with a magnitude of 2.31 D. In contrast to the
TC monomer, the computed monomeric TDM for NT
was estimated (cf. Figure S7, Supplementary Informa-
tion) to be along a longer molecular axis with a higher
magnitude of 4.23 D (cf. Figure 5(b)).

The ground state optimized structure of TC dimer
from its single crystal coordinates* in Figure 5(c) con-
verged to an O-dimeric conformation with § = 22.3° <
54.7° and a large a(44.1°), substantiated with the
monomeric TDM direction. The computed stabilization

energy for the TC dimerization was evaluated to
be —9.72 kcal.molfl (AEStabi]izalion = (—1385828 -
—2x (—692.906) a.u.) x 627.51)) and was attributed
to the competitive m-m and C-H stacking interac-
tions. The initial dimeric model geometry of NT, in
the absence of single crystal coordinates, was based
on the parallel alignment of monomeric TDMs as
indicated from the ground state absorption studies.
In Figure 5(d), the potential energy curve depicted
two energy minima at § = 65° and 45° with the
former nuclear dimeric conformation being more sta-
ble. However, in view of the experimentally obtained
absorption features of NT J-aggregates corresponding
to § < 54.7°, the nuclear geometry with § = 45°
was assigned to the equilibrium J-dimeric conforma-
tion of NT, and was further used for electronic structure
calculation.

Electronic structure calculation on the optimized TC
O-dimer showed the lowest-lying singlet excited state
(S)) as the brightest state (oscillator strength = 0.215).
The second (S,) singlet excited state was also bright in
absorption with substantial oscillator strength (0.046).
This oscillator strength distribution was in accordance
with the experimentally obtained uneven TDM distri-
bution in TC O-aggregates thus validating the level of
theory adopted for dimeric computation. Likewise, the
oscillator strength distribution between S; (0.007) and
S, (0.538) in NT J-dimer complied with experimental
results for NT J-aggregates.
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In the next step, we assessed the LE or CT character
to the bright S; and S, states of TC O- and NT J- dimers.
For these electronic transitions, the EDD and HDD maps
are presented in Figures S8—S13, Supplementary Infor-
mation. The quantitative parameters (6_ o, D, and H
along all three spatial directions), discussed in the com-
putational section under experimental part below, for
prediction of t-indexes are tabulated in Tables S5-10,
Supplementary Information. Subsequently, Figures 5(e)
and (f) depict the charge density difference maps, ¢c+c-,
t-index and the assigned LE or CT character to the
bright singlet states. The S; and S, states could be pre-
dominantly of LE nature with a negligible amount of
CT character, as visualized in the uniformly distributed
CDD plots. Furthermore, the calculated overlap inte-
grals (¢c+c-) of EDD and HDD centroids being close
to unity, provided an additional evidence for their LE
character. However, the negative t,, t, and t, values
provided a concrete evidence for the absence of inter-
molecular CT character. Consequently, these low-lying
S| and S, bright states in the TC O- and NT J-dimer were
assigned LE type, analogous to the results obtained for
solid TC crystals.*® The calculated singlet and triplet
excited state energies for investigated monomers were
found underestimated by 0.15 eV in comparison to their
experimental values as: for TC monomer, S; = 2.43 vs.
2.62 eV, T, = 1.14 vs. 1.28 eV;* for NT monomer,
S; = 2.58 vs. 2.71 eV. Accordingly, for NT monomer,
E(T;) was taken as ~ 1.57 eV (1.43 eV + 0.15 eV), tak-
ing account of the correction term. However, It is worth
mentioning that the absence of any noticeable emission
edge within 1.37-2.06 eV (cf. Figure S14, Supplemen-
tary Information) provided an indication of E(T,) to
be < 1.37 eV for the NT monomer. In the monomeric
phase, the polyacene series (anthracene, tetracene, pen-
tacene) has exhibited the lowest triplet state energies
E(T),) of 14900 cm™', 10300 cm™! (1.28 V) and 6300
cm™! respectively.** Moreover, Basu et al., found both
Viiplee (coulombic energy due to monomeric interac-
tion) and Dypie; (solvatochromic shift due to dielectric
changes on aggregation) for triplet excitons to be smaller
than the singlet excitons by a factor of 10 or more.*’
Therefore, assuming the triplet energy of TC monomer
to be minimally affected by aggregation, SF in its O-
aggregate from S; state seemed endothermic by ~
0.22 eV (AE; = 2.34eV - 2x(1.28 eV)). Support-
ing this, SF in crystalline TC was also reported to be
endothermic (by ~500 cm™!) but still proceeded rel-
atively rapidly in view of entropic considerations. %%’
Due to this energetic ordering, triplet-triplet recombi-
nation as the reverse process of SF, to a singlet exciton
could be feasible in TC O-aggregates. In NT dimer,
with the experimentally investigated lowest triplet state
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(T)) energy < 1.37 eV, the AE, for SF from S;state
was evaluated to be small (2.42 — 2x(1.37) = —0.32
eV), implying the probable occurrence of SF in NT col-
loidal J-aggregates. It was also interesting to note that
NT J-dimer failed to satisfy the primary energy crite-
rion, E(S;) ~ 2x(T,) for triplet-triplet recombination.
However, a concrete evidence for SF and triplet-triplet
recombination in TC O- and NT J-aggregates in the
present investigation was obtained from time-correlated
single photon counting and transient absorption mea-
surements.

3.4 Singlet fission in TC O- and NT J-aggregates and
correlation with their unusual PL behavior

One of the first means by which SF was detected in
acene crystals was through the observation of delayed
fluorescence in time-resolved fluorescence measure-
ments. >34 The PL decay profile for TC monomer in
Figure 6(a) depicted a single exponential decay with a
singlet excited state lifetime, T = 4.36 ns, in agreement
with areported magnitude of 4.6 ns.® The time-resolved
emission spectral profile for TC O-aggregates excited at
496 nm and monitored at 550 nm emission is depicted
in Figure 6(a). The fluorescence spectrum remains con-
stant over the course of the decay, indicating the decay
arising from a single species. Notably, in this more polar
solvent (water), the emission on the red edge of the
spectrum did not decay to zero but rather to a finite
baseline, indicating the presence of a longer-lived emit-
ting species. Three exponential decays with the fastest
component’s lifetime (t; = 0.16 ns, relative amplitude
= 45.9%) even lower than the IRF (0.26 ns) was noted.
A slower time constant of T, = 1.84 ns (relative ampli-
tude = 17.9%) was attributed to the decay of S, state via
radiative fluorescence emission. In comparison with the
monomeric TC, the lifetime of the TC O-aggregate’s
PL decay showed obvious shortening. Earlier experi-
mental results and theoretical analyses have proven the
existence of a super-radiant exciton delocalized over 10
TC molecules with a radiative lifetime of 12.5 & 2 ns,
smaller by a factor of 2.1 than that of the TC monomer. **
In Figure 6(b), the emission decay profile correspond-
ing to the TC O-aggregates was plotted on a log-scale
to highlight the long-lived emission tail. In fact, this
type of delayed fluorescence (DF) following an essential
energetic criterion E(S;) ~ 2xE(T)) (cf. computational
section) can be understood as follows:

i. the initially created singlet excitons generate triplet
excitons. 33!

ii. the triplet excitons undergo triplet-triplet recombi-
nation following radiative decay from the singlet
state. 3
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(a) Time correlated PL decay profiles (with their fits) for TC monomer (blue dotted)

and TC O-aggregate (red dotted) acquired at 496 nm excitation, depicting a short and a long
lifetime component in the aggregate. (b) The decay profile for TC O-aggregate observed in (a)
plotted on a log-scale to highlight the long-lived emission tail. (c) PL decay profiles at varied
emission wavelengths for NT J-aggregates acquired at 295 nm excitation, depicting the absence
of delayed fluorescence at the lower emission wavelength (320 nm). (d) Nanosecond transient
absorption spectra for the NT colloidal J-aggregates at different delay times depicting long-lived

triplet absorption.

Accordingly, in Figure 6(a) and (b), the slowest
third decay component (13 = 9.71 ns, relative ampli-
tude 36.2%) in TC O-aggregates was ascribed to DF
occurring via SF and followed by triplet-triplet recombi-
nation. This phenomenon has been previously observed
in TC single crystals where the lifetime of the triplet
state was measured as high as 200 s.3"*? In contrast, in
TC polycrystalline samples, the lifetime was evidently
smaller (40-100 ps) and was attributed to the presence
of defect states accelerating SF. 32 Hence, we assigned
TC O-aggregates to undergo SF from the singlet excited
state leading to fluorescence quenching, a rare case for
TC O-aggregates in solution.

In Figure 6(c), the time-resolved PL decay profiles
for NT monomers and the corresponding J-aggregates
are depicted. The NT monomer, like its homologue
TC monomer, exhibited a single exponential decay
with a lifetime of 6.24 ns (cf. Figure 6(c)). How-
ever, the PL decay profile for the NT J-aggregates
collected at 496 nm excitation (with a monitoring emis-
sion wavelength of 530 nm) was largely different from
the TC O-aggregates with meagre longer-lived emission

signatures (13 = 24.1 ns, relative amplitude = 5%).
Nevertheless, the absence of highly intense long-lived
emission signature or DF need not comply with the non-
occurrence of SF. The major PL decay component for
the NT J-aggregates with a relative amplitude of 71.0%
was evident to decay at a time scale of T, = 0.22 ns,
lower than the IRF = 0.26 ns. A minor PL component
was demonstrated to decay within 1T, = 0.80 ns (rela-
tive amplitude = 24%), attributed to the faster radiative
relaxation channel for NT J-aggregates relative to the
NT monomer. Subsequently, triplet formation via SF
in NT J-aggregates was assessed using Flash Photoly-
sis experiments. In Figure 6(d), the transient absorption
spectraof NT J-aggregates measured under 530 nm exci-
tation led to a positive absorption band at ~ 500 nm. The
NT J-aggregates thus exhibited the S; deactivation via
SF, analogous to the TC O-aggregates. The limited 8
ns timing resolution of the transient absorption exper-
iments restricted capturing the triplet state for the TC
O-aggregate.

In Figure 7, we have provided a schematic represen-
tation of TC O- and NT J-dimeric structure-property
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Figure 7. The bright singlet states of TC O- in (a) and NT J-aggregates in (b) with their experimentally obtained energies,
electronic transition dipole moments and locally excited (LE) vs. charge transfer character (CT) states are depicted. The
dominant S| relaxation via singlet fission (SF) are correlated with the concomitant photoluminescence quantum yield (PLQY)

drops.

correlation with a strong emphasis on their photolu-
minescence behaviour. Figures 7(a) and (b) depict the
thermodynamic feasibility of SF from a bright locally
excited S; state leading to a fast S; population depletion
with a concomitant long-lived triplet formation. Dur-
ing such a time span, the triplets in TC O-aggregates
diffused throughout the aggregate experiencing triplet-
triplet recombination, thus producing emissive singlet
excitons. Here, the favourable S, and T, energy disposi-
tion allowed triplet-triplet recombination, as witnessed
via delayed fluorescence signals.

To summarize, our previously reported RB J-
aggregates'! were ‘weakly’ coupled and exhibited a sig-
nificantly low magnitude of exciton coupling energy
(AE. = —358cm™!) owing to weak electronic com-
munication between its largely separated subunits (r =
7.2 A) and a restricted exciton delocalization on its
J-dimer, that led to an atypical PLQY drop. In com-
parison to this, the NT J-aggregates with polarization
angle o~ 0° and TC O-aggregates with a = 44.1°
were ‘strongly’ exciton coupled (AE.. = —835¢cm™!
and -969 cm™' respectively) and exhibited unusual
PLQY drops. Pensack et al.,% reported weakly cou-
pled chromophores of Pentacene derivatives to exhibit
a non-exponential triplet formation kinetics, while the
strongly coupled chromophores displayed triplet forma-
tion kinetics associated with intrinsic SF rates. Thus, it
is apparent that weak excitonic interactions correlate
with significantly slower rates of SF, whereas strong
excitonic interactions promote rapid SE. Recently, two
polymorphs (A and B) of 1,3-diphenylisobenzofuran
with similar dimeric conformation, but with largely
varying AE.. of ~1900 cm™! (A) and 280 cm™! (B)
revealed a direct correlation with their SF efficiency of

200% and < 5% respectively.* Likewise, the ultrafast
SF time constant of 530 fs in polycrystalline Hexac-
ene films was attributed to a pronounced AE.,. ~2500
cm~!.% Since single-electron excitation in the SF based
systems evolved to be bimolecular,® the weakly cou-
pled RB J-aggregates represented an ideal case for SF
consequential PL origin. In the present investigation, all
dimers, TC, NT and RB, showed perfect energy balance
between the computed singlet and triplet exciton ener-
gies for SF. The dominant S; relaxation pathways and
dynamics of TC O-, NT J- and RB J- aggregates being
largely dominated by SF decay, depicted a pronounced
depleted population leading to dramatic lowering in
PLQY that followed high thermodynamic probabil-
ity for SE. These results have thus accounted for the
pronounced deviation from the well-established aggre-
gation induced enhanced emission observed in classical
dye J-aggregates.

4. Conclusions

Tetracene (TC) and Naphtho[2,1,8-qra]tetracene (NT)
as prototypical molecular materials of polyacenes
formed colloidal O- and J-aggregates respectively via
reprecipitation method. The O- and J-type molecular
aggregation was evident from the uneven electronic
transition dipole moment distributions to the lower and
the higher energy singlet excited states. The excited
state characters of the lower (S; and S,) singlet excited
states were carefully assessed and found to be of locally
excited in nature. Unusual drops in the photolumines-
cence quantum yield in TC O- and NT J-aggregates were
witnessed. These dramatic PL drops were systematically
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investigated for the possible occurrence of excimer-like
emission quenching and/or photo-degradation of the
Tetracene core unit and were proven absent. In view
of the TC O-aggregates exhibiting a perfect energetic
balance for SF and a concomitant delayed fluorescence
signal, their PL decay characteristics was ultimately
attributed to the SF followed by triplet-triplet recom-
bination. In contrast, NT J-aggregates permitted only
a forward SF process, leading to a long-lived triplet
formation. Consequently, the singlet excited state (S;)
dynamics of both TC O- and NT J-aggregates was
largely governed by the fast SF decay channel, result-
ing in a depleted singlet excited state population and
therefore accounted for the atypical deviation from the
well-established aggregation induced enhanced emis-
sion from classical dye J-aggregates.

Supplementary Information (SI)

Tables S1-S10 and Figures S1-S16 are available at www.ias.
ac.in/chemsci.
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