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Triplet formation inhibits amplified spontaneous
emission in perylene-based polycyclic aromatic
hydrocarbonsf
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Polycyclic aromatic hydrocarbons (PAHs) have demonstrated potential as active laser materials, showing
good amplified stimulated emission (ASE) properties. However, the molecular origin of their ASE
properties is still unclear and depends on each particular compound. In this work we study the ASE
properties of polystyrene films hosting three different perylene-based PAHs YZ-1, YZ-2 and YZ-3,
where only YZ-3 has displayed ASE. Their molecular structure has been systematically changed
to establish the connection between their molecular structure and their ASE properties. A complete
spectroscopic study, with ground state and time-resolved techniques, show that, even at low yields,
triplets play a critical role as a major loss mechanism. Triplet slow relaxation to the ground state
completely hinders the required imbalance of the S; and Sp states for successful ASE. Quantum
chemical calculations suggest that a lower number of available triplet states for YZ-3 are responsible
for the blockage in triplet formation and, therefore, do not restrict ASE. This work not only presents a
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new PAH showing ASE, but also unequivocally proves the massive importance of triplet states in the
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Introduction

Organic electronics has attracted the attention of scientists
around the world due to their suitability for low-cost fabrication
and manufacturing. An advantage of organic materials in
opposition to their inorganic counterparts is the ability to
fine-tune their properties with small changes in their molecular
structure. This makes organic compounds (OCs) suitable for
an ample range of applications from organic photovoltaics to
transistors and sensors.'

One of the applications of OCs is to serve as active units in
lasing devices.*” Particularly interesting are those in which the
OCs are dispersed in thermoplastic polymer films because they
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can be easily processed as low-loss waveguide films, leading to
the creation of the so-called thin film organic lasers (TFOLs).
A way to assess the suitability of a given OC for a TFOL is to
identify the presence of amplified spontaneous emission (ASE).
This phenomenon is caused by the amplification of the spon-
taneous emission, conventionally fluorescence, due to the
presence of stimulated emission if the pumping excitation is
strong enough. TFOLs open the door to new applications which
need large area emitters or applications where it is important to
have a smaller size than conventional inorganic laser devices.

In this work, we study the photophysical and ASE properties
of three perylene-based polycyclic aromatic hydrocarbons
(PAHs denoted as YZ1-3; Fig. 1), whose synthesis was recently
reported.® PAHs have several advantages due to their unique
structure,””® mainly based on their great planarity provided by
the extended m-conjugation. Besides, PAHs have structural
tunability since they can be synthesised in a wide range of
shapes which endow them with an ample range of proper-
ties.” " In terms of ASE, these molecules have the great
advantage that their planarity usually provides a great fluores-
cence quantum yield (®g)."*™'* Moreover, the possibility to
make chemical modifications to modify their bandgap could
in principle allow obtaining organic lasers operating at a wide
range of wavelengths.
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Fig. 1 Structures of the molecules used for this work.

There are many studies aiming to establish structure—
property relationships in different PAH families,>*>'® while
less work has been done with n-extended PAHs considering
the relatively recent demonstration of ASE and lasing.'*"”™*°
The establishment of suitable structure-property relationships
for these compounds will lead to the diversified and optimal
design of ASE molecules with larger efficiency.

YZ1-3 were deposited as films over quartz plates, using a
small concentration of YZ molecules (0.5-6 wt%) dispersed in
polystyrene (PS), used as a hosting passive matrix. Surprisingly,
only YZ-3 showed ASE despite the three molecules share
similar @y values; indeed YZ-3 shows the lowest value for @y.
To ascertain the origin of this phenomenon, their excited state
behaviour was studied by transient absorption spectroscopy
(TAS). TAS is a very powerful pump-probe technique that allows
direct probing of photoexcited species, as well as following
their kinetics. TAS measures the difference in optical density
(AOD) before and after the laser pulse. This makes the AOD
intensity proportional to the number of photogenerated excited
states.’®?! The thorough analysis of the TA data showed the
formation of triplets in YZ-1 and YZ-2 though their TAS signals
were almost obscured by the large absorbance of the co-existing
long-lived singlet excited states. Despite the low triplet yield
displayed in these molecules, it was enough to completely
hinder the possibility of displaying ASE. Furthermore, with
the help of DFT quantum calculations, it has been possible to
link the YZ-3 chemical structure to the lack of triplet formation
in this sample. This establishes a very important property—
structure relationship which will help to synthesise further
compounds with increased ASE efficiency.

Results
Optical properties

Fig. 2 shows the absorbance/emission properties in 2-MeTHF
solution of the studied compounds. This solvent was used due
to its ability to create an invisible solid matrix when the
temperature is close to 80 K. As seen, the absorbance spectra
at room temperature (300 K) for the three compounds show
many narrow bands with the lowest energy band maximum at
483, 560 and 632 nm, for YZ-1, YZ-2 and YZ-3, respectively.
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Fig. 2 Absorbance (solid line) and PL (dashed line) obtained at room
temperature (darker colour) and 80 K (lighter colour) for (top) YZ-1,
(middle) YZ-2 and (bottom) YZ-3 in 2-MeTHF solutions.

The red-shift seen from YZ-1 to YZ-3 in the absorption spectra
is in accordance with a larger effective conjugation length on
YZ-1 — YZ-3.”>?® The PL spectra for the three molecules show
a large 0-0 emission transition with a vibronic band deeper in
the red region of the spectrum which can be likely associated
with the 0-1 transition. The considerably narrow absorption
and emission bands are attributed to a largely constrained
molecular structure. This is further confirmed with the
observed smaller Stokes shift which is directly correlated with
the vibrational relaxation from the as-generated hot excited
state upon vertical excitation and the lowest energy first excited
state. In the studied compounds the Stoke shifts observed
are 0.04, 0.03 and 0.02 eV, for YZ-1, YZ-2 and YZ-3 at 80 K
(vide infra), respectively. This indicates a larger stiffness of
the molecular structure. Moreover, the ®g, ie. the number
of photons emitted per photon absorbed, was measured in
2-MeTHTF solution. The obtained &y values were 0.70, 0.55 and
0.52, for YZ-1, YZ-2 and YZ-3, respectively. These results follow
the same trend as the results obtained for CH,Cl, solution
obtained from ref. 6, where there is no larger &y for YZ-3.
To eliminate any equipment/functional error from lab to lab,
we also have repeated the experiments using CH,Cl, as solvent

This journal is © The Royal Society of Chemistry 2024
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using the same fluorimeter and integrating sphere (Fig. S1 and
Table S1, ESIf). Indeed, no major differences were seen in
terms of optical properties when the solvent was changed,
besides a larger @ when CH,CI, is used as solvent.

Fluorescence lifetimes have also been characterised
(Table S1, ESIt). There is an increase in the fluorescence
lifetime when increasing the size of the molecule (3.4, 8.0
and 9.3 ns for YZ-1, YZ-2 and YZ-3, respectively). These life-
times are in line with the obtained ¢y values, as a shorter
fluorescence lifetime is usually associated with a larger effi-
ciency in the fluorescence process, and, therefore, a larger ®g.

The absorbance and fluorescence were also measured at
lower temperature (80 K) (Fig. 2). The data show a clearer
resolution of all vibronic transition bands due to the decrease
of spectral broadening with cooling.

ASE characterisation

For ASE characterisation, the compounds were embedded in
PS, forming thin films deposited over quartz plates, and excited
under ns optical pulses (see details in the Experimental section
in the ESIT). Film thickness (values in Table S1, in the ESIt)
was properly adjusted to ensure well confined transversal
waveguide modes propagating through the waveguide, which
is important to ensure an optimized ASE performance.** 2° The
existence of ASE is revealed through the observation of narrow-
ing of the PL spectrum, at a given excitation energy intensity
(the so-called ASE threshold), together with a drastic increase of
the emission intensity (Fig. 3). ASE was observed in the YZ-3-
based films, but surprisingly not in the films containing YZ-1
and YZ-2, although the latter were excited under very severe
excitation density conditions (up to 20 mJ cm™?) and various
dye contents were tried (see Table S1, ESIf). In particular,
Fig. 3(c) shows the clear presence of two different fluorescence
linear regimes, in terms of intensity and bandwidth (blue
squares and red circles, respectively) for YZ-3. The crossing
energy point where one regime is transformed into the other
one is the ASE threshold, which was 14.5 m] cm™? for YZ-3.
This ASE threshold is rather large compared to the most
efficient PAHs reported, which have shown values ranging from
30 uJ em 2 to 5.3 mJ em™ 2."**"7° Interestingly, the ASE spectral
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shape for the YZ-3 film has the maximum intensity matching
the 0-0 transition of the PL spectrum. Generally, the most
intense ASE band is associated with the 0-1 PL transition (and
sometimes with the 0-2 PL one) as the close proximity between
the 0-0 absorption and emission bands diminishes the gain by
reabsorption of the emitted photons.?*™* Our hypothesis to
explain why ASE occurs close to the 0-0 emission will be
discussed in the next sections.

Transient absorption spectroscopy

To elucidate the origin for the lack of ASE in YZ-1 and YZ-2,
despite their structures being similar to that of YZ-3, transient
absorption spectroscopy characterisation was performed
(Fig. 4). A similar analysis can be done for the three com-
pounds. First, it is possible to see a large negative signal in a
similar position to the largest ground state absorbance band at
483, 560 and 632 nm for YZ-1, YZ-2 and YZ-3, respectively.
These bands are associated with ground state bleach (GSB).
Also, with negative AOD, we find the stimulated emission (SE)
of the molecules, matching their PL spectra, with maxima at
500, 570 and 640 nm for YZ-1, YZ-2 and YZ-3, respectively. The
SE is also the origin for the local minima found in the positive
signal at 535, 625 and 710 nm for YZ-1, YZ-2 and YZ-3,
respectively, associated with the 0-1 band of their PL spectrum.
Interestingly, the position of the 0-0 GSB band is red-shifted a
few nm in comparison with the ground state absorbance. This
is the result of the GSB and SE 0-0 bands merge due to their
minimal Stokes shift. This merge hinders proper characterisa-
tion of GSB or SE lifetimes in their 0-0 band, and, instead,
the 0-1 band has been used for the study of both processes
(Fig. S2, ESIf). Despite SE being a common feature in the fs-
characterisation of organic molecules for organic electronics,**
the large SE lifetime of these compounds is remarkable, reaching
the nanosecond timescale. These large SE lifetimes have been seen
previously in the literature in organic molecules displaying ASE,
indicating that this could be an important fingerprint for this kind
of molecules. On the other hand, the TA data shows in all cases a
large positive band in the 600-800 nm region (with maxima at 630,
695 and 745 nm for YZ-1, YZ-2 and YZ-3, respectively). These
bands start to decay in a few nanoseconds with little spectral

(a) r12 (b) (c) 5
Abs T 5 ——20.0 (mJ/em?) ]| 24 3 C
1200 ol I i 241 .,
ASEF 09~ —~4 - = ] =
o F S 3 1 £ 20 3
800 068 © 3 ——3.0 (mJicm?) - = ] 3@
< E - = 1 T 161 L
3 C 3 32 1 ] C
400 1 = =~ ] = F2.3
l \ c 1 - L 421 C
N \ C ) - C 1
pump - < L
0 Tt 0.0 0 S —
300 450 600 750 900 600 630 660 690 720 750 4 8 12 16 20
Wavelength (nm) Wavelentgh (nm) Epump (mJd/cm?)

Fig. 3 Results of ASE characterisation of a 1 wt% YZ-3 doped PS film. (a) Ground state absorbance (solid line), fluorescence (dashed line) and ASE
emission (filled curve). (b) Emission spectra obtained at different pump energies of the same film. (c) Output intensity (right axis, blue squares) and
emission linewidth defined as full with at half maximum, FWHM (left axis, red circles) plotted against different pump energies. Blue lines are a guide to
the eye. PL excitation wavelength was set at 447 nm and ASE measurements were performed under pumping at the maximum of the absorption

(Ap = 458 nm).
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Fig. 4 Femtosecond transient absorption spectroscopy results of (a) YZ-1, (b) YZ-2 and (c) YZ-3 in 2-MeTHF solution. Normalised species associated
spectra obtained by global analysis for (d) YZ-1, (e) YZ-2, and (f) YZ-3 fs-TAS data. Fs-TAS was obtained by exciting at 490, 560 and 640 nm for YZ-1,

YZ-2 and YZ-3, respectively with a power of 0.25 mW.

modification along the technique timescale. These bands were
associated with excited state absorption (ESA) of the excited singlet
species given their lifetime similarity to the obtained PL lifetime
(Table S1, EST}).

As seen, the singlet absorbance spectra for the three mole-
cules are in the same region as the bands associated with
the SE. This spectral overlap between the SE and the ESA is
associated with a lack of gain in other compounds and restrains
their abilities to obtain net optical gain, and therefore hinders
the possibilities of ASE.*® The spectral overlap of the SE and the
ESA means that the ASE photons could be re-absorbed by the
excited species decreasing the stimulated emission efficiency.
YZ-3 shows a narrower ESA in comparison with the two other
molecules. However, the differences are not enough to justify
YZ-3 being the only one displaying ASE.

This overlap between the ESA and the SE also serves as the
reason for the observation of the ASE spectrum showing the 0-0
PL transition. This is quite unusual since in most situations the
ASE matches the 0-1 or 0-2 transitions, particularly in com-
pounds with small Stokes shifts (see above).*** In YZ-3, the
0-1 and 0-2 SE transitions are coincident with the ESA, which
has a similar extinction coefficient to the ground state (given
the similar amplitude of ESA and GSB at short time delays,
where only singlet states are present). Hence, given this simi-
larity in the absorption coefficient, YZ-3 emitted photons along
the whole spectrum are going to be reabsorbed to a similar
extent. The photons corresponding to the 0-1 and 0-2 transi-
tions are reabsorbed by the excited state while the photons
associated with the 0-0 transition will be reabsorbed by the
ground state. The ASE spectrum will therefore have the same
spectral shape as the PL spectrum.

5242 | J Mater. Chem. C, 2024, 12, 5239-5246

This reabsorption of the emitted photons by the ground
and excited states remains as the origin for a high power of
14.5 mJ cm ™ is needed to start to see the ASE phenomenon.
As indicated previously, this ASE threshold is rather large
compared to other examples reported in the literature, with
values that go from 30 pJ cm ™2 to 5.3 mJ cm ™ 2.1%27729

To further unravel the dynamics of these compounds, global
analysis (GA) was performed using the TA data (Fig. 4(d)—(f)).
Interestingly, this analysis showed the presence of a new
species in both, YZ-1 and YZ-2 that was obscured due to the
large lifetime and intensity of the singlet states. This new
species is formed in the nanosecond timescale (Fig. S3, ESIt)
and remains constant at the technique time resolution.

To identify these new bands present in YZ-1 and YZ-2, we
performed ps-TAS (Fig. S4, ESIt). The ps-TAS on YZ-1 shows a
double band (at 540 and 640 nm) positive spectrum that decays
with negligible changes with a lifetime of 360 ps. YZ-2 us-TAS
data show a less defined spectrum that decays in 170 ps.
In both cases these signals were quenched in the presence of
oxygen and fully recovered upon being purged with nitrogen;
all being indications of the formation of triplet species. The
similarity of the spectra obtained by ps-TAS to the spectra of the
species formed in the nanosecond timescale seen in GA of fs-TA
(Fig. S5, ESIT) clearly proved the identity of these species as
triplet states.

In addition, the GA also gives information about the relative
population of the states present in our molecules paying
attention to the intensity to the decays associated with each
species (Fig. S3, ESIT). In our case it is quite difficult to obtain
suitable values as stimulated emission, triplet formation and
non-radiative recombination occur in a very similar time scale.

This journal is © The Royal Society of Chemistry 2024
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Still, we can do an estimation of the triplet yield for YZ-1: 0.1.
The YZ-2 triplet is shown in a much lower intensity and it is
difficult to calculate a suitable value for its formation, but it is
lower than for YZ-1.

Fs-TAS data was also obtained in the same configuration
used for the ASE characterisation (dispersed in a 1 wt% PS solid
matrix, Fig. S6, ESIt). The solid state results were similar to
those observed in solution. However, in the films, the singlet
species relaxed faster to the ground state in line with their
solid-state form. Their shorter singlet lifetime, which comple-
tely decays in 100 ps, allows us to clearly discern the spectral
shape of triplets in YZ-1 and YZ-2. On the other hand, in YZ-3
the disappearance of the singlet left no signal, further demon-
strating the inability of YZ-3 to form triplets.

Discussion

Despite the large @5 obtained for the three molecules studied in
this work, only YZ-3 displayed ASE. Given that the @ value of
YZ-3 (0.52) is lower than that of YZ-1 (0.70) and similar to that
of YZ-2 (0.55), one would expect similar ASE properties. Hence,
the @ difference cannot explain the lack of ASE for YZ-1 and
YZ-2. In addition, the fluorescence lifetimes associated with
the studied molecules can neither explain the lack of ASE
properties for YZ-1 and YZ-2. Indeed, YZ-3, the only molecule
displaying ASE, is the one with the slowest fluorescence lifetime
among the three, which is clearly unexpected as usually a
shorter lifetime is associated with a larger ASE efficiency.

The formation of triplets in these compounds, however,
serves as a feasible explanation for the lack of ASE on YZ-1
and YZ-2. For ASE to work, a proper imbalance (towards
population inversion) from the ground state and the first
singlet state, which owes the emission, is needed. Formation
of triplets, with their inherent large decay to ground state
lifetime, impedes the re-population of singlets. According to
the seminal work of Garnier et al.,’” for ASE to succeed 4
different vibronic levels are needed: Spo, Sov, Si,00 Siv
(Fig. 5). For amplified spontaneous emission to be effective,
the vibration relaxation processes S; — S; o and Soy, — So,0,
processes 2 and 4, respectively, in Fig. 5, have to be extremely
efficient. The importance of the efficiency of these processes

Pt Sp
,,,,,, =
8 g PR s s > 3
®,©
Pumping Stimulated
Emission
14
== 4 g
......... et 51“
Soy

Fig. 5 Scheme depicting the 4-level scheme for successful ASE and the
effect of triplet level addition.
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lies in the prevention of the excessive population of any inter-
mediate state that can hinder the population of the energy
levels that are responsible of the ASE phenomenon (Sy, and
S1,0)- However, the presence of triplets and their inherent large
relaxation to ground state lifetime hampers the population of
the ground state, and, hence, the repopulation of the S, , state.
The lack of the unbalanced population due to the presence of
triplet states and their breakage of the 4-level system represent
the main reason for YZ-1 and YZ-2 molecules not displaying
ASE properties. Another important point to add to the matter
is the very low intensity of the triplet absorbance for YZ-1 and
YZ-2 (Fig. 4). This clearly suggests a low population of triplet
states, and, hence, a very low triplet formation yield. This low
triplet yield is expected for such planar molecules and, conse-
quently, low spin-orbit coupling. Even in a regime of low triplet
yield, it was enough to completely inhibit the ASE properties of
YZ-1 and YZ-2.

Interestingly, the lowest @ value for the YZ-3 contrasts with
the lack of triplet formation. We can write ¢r as 1 — @, — @p
where @, and @ are the yields of non-radiative recombination
and triplet formation, respectively. Therefore, with a lower @, a
larger @1 can be expected. Hence, for YZ-3, to compensate the
negligible &1, a much larger @, is expected. A similar case is
expected for YZ-2, with a lower @ and lower intensity of the
triplet states in comparison with YZ-1. The increase in the non-
radiative @, from YZ-1 to YZ-3 (ca. 0.2, 0.4 and 0.5) is in line
with the energy gap law.>® According to this law, when the
closer two different states are in energetics, the rate of the
internal conversion, i.e., non-radiative, between these states
increases. Hence, the smaller the bandgap a molecule posseses,
a larger yield of non-radiative relaxation is expected, which is in
line with what was seen for YZ-n.

To further investigate the origin of this difference in triplet
formation despite the little structural changes, the vertical
transitions were calculated by TD-DFT at the B3LYP/6-31G level
of theory (calculated energy levels are presented in Fig. 6 and
molecular orbitals in Fig. S7, ESIt). The triplet formation in our
compounds should go along the following path: the sample is
excited to S, to swiftly relax to the most stable singlet level, S;.
Then, two different characteristics have to be accomplished in
order to undergo intersystem crossing. The difference between
singlet and triplet energy levels has to be minimal (lower than
0.2 eV). Also, a large difference in the orbital composition from
the S; to the T, this is, a large spin-orbit coupling (SOC), is
needed.’*™ As seen by the calculation results (Fig. 6(b)), all three
molecules show very little spin-orbit constant, indicating that the
major weight of the ISC process has to rely on the density of
available triplet states. YZ-1 has a triplet energy level almost
isoenergetic to the S;, providing a favorable opportunity to ISC
despite the very low SOC constant for this material. On the other
hand, YZ-2 has two available states in the 4-0.2 eV range, with one
triplet energy level with the largest SOC constant among the three
molecules. However, the YZ-3 has only one available triplet state at
+0.2 eV and its SOC is half of the one for the YZ-2.

Noticeably, the calculated T, energy level of YZ-3 is much
closer to the S,. According to the energy gap law, as explained
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Fig. 6 Results of the TD-DFT calculations at the B3LYP/6-31G** level of theory. (a) Calculated energy level of the singlet and triplet excited states for
YZ-1,YZ-2 and YZ-3. (b) Table summarising the results of the TD-DFT calculations of the triplet energy levels including the difference in energy from the
S; and the spin—orbit coupling value for the transition from S; to the corresponding triplet level. To help the eye, the triplet energy levels within ca. 0.2
eV have been highlighted in red. Spin orbit coupling has been calculated using the ORCA software package.

previously, a very fast relaxation from this T, energy level to the
ground state could be expected. Then, this could serve as an
explanation of the lack of triplet species in TAS characterisa-
tion. The energy proximity of these states could increase the
internal conversion rate from T; to S, by several orders of
magnitude from the microsecond, time range where triplets
usually decay, to the nanosecond time range where YZ-3
singlets decay. This similarity in timescales could obscure the
presence of triplets in the TAS characterisation. However, this
cannot be the case according to the TAS results of YZ-3 in the
solid matrix (Fig. S6, ESIT). When YZ-n molecules are sus-
pended in a solid matrix, the singlet states decay in a faster
manner, clearly revealing the presence of triplet states for YZ-1
and YZ-2. However, in the case of YZ-3, the TA signal becomes
zero in 1 ns, neglecting the hypothesis of a very short-lived
triplet state that decays from a triplet energy state with small
AEso-r1.

Conclusions

Three different perylene-based PAH molecules have been stu-
died to characterise their ASE properties: YZ-1, YZ-2 and YZ-3.
From these three compounds, only YZ-3 showed ASE at a
wavelength of 648 nm with an energy threshold of 14.5 mJ cm ™2,
These differences could not be explained in terms of @ or
fluorescence lifetime where YZ-1 showed the largest ®r and
shortest fluorescence lifetime. Transient absorption spectro-
scopy indicated that YZ-1 and YZ-2 were able to create triplets
whereas YZ-3 could not. The origin of this behaviour was a
lower density of triplet states for YZ-3 in comparison with the
smaller molecules. Triplets, with their large lifetimes, represent
a major loss mechanism because they neglect the 4-level
diagram for ASE, where the relaxation from the non-emissive

5244 | J Mater. Chem. C, 2024, 12, 5239-5246

excited state to the ground state has to be largely efficient to
lead to unbalanced population. This work clearly exemplifies
how triplet large lifetime represents a major loss mechanism
for ASE even at low yields. In addition, this work clearly shows
how little changes in the molecular structure, as seen by the
difference between YZ-2 and YZ-3, have massive importance in
the density of excited states, and therefore, in the triplet
formation and ASE properties. This work paves the way for
the development of new molecules where triplet generation is
completely inhibited to obtain largely efficient organic lasers.
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