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ABSTRACT: Perylenediimide (PDI) compounds with no substituents in their
core are widely used as the active units of thin-film organic lasers. Recently, bay-
substituted PDIs (b-PDIs) bearing two sterically hindering diphenylphenoxy
groups at the 1,7-bay positions have received great attention because they show
red-shifted emission with respect to bay-unsubstituted PDIs, while maintaining
high photoluminescence (PL) quantum yields and low amplified spontaneous
emission (ASE) thresholds even at high doping rates. However, their ASE
photostability is relatively low compared to that of state-of-the-art PDIs. Thus, the
design of b-PDIs with improved ASE photostability remains a challenge. Here, the
synthesis of two b-PDIs with phenyl-type substituents at the imide positions is
reported. Complete characterization of their optical properties, including absorption, PL, ASE, and transient spectroscopy, supported
also by quantum chemical calculations, is performed with the dyes diluted in either a liquid solvent or a polystyrene film. Film
experiments were accomplished at very low doping rates, to resemble the isolated molecule behavior, and also in a range of
increasing doping rates, to investigate concentration quenching effects. The reported b-PDIs show improved ASE photostability (3-
fold) with respect to b-PDIs with aliphatic-type substituents at the imide positions, whilst they show more propensity toward
aggregation.

1. INTRODUCTION

Organic materials have been demonstrated to be suitable
media for laser applications.1,2 Particularly, the large oscillator
strength of electronic transitions associated with the excitation
of π-electrons, the adoption of solution-based methods for low-
cost integration with other technologies,3 and the lower
toxicity of organic materials compared to their inorganic
counterparts4 make them attractive for practical applications.5,6

In addition, the bottom-up synthesis techniques used in
organic chemistry allow for fine control of the optoelectronic
properties of the organic materials through the design of the
molecular structure.7 Nonetheless, major challenges in device
implementation remain unsolved, e.g., low pump requirements
and/or long operational photostabilities.
Perylenediimides (PDIs) have been widely investigated as

laser materials. In early works, PDI derivatives were studied in
liquid solution as active materials for dye lasers.8,9 Soon after,
PDIs were dispersed in polymer matrixes in monolithic form,
pursuing improvements in compactness and maintenance.10,11

However, these solid-state lasers still showed the high
operational energy requirements of their predecessors and
resulted in additional photostability issues. In the literature,
different synthetic strategies have been developed to improve
the properties of PDIs toward lowering the optical pump
energy needed (i.e., the threshold) for amplified spontaneous

emission (ASE) and laser operation, and to tune the emission
wavelength of PDIs. In a first step, substitution at the imide
positions, leaving the bay positions of the perylene core
unsubstituted (i.e., bay-unsubstituted or u-PDIs), intended to
improve PDI solubility and increase the amount of PDI that
could be incorporated into the polymer matrix without
significant photoluminescence (PL) quenching.12−14 Following
this strategy, the best results in terms of energy threshold were
obtained for a 2,6-diisopropylphenyl-substituted PDI (PDI-O)
dispersed in a polystyrene (PS) matrix at 1 wt % (with a 2−3
kW cm−2 threshold).12 Even so, for concentrations typically
above ∼1 wt %, molecular interactions/aggregates appear, thus
leading to concentration-induced quenching and the associated
reduction of the emission efficiency.12,15−17 Moreover, the
absorption and emission spectra of these derivatives remain
unchanged with respect to that of the unsubstituted PDI core
because of the electronic nodal character of the imide
nitrogens.7 This constitutes a handicap since it limits the
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range of applications for these PDIs. Initial attempts of color
tuning by substitution at the bay positions18−20 yielded PDI
derivatives with poor emission efficiency, as a consequence of
their distorted PDI core.18,19 This issue was solved by the
introduction of diphenylphenoxy groups at the 1,7-bay
positions of the PDI core (b-PDIs).21−23 Such groups red-
shifted the absorption and emission spectra of the PDI with
moderate distortion of the PDI core. Additionally, the
substituents at the PDI core prevent molecular aggregation
by steric hindrance, and they could be incorporated in the
polymer matrix up to concentrations of around 30 wt % of PDI
with respect to PS, with moderate concentration quench-
ing.15,22,24 Despite the attractive features of these b-PDIs, a
limitation is that the photostability of the compounds used so
far is lower than that of state-of-the-art PDIs (i.e., u-PDIs),
such as PDI-O. For example, PDI-O (τ1/2

ASE ∼ 23 000 pump
pulses)12 has been reported to be up to 6−7 times more
photostable than b-PDI-1 (τ1/2

ASE ∼ 3600 pump pulses)22

under similar conditions, i.e., same pump intensity (2500 kW
cm−2) and concentration in a PS matrix (0.5 mol g−1). Thus,
the design of b-PDIs with improved photostability remains a
challenge.
Here, we report the synthesis of two new b-PDIs with 2,6-

diisopropylphenyl and 2,6-diphenylphenyl (2,6-terphenyl)
substituents at the imide positions (named b-PDI-O and b-
PDI-Tp, respectively, chemical structures are shown in Figure
1), and complete characterization of their optical properties
when dispersed in PS films, supported by quantum chemical
calculations of isolated molecules and dimers. Comparisons are
made with a previously reported b-PDI (b-PDI-A in Figure 1)
with aliphatic chains at the imide positions.15 The investigated
optical properties include absorption (ABS), PL, ASE (with a
major focus on photostability), transient absorption, and time-
resolved photoluminescence. The study has been conducted
first on highly diluted films (dye concentrations of 0.8 × 10−5

mol g−1 in a PS matrix), for which dye aggregation/interaction
effects are expected to be very small, thus approaching the
behavior of isolated molecules. For a better assessment of this
aspect, results are compared to measurements in liquid
solution. Then, the effect on the optical performance by
increasing the dye-doping ratio in the films has been
investigated, to ascertain the role of the groups at the imide

position in the appearance of molecular aggregation/
interaction.

2. METHODS
2.1. Synthesis. Solvents and reagents were obtained from

commercial sources and used as received. Column chromatog-
raphy: SiO2 (40−63 μm). TLC plates coated with SiO2
60F254 were visualized by UV light. NMR spectra were
recorded at 25 °C using a Bruker AC300 spectrometer. The
solvents for spectroscopic studies were of spectroscopy grade
and used as received. UV/vis spectra were measured with a
Helios Γ spectrophotometer. IR spectra were recorded with a
Nicolet Impact 400D spectrophotometer. High-resolution
mass spectra were obtained from a Bruker Reflex II matrix-
assisted laser desorption/ionization time-of-flight (MALDI-
TOF) spectrometer using dithranol as the matrix.

2.1.1. Synthesis of b-PDI-O. A mixture of 1,7-bis(2′,6′-
diphenylphenoxy)perylene-3,4,9,10-tetracarboxylic dianhy-
dride (100 mg, 0.11 mmol), 2,6-diisopropylaniline (120 mg,
0.68 mmol), zinc acetate (16 mg, 0.08 mmol), and distilled
quinoline (0.8 mL) was heated for 24 h at 220 °C under an
argon atmosphere and, after cooling, the residue was washed
with a mixture of methanol/water (3:1). Purification was
carried out by silica gel column chromatography using CH2Cl2
as the eluent, yielding 60 mg (45%) of a pink powder.

• 1H NMR (300 MHz, CDCl3), δ: 9.22 (d, J = 8.38 Hz,
2H), 8.44 (d, J = 8.38 Hz, 2H), 8.05 (s, 2H), 7.51−7.33
(m, 20H), 7.05 (m, 12H), 2.67 (sept, J = 6.74 Hz, 4H),
1.18−1.26 (m, 24H) ppm.

• 13C NMR (75 MHz CDCl3), δ: 166.4, 166.2, 158.2,
150.8, 148.7, 140.6, 139.1, 136.4, 134.3, 134.0, 132.5,
132.4, 132.1, 132.0, 131.7, 130.9, 130.4, 129.8, 127.4,
127.0, 125.7, 124.6, 124.6, 123.4, 32.2, 27.0 ppm.

• Fourier transform infrared (FT-IR) (KBr), ν: 3037,
2914, 2815, 1706, 1654, 1590, 1339, 761, 708 cm−1.

• UV/vis (CH2Cl2), λmax (log ε): 398 (3.9), 488 (4.1),
521 (4.6), 562 (4.8) nm.

• MS (MALDI-TOF), m/z: calcd for C84H66N2O6
1198.4921 [M−] found 1198.4548 [M−].

2.1.2. Synthesis of b-PDI-Tp. A mixture of 1,7-bis(2′,6′-
diphenylphenoxy)perylene-3,4,9,10-tetracarboxylic dianhy-
dride (100 mg, 0.11 mmol), 2,6-diphenylaniline (166 mg,

Figure 1. Chemical structures of b-PDI derivatives investigated: b-PDI-O, b-PDI-Tp, and b-PDI-A.
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0.68 mmol), zinc acetate (16 mg, 0.08 mmol), and distilled
quinoline (0.8 mL) was heated for 24 h at 220 °C under an
argon atmosphere and, after cooling, the residue was washed
with a mixture of methanol/water (3:1). Purification was
carried out by silica gel column chromatography using CH2Cl2
as eluent, yielding 71 mg (48%) of a pink powder.

• 1H NMR (300 MHz, CDCl3), δ: 8.96 (d, J = 8.34 Hz,
2H), 8.23 (d, J = 8.34 Hz, 2H), 7.67 (s, 2H), 7.60 (m,
2H), 7.49−7.45 (m, 10H), 7.32−7.29 (m, 8H), 7.19−
7.13 (m, 20H), 6.81 (m, 12H) ppm.

• 13C NMR (75 MHz CDCl3), δ: 163.6, 163.0, 154.9,
148.1, 141.6, 139.2, 137.3, 136.1, 133.0, 131.2, 131.1,
130.1, 129.0, 129.0, 128.9, 128.4, 128.3, 128.2, 127.8,
127.7, 127.2, 127.2, 126.4, 123.7, 122.0, 121.6, 120.6,
120.3 ppm.

• FT-IR (KBr), ν: 3049, 2909, 2833, 1695, 1666, 1596,
1497, 1398, 1334, 1246, 1164, 913, 762, 703 cm−1.

• UV/vis (CH2Cl2), λmax (log ε): 406 (3.9), 485 (4.2),
520 (4.6), 561 (4.8) nm.

• MS (MALDI-TOF), m/z: calcd for C96H58N2O6
1334.4289 [M−], found 1334.4672 [M−].

2.2. Quantum Chemical Calculations. Density func-
tional theory (DFT) calculations using the B3LYP func-
tional,25,26 with the latest Grimme’s dispersion correction D327

and the 6-31G** basis set,28 were carried out using the
Gaussian 16 (revision A.03) software package.29 No symmetry
constraints were applied during geometry optimizations.
Vertical electronic transition energies to the lowest-energy
singlet excited states of b-PDI-A, b-PDI-O, and b-PDI-Tp were
computed using the time-dependent DFT (TD-DFT)
approach.30−32 The lowest 50 singlet excited states were
calculated at the B3LYP/6-31G** level using the ground-state
optimized geometries. Molecular orbitals were plotted using
ChemCraft 1.6 software with isovalue contours of ±0.03 au.33

Calculations using the semiempirical tight-binding (GFN2-
xTB) method34 were performed using the xTB program
recently developed by Grimme and co-workers.35

2.3. Thin Film Fabrication. PS thin films doped with a b-
PDI derivative (among the ones investigated, see Figure 1)
were prepared by spin-coating a dichloromethane solution of
the polymer and the corresponding b-PDI on top of a quartz
substrate. The dye concentration in the film was calculated as
the amount of b-PDI with respect to PS in the solution. For the
first part of this work, highly diluted dye-doped films were
prepared (the b-PDI doping rate was 0.8 × 10−5 mol g−1,
approximately 1 wt %). In the second part of the work,
dedicated to investigate the concentration dependence, the
doping rate was varied between 0.8 × 10−5 and 1 × 10−4 mol
g−1 (approximately between 1 and 11 wt %). For all of the
films prepared, the amount of PS with respect to the solvent
was adjusted to obtain a film thickness (hf) of around 550 nm.
This guarantees that the films support only fundamental
transversal waveguide modes (TE0 and TM0) with a high
confinement factor (Γ ≈ 90%). After deposition, the films were
heated for 2 h at 90 °C to remove any residual solvent. Film
thickness was measured using an interferometric technique.36

2.4. Optical Characterization. Steady-state ABS and PL
measurements were recorded in a Jasco V-650 spectrometer
and a Jasco FP-6500/6600 fluorimeter, respectively. For
experiments in liquid solution (toluene, 1 × 10−6 M), a 10
mm quartz cell was used. The extinction coefficient (ε) was
determined from the absorbance (A) using the expression ε =

A/l·C, with l the light path length of the sample and C the dye
concentration. For films, the absorption coefficient (α) was
calculated through the expression α = ln(10)·A/hf, where hf is
the film thickness.
The PL efficiency in solution (ϕPL

sol) was determined by a
comparative method,37 using two well-established references,
N,N′-di(1′-hexylheptyl)perylene-3,4:9,10-tetracarboxylic dii-
mide (ϕPL

sol = 99% in DCM)38 and rhodamine 6G (ϕPL
sol =

94% in ethanol).39 The PL quantum yield in the films (ϕPL
film)

was determined using an integrating sphere attached to the
fluorimeter.
Photoluminescence transients in both solution and thin film

were collected at λ = 575 nm, coinciding with the main PL
transition (0-0), using a time-correlated single-photon
counting (TCSPC) system PicoHarp 300 (PicoQuant
GmbH) and a semiconductor diode laser (1 MHz, 70 ps,
510 nm) as the excitation source. Data were fitted to single,
double, or triple exponential functions, as required, and the
average PL lifetimes (τPL) were determined by the expression40

τ
τ

=
∑
∑

A
A

i i

i
PL

(1)

where τi are the time constants of the exponential functions
used in the fitting and Ai their corresponding weights.
The ASE properties of the film samples were investigated

using the second harmonic of an Nd:YAG laser (532 nm, 10
ns, 10 Hz) as the pumping source. A detailed description of the
setup can be found elsewhere.12,41 The excitation laser beam
was expanded and collimated, and the uniform central part was
selected. Then, it was shaped into a narrow stripe of 3.5 mm by
0.5 mm, by means of a cylindrical lens and an adjustable slit,
and the image of the slit was projected onto the sample in
contact with its edge. The impinging energy was controlled
using neutral density filters and the emitted PL was collected
from the film edge with an Ocean Optics USB2000-UV−VIS
fiber spectrometer with 1.3 nm spectral resolution. The
presence of ASE is detected by a narrowing of the emitted
spectrum, accompanied by a sudden increase of the output
intensity (Iout), at a certain pump intensity (the ASE threshold,
Ith

ASE). The ASE photostability was studied by following the
temporal evolution of the emitted ASE light (well above the
threshold) for uninterrupted pump excitation, under ambient
conditions, at the same spot of the sample. It was quantitatively
characterized through the ASE photostability half-life (τ1/2

ASE),
defined as the time (or the number of pump pulses) at which
the ASE intensity reaches half of its initial value.
Femtosecond time-resolved differential transient absorption

(TA) measurements were performed with a Harpia pump-
probe spectrometer, pumped with a Yr:KGW pulsed laser
Pharos-SP (1030 nm, 200 fs, 10 kHz) coupled to an optical
parametric amplifier Orpheus (commercial Light Conversion
system). The pump−beam wavelength was set to 520 nm
(coinciding with the second vibronic absorption peak). The
probe white-light continuum pulse was generated by focusing
the fundamental onto a sapphire crystal. The time delay
between pump and probe was controlled with a retroreflector
on a delay line. Both beams were spatially crossed in the
sample and the differential absorption spectra (ΔA) defined as
ΔA = −log(ΔT), with ΔT being the difference in trans-
mittance with and without the pump pulse. The stimulated
emission (SE) cross-section (σSE) was estimated from the
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transient at the SE peak, by taking its maximum |ΔA| and using
the following expression42

σ =− |Δ |
·
A

h N
ln 10SE

f 0 (2)

λ
=

·
− −α− ·N

I
hc h

e R(1 )(1 )h
0

0

f

f

(3)

where N0 is the excited-state population density in the sample,
R is the sample reflectance (≈11%), h is the Planck constant, c
is the speed of light, λ is the excitation wavelength, α is the
absorption coefficient at λ, hf is the film thickness, and I0 is the
excitation fluence.

3. RESULTS AND DISCUSSION
3.1. Synthesis. Compound b-PDI-A was synthesized

following the previously reported procedure.15 Compounds
b-PDI-O and b-PDI-Tp were synthesized by the condensation
reaction, described above in the Section 2, between
perylenetetracarboxylic dianhydride and the corresponding
amine, namely 2,6-diisopropylaniline and 2,6-diphenylaniline,
in 45 and 48% yield, respectively (Scheme 1). Both
compounds were characterized by 1H, 13C NMR (Figures S1
and S2) and FT-IR spectroscopy, and MALDI-TOF MS
(Figure S3).
3.2. Theoretical Calculations. Prior to analyzing the

experimental optical properties (see below), the structural
properties of the bay-substituted b-PDI derivatives were
studied from a computational perspective by means of density
functional theory (DFT) and semiempirical (GFN2-xTB)
calculations. Figure 2 displays the minimum-energy optimized
structures calculated for b-PDI-A, b-PDI-O, and b-PDI-Tp at
the B3LYP-D3/6-31G** level. The three b-PDI derivatives

exhibit PDI cores slightly distorted from planarity due to the
diphenylphenoxy groups attached to the 1,7-bay positions. The
angle formed by the average planes, defined by the two
naphthaleneimide units forming the PDI core, is 19.2° for b-
PDI-A and slightly increases to 24.5 and 23.7° for b-PDI-O and
b-PDI-Tp, respectively. Note that the respective PDIs
calculated without anchoring the diphenylphenoxy groups to
bay positions display planar PDI cores (angles of around 0°).
For the three b-PDIs, one of the diphenylphenoxy groups is
oriented in such a way that a π-stacking between a benzene
ring of the substituent and the PDI core is effectively
established with distances in the 3.35−3.40 Å range. Apart
from the π−π interactions, the diphenylphenoxy groups are
able to interact among themselves by C−H···π interactions at
distances of around 2.6−2.7 Å. For the b-PDI-Tp compound,
C−H···π interactions are also present between the bulky m-
terphenyl groups at the imide positions and the phenyl rings of
the bay substituents (Figure 2c). Note that the intramolecular
arrangement predicted for the three b-PDI compounds
completely protects one face of the b-PDI core, which may
in principle hinder molecular aggregation.
To explore the potential self-assembly of the b-PDI

derivatives, supramolecular dimers based on the previously
DFT-optimized molecular structures of the monomers were
built with different arrangements and optimized at the
semiempirical GFN2-xTB level. Figure S4 displays the
optimized structures calculated for three representative supra-
molecular dimers of b-PDI-A (dA-1, dA-2, and dA-3). Dimer
dA-1 is governed, despite the bulky groups at the bay positions,
by effective π−π interactions between the b-PDI cores through
the PDI faces that are not covered by the diphenylphenoxy
groups (centroid−centroid distance of 3.31 Å). In dimer dA-2,
the b-PDI-A molecules self-assemble in a co-facial arrangement
with the distance between the PDI centroids as long as 8.92 Å

Scheme 1. Synthesis of b-PDI-O and b-PDI-Tp

Figure 2. B3LYP-D3/6-31G**-optimized geometries calculated for b-PDI-A (a), b-PDI-O (b), and b-PDI-Tp (c). Short π−π and C−H···π
contacts, in Å, are highlighted with black and blue dotted lines, respectively.
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because up to three benzene rings of the bay substituents are
intercalated (Figure S4b). Dimer dA-3 exhibits a perfect π-
stacking arrangement where the two PDI cores, situated at a
distance of 10.24 Å, are separated by a π−π benzene dimer
(centroid−centroid distance of 3.52 Å) formed by the
diphenylphenoxy arms (Figure S4c). Among the three dimers,
the face-to-face dimer (dA-1) turned out to be the most stable
with a binding energy (ΔEbind) of −19.90 kcal mol−1 compared
to dA-2 (−11.90 kcal mol−1) and dA-3 (−7.27 kcal mol−1).
Nevertheless, under the experimental conditions (toluene
solution), the formation of the face-to-face dimer dA-1 is
especially unlikely because (1) solvent molecules easily solvate
the accessible b-PDI π-surfaces and (2) the peripheral imide
and bay groups have to largely accommodate their orientation
to allow for the face-to-face interaction. For b-PDI-O, similar
supramolecular dimers (dO-1, dO-2 and dO-3) were obtained
at GFN2-xTB (Figure S5).
In contrast to b-PDI-A and b-PDI-O, face-to-face supra-

molecular dimers in b-PDI-Tp are not favored because of the
bulky groups at both the bay and imide positions. Nonetheless,

a wide variety of self-assembling dimers, such as the dTp-1 and
dTp-2 dimers depicted in Figure 3, governed mainly by π−π
and C−H···π interactions between the diphenylphenoxy and
the terphenyl substituent groups, are predicted for b-PDI-Tp.
These dimers are easily formed because they imply no
reorganization of the molecular geometry and are calculated
to be stable with ΔEbind values in the range between −8 and
−11 kcal mol−1. It should be stressed that dimers dTp-1 and
dTp-2, although less stable compared to the face-to-face
dispositions for b-PDI-A (dA-1) and b-PDI-O (dO-1), are
organized in such a way that they may even grow into larger
supramolecular assemblies in contrast to the face-to-face
dimers. These peculiar assemblies in dTp-1 and dTp-2, due
to the large balance between π−π and C−H···π interactions,
suggest good ability of b-PDI-Tp to self-assemble and may
explain why the b-PDI-Tp compound is, among the three b-
PDI derivatives, the system with the smallest emission
quantum yields both in solution and in doped thin films (see
below).

Figure 3. GFN2-xTB-optimized structures calculated for supramolecular dimers dTp-1 (a) and dTp-2 (b) of b-PDI-Tp. Short π−π and C−H···π
contacts are highlighted with black and blue dotted lines, respectively. Hydrogen atoms are omitted for clarity.

Table 1. Photophysical Parameters for b-PDIs in Toluene Solution and in PS-Doped Films

dye sample dye conc. λABS
b λPL

c ϕPL
d τPL

e α (at λpump)
f λASE

g Ith
ASEh τ1/2

ASEi

×10−5 mol g−1 (wt %) nm nm % ns ×104 cm−1 nm kW cm−2 ×103 pulses (min)

b-PDI-O solution a 485/518/558 576/618 89 ± 5 4.9
film 0.80 (1.0) 487/520/560 575/617 87 ± 6 5.1 0.05 620.3 60 14 (23)
film 5.00 (5.7) 487/520/560 579/619 42 ± 3 3.0 0.29 623.5 50 4.8 (8)
film 10.0 (10.7) 487/520/560 580/620 21 ± 3 1.4 0.54 624.5 55 0.6 (1)

b-PDI-Tp solution a 487/519/558 574/616 78 ± 5 5.1
film 1.00 (1.3) 487/519/559 570/616 61 ± 5 4.2 0.06 617.8 230 16 (27)
film 5.00 (6.7) 487/519/559 575/620/670 12 ± 5 0.5 0.29 620.6 430
film 10.0 (11.7) 487/519/559 579/623/670 2 ± 5 0.3 0.55

b-PDI-A solution a 484/517/556 573/617 92 ± 5 5.1
film 1.00 (1.2) 485/518/558 572/617 89 ± 5 5.6 0.06 617.7 40 5.4 (9)
film 5.00 (5.9) 485/518/558 575/618 83 ± 3 6.3 0.26 621.2 8.5 1.2 (2)
film 10.0 (11.1) 485/518/558 577/619 78 ± 3 6.0 0.50 623.1 7.5 1.8 (3)

ab-PDI concentration in toluene solutions was 10−6 M. bPeak absorption wavelengths (error = ±1 nm, maximum absorption peak is underlined).
cPeak photoluminescence wavelengths (error = ±1 nm, maximum emission peak is underlined). dPhotoluminescence quantum yield. eAverage
fluorescence lifetime (error ≈ 5%). fAbsorption coefficient at λpump (error = ±100 cm−1). gAmplified spontaneous emission (ASE) wavelength
(error = ±0.7 nm). hASE threshold (error ≈ 20%) measured at λpump = 532 nm from Nd:YAG second harmonic (10 Hz and 10 ns). iPhotostability
half-life measured under a permanent pulsed pump at 532 nm (10 Hz, 10 nm) with 2500 kW cm−2 in the same spot and under ambient conditions
(error ≈ 20%).
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3.3. Optical Properties in Liquid Solution. In liquid
solution (toluene, 1 × 10−6 M), the ABS and PL spectra of the
three b-PDIs are very similar (see Figure S6). They present the
typical vibronic progression for PDI derivatives, with ABS
peaks at around 490, 520, and 560 nm and PL peaks at around
575 and 620 nm (see Table 1), and molar extinction
coefficients (ε) of around 60 mM−1 cm−1. The low-lying
singlet excited states were computed for the three b-PDI
derivatives within the time-dependent DFT (TD-DFT)
framework at the B3LYP-D3/6-31G** level. For b-PDI-A, b-
PDI-O, and b-PDI-Tp compounds, the S0 → S1 electronic
transitions are computed to appear at close wavelengths (552,
561, and 559 nm, respectively) and with similar oscillator
strengths (Table S1) in good correlation with the experiment.
The S0 → S1 transitions are of π−π* nature and are mainly
described by the highest occupied molecular orbital (HOMO)
→ lowest unoccupied molecular orbital (LUMO) one-electron
promotion localized on the b-PDI cores (Figure S7).
PL lifetimes, obtained from fits to single exponential

functions, are also similar for the three compounds (τPL
sol ≈

5 ns; see Figure S8 and Table 1). Interestingly, slight
differences are found in the PL efficiency among the three
compounds (see details in the Supporting Information, Figure
S9 and Table 1). Very large ϕPL

sol values have been measured
for b-PDI-A and b-PDI-O (92 and 89%, respectively), whereas

a lower value was obtained for b-PDI-Tp (ϕPL
sol = 78%). The

decrease of the emission quantum yield cannot be in principle
associated with the distortion from planarity of the PDI π-
scaffold because, as discussed above, similar values of the angle
defined by the two naphthaleneimide units forming the PDI
core are predicted for the three derivatives (19.2° for b-PDI-A,
24.5° for b-PDI-O, and 23.7° for b-PDI-Tp). Accordingly, the
lower ϕPL

sol value found for b-PDI-Tp could be due to a large
number of intramolecular interactions of the PDI core with the
peripheral benzene rings (Figure 2c) and also due to the good
ability of b-PDI-Tp to form supramolecular dimers (Figure 3).
Both factors can contribute to quench the emission from the
PDI core.

3.4. Highly Diluted Dye-Doped Films. 3.4.1. Absorb-
ance and Photoluminescence. The ABS and PL spectra of
the highly diluted films (0.8 × 10−5 mol g−1 for b-PDI-O,
Figure 4a, and 1 × 10−5 mol g−1 for b-PDI-Tp and b-PDI-A,
Figures S10 and S11) are similar to those obtained in solution,
indicating that, at least for these properties, molecular
interaction effects are not very significant. The vibronic
progression in the ABS and PL bands observed in the spectra
in liquid solution (Figure S6) are preserved in the films, with
just slight shifts in the ABS and PL peaks attributed to the
difference in the dielectric medium surrounding the molecules
(Table 1).

Figure 4. Optical properties of PS films doped with a low concentration of b-PDI. (a) Optical properties of PS films doped with 0.8 × 10−5 mol g−1

of b-PDI-O. Absorption coefficient (α, solid line, left axis), photoluminescence intensity (PL, dashed line, right axis), and amplified spontaneous
emission (ASE) intensity (filled area, right axis) versus wavelength, λ. (b) Normalized ASE intensity at ASE wavelength, λASE, as a function of the
number of pump pulses (10 ns, 10 Hz) for PS films doped with 1 × 10−5 mol g−1 of b-PDI-A (red line), 0.8 × 10−5 mol g−1 of b-PDI-O (blue line),
and 1 × 10−5 mol g−1 of b-PDI-Tp (green line) under uninterrupted excitation at 2500 kW cm−2. (c) Output intensity at λASE (Iout, open symbols,
left axis) and linewidth (full width at half-maximum, FWHM, full symbols, right axis), as a function of pump intensity for PS films doped with 1 ×
10−5 mol g−1 of b-PDI-A (red circles), 0.8 × 10−5 mol g−1 of b-PDI-O (blue squares), and 1 × 10−5 mol g−1 of b-PDI-Tp (green triangles). Lines
are guides to the eye. (d) Differential absorption spectra at significant delay times (ΔA) for PS films doped with 0.8 × 10−5 mol g−1 of b-PDI-O as a
function of λ. The pump wavelength was set to 520 nm.
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With regard to ϕPL
film measurements, the values obtained for

b-PDI-A and b-PDI-O (89 and 87%, respectively) are
comparable to those measured in liquid solution. In contrast,
for b-PDI-Tp, it is somewhat lower (ϕPL

film = 61%) than the
value in liquid solution (ϕPL

sol = 78%), which points to the
presence of molecular aggregation/interaction even at very low
concentrations in the film. Indeed, according to theoretical
calculations, a larger predisposition of b-PDI-Tp to form
dimeric species is to be expected.
PL lifetime measurements for doped thin films also show

differences in comparison to liquid solutions, as well as
differences among the different compounds. For the b-PDI-A-
doped film, the PL decay curve (see Figure S8) maintains a
single exponential behavior, as in the liquid solution. The value
obtained for τPL

film (5.6 ns) is only slightly larger than that in
liquid solution (τPL

sol = 5.1 ns). Meanwhile, the PL transients
for the b-PDI-O and b-PDI-Tp-doped films (Figure S8) show a
double exponential decay behavior, with τPL

film = 5.1 and 4.2 ns
for b-PDI-O and b-PDI-Tp, respectively. Note that for b-PDI-
O, τPL

film is very similar to the value obtained in toluene
solution (4.9 ns), while for b-PDI-Tp τPL

film is shorter than that
in solution (5.1 ns). The double exponential character and the
time shortening observed for these two compounds evidence a
certain degree of molecular interaction/aggregation, even for
the very low dye concentrations used in these films, which are
attributed to intermolecular interactions promoted by the
bulky phenyl-containing groups introduced at the imide
positions.
3.4.2. Amplified Spontaneous Emission. A property, for

which the type of imide substituent of b-PDI has a clear
impact, is the ASE, and particularly its photostability, as
described below. The ASE spectra (recorded well above the
pump intensity threshold) for the studied b-PDI doped films,
consist of narrow peaks of around 6 nm width appearing at
approximately 620 nm, coinciding with the PL transition (0−
1) (Figure 4a). This constitutes the usual behavior for PDI
derivatives.15,22

A remarkable result is an improved photostability observed
for b-PDI-O and b-PDI-Tp, with respect to that of b-PDI-A.
This is illustrated in Figure 4b, which displays the ASE
intensity as a function of time and the number of pump pulses
for the b-PDI-doped films. These experiments were carried out
at a very large pump intensity (Ipump = 2500 kW cm−2). This
Ipump is well above the Ith

ASE for all of them, allowing a
comparison under similar conditions, given their similar α, see
Table 1. Quantitatively, the τ1/2

ASE values for the b-PDI-O and
b-PDI-Tp-doped films (23 and 27 min, respectively, which is a
similar value for the two materials) are around three times
larger than that of the b-PDI-A-doped film (9 min, see Figure
4b).
Generally speaking, understanding the physical processes

responsible for dye photodegradation is non-trivial. Different
mechanisms have been proposed in the literature for different
dyes,43,44 although little has been said in connection with the
chemical structure.45 With regard to PDIs, there have been a
few studies on bay-unsubstituted PDIs, which attributed the
photodegradation to two different mechanisms: type II photo-
oxidation, under aerobic conditions,46,47 and photo-reduction,
under anaerobic conditions;47 neglecting thermal photo-
degradation.13 Other photodegradation mechanisms have
been proposed for systems other than PDIs. For example,
photoionization after promotion to an excited electronic state,
typically in polar media, direct bond fission under high

excitation power,44 or photooxidative degradation proceeding
through radical formation and subsequent chain reaction in
polymers.48

The larger photostability of b-PDI-O and b-PDI-Tp, relative
to that of b-PDI-A, seems to be related to the type of
substituents attached to their imide nitrogen atoms, given that
this is the only difference among the various compounds. It
should be noted though that the nodal character of the imide
nitrogen atoms electronically uncouples the b-PDI core from
the imide substituent. Therefore, type II photo-oxidation,
photo-reduction, direct photoionization, or mechanisms
involving ISC, triplets, or any other feature related to the
energy level structure of the b-PDIs become unfeasible for
explaining the different photostability behaviors of the various
b-PDIs under study. A possible hypothesis is to consider the
occurrence of a radical reaction at the imide substituent after a
C−H scission (see Scheme S1 in the Supporting Information).
The latter would occur via photo-oxidation, assuming that,
despite the nodal character, the excited core is able to transfer
part of its energy to the imide substituents. The formation of
this carbon-centered radical would lead preferentially to the
decomposition of the substituent, and eventually to a nitrogen-
based PDI radical. This would continue reacting and, might
lead to chromophore decomposition. In this case, the ease of
the reaction would be related to the stability of the alkyl/aryl
radicals generated, which is inversely proportional to the bond
dissociation energy (D). Initially, b-PDI-A would yield the
most stable radical, after losing the hydrogen atom located in
the α position to the nitrogen, which is a tertiary radical (D for
a Me3C−H bond is 95.8 kcal mol−1).49 In the case of b-PDI-O,
a tertiary radical could be generated on the isopropyl group,
but chain breaking, in this case, is less feasible because it will
lead to the formation of a phenyl radical, which is less stable
(D for a Ph−H bond is 111 kcal mol−1).49 Finally, b-PDI-Tp
would lead directly to a phenyl radical that is the least stable,
thus assuring a better photostability for this PDI. This
mechanism would explain similar differences reported for u-
PDIs.12

To corroborate this point, we prepared four samples (neat
PS, b-PDI-A dispersed in PS, b-PDI-O dispersed in PS, and b-
PDI-Tp dispersed in PS) identical to the ones used for ASE
characterization, and subjected them to pulsed laser irradiation
for several hours. Then, we studied the films by MALDI-ToF
mass spectrometry (Figure S12). MS analysis of the b-PDI-A-
doped PS film after irradiation (Figures S12f−h) showed peaks
at m/z 1059 (which could correspond to the loss of a
hexylheptyl chain from the parent PDI m/z = 1242) and 1018
(the loss of a hexylheptyl−N−CO chain with the rearrange-
ment of 1 hydrogen atom from the chain to the PDI residue).
The study of the b-PDI-O-doped PS film after irradiation
(Figures S12i,j) revealed clusters of peaks at m/z 1182, 1167,
1151, 1135, and 1120 presumably corresponding with the loss
of CH4 or CH3 groups from the parent PDI (m/z = 1198) as it
would be expected if radicals are centered on the isopropyl
groups. These peaks overlap with those present in the neat PS
film, however, if the MS spectra of b-PDI-O-doped PS and neat
PS films are compared (Figure S12k), the former showed an
increase in the number of peaks of the clusters, indicating the
contribution of b-PDI-O degradation fragments. Peaks
corresponding to the loss of diisopropylphenyl or diisopropyl-
phenyl-N groups were not detected. Finally, in the MS analysis
of the b-PDI-Tp-doped PS film after irradiation (Figures
S12l,m), no peaks corresponding to the loss of phenyl or
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terphenyl-N groups from the parent PDI (m/z = 1334) could
be detected, only a peak at m/z 1105, attributable to the loss of
a terphenyl group, is hardly visible.
With respect to the ASE thresholds, determined from plots

of the emission linewidth and the output intensity as a function
of Ipump, such as those represented in Figure 4c, the
performance of b-PDI-A and b-PDI-O are rather similar
(slightly better for b-PDI-A), with Ith

ASE values of 40 and 60
kW cm−2, respectively. On the other hand, it is larger for b-
PDI-Tp (Ith

ASE = 230 kW cm−2). The differences among the
various b-PDIs can be explained in terms of their ϕPL

film, which
is larger for b-PDI-A and b-PDI-O, and lower for b-PDI-Tp, as
previously discussed.
3.4.3. Transient Absorption. The film transient absorption

(TA) spectra manifest the same features for the different b-
PDIs (see Figure 4d for b-PDI-O and Figure S13 for b-PDI-A
and b-PDI-Tp). All spectra show the following features: (1) a
negative peak at around 560 nm, which corresponds to
ground-state bleaching (GSB) from the first ABS (0−0) peak,
(2) a negative peak at around 615 nm attributed to stimulated
emission (SE) from the first PL vibronic (0−1) peak, and (3) a
broad positive band from approximately 640 to 950 nm,
probably further, which corresponds to excited-state absorp-
tion (ESA). The ESA band reflects the absorption of the
initially created singlet population, as their lifetimes coincide
with SE and GSB lifetimes. The ESA band seems to overlap
with the SE band, which might be a factor limiting the ASE
performance of the b-PDIs. The SE cross-section (σSE) for the

three b-PDIs presents a similar value of around 8 × 10−17 cm2.
Then, the differences observed in Ith

ASE can be definitively
attributed to the differences in ϕPL

film.
3.5. Dye Concentration Dependence. The differences

observed in the optical properties of these b-PDIs become
more pronounced when analyzing the performance of dye-
doped PS films at higher dye contents. This is evidenced by
studying films doped with 1 × 10−5 (0.8 × 10−5 for b-PDI-O),
5 × 10−5, and 10 × 10−5 mol g−1 (approximately equivalent to
1, 6, and 11 wt %, respectively).

3.5.1. Absorbance and Photoluminescence. The ABS
spectra are practically not affected by the increase in the dye
content, maintaining the spectral shape of the highly diluted
films analyzed in the previous section. The ABS peaks appear
at the same wavelengths and show the same relative intensities.
For each b-PDI, the total ABS increases proportionally to the
concentration (see Figure S10).
In contrast, the PL properties are significantly affected by the

increase in the dye content, at different degrees for each b-PDI.
This is clearly illustrated by film ϕPL

film data (see Figure 5a and
Table 1). For the three compounds, the ϕPL

film decreases with
increasing doping rate, but much more rapidly for b-PDI-O
and b-PDI-Tp. The decrease of ϕPL

film is indicative of
molecular aggregation/interaction, which appears to be more
significant in b-PDI-Tp, as suggested by the theoretical
calculations. The decrease in ϕPL

film is also reflected in their
PL spectra (Figure S11). The total PL intensity (normalized by
dividing by film absorption at the pump wavelength) decreases

Figure 5. Concentration dependence. (a) Photoluminescence efficiency (ϕPL
film, full symbols) and average photoluminescence lifetime (τPL

film,
open symbols) in terms of the dye concentration for PS films doped with b-PDI-O (blue squares), b-PDI-Tp (green triangles), and b-PDI-A (red
circles). Solid and dashed lines are guides to the eye. (b) Normalized ASE spectra for PS films doped with b-PDI-O at concentrations of 0.8 × 10−5,
5 × 10−5, and 10 × 10−5 mol g−1. (c) ASE half-life (τ1/2

ASE) versus dye concentration for PS films doped with b-PDI-O (blue squares) and b-PDI-A
(red circles) under uninterrupted excitation at 2500 kW cm−2. Lines are guides to the eye. (d) ASE threshold (Ith

ASE) as a function of dye
concentration for PS films doped with b-PDI-O (blue squares) and b-PDI-A (red circles). Lines are guides to the eye.
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as the concentration increases, slightly in b-PDI-A, and more
significantly for the other two compounds. With regard to the
PL spectral shape, it is practically not affected in b-PDI-A and
b-PDI-O: small red-shifts in the PL peak wavelengths, and a
small change in the proportion of the intensities of the PL
peaks (0−0) and (0−1) (from 1.9 to 1.7, for the explored
concentration range). On the other hand, significant changes
are observed for b-PDI-Tp, particularly in the proportion of the
intensities of the PL peaks (0−0) and (0−1) (it varies from 1.8
to 0.3). Actually, this change is related to the appearance of a
third peak on the red side of the spectrum, at around 670 nm,
which might be due to an excimer species, as it occurs in u-
PDIs.12,15 Indeed, it agrees as well with the lack of changes
observed in the ABS spectra.
The change of the dye-doping rate also affects the PL

transients (see Figure S8), and as it occurs for the ϕPL
film, to a

different extent for each b-PDI. The average PL lifetimes,
τPL

film, obtained from the fits of the PL transients, are plotted in
Figure 5a. As expected, they follow trends similar to those of
their ϕPL

film values. In the case of b-PDI-A, the PL transients
preserve the single exponential decay character shown in the
liquid solutions and the highly diluted films, with only a slightly
larger lifetime, τPL

film ≈ 6 ns (Figure 5a and Table 1). For b-
PDI-O and b-PDI-Tp, the PL transients follow double or triple
exponential functions (Figure S8). The τPL

film values for these
two b-PDIs suffer a severe drop as the doping load increases
(Figure 5a and Table 1), with an onset at lower doping loads
for b-PDI-Tp. The multi-exponential character together with
the time shortening observed for b-PDI-O and b-PDI-Tp
clearly indicate molecular aggregation/interaction in these
films. Particularly, in the case of b-PDI-Tp, this aggregation/
interaction generates excimer species, which is endorsed by
streak camera measurements for the film doped with the
largest concentration (see details in the Supporting Informa-
tion, Figure S13) and the observed effects in the ABS and PL
spectra with the concentration described previously. The PL
spectrum presented in Figure S14 for 50 ps coincides with the
single-molecule spectrum and the spectrum recorded for 1500
ps is attributed to the aggregates. By comparing both emission
spectra, one can estimate dimer association energy (<20 meV)
and type of dimers. In this case, the small energetic difference
and pronounced change of the vibronic structure of the
aggregate spectrum may suggest the formation of H-aggregate
dimers.50 From the deconvolution of these time-resolved PL
data, an energy transfer lifetime of 0.4 ns was estimated for
transfer from the single-molecule excited state toward the
dimer excited state.
3.5.2. Amplified Spontaneous Emission. The previous

differences in the dye concentration dependence are reflected
in the ASE performances of these b-PDIs. The evolution of
various ASE properties (spectra, photostability, and thresh-
olds) upon the increase in the dye concentration is analyzed in
Figure 5b−d. The increase of the doping load produces a
similar red-shift on the ASE spectra for the different b-PDIs
(see Table 1). The progressive displacement of the peak
position is illustrated in Figure 5b for b-PDI-O-doped films.
The behavior is similar to that previously reported for b-PDI-
A.15

The concentration dependence of the ASE photostability
half-life, τ1/2

ASE, for b-PDI-A and b-PDI-O-doped films is
analyzed in Figure 5c (see also Table 1). These τ1/2

ASE values
were determined by pumping the films uninterruptedly with a
fluence of 2500 kW cm−2. For both b-PDIs, τ1/2

ASE suffers a

severe drop with the increase in the concentration, with a
steeper slope in the case of b-PDI-O. As discussed in the
previous section, b-PDI-O is three times more photostable
than b-PDI-A for highly diluted films. However, this difference
tends to be reduced when the concentration is increased
mainly due to the increase in the absorption of the film, but
other factors such as molecular aggregation/interaction might
also play a role. Thus, at the highest concentrations studied
here, the τ1/2

ASE values for both b-PDIs are comparable.
In the case of the ASE thresholds, Ith

ASE, a different
concentration dependence was observed for each b-PDI (Table
1). For b-PDI-O, the Ith

ASE shows an initial mild descent,
followed by a slow increase (Figure 5d), the minimum value
being Ith

ASE = 50 kW cm−2. For b-PDI-A, Ith
ASE shows a much

pronounced initial descent, followed by a concentration range,
in which the Ith

ASE value is maintained (Figure 5d). In this case,
the lowest threshold is Ith

ASE = 7.5 kW cm−2. Finally, in the
case of b-PDI-Tp, Ith

ASE increases with concentration for the
whole range (Table 1), and the minimum value is Ith

ASE = 230
kW cm−2, the largest among the three compounds. It should be
noted that in this case, no ASE was observed for the largest
concentration analyzed.

3.5.3. Transient Absorption. TA measurements provide a
deeper understanding of the concentration quenching
mechanism, which results in a significant decrease in the PL
efficiency and, consequently, in an increase of the ASE
thresholds. For different doping loads, the TA spectra maintain
the same features as previously observed for highly diluted
doped films (see Figure S13). Even, similar σSE values were
found for the different concentrations, between 8 × 10−17 and
6 × 10−17 cm2 in all cases (Table S2). However, the transient
dynamics show clear concentration dependence (see Figure 6).
For highly diluted doped films, similar dynamics are found

for the different b-PDIs. These dynamics show a governing
long decay component (≈2 ns, exact values in Table S2) and
secondary components with modest contributions (≈1 to 100
ps). As a general trend, the dynamics shorten when the doping
load is increased. There are two contributions to this
shortening. First, the direct shortening of the governing
decay: in the case of b-PDI-A, it is a moderate shortening with
the dominant component passing from 1.6 to 1.2 ns; for b-
PDI-O, the shortening is more accentuated passing from 2.3 to
0.4 ns; and for b-PDI-Tp, it is very significant passing from 2.2
to 0.05 ns. Second, the contributions of the secondary
components to the dynamics increase. Certainly, these time
shortening and multi-exponential character reflect the presence
of non-emissive trapping centers, which lead to non-radiative
deactivation of the excited-state population.
This phenomenon has a direct impact on the time that the

material maintains the excited state available to contribute to
the SE. A shorter time makes the generation of a population
inversion in the media more difficult, which leads to an
increase of the ASE threshold. This quenching mechanism
opposes the reduction of the ASE threshold associated with the
expected concentration increase (more molecules participating
in the ASE process). Then, the actual Ith

ASE would be
determined through the balance between the number of
molecules participating in the ASE process and the PL
quenching mechanism, both being directly related to the
concentration increase.
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4. CONCLUSIONS
Two new b-PDIs synthesized here, b-PDI-O and b-PDI-Tp,
bearing phenyl-type imide substituents, and the previously
reported b-PDI-A, bearing aliphatic-type imide substituents,
have been compared in terms of their steady and transient
optical properties (ABS, PL, emission efficiency, PL lifetimes,
and TA) and ASE performance (threshold and photostability
half-life). For each b-PDI, PS films doped with increasing
concentrations (0.8 × 10−5, 5 × 10−5, and 10 × 10−5 mol g−1)
have been analyzed seeking differences between b-PDIs; first,
when no molecular aggregation/interaction is present, and
second, with respect to their dye concentration dependence.
These results have also been supported by DFT and TD-DFT
calculations.
The ASE photostability of the molecules is directly affected

by the imide substituent. For films in which the molecular
aggregation/interaction can be disregarded, b-PDIs with
phenyl-based substituents last approximately three times
more than those with aliphatic chains substituents. However,
these differences tend to disappear when the concentration
increases. Regarding the ASE threshold, the b-PDI imide
substituents show an indirect but very significant impact on it
through concentration quenching. This is evidenced by the
similarly stimulated emission cross-sections found for the
different b-PDIs at different concentrations, meaning that the
emissive properties of the individual molecule remain
unaffected. Nonetheless, DFT calculations of b-PDI dimers,
PL quantum yields, and PL lifetimes suggest different

concentration quenching degrees for each b-PDI, which
translates into the ASE threshold differences observed. Lower
ASE thresholds are obtained with the use of aliphatic-type
substituents at imide positions, which is found to prevent more
effectively the molecular aggregation/interaction than phenyl-
based substituents. Therefore, future designs of substituents at
imide positions for successful b-PDI-based lasers should target
simultaneous prevention of dye concentration quenching and
maintainance of high resistance to photodegradation.
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