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Perylene-fused, Aggregation-free Polycyclic Aromatic Hydrocarbons for 
Solution-processed Distributed Feedback Lasers 

Ya Zou,†[a] Víctor Bonal,†[b] Sergio Moles Quintero,†[c] Pedro G. Boj,[d] José M. Villalvilla,[b] José A. 

Quintana,[d] Guangwu Li,[a] Shaofei Wu,[a] Qing Jiang,[a] Yong Ni,[a] Juan Casado,*[c] María A. Díaz-

García*[b] and Jishan Wu*[a][e] 

Abstract: Perylene-fused, aggregation-free polycyclic aromatic 
hydrocarbons with partial zigzag periphery (ZY-01, ZY-02, and 
ZY-03) were synthesized. X-ray crystallographic analysis reveals 
that there is no intermolecular π-π stacking in all three molecules, 
and as a result, they show moderate-to-high photoluminescence 
quantum yield in both solution and solid state. They also display 
characteristic absorption and emission spectra of perylene dyes. 
ZY-01 and ZY-02 with a nearly planar π-conjugated skeleton 
exhibit amplified spontaneous emission (ASE) when dispersed in 
polystyrene thin films. All solution-processed distributed feedback 
lasers have been fabricated using ZY-01 and ZY-02 as active gain 
materials, both showing narrow emission linewidth (< 0.4 nm) at 
wavelengths around 515 and 570 nm, respectively. On the other 
hand, ZY-03 did not show ASE and lasing, presumably due to its 
highly twisted backbone, which facilitates non-radiative internal 
conversion and intersystem crossing. 

Introduction 

Large-size disk-like polycyclic aromatic hydrocarbons (PAHs) 
have been usually considered as effective charge transporting 
materials due to the strong intermolecular π-π stacking along the 
self-assembled columnar superstructures.1 Aggregation however 
quenches photoluminescence (PL), which limits their applications 
in solid-state light-emitting devices. To solve this problem, a 
general strategy is to attach long branched alkyl or alkylphenyl 
chains,2 which is favorable  for solubility, but still insufficient to 

fully suppress PL quenching. The PL quantum yield (PLQY) of 
PAHs is also determined by their edge structure. The all-armchair 
edged PAHs such as the hexa-peri-hexabenzocoronene (HBC) 
usually show a PLQY of less than 3% in solution mainly due to 
symmetry-forbidden electronic transitions.3 On the other hand, 
PAHs with two or more zigzag-type peripheries show smaller 
energy gap, however, could have largely improved PLQY.4 

Optically-pumped organic lasers have received great 
attention for many years, mainly because they offer the possibility 
to tune the emission wavelength within the visible range. In the 
last two decades, thin-film organic lasers (TFOLs) have emerged 
as a new generation of devices with clear advantages with respect 
to other types of organic lasers, such as monolithic-based solid-
state dye lasers or commercially available liquid dye lasers.5 
While the latter have large sizes and require very powerful laser 
sources to operate, TFOLs are compact, inexpensive, mechanical 
flexible and can be pumped with low-power sources, in some 
cases even with diode lasers or light emitting diodes. Probably the 
most successful TFOL so far has been the distributed feedback 
(DFB) laser, which has been designed and fabricated in the 
present work, consisting of a waveguide film which includes a 
relief diffractive grating as laser resonator. Besides the 
aforementioned advantages of TFOLs, the DFB laser can provide 
single mode emission (useful for certain applications) and the 
laser cavity is integrated within the device. DFBs have already 
demonstrated applicability in areas such as spectroscopy, optical 
communications and sensing.5 A variety of active organic 
materials such as semiconducting polymers prepared as neat 
films6 and conventional organic dyes dispersed in an 
thermoplastic polymer film (used as matrix),7 have been used as 
efficient gain media towards optically-pumped TFOLs. Photo-
stability however is a drawback for these organic materials, 
particularly under strong irradiation resulting in short operational 
lifetime. Hence, for practical applications, it is necessary to 
develop materials simultaneously achieving systematic color 
tuning, high photo-stability, and low threshold for stimulated 
emission. Recently, well-defined PAHs1 emerged as very good 
candidates due to their relatively high environmental stability and 
tunability of their optical properties. Stable amplified spontaneous 
emission (ASE) was first observed from a PAH, 
dibenzo[hi,st]ovalene (DBOV), with remarkable environmental 
and operational stability.8 In despite of this, applications in real 
laser devices with DBOV have not been realized yet. The current 
team recently demonstrated the very first solution-processed DBF 
lasers based on three PAHs with four zigzag edges, which 
showed excellent ASE performance comparable to state-of-the-
art reported organic lasers.9 These promising results indicate that 
aggregation-free PAHs with partial zigzag edges could be a new 
type of promising luminescence materials for optically pumped 
organic lasers. Therefore, we are interested in further developing 
new strategy towards large-size aggregation-free PAHs with 
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tunable properties, and to exploit their applications in solution-
processed photo-pumped organic lasers. 
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Figure 1. Structures of the cyclopenta-ring fused perylene (CP-Per), rylenes 

(CP-Rylene), and the targeted perylene-fused aggregation-free PAHs ZY-01, 

ZY-02, ZY-03 and ZY-04 in this work. The zigzag edges are highlighted in 

orange colour. 

Among various gain materials, perylene and extended 
perylene (rylenes) are one of the most frequently used dyes in 
traditional lasers.6b, 6e Their molecular structures actually contain 
two zigzag edges at the peri- termini. However, a serious problem 
is their strong tendency to aggregate. We recently developed a 
new sp3-carbon bridged, cyclopenta (CP) ring fused perylene 
building block (CP-Per),10 which has been used to synthesize a 
series of soluble and aggregation-free long rylenes (CP-Rylene) 
(Figure 1).11 The attachment of two aryl groups onto the sp3 
carbons in a wedge-like manner thwarts significant intermolecular 
 contacts. In addition, our recent studies showed that regio-
selective functionalization could be done at both peri- and bay- 
positions,12 which opened the opportunities to construct large-size 
aggregation-free PAHs from the CP-ring fused perylene. In this 
work, we first report our synthetic effort towards a series of CP-
Per fused PAHs such as the partially fused ZY-01/ZY-03, and the 
fully fused ZY-02/ZY-04. Their geometry by X-ray crystallography 
discloses large intermolecular distances preventing aggregation. 
Their optical properties have been investigated and compared to 
those of the traditional perylene dyes and other large-size PAHs 
such as HBC derivatives. Then, their ASE properties were probed 
in polystyrene (PS) thin films doped with a small amount of 
chromophores. Finally, all-solution processed lasers with 
polymeric second-order DFB resonators were fabricated and 
characterized. The relationship between the molecular structure 
and ASE/lasing property will be briefly discussed. 

Results and Discussion 

Synthesis. In addition to the bis-4-tert-butylphenyl (Ar) 
groups at the CP unit, other bulky tert-butyl (But) or 3,5-di-tert-  
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Scheme 1. Synthetic routes of CP-Per fused PAHs: (a) EMTI, DBU,THF, MeOH, 

rt; (b) i) 4-tert-butylbromobenzene, n-BuLi, THF, -78 oC; ii) BF3•Et2O, CH2Cl2, rt; 

(c) NBS, CHCl3, rt; (d) 2-(3,5-di-tert-butylphenyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane, Pd(PPh3)4, K2CO3, toluene/EtOH/H2O, 100 oC; (e) CH3OCHCl2, 

SnCl4, CH2Cl2, reflux; (f) K2CO3, MeOH, rt; (g) Ph2O, 200 oC; (h) FeCl3, CH2Cl2, 

MeNO2, rt; (i) DDQ, MeSO3H, CH2Cl2, rt. DBU: 1,8-diazabicyclo[5.4.0]undec-7-

ene; EMTI: 4-ethyl-1-methyl-4H-[1,2,4]triazol-1-ium iodide; NBS: N-

bromosuccinimide; DDQ: 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone. 

butylphenyl (Arʹ) groups are also attached onto the π-conjugated 
skeleton to further suppress aggregation and improve solubility 
(Figure 1). The key building block is compound 7 containing a 
terminal alkyne unit at the bay region, which allows Diels-Alder 
cycloaddition and subsequent Scholl-type cyclodehydrogenation 
reaction (Scheme 1). The synthesis started from 3-formylperylene 
1.10 Reaction of 1 with 4-ethyl-1-methyl-4H-[1,2,4]triazol-1-ium 
iodide (EMTI)13 gave the perylene monoester 2 in nearly 
quantitative yield. Treatment of 2 with excess of 4-tert-butylphenyl 
lithium generated the alcohol intermediate, and subsequent 
BF3·Et2O mediated Friedel−Crafts alkylation provided the CP-ring 
fused perylene 3 in an overall 90% yield. Bromination of 3 by N-
bromosuccinimide (NBS) afforded the dibromo- perylene 4 in 
nearly quantitative yield. Then, the 3,5-di-tert-butylphenyl 
substituted perylene 5 was synthesized in 86% yield by Suzuki 
coupling reaction from 4. Formylation of 5 by using CH3OCHCl2 
and SnCl4 regio-selectively gave the intermediate compound 6 in 
55% yield. The aldehyde group in 6 was then converted into 
ethynylene unit by reaction with dimethyl 1-diazo-2-oxopropyl 
phosphonate in the presence of base14 and afforded the key 
intermediate 7 in 90% yield. Diels-Alder cycloaddition between 7 
and 2,3,4,5-tetrakis(4-tert-butylphenyl)cyclopenta-2,4-dienone 
(8)15 or  biscyclopentadienone derivative 916  in diphenyl ether 
(200 oC) provided the oligophenylene substituted precursors 10 
and 11 in 78% and 38% yield, respectively. Interestingly, oxidative 
cyclodehydrogenation of 10 and 11 by using 2,3-dichloro-5,6-  
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Figure 2. X-ray crystallographic structures of (a) ZY-01, (b) ZY-02, and (c) ZY-03, in top-view (top panels) and side-view (bottom panels). Solvent and hydrogen 

atoms are omitted for clarity. The π-π distances between the neighbouring molecules in ZY-01 and ZY-02 are labelled in black numbers with unit in Å. ZY-03 shows 

a highly twisted backbone with a dihedral angle of about 46o between the two terminal perylene units.

dicyano-1,4-benzoquinone (DDQ) and methanesulfonic acid 
(MeSO3H) in dichloromethane (DCM) at room temperature (RT) 
selectively resulted in the partially fused compounds ZY-01 and 
ZY-03 in 85% and 78% isolated yield, respectively. Prolongation 
of the reaction time did not generate the fully fused products ZY-
02 and ZY-04. On the other hand, Scholl reaction of 10 by using 
iron(III) chloride in nitromethane/DCM gave the fully fused ZY-02 
in 36% isolated yield. However, similar condition applied to the 
precursor 11 led to complicated mixture mainly containing 
partially fused products (based on mass spectrometry). In 
addition, treatment of ZY-01 with iron(III) chloride successfully 
afforded the fully fused product ZY-02 in 50% isolated yield, 
indicating that the partially fused product ZY-01 could be a 
possible intermediate for the formation of ZY-02. On the other 
hand, attempted Scholl reaction from ZY-03 by using stronger 
reaction conditions such as DDQ/CF3SO3H or FeCl3 did not give 
fully cyclized product ZY-04. 

X-ray crystallographic analysis. Single crystals suitable 
for X-ray diffraction analysis of ZY-01, ZY-02 and ZY-03 were 
grown by slow diffusion of methanol vapor into the toluene 
solution of each compound.17 ZY-01 has a slightly bent 
naphthoperylene backbone due to steric repulsion between the 
tetraphenylbenzene moiety and the perylene unit (torsional angle: 
 8.6o/19.5o) (Figure 2a). All the phenyl substituents on the core 
are twisted significantly (torsional angle: 49o  66o) and the two 4-
tert-butylphenyl groups on the CP-ring point to the opposite sides 
of the perylene plane. Importantly, the distance between the 
backbones of neighboring molecules (about 5.501 Å) is 
significantly larger than typical distances for π-π interaction ( 
3.35 Å), and thus these chromophores are fully segregated in 
crystal. ZY-02 displays a nearly planar, fully-fused backbone, and 
the slight deviation from planarity should be due to the strain 
induced by the five-membered CP-ring (Figure 2b). All the aryl 
substituents are twisted from the plane and there are even longer 

inter-chromophore distance (about 8.761 Å). X-ray structure of 
ZY-03 clearly shows that only two C-C bonds are formed during 
the Scholl reaction, and the conjugated backbone exhibits a highly 
twisted, helical geometry (Figure 2c). Noticeably, the central eight 
linearly fused benzenoid rings twists about 134o from one terminal 
to the other one (with a dihedral angle of 46o), which is rare among 
the reported highly twisted helical PAHs.18 The twisting also 
prevents from close π-π interaction in ZY-03. The right-handed 
and left-handed enantiomers are paired in crystals but attempted 
resolution by chiral HPLC was not successful.  

Optical and electrochemical properties in solution. 
Compounds ZY-01, ZY-02 and ZY-03 are very stable and show 
good solubility in common organic solvents. Their UV-vis 
absorption and fluorescence spectra in DCM recorded at RT are 
shown in Figure 3. ZY-01 shows a well-resolved absorption band 
with maximum (max) at 463 nm (Figure 3a). The band structure is 
very similar to that of the CP-Per monomer (max = 428 nm),10 
indicating that it still resembles the electronic properties of 
perylene. Time-dependent density functional theory (TD DFT) 
calculations suggest that this band is originated from the 
HOMOLUMO electronic transition (oscillator strength f = 0.5430) 
(see Supporting Information (SI)). The calculated HOMO and 
LUMO profiles are similar to that of perylene,11b with little spatial 
distribution to the benzenoid ring at the bay region (Figure S6 in 
SI). There is another intense band at max = 343 nm, which is 
mainly originated from HOMO-1LUMO, HOMOLUMO+1, and 
HOMO-3LUMO electronic transitions according to TD DFT 
calculations (see SI). ZY-02 displays a similar spectrum, but with 
λmax significantly red-shifted to 426 and 553 nm, respectively, due 
to extended conjugation in the planar fully fused backbone (Figure 
3b). ZY-02 can be also seen as an extended HBC molecule with 
two zigzag edges. Similarly, the lowest energy absorption band 
with λmax at 553 nm is originated from HOMOLUMO electronic  
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Figure 3. UV-vis absorption (Abs) and fluorescence (FL) spectra of (a) ZY-01, 

(b) ZY-02, and (c) ZY-03 in DCM measured at room temperature. The excitation 

wavelength for the FL measurements was 455, 547 and 451 nm, respectively. 

transition (f = 0.3894), and both the HOMO and LUMO are mainly 
distributed on the perylene units, with partial delocalization onto 
the HBC moiety (Figure S6 in SI). Compared to HBC derivatives, 
which usually exhibit forbidden low-energy electronic transitions 
due to its high D6h symmetry,3 the ZY-02 with a D2h symmetry 
demonstrates enhanced oscilator strength and molar absortivity 
for the HOMOLUMO associated excitation due to the perylene-
like characteristics. The other band at λmax = 426 nm can be 
assigned to multiple HOMO-nLUMO+m (n = 1, 2; m = 0, 1) 
mono-electronic transitions, involving molecular orbitals 
distributed among the whole π-conjugated skeleton (see SI). ZY-
02 relative to ZY-01 decreases the molar absortivity (and f) due to 
the resemblance with HBC and thus is a perylene/HBC hybrid. 
The optical properties of ZY-03 are dictated by its twited shape 
which makes the two respective bands overlapped with each 
other (Figure 3c). Hence: i) The calculated HOMO and LUMO 
profiles are still mainly distributed on the two terminal perylene 
units with small diffusion onto the central dibenzopyrene moieties 
(Figure S6 in SI); ii) Weak interaction between the two terminal 

perylene units is advised and the HOMO/HOMO-1 and 
LUMO/LUMO+1 are nearly degenerate (see SI); iii) the TD DFT 
description of the low energy excitations largely differ from that 
ZY-02 with the low energy band (λmax = 456/486) being originated 
from HOMO-nLUMO+m (n = 0, 1; m = 0, 1) electronic 
transitions and the higher energy one (λmax = 403 nm) owing to 
HOMO-2LUMO+1 and HOMOLUMO+2 electronic transitions 
(see SI). 

Compounds ZY-01, ZY-02 and ZY-03 in DCM at RT all 
exhibit a well-resolved fluorescence spectrum with emission 
maximum (em) at 483, 568 and 511 nm (Figure 3) and a moderate 
PLQY of 56%, 45% and 32%, respectively. The PLQY values are 
lower than that of perylene (which is nearly 100%), but much 
larger than that of HBC derivatives (usually < 3%). Furthermore, 
the PLQYs change according to: i) from ZY-01 to ZY-02 due to 
the HBC character of the latter and also due to the red-shift 
(energy gap law), and ii) from ZY-02 to ZY-03 due to the twisting 
which is known to promote non-radiative decays such as 
enhanced intersystem crossing (ISC).19 Their absorption and 
emission spectra in 2-methyl tetrahydrofuran (2-MeTHF) (Figure 
S1 in SI) measured at 80 K are similar to those measured at RT 
(with only slight sharpening of peaks), indicating that there is little 
aggregation even in frozen solution state. 

Cyclic voltammetry measurements revealed that all these 
three compounds exhibited two reversible oxidation waves with 
the half-wave potential E1/2

ox at 0.27/0.82 V for ZY-01, 0.28/0.83 
V for ZY-02, and 0.26/0.78 V for ZY-03 (vs Fc+/Fc couple) (Figure 
S2 in SI). ZY-01 exhibited two overlapped reduction waves with 
half-wave potential E1/2

red at -1.93 and -2.03 V, while ZY-02 and 
ZY-03 both displayed one irreversible reduction with E1/2

red at -
1.52 and -2.38 V, respectively. The HOMO/LUMO energy levels 
were estimated to be -4.88/-2.97, -4.88/-3.55 and -4.87/-2.54 
eV for ZY-01, ZY-02 and ZY-03, respectively, from the onset of 
the first oxidation/reduction waves. Accordingly, the respective 
electrochemical energy gap was estimated to 2.01, 1.43 and 2.43 
eV. The trend is in agreement with the variation of the optical gaps 
and of the calculated HOMO/LUMO values (Figure S6 in SI). 
Particularly, they have similar HOMO energy level because the 
HOMO is mainly localize on the perylene unit. Compared with the 
partially fused ZY-01 and ZY-03, the fully fused ZY-02 shows 
lower lying LUMO and smaller energy gap. 

Optical and ASE properties in PS thin film. Thin films of 
the ZY-01, ZY-02 and ZY-03 dispersed in PS matrix (0.56 wt%) 
were prepared by spin-coating over transparent fused silica 
substrates. The film thickness h was adjusted to ensure that the 
waveguides support only fundamental transversal modes, 
propagating with a high confinement factor (Γ ≈ 90%). Such 
election is convenient to minimize losses, and thus to optimize the 
ASE performance.20 The absorption and PL spectra of the 
prepared films measured at RT are shown in Figure 6 and the 
relevant parameters reporting the film optical properties are 
collected in Table 1. The spectra are very similar to those 
measured in solution, with shifts < 5 nm. The PLQYs were 
increased regarding the solution state amounting to 84% for ZY-
01 (1 wt%), 77% for ZY-02 (0.5 wt%), and 52% for ZY-03 (3 wt%), 
presumably due to the restricted rotation of the aryl substituents 
in rigid polymer matrix, which minimizes non-radiative decay of 
the excited state. These moderate-to-high PLQY values indicate 
good potential of these molecules for solid-state luminescence. 
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Table 1. Optical and ASE properties of PS films doped with ZY-01, ZY-02 and ZY-03. 

Samples 
wt% in 

PSa 

PLQYb 

(%) 

ABS-max
c 

(nm) 

PL-max
d 

(nm) 

he 

(nm) 

p
f 

(nm) 

α[p]g 

(×103 cm-1) 

tp[p]i 

(ns) 

ASE
j 

(nm) 

FWHMASE
k 

(nm) 

Eth-ASE
m 

(μJ/cm2) 

Ith-ASE
m 

(kW/cm2) 

ZY-01 0.5 - 330, 345 481, 512 480 355 0.3 5.65     

 1 84±10   490 355 0.6 5.65     

 3 83±6   500 355 1.5 5.65 516 6 6103 1.1103 

 6 78±5   475 355 2.9 5.65 513 8 104 1.8103 

ZY-02 0.2 - 406, 430 566, 609 480 430 0.5 3.80     

 0.5 77±9   520 430 1.3 3.80 570 4 1.8103 4.7102 

 1 63±7   490 430 2.2 3.80 570 4 7102 1.8102 

 3 55±4   515 430  3.80     

ZY-03 0.5 46±10 390, 407 508, 540 495 415 0.6 3.69     

 1 46±8   520 415 1.1 3.69     

 3 52±6   470 415 2.9 3.69     

aError 0.1%; bPLQY, photoluminescence quantum yield; cPeak absorption wavelengths (maximum absorption peak is underlined); dPeak photoluminescence 

wavelengths (maximum photoluminescence peak is underlined); eFilm thickness (error 2%); fPump wavelength; gAbsorption coefficient at p (error 2%); iPump 

pulse width at p; 
jASE wavelength (error is ± 0.5 nm); kASE linewidth (error is ± 1 nm), defined as the full width at half maximum, FWHM, well above the threshold; 

mASE threshold (error 20%). 

The ASE properties of  the ZY-01, ZY-02 and ZY-03 doped 
PS films, deposited on fused silica substrates, were then 
evaluated by optical pumping with a pulsed laser source (see 
details in SI) at a wavelength (p) close to one of the peaks of 
maximum absorption (see Table 1). The presence of ASE reflects 
on a narrowing of the PL spectrum at a given pump intensity, 
accompanied by a sudden increase of the peak and overall 
emission intensity. The observation of ASE is a signature of the 
existence of optical gain due to the dominant contribution of 
stimulated emission over the spontaneous one. ASE was 
detected in ZY-01 and ZY-02, but not in ZY-03 (Figure 4). 
Compounds ZY-01 and ZY-02 displayed a net narrowing of the 
PL spectrum with ASE peaks (ASE) at 516 and 570 nm, 
respectively. The linewidth (defined as the full width at half 
maximum, FWHM) of the ASE emission (FWHMASE) is typically of 
a few nm (Table 1). Plots of the evolution of the emission linewidth 
with the pump intensity (Figure S3 in SI) are used to determine 
the ASE thresholds, Eth-ASE or Ith-ASE, expressed in energy density 
or power density units. The Eth-ASE (Ith-ASE) values for the various 
samples prepared are shown in Table 1 and correspond to the 
pump energy (power) density, at which the FWHM drops to half 
of its initial value. It is also seen, approximately at this threshold 
value, or slightly above, that the output intensity (Iout) experiences 
a drastic increase (Figure S3 in SI). 

The physical mechanisms underlying the appearance of 
ASE in the investigated films deserve further analysis. The low 
temperature fluorescence spectra of all three compounds in 2-
MeTHF show that upon excitation in any of the two major 
absorption bands, only one set of emission features with two main 
vibronic components at 479/511 nm in ZY-01, 568/615 nm in ZY-
02, and 503/539 nm in ZY-03 emerged (Figure S1 in SI). There 
are additional features in these spectra that deserve futher 
mention: i) the energy spacing between these two set of emission 
peaks in each compound is rather different, much larger in ZY-01  
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Figure 4. Optical properties at room temperature of PS films doped with 1 wt% 

of ZY-01, ZY-02 and ZY-03, from top to down. Absorption coefficient, α (solid 

line, left axis), photoluminescence intensity (dashed line, right axis), and ASE 

intensity (filled area, right axis), versus wavelength, λ. PL excitation wavelength 

was set at the maximum of the absorption. The ASE emission for ZY-01 is 

shown for PS films doped with 3 wt% of the material and no ASE emission has 

been observed for ZY-03. 

(7202 cm-1) and smaller in ZY-03 (4264 cm-1), with ZY-02 at 
intermediate values (5463 cm-1). This indicates a larger spectral 
congestion (smaller energy spacing) in ZY-03, a situation that 
favours non-radiative processes such as internal conversion (IC) 
and ISC; ii) the vibrational spacing in ZY-02 is larger between its 
vibronic components of the excitation and of the emission; and iii) 
the Stokes shifts, conversely to point (ii), is smaller in ZY-02. Point 
(i) might become relevant in a situation of strong pumping 
excitation, thus pump-probe experiments with excitation in the 
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high energy set of bands and micro-second time detection after 
excitation have been carried out with their solutions in THF 
(Figure S4 in SI). It was found that ZY-01 showed no transient 
spectra, indicating that formation of triplet excited states from the 
optically pumped singlet does not take place to a significant extent. 
However, net sets of excited state absorption (ESA) bands for 
triplet transient species were recorded for ZY-02 and ZY-03, 
which are particularly strong ESA bands in ZY-03. This is in 
agreement with a greater excited state congestion of ZY-03 upon 
excitation which favours ISC. In addition, the highly twisted π-
conjugated backbone in ZY-03 is a favurable condition for 
enhanced spin-orbit coupling futher summing to ISC.19 

 
Figure 5. (a) Sketch of the DFB device, consisting of a top-layer polymeric 

resonator with an engraved relief grating, located over an active film of ZY-01 

or ZY-02 dispersed in PS, deposited on a fused silica substrate. The excitation 

and collection geometries are shown by arrows. (b) Spectra of various DFB 

lasers based on ZY-01 (blue lines) and ZY-02 (green lines) with dye 

concentrations in PS of 3 wt% and 1 wt%, respectively. The number on the 

device label (1 or 2) refers to the compound used (ZY-01 or ZY-02, respectively); 

the letters on the labels refer to devices with different geometrical parameters 

(listed in Table 2). The inset shows the the high-resolution spectrum of one of 

the laser peaks on an expanded scale (device 2B). (c) Photograph of the green 

light emitted by laser 1A, projected on a screen in the left top corner. The bright 

spot in the center of the sample is a mixture of the pump and emitted laser light. 

Fabrication and characterization of DFB lasers. DFB 
lasers based on ZY-01 and ZY-02 doped PS films were fabricated. 
The device structure includes a top-layer polymeric resonator, 
consisting of a water-soluble dichromated gelatin photoresist 
layer with a 1D relief grating (engraved by holographic 
lithography), deposited on top of an active film (see scheme of the 
device structure in Figure 5a). The thickness of the active film (h) 
is constant and such device structure enables multicolour 
emission within a single chip while keeping a low threshold.21 All 
the DFB devices prepared in this work have one-dimensional (1D) 
gratings and operate in the second order of diffraction. The 
geometrical and performance parameters of the prepared lasers 
are collected in Table 2. The grating period (), adjusted by proper 
selection of grating fabrication parameters, was varied in the 
approximate range 328-370 nm to obtain lasing at wavelengths 
close to the maximum gain for each compound (that at which ASE 
is observed). 

The prepared lasers emit at different wavelengths (DFB) in 
the visible region, particularly, in the range of 515-523 nm for ZY-
01 and 566-572 nm for ZY-02 (Figure 5b). For a given compound, 
DFB was tuned by changing In all cases, single mode emission 
was obtained with very narrow linewidths (0.36 nm for device 2B), 
as seen in the high resolution spectrum shown in the inset of 
Figure 5b). For all the DFB lasers prepared, the emitted laser light is 

linearly polarized, in a direction parallel to the grating lines. This 

indicates that the laser mode is associated to the fundamental 

transverse electric waveguide mode TE0. A photograph of the green 
light emitted by one of ZY-01 lasers is shown in Figure 5c. The 

beam divergence observed in the direction perpendicular to the 

grating lines is ~ 5·10-3 rad. The DFB thresholds of the various 
devices were extracted from plots of the emission linewidth 
(FWMH) versus Epump (Figure S5 in SI). Threshold values 
between 400 and 680 μJ cm-2 (i.e., 100-175 kW cm-2) have been 
obtained for the various devices based on ZY-01 and somewhat 
larger for those based on ZY-02.  The large values for the 
prepared ZY-02 devices, can be ascribed to the fact that ASE 
appears at the main PL peak, instead of on the first vibronic peak 
(as it occurs for ZY-01), and consequently with large self-
absorption. 

Conclusion 

In summary, a new strategy was developed for the synthesis of 
large-size aggregation-free PAHs starting from a CP-ring fused 
perylene building block. The existence of the CP-rings at the 
peripheries fully suppresses intermolecular π-π interaction, which 
is critical for efficient solid-state luminescence. The obtained three 
PAHs all display perylene-like electronic structures and optical 
properties with moderate-to-high PLQYs.  Notably, ZY-01 and ZY-
02, with a nearly planar backbone, show ASE properties and 
solution-processed DFB lasers with tunable emission 
wavelengths were successfully fabricated. On the other hand, ZY-
03 with a twisted backbone did not exhibit ASE and lasing 
behaviour, presumably due to existence of interfering non-
radiative IC and ISC processes. Our new design and synthetic 
strategies could be further exploited to prepare various large-size 
aggregation-free PAHs with controlled edge structure and tunable 
optical properties, and eventually for solid-state luminescence 
devices in the future.
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Table 2. Parameters of top-layer resonator DFB lasers based on ZY-01 and ZY-02 as active media. 

Laser 

devicea 

hb 

(nm) 

p
c 

(nm) 

[p]d 

(×103 cm-1) 

tp[p]e 

(ns) 

f 

(nm) 

DFB
g 

(nm) 

Eth-DFB
h 

(μJ/cm2) 

Ith-DFB
i 

(kW/cm2) 

1A 500 439 0.87 3.86 328.7 515.8 400 100 

1B     331.6 519.4 400 100 

1C     334.2 522.4 680 175 

2A 490 430 2.2 3.80 366.4 566.7 ~4×105 ~1×105 

2B     370.4 572.1 ~3×105 ~8×104 

aThe DFB device consists of an active film of ZY-01 or ZY-02 dispersed in polystyrene, PS (dye contents 3 wt% and 1 wt%, respectively; error ∼0.1%) with a top-

layer of dichromated gelatine with an engraved relief grating. The number in the device label (1 or 2) refers to the ZY compound (ZY-01 or ZY-02, respectively). The 

letters (A, B and C) refer to devices with different grating periods, thus emitting at different wavelengths; bFilm thickness (error 2%); cPump wavelength; dAbsorption 

coefficient at p (error 2%); ePump pulse width at p; fGrating period (error 0.5%); gDFB wavelength (error is ± 0.5 nm; ± 0.1 nm for device 2B); hDFB threshold 

(error 20%).
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