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a b s t r a c t
Herein, we reported a series of deep-blue-emitting naphthyl-functionalized oligophenyls as new organic
laser active materials with tunable wavelength from 385 to 410 nm in solid state. Introduction of peripheral naphthyl into the oligophenyls enabled the great sterical dimensions due to the prominent steric
hindrance but not destroyed the molecular conjugation. We assumed that it would suppress the p-p
stacking efficiently, driving by intermolecular interaction, to hinder crystallization in solid films.
Finally, the neat films of naphthyl-functionalized oligophenyls demonstrated amorphous state compared
to the polycrystalline state of oligophenyls. Thus, naphthyl-functionalized oligophenyls displayed high
emission quantum yield (22–35%) in solid state neat films. In addition, these molecules possessed large
oscillator strength and radiative decay rate, as predicted by the theoretical analysis. The outstanding
photophysical properties and amorphous films render naphthyl-functionalized oligophenyls a new class
of optical gain media in solid state.
Ó 2016 Published by Elsevier B.V.

1. Introduction
Organic materials that exhibit efficient luminescence in solid
state have attracted much attention because of their potential
applications in light-emitting diodes [1], photovoltaic cells [2],
lasers [3] and organic field effect transistors [4]. Recently, efforts
aiming at organic solid laser in optically pumped films are in order
to realize electrically pumped laser devices based on organic
materials.
Organic small molecule materials for solid state laser applications have been considered significantly. Amplified Spontaneous
Emission (ASE) has been investigated in a variety of materials
and various morphologies [5–11]. Recently, stimulated emission
and lasing could be observed from p-terphenyl in solution [12],
epitaxially grown nanofibers [13] and single-crystal cavity of
p-sexiphenyl [14]. Nevertheless, the ASE thresholds of single
crystals are still high compared to thin-film devices, such as
bistyrylbenzene derivatives [15]. However, in most cases, the
low-molecular-weight compounds suffer from crystallize in
vacuum-deposited neat film due to p-p stacking originating from
strong intermolecular interaction, which induce optical losses at
the boundaries that normally disrupt efficient optical gain
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processes [16–19]. Thus, a search for new small-molecule compounds with superior electro-optical properties in addition to a
low tendency to crystallize is in demand, and the rapidly improving ASE performance is mainly accounted for rational design of
novel molecular structures demonstrating superior properties.
Generally, the molecules possess great sterical dimensions can
weaken the intermolecular interaction to suppress p-p stacking
from conjugated phenyl rings and hinder crystallization to enhance
solid state fluorescence quantum efficiencies [20–22].
Theoretical and experimental findings have indicated that suppression of p-p stacking in small molecules by the steric hindrance
of bulky substitutents can result in outstanding photophysical
properties [23–24]. Therefore, integration of the bulky naphthyl
functional unit into the phenyl-based chromophore may show
great potential for optical gain media in solid films. In addition,
the potential application of naphthyl-containing organic compounds in solid state laser was reported [25].
In this regards, we herein report a series of deep-blue emitting
naphthyl-functionalized oligophenyls with ASE characteristics
with tunable wavelength from 385 to 410 nm in solid state films.
To reveal the emission properties of the compounds, they were
thoroughly studied by measuring fluorescence spectra, fluorescence quantum yields, fluorescence decay times, film morphology,
and ASE in neat solid state films. Our results show that the introduction of naphthyl groups affects not only the surface morphology but also the photophysical properties in solid state films.
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Comparison of optical properties, film morphology and theoretical
analyses between naphthyl-functionalized oligophenyls (compounds 3pN-5pN) and oligophenyls (compounds 3p-5p) is also
provided. The possibility of using compounds 3pN-5pN as optical
gain media for organic solid state lasers was explored.
2. Experimental section
The chemical structures of the investigated molecules are
shown in Fig. 1. The neat films of these compounds were fabricated
by conventional vacuum deposition onto quartz substrate under a
base pressure lower than 1  103 Pa with 2 Å/s. The normalized
absorption and photoluminescence (PL) emission spectra were
measured by UV–Vis spectrophotometer (HITACHI U-3010, Japan)
and Fluorescence Spectrometer (fluoromax-4 spectrofluometer)
respectively. The PL quantum yield (PLQY) of the neat films was
measured using an integrating sphere with an absolute PL quantum yield measurement system (Hamamatsu C11347).
For AFM measurement, a solver P74H-PRO (NT-DMT, Russia)
was used, the scan region is 20  20 lm2. The XRD (D/MAX2400, Rigaku, Japan) patterns of the vacuum deposition films were
measured at speed of 15 deg/min.
ASE measurements were carried out for thin film samples
optical pumped at normal incidence with a pulsed semiconductor
laser (5.55 ns, 10 Hz), using the wavelength at 310 nm in order to
probe their ability to provide optical gain [26]. The energy of the
pulse was controlled by neutral density filters. A cylindrical lens
and an adjustable slit were then used to focus normally onto the
samples with as a stripe with the size of 7 mm  1 mm. The pump
stripe was perpendicular to the surface of the samples and the
emitted light was collected with Fiber Optic Spectrometer (Ocean
Optics SpectraSuite, USB2000). Pumping the sample with increasing incident energy causes the PL spectrum to collapse into a
line-narrowed peak, typical behavior for ASE.
3. Theoretical methodology
For all compounds, the ground-state equilibrium molecular
geometry using DFT calculation, were optimized using the functional B3LYP and the basis set 6-31G (d, p), which has been widely
used to research the photophysical properties of organic
molecules. The TDDFT method was applied to optimize the
excited-state equilibrium molecular geometry by using the same
functional and basis set. All DFT and TD-DFT calculations were
carried out using the Gaussian 09 program package.
4. Results and discussion
4.1. Optimized geometries
To give insight into the steric configurations of the molecules,
optimized geometries of molecules were calculated for all compounds based on the framework of the DFT. The calculated results
of the investigated molecules are shown in Fig. 2. The dihedral
angles between adjacent phenyl moieties in all compounds were
calculated about 37°, which is good agreement with previous
reports [27,28]. For compounds 3pN-5pN, the great sterical dimensions derive from an increased dihedral angle (about 56.0°)
between the phenyl and naphthyl groups. When the terminal phenyls were replaced by naphthyl units, the molecular width
increased to 9.6 Å. However, for compounds 3p-5p, there are
slightly twisting between benzene units, about 37.0° with a width
of 4.9 Å [19]. We conclude that, due to the prominent steric
hindrance of bulky naphthyl group, the great molecular spatial
dimensions for compounds 3pN-5pN were obtained. We assumed

that it would increase the distance between conjugated molecular
chains in adjacent molecules. Thus, it is reasonable to deduce that
there is remarkable p-p stacking between conjugated phenyl rings
in compounds 3p-5p because of the strong intermolecular interaction. In contrast, the great sterical dimensions of molecular
skeleton for compounds 3pN-5pN may be able to weaken the intermolecular interaction to effectively eliminate the p-p stacking.
As demonstrated in Fig. 3, electron wave functions are delocalized on the whole molecule skeleton, which was visualized by
calculating the HOMO and LUMO orbitals. On the one hand, it
means the optical transition take place across the entire molecule,
which signifies large overlap between HOMO and LUMO. The electronic coupling between central oligophenyl and peripheral naphthyl is effective in compounds 3pN-5pN, although torsion is not
completely restricted. Large overlap would give rise to large radiative decay rate in accordance with Einstein’s B coefficient for stimulated transitions B / ðc3 =8pht0 ÞkR [29]. In addition, small change
of electronic density distribution between HOMO and LUMO represents small geometric change. As a consequence, according to
Franck-Condon principle, it means that excited state geometric
relaxation (as a part of non-radiative decay processes) following
excitation transition is unapparent [30]. The inconspicuous
geometric relaxation may be not easy to compete with the radiative decay processes. Both aspects promote the presence of ASE
phenomenon.

4.2. Photophysics spectra
The normalized absorption (Abs) and photoluminescence (PL)
spectra of compounds 1–3 in neat films are shown in Fig. 4. The
details of the photophysical properties of the compounds are summarized in Table 1. When the terminal benzene rings were
replaced by naphthyl units, compounds 3pN-5pN display Abs
peaks at 302 nm, 310 nm, and 321 nm respectively and there is
only one broad PL band at 379 nm, 384 nm and 393 nm for the
three compounds. Furthermore, accompanying with the increased
number of benzene rings, both the Abs and PL spectra are redshifted. As the inserted graph shown, the PL spectra of 3p-5p show
resolved vibrational progression (0–0 vibronic peak, 0–1 vibronic
peak and 0–2 vibronic peak). The increased molecular energy
corresponding to a blue-shifted emission and unresolved vibrational progression in PL spectra imply enhanced sterical dimensions of compounds 3pN-5pN compared to compounds 3p-5p.
PLQY (Uf) of the thin film for compounds 3p-5p was found to be
rather low and ranged from 7% to 13% (see Table 1). For
p-conjugated systems, because of strong intermolecular interaction, extremely low Uf in the solid state is common due to
excimer-like self-quenching, which results from p-p stacking
[29,31]. Interestingly, about 2-fold enhancement of Uf (22–35%)
was observed in the thin film for compounds 3pN-5pN. It can be
rationalized that the large Uf for 3pN-5pN signified that weak
intermolecular interaction and suppressed p-p stacking were
observed in the solid state due to the steric hindrance of bulky
naphthyl, consequently, emission quenching was controlled to
some extent. This result implies compounds 3pN-5pN with high
Uf are more favorable for application as lasing materials than compounds 3p-5p in the solid state films.
PL decay transients for researched compounds were investigated to get insight into excited state relaxation processes. The
measured results were presented in Fig. 5. PL decay transients of
the neat films expressed by non-exponential decay model yielding
two decay components. The fast decay component (s1) of the neat
films varied from 0.15 ns to 1.1 ns and this component had a
dominant contribution in the fluorescence decay dynamic. We
found that the excited state lifetimes were faster for compounds
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Fig. 1. Chemical structures of compounds 3pN-5pN and 3p-5p.

Fig. 2. Optimized geometries of the investigated molecules.

Fig. 3. Frontier Molecular Orbital based on optimized geometries for all compounds.

3pN-5pN than that of 3p-5p. The slower relaxation component
(with s2 varying from 0.76 ns to 2.17 ns) can be attributed to the
aggregated states. See Table 1, the prevalence of the fast relaxation
in compounds 3pN-5pN play a dominant role in fluorescence decay

processes compared to that in compounds 3p-5p. Obviously, the
bulky naphthyl substituents in compounds 3pN-5pN cause more
pronounced steric hindrance effects. Thus, we can rationally
suppose it is more favorable for preventing p-p stacking in the
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Fig. 4. Normalized Abs and PL spectra for neat films of compounds 3pN-5pN and 3p-5p.
Table 1
Photophysical properties in experiment and theory based on optimized geometries for all compounds.
Compound

Ea (eV)
Absorption
Experiment

a
b
c
d

kASEb (nm)

Ufc (%)

sd (ns)

Description

s1 = 0.59 (66%)
s2 = 1.01 (34%)
s1 = 0.24 (63%)
s2 = 0.82 (37%)
s1 = 0.15 (70%)
s2 = 0.76 (30%)

HOMO  LUMO

s1 = 1.10 (51%)
s2 = 2.17 (49%)
s1 = 0.31 (48%)
s2 = 1.67 (52%)
s1 = 0.26 (54%)
s2 = 1.34 (46%)

HOMO  LUMO

Emission
Theory

Experiment

Theory

Naphthyl-functionalized oligophenyls
3pN
4.10

3.88

3.28

3.09

385.3

22

4pN

4.01

3.79

3.24

3.00

391.3

31

5pN

3.89

3.71

3.16

2.93

408.7

35

Oligophenyls
3p

4.71

4.38

3.35

3.57

–

13

4p

4.42

4.15

3.19

3.25

–

7

5p

4.40

3.93

3.04

3.05

–

11

Vertical excitation energies.
ASE peak wavelength.
PL quantum yield in thin films.
Excited state lifetime.

Fig. 5. Normalized PL decay transients for all compounds under 360 nm pulsed excitation.

HOMO  LUMO
HOMO  LUMO

HOMO  LUMO
HOMO  LUMO
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Fig. 6. AFM images (20  20 lm2) and XRD patterns of the vacuum deposition films on quartz substrate for all compounds.
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Fig. 7. Schematic diagram of the film morphology on the quartz substrate: (a) Crystallization of linear-shaped molecules 3p-5p; (b) Amorphous state of molecules 3pN-5pN
with bulky naphthyl substituents.

solid state than the phenyl substituents in the compounds 3p-5p.
The influence of molecular structure on photophysical properties
for compounds 3pN-5pN and 3p-5p deserve our attention.
4.3. Film morphology
To study neat films of these compounds visually, AFM images
and X-ray diffraction patterns of the vacuum deposition films
(100 nm thickness) on quartz substrate for all compounds were
measured, shown in Fig. 6. We found that the surfaces of film for
compounds 3p-5p show great deal of single large clusters, which
covers the whole surface. These clusters signified the formation
of crystallites in thin films [19]. Conversely, the clusters in thin film
of compounds 3pN-5pN were eliminated, hence, the polycrystalline state in solid films were efficiently suppressed compared
to that of compounds 3p-5p. In addition, with the stepwise
increase of molecular length, the surface roughness is improved
from compounds 3pN to 5pN.
Furthermore, XRD patterns in Fig. 6 were performed to look
insight into the crystallinity of the six materials thin films. We
clearly notice a transition from polycrystalline to amorphous state
when the terminal benzene rings replaced by naphthyl groups. For
compounds 3pN-5pN, completely features of amorphous state are
obtained. Naphthyl-functionalized oligophenyls prevent arenearene stacking to some extent [5]. It is obviously that the film
morphology devotes to the ASE characteristics. However, XRD
patterns of compounds 3p-5p were entirely demonstrative of their
polycrystalline state owing to the several obvious XRD peaks.
The transform of film morphology can be rationalized that the
steric hindrance of naphthyl units empowered to weaken the van
der Waals interaction. As shown in Fig. 7, using compounds 5pN
and 5p as example, in the case of compound 5p which has lineshaped structure with conjugated phenyl rings, we speculated that
the strong intermolecular interaction and p-p stacking existed
between adjacent molecules, then, crystallization occur ultimately.
In contrast, for the compound 5pN with bulky naphthyl naphthyl
substituents, it can be assumed that the van der Waals interaction
between the phenyl rings within molecules was suppressed due to

the steric hindrance effect of naphthyl units. Thus, successive
amorphous state would occur without significant crystallization.
Thin films based on compounds 3p-5p with large clusters
would significant ruin the waveguiding properties. In addition,
abundant optical losses exit among grain boundaries in polycrystalline state [19]. Both of the factors are adverse to the generation
of ASE characteristics. On the contrary, amorphous films on
account of compounds 3pN-5pN eliminate described negative
factors as discussed above, hence, the optical gain performances
are supposed to achieve.

4.4. Amplified spontaneous emission
In order to reveal the potential for light amplification, ASE characteristics were measured under typical pumping conditions, as
shown in Fig. 8. The specific parameters for ASE are listed in
Table 1. As expected, naphthyl-functionalized oligophenyls
demonstrated ASE characteristics above certain excitation densities, with line-narrowed spectra peak at 385.3 nm, 391.3 nm and
408.7 nm respectively for compounds 3pN-5pN. As shown in the
insets of Fig. 8(d)-(f), we found that the full widths at halfmaximum (FWHM) dropped dramatically to about 10 nm when
pumping above ASE thresholds. The ASE thresholds were about
0.14 mJ/cm2. The ASE threshold is lower than that p-sexiphenyl
in single crystal (0.225 mJ/cm2) [14]. Inversely, for compounds
3p-5p, there were no light amplification and gain-narrowing with
the increased pumping energy (see Fig. 8(a)-(c)) because the polycrystalline films with small domains induce optical losses at the
boundaries that effectively prevent ASE. Above all, the ASE results
are consistent with the fluorescence spectra and amorphous state
in solid films of compounds 3pN-5pN with bulky naphthyl groups,
owing to their higher PLQY, shorter excited state lifetimes, and
more prominent steric hindrance effects. Introduction of naphthyl
groups into oligophenyl compounds is advantageous, in particular,
for solid thin film in which they prevent detrimental polycrystalline state due to suppressed intermolecular interaction and
p-p stacking.
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Fig. 8. The edge-emission spectra of neat films for all compounds excited by different energy. Following graphs: Output intensity at kASE and FWHM as a function of pump
energy.

5. Conclusion
In summary, we have reported three deep-blue-emitting
naphthyl-functionalized oligophenyls (compounds 3pN-5pN)
using as potential lasing materials based on solid state neat films,
wavelength tuning ranges of 25 nm around 485–410 nm. With
the increase of molecular chain length, the improved film quality
caused high PLQY and short excited state lifetime. DFT calculations
showed that the great sterical dimensions were obtained due to
the steric hindrance of bulky naphthyl groups for compounds
3pN-5pN. We can be reasonable to deduce that it would increase
the distance between adjacent molecules to weaken the intermolecular interaction and suppress p-p stacking. Consequently,
the effect of steric hindrance in compounds 3pN-5pN rendered
disordered amorphous films contrast to the polycrystalline films
of compounds 3p-5p. Thus, the neat films of compounds 3pN5pN ensured high emission quantum yield (22–35%) and demonstrated typical ASE performances in solid state films. The results

demonstrated a potential of the naphthyl-functionalized oligophenyls as efficient deep-blue emitters and active media for lasing
applications.
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