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In this contribution, we present a systematic investigation on a series of spiroquaterphenyl compounds optimised for solid state lasing
in the near ultraviolet (UV). Amplified spontaneous emission (ASE) thresholds in the order of 1 µJ/cm2 are obtained in neat (undiluted)
films and blends, with emission peaks at 390±1 nm for unsubstituted and meta-substituted quaterphenyls and 400±4 nm for para-ether
substituted quaterphenyls. Mixing with a transparent matrix retains a low threshold, shifts the emission to lower wavelengths and allows
a better access to modes having their intensity maximum deeper in the film. Chemical design and blending allow an independent tuning
of optical and processing properties such as the glass transition.
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1 INTRODUCTION

Spirooligophenyls that are characterised by a spiro linkage
of two oligophenyl chromophores have been proposed as ef-
ficient organic solid state laser materials [1]–[3]. Due to the
large Stokes shift with reduced self-absorption and the low
tendency towards crystallisation, they exhibit low thresholds
for stimulated emission in thin films. First-order Distributed
Feedback (DFB) lasers have been realized with these materi-
als [4]–[6]. A recent major breakthrough in the field of organic
lasers, albeit in other material systems, was the demonstra-
tion of pumping schemes using inexpensive inorganic diode
lasers [7]–[9] which arises more interest for tunable UV emit-

ter materials. Currently, alternative laser geometries for or-
ganic solid state lasers are exploited, for instance vertically
emitting stacks with Bragg mirrors [10]. In combination with
diode laser pumping, small spectroscopic detection systems
for analytical applications may be envisaged for arrays of ver-
tical organic lasers. If the material is distributed in a number
of layers for higher gain, however, the absorption of the active
material should be not too high ensuring a sufficient penetra-
tion depth into the cavity.

For the various types of horizontally and vertically emitting
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FIG. 1 Chemical structures of spiroquaterphenyl compounds used as emitters.

lasers, specially adapted profiles for the laser-active materials
have to be fulfilled. In addition to optical properties, process-
ing issues have to be regarded as well. For instance, in special
vertical emitting structures for which the organic material has
to be infiltrated [11] into void gaps from the melt or super-
cooled liquid, the glass transitions and melting point should
be not too high.

Chemical variation of the emitting compounds may easily
adapt them for the purpose required. In this contribution we
compare a series of novel spiroquaterphenyls for the suitabil-
ity in distinct organic lasers. The compounds 2–5 (Figure 1)
differ from the first generation of spiro compounds [1]–[6] by
π-electron donating ether groups at different positions that
introduces flexibility which is needed for better processing
from the melt and may reduce brittleness in films on flex-
ible substrates. Depending on the position (para or meta),
the π-electron system is enlarged, shifting the optical transi-
tions bathochromically, or not. One compound (6), exhibits
the same conjugation length as the first-generation spiro-
quaterphenyl 1 but has the same molecular weight and space-
filling properties as the isomeric spiro-sexiphenyl [1, 2]. Key
features for comparison of the compounds are optical thresh-
old, measured for amplified spontaneous emission (ASE) in
thin films, refractive index and absorption, as well as glass
transition and melting points. Quaterphenyl is chosen as ba-
sic chromophore since it allows pumping in the UV below
360 nm while still emitting in the violet spectral range around
400 nm. Further downconversion into the visible may then be
achieved by Förster transfer [12, 13] if required.

2 EXPERIMENTAL

The synthesis of the materials based on Suzuki coupling re-
actions [14] is described in the appendix. Thin films were
prepared by spincoating from a solution containing 15 mg
of the compound in 1 ml chloroform (spectroscopic grade)
onto glass substrates (VWR ISO 8037/1) at 3000 rpm. Thick-
nesses and optical data of the resulting films were deter-
mined by spectroscopic ellipsometry (Woollam VASE). ASE
experiments were performed in a nitrogen-filled chamber
with fused silica windows using a nitrogen laser as pump
source (Lasertechnik Berlin MSG 800, 500 ps pulses at 10 Hz

repetition rate). Spectra were recorded using a fiber spec-
trometer (Ocean Optics S2000) attached to the chamber. For
thermal analyses, thermogravimetry (Perkin Elmer Diamond
TG/DTA, rate 5 K/min) and differential scanning calorime-
try (Perkin Elmer DSC7, rate 10 K/min) were applied. Static
contact angles were measured with a KSV CAM100 system.

3 RESULTS AND DISCUSSION

The structure of the investigated solid state quaterphenyl
compounds can be found in Figure 1. In order to facilitate pro-
cessing from the liquid state, conformational flexibility was in-
troduced by either substitution in para position (2–4) with dif-
ferent ether groups, varying in bulkiness and influencing the
conjugated system due to the π-donor character, or by meta-
substitution (5–6) with only a small influence on the π-system
but changing the morphological properties.

3.1 Stimulated emission and optical
propert ies of neat f i lms

In order to achieve best performances but allow a comparable
screening of the materials, films were prepared in a thickness
range around 100 nm that allows only one TE mode propa-
gating in the film at the emission wavelength. Reaching the
threshold intensity by optical pumping at 337 nm, the emis-
sion spectrum narrows until only a narrow ASE line with
a width of a few nanometers remains, indicating amplified
spontaneous emission. The threshold incident intensity was
evaluated according the procedure described in ref. [2]. Ta-
ble 1 comprises the samples with the lowest threshold ob-
tained for each material, evaluated from a number of sam-
ples (4–6) with a thickness variation of 10–20%. Of course, the
amount of absorbed energy varies with the absorption spec-
trum of the respective material and also the reflection coeffi-
cient at the surface, therefore the real and imaginary part of
the refractive index at the pumping wavelength of 337 nm
(and also for 355 nm) are included in the table. All dispersion
curves were modelled by a combination of isotropic Gaussian
and Tauc-Lorenz [15] oscillators, fitting the ellipsometric data
well.

All compounds exhibit ASE with thresholds in the order of
1 µJ/cm2, with the exception of PhO-Sp4Φ, showing a slightly
higher threshold. The experimental error due to the fitting
procedure is estimated to be a factor of 2, therefore smaller
differences are not to be considered as significant. The thresh-
old are well within the range that has been obtained by the
same method for other spiro compounds with longer emission
wavelengths [2, 3], showing that low ASE thresholds are a
general feature of spirooligophenyls irrespective of the substi-
tution. Since the geometry of ASE waveguides and DFB lasers
are different, threshold values cannot be directly compared
with DFB laser thresholds. Usually, however, the DFB laser
thresholds as in ref. [4]–[7] are one order of magnitude higher
with the same material, despite of the better mode confine-
ment in these devices. Gain and threshold measurements on a
subset of the investigated compounds under different pump-
ing conditions (355 nm, 10 ns pulses, higher pulse energies up
to 3000 µJ/cm2) are reported elsewhere [16]. In comparison
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Compound λASE/nm Ith/µJ cm−2 FWHM/nm d/nm
nASE n337 n355
kASE k337 k355

1 Sp4Φ 39 2.2 5.0 111
1.991 1.96 2.40
0.001 0.64 0.26

2 MeO-Sp4Φ 404 2.1 3.1 77
1.977 1.89 2.16
0.004 0.72 0.65

3 tBuO-Sp4Φ 398 0.7 3.2 81
1.825 1.75 2.14
0.000 0.57 0.32

4 PhO-Sp4Φ 401 8.7 3.6 92
1.958 2.10 2.23
0.004 0.36 0.37

5 (MeO)2-Sp4Φ 391 0.7 3.1 70
1.862 1.91 2.11
0.004 0.52 0.22

6 m, p-Sp6Φ 390 1.2 3.9 71
1.858 2.00 2.03
0.13 0.36 0.09

TABLE 1 From left to right: Compound, peak wavelength, minimum ASE threshold incident intensity, full width at half maximum of ASE spectrum, film thickness d corresponding

to threshold value, real (n) and imaginary (k) part of the refractive index for ASE wavelength, 337 nm and 355 nm, respectively.

with irradiation at 355 nm, the thresholds measured here at
337 nm are at least one order of magnitude lower. This can
be attributed to the shorter pulse length in agreement with
ref. [17], a better absorption at 337 nm (that is however not a
sufficient condition as the discussion in Section 3.3 about the
relation between penetration depth and gain demonstrates)
as well as to the different substrate (silicon with thermal ox-
ide was used in ref. [16], glass in the measurements presented
here). For the samples discussed here, the lowest threshold
values were obtained for tBuO-Sp4Φ and (MeO)2-Sp4Φ. The
ASE peak wavelengths reflect the substitution pattern: ether
substitution in para position shifts the ASE peak with respect
to Sp4Φ bathochromically by about 10 nm, whereas meta sub-
stitution retains the ASE peak in the UV at around 390 nm.

With respect to emission stability, the compounds show dif-
ferent behaviour. For stability measurements, the films are ex-
posed in a nitrogen atmosphere to 500 ps pulses at 10 Hz rep-
etition rate with pulse energy densities of 613 µJ/cm2. In Fig-
ure 2, the integrated area under the emission spectrum is plot-
ted against irradiation time for the compounds. In all cases,
at the beginning all plots show a significant decrease of the
signal until a plateau is reached the decrease of which is on a
larger timescale or not detectable. Fitting a monoexponential
decay leads to systematic deviations, therefore a more com-
plex degradation mechanism is assumed. Taking the times
at which the signal decreased by half the value for compari-
son, the stability increases in the order (MeO)2-Sp4Φ (18 s) <
tBuO-Sp4Φ (360 s) < MeO-Sp4Φ (600 s) < PhO-Sp4Φ (800 s)
< m, p-Sp6Φ (2000 s) < Sp4Φ (6000 s). Morphological alter-
ations [16] and photochemical reactions [18] are suggested as
possible mechanisms responsible for this degradation. Since
the emission spectra in the plateau exhibits normal fluores-
cence we conclude that the degradation of ASE at the begin-
ning is caused by morphological alterations in the films that
reduce the gain. For (MeO)2-Sp4Φ, but not for the other com-
pounds, crystallization of the samples was observed. Gener-
ally, the ether substituted compounds are less stable than the
pure hydrocarbons, but a correlation to thermal properties
(see below) cannot be found. The remaining photolumines-
cence signal is fairly constant, thus photobleaching may occur
only on a larger timescale.

FIG. 2 Relative stability of the ASE (integral area under spectrum) measured after a

number of shots. 1 second corresponds to 10 pulses at 613 µJ/cm2.

3.2 Processing propert ies

The optical compounds differ in their glass transition and
melting behaviour (Table 2). The following points are notice-
able: In contrast to the other compounds, (MeO)2-Sp4Φ crys-
tallises upon cooling at 10 K/min, and no glass transition
was detected. The two-fold ether substitution antagonises the
core rigidity and makes the molecule too flexible for forming
a stable glass. The tendency towards crystallization can also
be seen as the origin for the short ASE lifetime as discussed
above. The other meta-substituted compound, m, p-Sp6Φ, has
a low ratio between Tg and Tm demonstrating a high con-
formational flexibility, but the optical stability is substantially
better. Lowest values for both Tg and Tm in combination with
good optical stability and moderate threshold are obtained
for PhO-Sp4Φ which makes it a good candidate for infiltra-
tion processing. The best morphological stability in terms of
a high Tg and a high ratio between Tg and Tm was obtained
for tBuO-Sp4Φ, but in this case, infiltration from the melt can-
not be done, since it decomposes above the melting point,
with the lowest decomposition temperature of all compounds.
As it is deduced from a step-wise loss of weight of 23.5% at
decomposition, it cleaves at the alkyl-oxygen bond leaving
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2,2’,7,7’-tetra(4-hydroxyphenyl)-9,9’-spirobifluorene which is
confirmed by mass spectrum (m/z = 684.39) and NMR analy-
sis of the residue.

Wetting behaviour is important for the stability of the films.
For three compounds, it was possible to measure the contact
angle of a molten droplet on silicon substrates with 200 nm
thermal oxide which is comparable to the glass used in the
ASE experiments. Good adhesion to this hydrophilic substrate
exhibits MeO-Sp4Φ with a contact angle of 16◦, followed by
Sp4Φ (24◦), and finally PhO-Sp4Φ (57◦). Hydrophobic sub-
strate pretreatment with hexa(methylen)disilazane (HMDS)
does not provide better adhesion: the values change to 42◦,
47◦, and 61◦, respectively. Dewetting may be an issue for the
more hydrophobic compounds at long storage times, how-
ever, no correlation to the ASE degradation measurements can
be found, thus it seems not to contribute to the degradation
process.

3.3 Independent optimization of optical
performance and processing by
blending

One of the advantages of organic optical materials is the pos-
sibility of tuning the properties not only by chemical func-
tionalization but also by blending [17], [19]–[21]. In contrast
to polymers, low-molecular glasses can be easily mixed since
the entropy of mixing is quite large. In order to investigate the
effect of dilution in mixtures of spiro compounds, Sp4Φ and
tBuO-Sp4Φ were separatedly blended into 3,3’,6,6’-Tetrakis-
(biphenyl-3-yl)-9,9’-spirobifluorene (m, m-Sp6Φ) as matrix by
spincoating from a mixed solution. The matrix compound,
cited in ref. [22] with Tg = 413 K and known optical data, has
only biphenyl chromophores in direct conjugation and thus
does not absorb in the same spectral region as the quater-
phenyls. A ratio of 5% spiroquaterphenyl compound was
chosen since this ratio provided lowest threshold values in
experiments mixing spiro-sexiphenyl with this matrix [22].
In both cases considered here, the ASE wavelength in the
blend was lower as in the neat film (383 nm for 5% Sp4Φ in
m, m-Sp6Φ, 394 nm for tBuO-Sp4Φ in m, m-Sp6Φ), whereas
the threshold was in the same order of magnitude within
experimental errors (2.4 µJ/cm2 for a 84 nm thick film of
Sp4Φ in m, m-Sp6Φ and 0.4 µJ/cm2 for a 81 nm thick film
of tBuO-Sp4Φ in m, m-Sp6Φ, respectively). The hypsochromic
shift of the emission can be attributed to lower losses at the
short-wavelength side of the emission band due to lower self-
absorption since the matrix contributes less at the pumping

Compound Tg/K Tm/K Tg/Tm Td/K
1 Sp4Φ 441 565 0.78 733
2 MeO-Sp4Φ 425 527 0.81 724
3 tBuO-Sp4Φ 465 552 0.84 601
4 PhO-Sp4Φ 389 516 0.75 798
5 (MeO)2-Sp4Φ – 602 – 716
6 m, p-Sp6Φ 404 574 0.70 707

TABLE 2 Glass transition temperature Tg, melting point Tm (onset) and decomposition

temperature Td (for 5% loss of weight) of the compounds.

wavelength (n337 = 2.07, k337 = 0.05). That the threshold is
not increased even if the chromophore is diluted by a factor of
20 may be surprising at first sight, but can be readily under-
stood if the distribution of excitation density within the film
is considered (Figure 3). Due to the limited penetration depth
of the pumping light into the film, mainly the molecules near
to the surface are excited. This is an important difference to
semiconductor lasers in which a homogenous excitation den-
sity is often assumed. For efficient coupling to the TE waveg-
uide mode that has its intensity maximum deeper in the film,
a higher penetration depth is favourable for stimulated emis-
sion. The correct modal gain is described as [23]

gTE
mod =

∑
i

nigi
∫
i

E2
ydx

ne f f

+∞∫
−∞

E2
ydx

= ∑
i

ni
ne f f

Γigi

summing over all layers i with their respective confinement
factors Γi of the transverse electrical field Ey of the mode and
their local gain gi. Here, ni denotes the local refractive index,
and ne f f the mode index at the ASE wavelength. If the local
gain is an exponentially decreasing function of the penetra-
tion depth x due to absorption, the gain factor γ as ratio be-
tween modal gain and material gain at the incident intensity
(i.e. directly at the surface) has to expressed by the integral

γ =
gTE

mod
g(I0)

=
nactive
ne f f

∫
active E2

y exp(−4πk337x/337 nm)dx
+∞∫
−∞

E2
ydx

This integral corresponds to the area marked red in Figure 3.
For a better illustration of the effect of penetration depth, the
calculations were made with the same mode profile. How-
ever, the modes shift slightly in the matrix since the refrac-
tive index of the film can be assumed as similar to the matrix
(n383 = 1.89, n394 = 1.87). Experimental values are n383 = 1.898
for Sp4Φ in m, m-Sp6Φ and n394 = 1.857 for tBuO-Sp4Φ in
m, m-Sp6Φ which is in agreement with an effective medium
approximation, the refractive index of Sp4Φ being higher and
that of tBuO-Sp4Φ being lower than that of the matrix. Also,
the transmission factor at the film surface differs slightly be-
cause of the different refractive indices at the pumping wave-
length, but values do not deviate much from approximately
88%. For the generic model in Figure 3 with a specified thick-
ness of 100 nm, the gain factor γ for the TE mode is 25% in
the neat film, but as high as 63% in the diluted film. Table 3
summarizes the gain factors of neat and doped films with the
same active materials used in our experiments. These values
demonstrate the advantage of pumping in a wavelength and
concentration range in which the absorption is not too high.
By more efficient coupling to the ASE mode and less reab-
sorption, the needed amount of active material can be reduced
substantially.

4 CONCLUSIONS

A series of quaterphenyl compounds have been shown as
suitable for stimulated emission in the solid state with low
thresholds. By different chemical substitutions, emission and
processing properties can be tuned for particular laser appli-
cations. Blending with a transparent matrix is advantageous
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FIG. 3 Mode intensity profile (transverse electrical field, blue line) and gain factor (red area) for a neat film with high absorption (upper graph) and a film in which the

chromophore is diluted by a factor of 20 (lower graph). Only if absorption is low (kAbs →0) the gain factor corresponds to the confinement factor given by the area of the blue

curve in the active film, assuming a homogeneously pumped material. A mean refractive index of nactive = 1.87 of the active material and a film thickness of 100 nm leading to

a mode effective index of neff = 1.60 are assumed in both cases for better comparison. The ratio nactive/neff has to be taken into account in calculating the absolute values of

the gain factor.

Sample λASE/nm Ith/µJ cm−2 d/nm nASE neff k337 γ

Sp4Φ 390 2.2 111 1.991 1.745 0.64 26.8%
Sp4Φ / m, m-Sp6Φ 383 2.4 84 1.898 1.609 0.032 40.0%
tBuO-Sp4Φ 398 0.7 81 1.825 1.552 0.57 21.0%
tBuO-Sp4Φ / m, m-Sp6Φ 394 0.4 81 1.857 1.570 0.0285 53.5%

TABLE 3 Comparison of neat and doped films. From left to right: Sample, peak wavelength, minimum ASE threshold incident intensity, film thickness, measured refractive index

of film, calculated effective mode index (TE), extinction coefficient at pumping wavelength, calculated gain factor.

since it allows a larger penetration depth and independent
tuning of processing properties. For instance, the glass tran-
sition depends on the glass transition temperatures of both
components, Tg,1 and Tg,2, approximately following Fox’ rule
1/Tg = w1/Tg,1 + w2/Tg,2 [24], wi being the mass fractions of
the two components. As our experiments show, the threshold
is not deteriorated by dilution in thin film amplifiers, and in
vertical emitting structures the advantages of a larger pene-
tration depth can be expected to have even a higher impact on
efficiency.
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ments and discussion, S. Fürmeier for mass spectroscopy, and
B. Witzigmann for discussion within the project.

The project was funded by Deutsche Forschungsgemein-
schaft, SA 438/11, as part of a joint project together with HI
763/14 and WI 3317/4.

APPENDIX

A General procedure for the
synthesis of 2,2’ ,7,7’-substituted
spirobif luorenes used in this study

A mixture of 1.0 mmol 2,2,7,7-tetrabromo-9,9-spirobifluorene
(CAS-No. 128055-74-3), 3.4 mmol of the pinacol ester [14] of
the appropriately substituted phenyl boronic acid, 7.6 mmol
potassium carbonate in 6.2 ml toluene, 15 ml tetrahydrofuran
and 9 ml water was placed in a Young flask with magnetic
stirring bar. After degassing by nitrogen backfilling through a
Pasteur pipette, the solution was stirred at room temperature
for 15 minutes. Then 0.05 mmol Pd(PPh3)4 was added and the
reaction was stirred at 80◦C. After 24 hours, another portion
of 0.05 mmol Pd(PPh3)4 and 7.6 mmol potassium carbonate
was added, and the reaction mixture was stirred for further
48 hours. After cooling to room temperature, 43 mg KCN was
added and the resulting solution was stirred until it became
colourless. Organic and aqueous phases were separated and
the aqueous one was washed with chloroform (3× 20 ml). The
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combined organic phases were dried over MgSO4 and evap-
orated to dryness. The residue was purified by column chro-
matography over silica gel (0.063–0.200 mm,� 4 cm× 35 cm),
eluent see below), yielding white solids.

B Analyt ical data
1H-NMR and 13C-NMR spectra were obtained with Varian
MR-400, at 400 MHz and 100 MHz respectively. Chemical
shifts (δ) are given in ppm. CDCl3 was used as solvent and
internal reference. Mass spectra (MS-MALDI) were obtained
with a Bruker Daltonics BiFlex IV, using DCTB as matrix.

a) 2,2’,7,7’-Tetraphenyl-9,9’-spirobifluorene, Sp4 (1) was de-
scribed before (CAS-No. 171408-92-7).

b) 2,2’,7,7’-Tetrakis-(4-methoxyphenyl)-9,9’-spirobifluorene,
MeO-Sp4 (2) is described in ref. [25].

c) 2,2’,7,7’-Tetrakis-(4-tert-butoxyphenyl)-9,9’-
spirobifluorene, tBuO-Sp4 (3):
Coupling reagent: pinacol ester of 4-tert-butoxyphenyl
boronic acid, eluent: CH2Cl2 / hexane 1:1
Yield: 88% (purity >99%)
1H-NMR: δ = 7.90 (d, J = 7.8 Hz, 4H), 7.61 (d, J = 8.0 Hz,
4H), 7.34 (m, 8H), 6.99 (s, 4H), 6.91(m, 8H), 1.30 (s, 36H)
13C-NMR: δ = 154.8, 149.8, 140.4, 140.3, 135.9, 127.4, 126.6,
124.2, 122.4, 120.2, 78.6, 66.2, 28.8
MS-MALDI: m/z = 908.94 (M+)

d) 2,2’,7,7’-Tetrakis-(4-phenoxyphenyl)-9,9’-spirobifluorene,
PhO-Sp4Φ (4):
Coupling reagent: 4-phenoxyphenyl boronic acid without
previous esterification, eluent CH2Cl2 / hexane 2:1
Yield: 35% (purity >99%)
1H-NMR: δ = 7.92 (d, J = 7.8 Hz, 4H), 7.62 (dd, J = 7.8 Hz,
1.8 Hz, 4H), 7.40 (m, 8H), 7.29 (m, 8H), 7.06 (m, 4H), 6.95
(m, 16H)
13C-NMR: δ = 157.1, 156.6, 149.8, 140.4, 140.3, 136.0, 129.7,
128.4, 126.8, 123.2, 122.5, 120.4, 119.0, 118.7, 66.2
MS-MALDI: m/z = 988.29 (M+)

e) 2,2’,7,7’-Tetrakis-(3,5-dimethoxyphenyl)-9,9’-
spirobifluorene, (MeO)2-Sp4Φ (5):
Coupling reagent: pinacol ester of 3,5-dimethoxyphenyl
boronic acid, eluent CH2Cl2
Yield: 43% (purity >96%)
1H-NMR: 7.91 (d, J = 7.8 Hz, 4H), 7.61 (dd, J = 7.7 Hz,
1.5 Hz, 4H), 6.96 (d, J = 1.2 Hz, 4H), 6.57 (d, J = 1.9 Hz,
8H), 6.35 (t, J = 1.9 Hz, 4H)
13C-NMR: 160.9, 149.5, 143.2, 141.0, 141.9, 127.1, 122.9,
120.3, 105.6, 98.9, 66.2, 55.4
MS-MALDI: m/z = 860.36 (M+)

f) 2,2’,7,7’-Tetrakis-(biphenyl-3-yl)-9,9’-spirobifluorene,
m, p-Sp6Φ (6):
Coupling reagent: pinacol ester of (3-phenyl)phenyl
boronic acid, eluent CH2Cl2 / hexane 2:1
Yield: 51% (purity >99%)
1H-NMR: δ = 7.47 (d, J = 7.8 Hz, 4H), 7.36 (m, 8H), 7.33 (m,
8H), 6,99 (m, 20H), 6.92 (m, 4H), 6.57 (d, J = 1.24 Hz, 4H)

13C-NMR: δ = 148.8, 141.2, 140,7, 140.5, 139.7, 130.5, 130.3,
129.6, 127.6, 127.4, 127.2, 126.4, 125.1, 119.2, 65.9
MS-MALDI: m/z = 925.48 (M+)
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