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A series of organic/inorganic molecular hybrid nonlinear optical materials were prepared by incorpo-
rating azobenzene nonlinear optical chromophores into nanosized, inorganic, polyhedral oligomeric
silsesquioxane. Each of the hybrids was soluble in common solvents such as CHCl3, THF, toluene and
CyH4Cly, and exhibited good film-forming properties. Their structures and properties were characterized
using FTIR, 'H NMR, 3C NMR, 2°Si NMR, UV, TGA, DSC and nonlinear optical analyses, respectively. All

hybrid compounds displayed good optical limiting properties, large nonlinear optical response and high
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thermal stability. The optical limiting mechanism was investigated.
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1. Introduction

m-Electron conjugated, organic optical limiting materials have
attracted significant attention in recent years owing to the growing
needs for protection of both optical sensitive devices and the
human eye from laser damage, owing to their large and rapid
nonlinear optical response [1,2]. Although many organic and
polymeric optical limiting materials have been investigated [3—13],
these materials often posess poor solubility and low thermal
stability due to the highly conjugated, rigid structure of the chro-
mophores. To improve the thermal properties of organic optical
materials, organic—inorganic hybrid materials combine the prop-
erties of traditional organic materials (i.e. ease of molecular design
and low cost) with those of inorganic compounds (i.e. high thermal
and oxidative stability) [14,15].

A typical hybrid material normally contains an inorganic phase
bonded (often covalently) with an organic phase; however, the major
challenge lies in how to bind an organic compound covalently with
inorganic moieties during synthesis. The discovery of polyhedral
oligomeric silsesquioxane (POSS) overcomes this synthetic difficulty.
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POSS is a nanoscale, cage-like molecule that has a well-defined cube-
like inorganic core (SigO12) surrounded by eight organic corner
groups (functional or inert) and which provides an excellent platform
for nanotechnology applications and novel molecular hybrids due to
its perfectly defined spatial geometry [16]. By incorporating POSS
cages into organic molecules or polymers, POSS-based functional
materials have been prepared that display superior properties to the
organic material alone [17—23]. The present research group has
developed a series of POSS-based hybrid materials and reported that
these hybrid materials have high thermal properties and good solu-
bility [14,24—27]. However, POSS-based hybrid optical limiting
materials have received less attention [28,29].

In this work, a series of star-like molecular hybrid functional
materials from multi functional POSS (T§) was prepared. Their
structures and properties were characterized and evaluated. The
relationship between the structure and properties was investigated
in detail.

2. Experimental
2.1. Materials and instruments

Octahydridosilsesquioxane [(HSiO15)s, T'é'] was synthesized
according to the procedures described in [30]. The synthesis and
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characterization of the azobenzene chromophores 1-(4-methoxy-
phenyl)-2-(4-(prop-2-ynyloxy)phenyl)diazene (M1), 4-((4-methoxy-
phenyl)diazenyl)phenyl 4-(prop-2-ynyloxy)benzoate (M2) and
N-(4-((4-(prop-2-ynyloxy)phenyl)diazenyl)phenyl)dodecanamide
(M3) were described previoulsy [11]. All chromophores are linked
with a terminal alkynyl bond as the active reactive group. P1-P3
were prepared by hydrosilylation of M1—M3 and POSS (T4), as shown
in Scheme 1. The platinum dicyclopentadiene complex, [Pt(dcp)],
was synthesized according to the literature procedure [31] and was
used as a 2 mM solution in C;H4Cl. The platinum divinylte-
tramethyldisiloxane complex, Pt(dvs), was obtained from PCR Co. and
diluted to a 2 mM solution in distilled toluene before use. C;H4Cl, for
hydrosilylation reaction was distilled from CaH, under N,.

FTIR spectra were measured with a Nicolet NEXUS 870 FTIR
spectrophotometer using KBr powder at room temperature. 'H NMR,
13C NMR and 2°Si NMR spectra were recorded on a Bruker DMX-400
spectrometer using chloroform-d (CDCl3). Weight—average (M) and
number—average (M,) molecular weights and polydispersity index
(PDI, My/M,) were determined by a Waters 515 gel permeation
chromatograph (GPC). Differential scanning calorimetry (DSC)
was performed on a DSC 9000 equipped with a liquid nitrogen
cooling accessory (LNCA) unit under a continuous nitrogen purge
(50 mL/min). The scan rate was 10 °C/min within the temperature
range 40—300 °C. Thermogravimetric analysis (TGA) was carried out
using a TGA 2050 thermogravimetric analyzer with a heating rate of
10 °C/min from 25 to 700 °C under a continuous nitrogen purge
(100 mL/min). The thermal degradation temperature (Tyq) was
defined as the temperature of 5% weight loss. UV spectra were
recorded on a Shimadzu UV-265 spectrometer.

The nonlinear absorption properties of the samples were per-
formed by open Z-scan technique with a frequency doubled,
Q-switched, mode-locked Continuum ns/ps Nd:YAG laser system,
which provides linearly polarized 4 ns optical pulses at 532 nm
wavelength with a repetition of 1 Hz. The experiment was set up as
in the literature [32]. The solution sample was contained in a 2 mm
quartz cell. The input energy was 62 pJ. The radius wg at beam waist
was 50 mm. The samples were moved along the axis of the incident
beam (z direction).

The investigation of the optical limiting properties of the
samples was carried out by using the same laser system as in the
nonlinear absorption experiment. The experimental arrangement
is similar with that in the literature [33]. The samples were housed
in quartz cells with a path of 2 mm. The input laser pulses adjusted
by an attenuator (Newport) were split into two beams. One was

employed as a reference to monitor the incident laser energy, and
the other was focused onto the sample cell by using a lens with
a 300 mm focal length. The samples were positioned at the focus.
The incident and transmitted laser pulses were monitored by two
energy detectors, D1 and D2 (Rjp-735 energy probes, Laser
Precision).

2.2. Synthesis

The hydrosilylation reactions and manipulations for preparing
molecular hybrid materials were carried out under N, protection
using a vacuum-line system. The hybrids P1, P2 and P3 (all feed ratio
of monomers to T4 are at 8:1) were prepared using a conventional Pt
(dcp) catalyst addition reaction (Scheme 1). A typical procedure is:
5 mL C;H4Cly, 21.2 mg (0.05 mmol) octahydridosilsesquioxane, 1.0 mg
Pt(dcp) and 0.11 g (0.4 mmol) 1-(4-methoxyphenyl)-2-(4-(prop-2-
ynyloxy)-phenyl)diazene (M1) were added to a 20 mL Schlenk tube
equipped with side arm. The mixture was stirred at 80 °C for 10 h;
after cooling to room temperature, the mixture was poured into
200 mL hexane with vigorous agitation to dissolve the unreacted
parts and to precipitate the product. The precipitate was centrifuged
and redissolved in a minimum of THF. The ensuing THF solution was
added dropwise to 200 mL hexane so as to precipitate the compound
once again. This dissolution—precipitation process was repeated
three times and the final isolated precipitate was dried under vacuum
at 80 °C to constant mass; the yellow powder P1 was obtained. Yield:
54.1%. My = 2250, PDI, 1.02 (GPC, polystyrene). FTIR (KBr, cm™~): 3071
(=C—H), 2923, 2838 (CH3), 2264 (Si—H), 1599 (C=C(), 1251 (C—0—C),
1110 (Si—0—Si), 840 (p-Ar). 'H NMR (400 MHz, CDCls): & 7.80
(br, Ar—H), 6.94 (br, Ar—H), 6.10 (br, CH = CHSi B-trans), 5.94
(br, CH = CHSi B-trans and CH, = C—Si a.), 4.67 (br, OCH;), 4.28 (Si—H),
3.87 (br, OCH3). >*C NMR (75 MHz, CDCl3): 6 161.3,160.2, 146.8,131.3,
124.5, 114.9, 114.2, 69.0, 55.5. 2%Si NMR (CDCls, 79.5 MHz, ppm):
0 —79.12 (Si—C B-trans), —81.15 (Si—C a), —83.69 (Si—H).

P2: Yellow powder. Yield: 51.3%. Mn = 3610, PDI, 1.02 (GPC,
polystyrene). FTIR (KBr, cm™): 3071 (=C—H), 2929, 2838 (CH3),
2264 (Si—H), 1734 (C=0), 1603 (C=C), 1254 (C—0-C), 1107
(Si—0—Si), 841 (p-Ar). 'TH NMR (400 MHz, CDCl3): ¢ 8.07, 7.87
(br, Ar—H), 6.90 (br, Ar—H), 6.11 (br, CH=CHSi B-trans), 5.97 (br,
CH=CHSi B-trans and CH,=C-Si a), 4.70 (br, OCH>,), 4.26(s, Si—H),
3.88 (br, OCH3). 13C NMR (75 MHz, CDCl3): § 164.3, 162.0, 152.4,
150.3,146.9,132.3,124.8,123.7,122.3,114.6, 114.2, 98.1, 70.3 (OCH),
55.5 (OCH3). 2°Si NMR (CDCls, 79.5 MHz, ppm): 6 —80.01 (Si—C
B-trans), —81.62 (Si—C a), —83.51 (Si—H).
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Scheme 1. Synthetic routes to the hybrids.



X. Su et al. / Dyes and Pigments 87 (2010) 69—75 71

P3: brown powder. Yield: 47.6%. Mn = 3740, PDI, 1.24 (GPC,
polystyrene). FTIR(KBr, cm~"): 3415 (N—H), 3050 (C=C—H); 2924,
2853(CHs, CH,), 2264 (Si—H), 1663 (C=0); 1598, 1499 (Ar); 1246
(C—0—C); 1137 (Si—0-Si); 883 (Si—H, in-plane bending), 843
(p-Ar). 'TH NMR (400 MHz, CDCl3): 6 7.38—7.91 (br, NH, Ar—H),
6.74—7.10 (br, Ar—H and cis olefin), 5.97—6.12 (br, CH=CHSi B-trans
and CH,=C—Si ), 4.64, 4.79 (br, OCH,), 4.27 (br, Si—H), 2.38
(br, CH,CONH), 1.73 (br, CH,CH>CONH), 1.24 (br, CH3(CH,)g), 0.87
(br, CH3). 3C NMR (75 MHz, CDCl3): 6 171.8,159.6, 148.9,147.0, 1401,
130.9,124.5,123.6,119.8,115.1,114.9, 70.1 (OCH>), 69.4 (OCH>), 37.8,
31.9, 29.7—-29.4, 25.7, 22.7, 14.1. 2°Si NMR (CDCls, 79.5 MHz, ppm):
6 —79.81 (Si—C P-trans), —81.52 (Si—C ), —83.75 (Si—H).

3. Results and discussions
3.1. Structural characterization

Fig. 1 shows the FTIR spectra of POSS (T§), M3 and hybrid P3.
Monomer M3 shows characteristic =C—H, C=C and C=O0
stretching vibration at 3290, 2133, and 1665 cm ™, respectively. T§
displays characteristic bands at 2292 and 1130 cm™!, which are
assigned to the Si—H and Si—0-Si stretching vibration absorption,
respectively. The acetylene characteristic absorption bands of M3 at
3290 and 2133 cm~!, and Si—H characteristic absorption band of
POSS at 2292 cm™! completely disappear in the spectrum of P3.
However, C=0 at 1663 cm~! and Si—0—Si at 1130 cm ™! stretching
vibration still emerge in the FTIR spectrum of P3. Simultaneously,
the relative intensity of the C—=C absorption band at 1598 cm™!
(vs C=0 stretching band at 1663 cm™!) significantly increases and
a new vibration band at 1508 cm~! assigning to Si—C vibration
absorption also appears in the FTIR spectrum of P3, indicating that
hydrosilylative addition reaction between the Si—H groups of cube-
like POSS and azobenzene-containing acetylene has happened and
azobenzene acetylene has been incorporated into POSS cage to
form POSS-containing molecular hybrids. Similar results also were
found in the spectra of P1 and P2.

These hybrids are completely soluble in common organic
solvents such as CHCl3, toluene, THF and 1,2-dichloroethane etc.
Thus, their structures can be characterized by solution spectral
method. Fig. 2 displays the '"H NMR spectra of M3, T§, and P3 in
CDCls. T§ shows a characteristic proton absorption band at
4.25 ppm assigning to Si—H and M3 possesses a characteristic
acetylene proton resonance absorption band at 6 2.56 ppm.

M3

P3

— T T T T "
4000 3500 3000 2500 2000 1500 1000 500
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Fig. 1. IR spectra of T§, M3 and P3.
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Fig. 2. "H NMR spectra of T§, M3 and P3 in CDCls.

However, the characteristic absorption of the acetylene proton at
0 2.56 ppm and Si—H proton absorption at 4.25 ppm almost
completely disappear and a new broad characteristic absorption
peaks at 6 6.12—5.97 ppm corresponding to the CH,=C-Si
(a-addition hybrids) and CH=CH-Si ((-addition hybrids) appears
in the '"H NMR spectrum of hybrid P3, further indicating that C=C
has changed into C=C group, and the star-type hybrid has been
synthesized successfully by hydrosilylation reaction. This is
consistent with that of FTIR speactra. Similar phenomena were
observed in the 'H NMR spectra of P2 and P3.

Fig. 3 shows the '3C NMR spectrum of M3 and P3. The acetylene
carbon atoms of M3 absorbs at 6 78.1 and 75.9 ppm, these peaks
completely disappear in the spectrum of P3 and two new peaks at
0 69.4 and 70.1 ppm assigning to ethylene carbon of OCH,C=C
appear in the spectrum of P3, further confirming that azobenzene
acetylenes have reacted with POSS.

Fig. 4 gives the 2°Si NMR spectra of P3 and T4. It can be seen
from Fig. 4 that two new peaks at —79.81 (B-trans, Si—C=) and
—81.52 (a, Si—C=) assigning to « and B-adducts appear in the
spectrum of P3, further supporting that the star-type hybrid has
been prepared successfully by hydrosilylation reaction.
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Fig. 3. *C NMR spectra of M3 and P3 in CDCls.



72 X. Su et al. / Dyes and Pigments 87 (2010) 69—75

TH

T y T r T T T T
-50 -60 -70 -80 -90 -100
ppm

Fig. 4. 2°Si NMR spectra of T§ and P3 in CDCls.

3.2. Absorption spectra of the hybrids

Fig. 5A shows the normalized UV—vis absorption spectra of P1,
P2, P3 and M3 in dilute (10~> M) THF solutions. From Fig. 5A it can
be seen that P3 and M3 display nearly the same maximum
absorption wavelength and spectral pattern, indicating that

>

Normalized absorbance (a.u)

T % T 2 T X
300 400 500 600
Wavelength (nm)

Normalized absorbance (a.u)

T ¥ T ¥ T ¥
300 400 500 600
Wavelength (nm)

Fig. 5. A) Normalized absorption spectra of M3 and P1-P3 in THF. B) Normalized
absorption spectra of P1, P2 and P3 in film.

introduction of the silsesquioxane moeity has no significant effect
on the electronic structure of organic chromophores [34]. P1-P3
show strong absorption peaks located at 356, 347, and 365 nm,
respectively, which are assigned to the m—n* electronic transitions
of the corresponding conjugated azobenzene chromophores. The
maximum absorption peak of P2 showed 9 nm blue shifts
compared with that of P1, which may result from the rigid spacer
—PhCOO-group twisting the planar azobenzene group. When
terminal methoxyl group was replaced with acylamido group
containing long chain, the maximum absorption peak of P3 shows
8 nm red shifts in comparison with that of P1, which may be due to
a more regular arrangement of the molecules induced by the
hydrogen band between acylamido groups in P3 [35]. Simulta-
neously, it is found that all the hybrids exhibit good film-forming
properties. Fig. 5B displays the absorption spectra of P1, P2 and P3
in films. They are similar to the absorption spectra in dilute solu-
tions, with the absorption maxima at 360, 347 and 366 nm,
respectively. The similarity between the film and the dilute solution
spectra suggests the star-type structure in hybrids significantly
refrain from aggregation effect of azobenzene chromophore in the
solid state [36].

3.3. Thermal properties

Thermal stability of optical limiting materials is one of the most
important aspects for improvement of device lifetime and reli-
ability. The thermal properties of hybrids were evaluated by TGA
and DSC. Although TsH and all the monomers are crystalline solids
with distinct melting points, there is no sign of melting or crys-
tallization and glass transition of the resulting hybrid up to the
decomposition point (see the example curves shown in Fig. 6A).
The amorphous character may result from star-like structure with
the rigid azobenzene chromophore moieties projecting off the
spherical POSS core in three dimensions, thus minimizing intra or
inter T—m interactions [37] and effectively preventing intermo-
lecular regular stacking resulting from joule heating during device
operation [19]. Fig. 6B depicts the TGA curves of all hybrid materials
under nitrogen at a heating rate of 10 °C/min. The thermal
decomposition temperatures (Ty, 5 wt% loss) of monomer M1, M2
and M3 are at 262, 272, and 280 °C, respectively. However, the
resultant hybrids exhibit Ty at 295, 319 and 321 °C for P1, P2, and
P3, respectively, hinting that the incorporation of inorganic POSS
into organic NLO chromophores effectivly enhances the thermal
stability of the resulting founctinal hybrids.

3.4. Optical limiting properties

Fig. 7 shows the optical limiting performances of P1 (concentra-
tion ¢ = 1. 63 mg/mL), P2 (¢ = 1.07 mg/mL), and P3 (c = 1.02 mg/mL)
at the same linear transmittance (T = 73%) to 532 nm laser pulses in
THE. At low incident energies the optical responses follow Beer's law.
Deviations from Beer's law at higher energies indicate the occurrence
of optical limiting. Experiments with THF solvent alone afforded no
detectable OL effect. This indicates that the solvent contribution is
negligible. As seen in Fig. 7, the limiting threshold (incident fluence at
which the output fluence starts to deviate from linearity) and
amplitude (maximum output fluence) of P1 are 0.76 and 0.92 ]/cm?
and those of P2 are 0.65 and 0.84 J/cm?, respectively. In comparison
with P1 and P2, P3 showed a little better optical limiting perfor-
mance, the limiting threshold and amplitude are 0.51 and 0.78 J/cm?,
respectively. Simultaneously, the OL properties of the monomers in
THF at the same transmittance were also measured. Typical example
of OL performance of M2 is shown in Fig. 7. It was found that the OL
properties of the hybrids were not significantly difference from those
of corresponding monomers, indicating that incorporation the
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Fig. 6. A) DSC curves of M2 and P2. B) TGA thermograms of P1—P3 at a ramp rate of
10 °C/min in nitrogen flow.

silsesquioxane core onto the NLO chromophore has no significant
effects on the electronic structures of the chromophoric group, which
is consistent with the result of UV—vis absorption spectra. For
detecting the photostability of these hybrid materials, we also
measured the UV absorption spectra of the hybrid solutions before
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Fig. 7. Optical responses to laser light of P1, P2 and P3 with the same linear trans-
mission of 73% in THF.

and after the laser irradiation and no measurable difference were
observed, showing that the hybrids possess good photostability.

Fig. 8 shows the optical limiting performances of P3 in THF with
different concentrations. It can be found that the limiting effect was
affected by concentration, with higher concentration solutions
exhibiting better performances. For example, the concentration of
P3 is 0.87 mg/mL (T = 83%), the optical limiting performance was
faintly. When the concentration increases from 1.02 (T = 73%) to
1.98 mg/mL (T = 54%), the limiting threshold of the sample varies
from 0.51 to 0.40 J/cm? and the limiting amplitude varied from 0.78
to 0.51 J/cm?, respectively. Similar results were also found in our
previous works [10]. It is the reason that the solution with a high
concentration has more molecules per unit volume, which should
absorb the energy of the harsh laser more efficiently.

The optical limiting mechanisms of organic compounds can be
two-photon absorption (TPA) or reverse saturable absorption (RSA).
Generally, TPA can be yielded in principle under the laser irradia-
tion of picosecond or shorter pulses. RSA can be achieved on
nanosecond or longer pulses, rather than a picosecond time scale,
because of the different excited-state lifetimes involved in a multi-
level energy process [38]. In this work, the hybrids were excited by
the laser with 4 ns pulse width at 532 nm. Therefore, we consider
that the optical limiting properties of these hybrids may be mainly
originated from RSA of molecules.

The optical limiting property of RSA molecules can be also
evaluated by the ratio of the excited-state absorption cross-section
(0ex) to the ground state absorption cross-section (ag) of molecules,
which was defined as oex/oo = InTsa/InTp. Ty is the saturated
transmittance for high degrees of excitation [39]. The larger the
value of gex/0g is, the better the optical limiting performance is. In
our experimental set up, although we are unable to reach the
saturable transmittance for these compounds, we can use the
transmittance at 1.5 J/cm? to calculate the lowest bound for gex/oo.
Based on the experiment data illustrated in Fig. 7, the calculated
values of gex/og for P1—P3 are 1.55, 1.84 and 2.01, respectively,
further confirming that their optical limiting mechanisms are
mainly originated from reverse saturable absorption resulting from
large excitation state absorption cross-section.

3.5. Nonlinear optical properties of the hybrids

The NLO properties of these hybrids P1—P3 were investigated by
using the Z-scan technique. It can be seen from Fig. 5 that all the
hybrids have low absorbance at 532 nm. This promises low intensity
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Fig. 8. Optical responses to laser light of P3 with different linear transmittances in THF.
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loss and little temperature change by photon absorption during the
NLO measurements. The Z-scan result of P2 is shown in Fig. 9 as
a representative example. The nonlinear absorption performance
is evaluated under an open aperture configuration. Theoretical
curves of transmittance against the z-position based on equations
(1) and (2), are fitted to the observed Z-scan data by varying the
effective third-order nonlinear absorption coefficient § value [32].

= [~ q@)"
T(zs=1) = EOW for |qo| <1 (1)
G0(2) = Blo(t)Lerr/ (1+22/23) (2)

Where f is the nonlinear absorption coefficient, Iy (t) the intensity
of laser beam at focus (z = 0), Legsg = [1 — exp(—agl)]/ag is the
effective thickness with «g the linear absorption coefficient and
L the sample thickness, z is the diffraction length of the beam, and
z is the sample position. The solid line in Fig. 9a is theoretical curve
from equations (1) and (2). Thus, § of the hybrids can be deter-
mined through the fitting of the experimental data with the
equations.

The nonlinear refractive property of P2 was assessed by dividing
the normalized Z-scan data obtained in the close aperture configu-
ration by those obtained in the open aperture configuration (Fig. 9b).
The effective third-order nonlinear refractive index n, can be derived
from the difference between normalized transmittance values at
valley and peak positions (ATy_p) by using equation (3) [32]:

/10[0
0.8127ly (1 — e~%L) (1 —

ny = 5)0.25.AT"7P (3)
Where S is the aperture size (S = 0.18). Thus, the nonlinear
refractive coefficients of the hybrids can be determined with
equation (3). In accordance with the observed ( and n; values, the
third-order susceptibility X(3) value can be calculated with the
following equation [32]:

2 2 9 x 108 2-2 2
@ _ ||To. 2 x IUPEoMNpC™
Xl = | lgol 12 ‘ b (4)

Where ¢ is the permittivity of vacuum, c the speed of light, ng the
refractive index of the medium and w = 2mc/A. The calculated
nonlinear optical coefficients of these composites are summarized
in Table 1. From Table 1 it can be seen that these hybrids exhibit
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Fig. 9. Z-scan data of P2 in THE.

Table 1
Properties of the P1, P2 and P3.

Sample Limiting  Limiting Nonlinear optical values®

threshold amplitude

2 3)
glem??  (Jfem?) B (m/W) 1, (m*/W) %~ (esu)

P1 0.76 0.92 388 x 107" 748 x 1078 575 x 10~ 1?

P2 0.65 0.84 578 x 10711 739 x 10°'® 691 x 10712

P3 0.51 0.78 163 x 10°1° 1.06 x 1077 9,52 x 102

2 Incident fluence at which the output fluence starts to deviate from linearity.

b Maximum output fluence.

¢ Measured by Z-scan technique with an 4 ns Nd:YAG laser system at 1 Hz
repetition rate and 532 nm wavelength.

good nonlinear absorption properties with [ values of
388 x 100" m w! (P1), 578 x 100" m W' (P2) and
1.63 x 10719 m W~ (P3), respectively, which is in agreement with
the observations made in the OL experiments. Simultaneously, it is
also found from Table 1 that P3 shows the largest ) value among
the three hybrids, which may be attributed to the enhancement
effect of hydrogen bond [35].

4. Conclusions

In this work, a group of azobenzene-containing POSS-based
star-like hybrid functional materials are succeededly prepared. The
results show that incorporation of azobenzene NLO chromophores
into POSS core have endowed the hybrids with good film-forming
property and photostability, higher thermal stability, novel optical
limiting properties and large XGJ susceptability and the optical
limiting mechanism is mainly originated from the reverse satuable
absorption of molecules. The work provides a novel path for
designing new optical limiting materials with high thermal
stability and good processability.
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