JOURNAL OF OPTOELECTRONICS AND ADVANCED MATERIALS Vol. 16, No. 11-12, November - December 2014, p. 1472 - 1480

Facile synthesis, x ray single crystal and optical
characterizations of Cu-diphenylphosphino-methane
organic crystalline semi-conductors
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In this paper, facile synthesis process of a new organic semiconductor single crystals CszgHzsCl2N2CuP, (Cu-dppm) was
reported. Single crystal X-ray structure determinations are recorded for cu-dppm (5a) complex, crystallize as poly crystalline
form in the monoclinic space group P21/n with a= 9.502(2) A, b=8.128(3) A, ¢=16.112(6) A. In (Cu-dppm), the N(30)-C(31),
C(34)-N(43) and N(43)-C(44) bond lengths could be categorized as one short (1.257 A) and two long (1.472-1.475 A)
respectively. A short angle (71.756°) of P(1)-Cu(17)-P(3) was observed In addition, because of the growth process, a set of
copper complexes were formed. Elemental analysis (EA), IR, *H-NMR, *'P-NMR spectroscopic data and FAB mass spectra
were used for more structural data analysis. The absorbance and transmittance spectra were measured for the obtained
(Cu-dppm) organic complex (5a) over the incident photon energy range, 1.55-2.98eV (visible range wavelengths from A=
400- 800 nm). The results of the absorptivity (emax=729.95 and 349.39 Lmol™ cyn™) were calculated in order to determine the
optical band gap of Cu-dppm (5a) complex at Amix (436 and 580nm) respectively. The optical constant, i.e, refractive index

of the organic semiconductor (5a) has been calculated as 1.265 at 2.86 eV.
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1. Introduction

In the last few decades the search for new organic
semiconductors single crystals with better properties have
been increased because of their potential applications in
various disciplines like microelectronics, semiconductors,
sensors, laser technology. Organic materials are having
inability to grow in large size and have impeded the use of
single crystals of organic materials in practical device
applications. In this regard, materials scientists focused
their attention towards new semi organic crystals using
organic compound with metal complexes in order to
satisfy the present day technological requirements [1-3].
The interest in organic electronics is motivated by
increasing the demands of supplementing Si-based
electronics with materials that offer easier processing
methods completed with functionalization by chemical
manipulation. Their compatibility with lightweight,
mechanically flexible plastic substrates, completed by
new, innovative fabrication routes, makes them possible
candidates for future electronic devices [4-7]. Moreover,
due to different molecular tailoring possibilities via
chemical synthesis, organic materials present an infinite
variety in functionality.

The design of the molecular structures can be
engineered to enhance particular properties (solubility in
different solvents, color of light emission, crystal packing).
In particular, addition of polar groups in polymers leads to
rich systems for investigation of ferroelectricity [8] By
incorporating them in transistors (ferroelectric field-effect
transistors-FeFETs), combined functionality can be
achieved for non-volatile memory devices that are

compatible  with  flexible plastic substrates [9].
Modification of the chemical end-groups also allows
fabrication of large transistor arrays for organic sensors.

Different methods are developd to increase the
sensitivity and selectivity of organic sensing transistors to
different chemical or biological species [10]. Applications
include environmental issues (e.g. air pollution), pH
indicators, [11] food freshness, toxic compounds, stress
and pressure indication in clothes [12]. Rapid progress is
being made in the industrial development of the organic
electronic devices. Organic devices can be implemented
on large scale application area when their operation offer
high performance, reliability, stability, long life time, good
control and reproducibility. Impressive steps have been
accomplished towards incorporation of organic conductors
in devices [13].

Past investigations were hindered by material
instabilities and structural defects that prevented the
measurement and understanding of the intrinsic properties
of the organic materials. Recently, careful design of new
methods is achieved (both by electrostatic and chemical
doping).That enabled the exploitation of the fascinating
properties of carbon-based semiconductors, good control
of the structural properties and charge density distribution
in organic materials. In our previous work [14], organic
semiconductor compound (Ni-dppm) shows typical
semiconductor behavior. Optical properties of Ni-dppm
complex were studied in the temperature range 77 to
300K.

In this work, the doping impact by Cu (5a) is reported
for the dppm inorganic crystals. Facile synthesis, solubility
study and growth of Cu-dppm of single crystal (5a) have
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been done. In addition, the structural properties of Cu-
dppm were analyzed by elemental analysis (EA), IR, H-
NMR, *P-NMR spectroscopic data and FAB mass
spectra. Finally, the optically properties of the same
compound are done.

2. Experimental setup and apparatus

2.1. Synthesis, solubility study and growth of single
crystals

All the chemicals were obtained commercially and
used without further purification. A mixture of 1:1 M
ratio of acetyl acetone (1.002g, 0.01mol) and acetophenol
hydrazine diphenyl phosphine methane (4a) (7.379,
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Formation of a pyrazole derivatives
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0.01mol) was dissolved in methanol, at 30°C stirred well
for 3 h using magnetic stirrer.

The obtained product was washed with acetone and
recrystallized to increase the purity. The schematic
diagram of synthesizing the newly diphenylphosphino
methane complexes and their derivatives are illustrated in
Fig. 1.

The solubility measurements were carried out at
different temperatures. The transparent single crystals of
apyrazole Cu-dppm (5a) were harvested after 20 days at
35 °C with accuracy of +0.02°C using constant
temperature water bath. The solubility curve of Cu-dppm
(5a) and the photograph of the grown crystal is shown in
Fig. 2.
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Fig. 1. Schematic diagram describes the formation of a pyrazole derivative

The formation of a pyrazole derivatives were prepared
by elimination of one molecular water from the 4a
[CI,M{(Ph,P),CHCMe(Ph)NHN=C(CH3)CH=C(OH)CH;
}] complexes. Treatment of the [Cu-dppm] (Cl), adduct in
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n-decane with a slight excess (20%) of phenyl acetone
gave [(CI),Cu{(Ph,P),C=CMe(Ph)}] after heating calh
under dinitrogen, crystals of the copper complex adduct in
>80% yield [15].
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Fig. 2.Cu-dppm (5a) solubility curve and the photograph of the grown crystals at 35 °C.

2.2. Characterization techniques

The 'H NMR spectrum was recorded using the
“Varian Em-390-90MHz NMR spectrometer” using

CDCI; as a solvent and TMS as an internal standard
(chemical shifts in & ppm).JEOL Gx 400 with chemical
shifts relative to high frequency of residual solvent.
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IR spectra were recorded in the range400-4000 cm™

on a Shimadzu Corporation Chart 200-91527, using KBr
pellets. The high-resolution X-ray diffraction curve (DC)
was recorded for a typical complex Cu-dppm (5a) single
crystal specimen using(-101) diffracting planes in
symmetrical Bragg geometry by employing the
multicrystal X-ray diffractometer with Mo Ka; radiation.

A "UV-visible double beam spectrophotometer of
model UV-1650PC" was employed for recording the
reflectance, transmittance and absorbance spectra over the
incident photon energy of the wavelength range 400-800
nm.

2.3. Crystal structures refinement and
determination

X-ray crystallographic study was carried out in the
National Research Center, Cairo, Egypt. A white crystal of
Cu-dppm (5a) complex having approximate dimensions of
1.31 x 0.42 x 0.91 mm?® was mounted on a glass fiber in a
random orientation.

The data collection was performed with Mo ko
radiation of wavelength 0.71073 A, on a Bruker — Nonius,

Holland, computer controlled kappa axis diffractometer
CCD, with computing data reduction of Denzo and Scale
pack [16] Maxus [17], and the computing molecular
graphics by Ortep [18] did the computing structure
refinement and publication material. The reflection
threshold expression is | > 3.00 Sigma (). The crystal data
and structure refinements are shown in Table 1.

Activation energies of the Cu-dppm (5a) complex
are obtained from the slopes of the straight lines of the
relation In(In 1/Cy) versus 8, according to the equation
[19]:

E*0
RT?

In(In Ci) = (W, - W) = ey}

where W is the weight remaining at a given temperature T,
W, and W' are the initial and final weights, respectively,
C, is the weight Cu-dppm (5a) complex after being
converted to mole fraction, E* is the energy of activation

,and 8=T-T; , where T is the intermediate temperature of
degradation

Table 1. Crystal Data and Structure Refinements for Cu-dppm (5a) Complex.

Crystal data:

CagH3sClL,.CuN,P, D.=1.512 gmcm™® Refinements
Mr=717.11 Mo K, radiation Refinements on F
Monoclinic P2,/n Cell parameter from R[F*>20(F?)] 0.042
a=9.502 (2) A Reflections 2250 WR(F,)=0.122
b=8.128 (3) A 0 =2.18-67.91° $=1.077

c=16.112 (6) A p=4.493 mm™ 999 reflections
v=1235.7 A White 122 parameters
z=4 0.3x0.2x0.2 mm’®

Data collection

Kappa CCD
diffractometer

2250 independent reflection
999 reflection with 1>2c (1)

H- atom parameters
constrained

W= 1/ [s% (F?) +0.1
Fo’]

¢ sand o scans Rin=.035
with Kappa offset scans h =-11---11
Absorption correct k= 0------- 9
not provided = -19-----19

2729 measured
reflections

(A/p)max= 0.37 € A
Apmax = 0.782 e A*®
Apmin=-0.719 e A*®

3. Results and discussion

3.1. Spectroscopic studies of organic crystalline
semiconductors

Fig. 3 shows 'H-NMR and *P-{"H}NMR spectra
(400MHz) of Cu-dppm (5a) complex, and also this
complex consisted of a sharp singlet at 5=45.61p.p.m and
value of 'J(CuP)/Hz=zero. A five signals (excluding
aromatic hydrogen) of 'H -NMR which appears at
8=6.04p.p.m. a triplet of relative intensity 1H is observed

and assigned to CH, *J(CH-C-CH3)=2.72 Hz. A strong
signal is centered at 8=1.08 p.p.m, of relative intensity 3H,
assigned to (-CH-C-CH;) protons. A singlet at &=
5.57p.p.m of relative intensity 1H is observed, assigned to
ethylene (-C=CH-) proton. A singlet at 6= 2.08p.p.m of
relative intensity 3H is observed, assigned to (-N-N=C-
CH3-) proton. A singlet at 6= 2.71 p.p.m of relative
intensity 3H is observed, assigned to (-N-C-CH3;=CH-)
proton, and the 'H -NMR spectrum coupling to
phosphorus is shown by the protons CH, 2J(PCH")=12Hz.
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Table 2. *P-{*H}-NMR. data? and Infrared data® for some Condensation of [(CI),Cu{(Ph,P),CH,}]

Complex 5(P) p.p.m (v Cu-Cl) and (v P-C)/cm™ v(NH)/cm™
comionin | sto ISt (51T
concionn G  SnmGoo)
L R+ ot
CasHasClLN,CUOP,: 42° 45,61 %gz éggi 2:23:2 EZ:S g FCJ:-UC-?I) 3300
CasHs:ClN,CUP,: 5a 4593 315s, 290s single band (v Cu-Cl)

720s, 680s single band (v P-C)

a) Chemical shifts, §, to high frequency of 85%
H3PO4, b) Far infrared in KBr discs and ¢) v(OH) = 3240
cmt

The IR spectra of Cu-dppm (5a) complex are recorded
as shown in Table 2. The comparison between IR
spectrum of (4a) and Cu-dppm (5a) complex spectrum
shows that there is a change of position in the
corresponding vibrations. The strong absorption peaks
shO\l/ved v(NH) at 3300cm™ and showed v(OH) at 3250
cm™,

(-CH=CH-) Aromatc ring

N

|||||\\|\\||\||||||||||||I
1.5  ppm

Fig. 3. The *H-{*'P} and *H NMR spectra for the Cu-
dppm (5a) crystals.

3.2. Single crystal X-ray studies

A wide variety of adducts formed between group 11
metal-halides, CuCl, and unidentate diphosphorous bases
have been characterized by room-temperature single
crystal X-ray studies. Single crystals suitable for X-ray
crystallographic  analysis are selected  following
examination under a microscope. X-ray intensity data of
2729 reflections are collected on X’ caliber CCD area-
detector  diffractometer  equipped  with  graphite
monochromated Mo K, radiation. The cell dimensions are
determined by least-squares fit of angular settings of 2729
reflections in the O range 2.18-67.9°. Cu-dppm (5a)
crystallizes in monoclinic system with space group P2,/n.
The crystallographic details of data collection and the
structure refinement parameters of the compound are
presented in Table 1. Selected bond length and bond
angles of the complex Cu-dppm (5a) are shown in Table 3
and Fig.. 4a,b.

Table 3. Selected Bond Lengths (A) and Angles (°) of Cu-dppm Organic Semiconductor.

Bond A) Bond A) Bond Angles Bond Angles
@) @)

P(1)-C(15) | 1.846 | N(30)-C(31) | 1.257 | C(15)-P(1)-Cu(17) | 91.743 | P(1)-C(15)-P(3) 89.997
P(1)-Cu(17) | 2.302 | N(30)-N(43) | 1.426 | C(15)-P(1)-C(24) | 102534 | P(1)-C(15)-C(44) | 111.527
P(1)-C(24) | 1.786 | C(31)-C(32) | 1.513 | Cu(17)-P(1)-C(24) | 144.274 | H(16)-C(15)-C(44) | 118.330
P(1)-C(25) | 1.785 | C(31)-C(35) | 1.574 | Cu(17)-P(1)-C(25) | 106.109 | P(1)-Cu(17)-P(3) | 71.756
C()-P(3) | 1.785 | C(32)-C(34) | 1.327 | C(24)-P(1)-C(25) | 102.607 | P(1)-Cu(17)-CI(55) | 109.5007
P(3)-C(4) | 1.785 | C(32)-H(33) | 1.118 | P(3)-C(2)-C(10) | 120.000 | CI(55)-Cu(17)-CI(56) | 131.426
P()-C(15) | 1.785 | C(34)-C(39) | 1.497 | C(2)-P(3)-C(4) | 102.927 | C(31)-N(30)-N(43) | 104.5073
P(3)-Cu(17) | 2.314 | C(34)-N(43) | 1.472 | C(2)-P(3)-Cu(17) | 109.711 | N(30)-C(31)-C(32) | 111.005
C(15)-C(44) | 1.486 | N(43)-C(44) | 1.475 | C(4)-P(3)-C(15) | 102.085 | N(30)-C(31)-C(35) | 121.348
C(15)-H(16) | 1.207 | C(44)-C(45) | 1.541 | C(4)-P(3)-Cu(17) | 142.108 | C(34)-N(43)-C(44) | 108.370
Cu(17)-CI(55) | 2.098 C(15)-P(3)-Cu(17) | 89.997 | C(32)-C(34)-N(43) | 103.934
Cu(17)-CI(56) | 2.204 P(3)-C(4)-C(9) | 119.798 | C(39)-C(34)-N(43) | 130.101
N(30)-N(43)-C(34) | 111.002 | N(43)-C(44)-C(45) | 110.740

N(30)-N(43)-C(44) | 119.962 | C(15)-C(44)-N(43) | 110.740
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Fig..4a. Powder X-ray diffraction (XRD) pattern of Cu-dppm (5a) crystal.

50

Fig. 4b.The molecular geometry with the atom-numbering scheme.

Bragg's Law, d=A/(2sin®), supports a minimum size
of measurement of A/2 in a diffraction experiment
(limiting sphere of inverse space) but does not predict a
maximum size. The well-defined intense peaks of Cu-
dppm organic semiconductor crystal(5a) shown in Fig..4b
reveals the crystalline nature of the sample and the
prominent peaks present at different angles explain the
planes present in the crystals. The obtained values are in
good agreement with the single crystal X-ray diffraction
data (as shown in Table 4).

&0

Table 4. Single Crystal and Powder X-ray Diffraction (XRD)
report on Cu-dppm (5a) Organic Semiconductor

Crystal.

Crystallographic
lattice

Data of single

Date of powder

crystal XRD XRD
parameters
a(A) 9.502 (2) 9.4975+ 0.0241
b (A) 8.128 (3) 8.128+ 0.0121
c(A) 16.112 (6) 16.104+ 0.072
a(0) 90 90
B() 97.324 (3) 97.324
() 90 90
V(A?) 1235.7 1234.9
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3.3. Optical absorption studies in the newly Cu-
dppm organic semiconductor

The UV-Vis—NIR spectrum gives information about
the structure of the molecule because the absorption of UV
and visible light involves the promotion of the electron in
o and 7 orbital from the ground state to higher energy
states. UV spectral analysis is important for any organic
semiconductor, because a non-linear optical material is of
great practical use only if it has a wide transparency
window.

1.0 H

Sa(438)

\ <a (a52)
3a (458
23 (483)
1a (47€)

5a (580)
l-'.

I\

| A4a(586)
|/

(504 >
2

L *Jda(834)
0.2

0.0

400 500 600 700 800!
Wavelength (nm)
Fig..5. UV-vis spectrum of Cu-dppm organic

semiconductor crystal.

As it is clear from Fig. 5 that the crystal has UV cut off
wavelength at 436nm for sample 5a. The grown crystal
possesses high transmittance in the visible region, which
could be useful for optical window applications. This
provides sufficient optical window for second harmonic
generation (SHG) laser radiation or other application in the
blue region [20] The absorption coefficient (o) was
calculated from the transmittance data (T) using the
relation [21].

()

t

a= : (2
where T is the transmittance and t is the thickness of the
sample.

The electronic absorption spectral data (Amax and €max
values) for the synthesized diphosphine derivatives cupper
complexes 1la, 2a, 3a, 4a and 5a in dichloromethane is
reported in Table 5.

Table 5. The values Aya/nm and (&,a/Lmol-1Cm-1) for Phosphino-substituted Hydrazine Copper Complexes in CH,Cl,.

Compound

Amax/NM(Emad LMOI ¢ )

xmax/nm(smax/L mOI-lCm—l)

la C25H22C|2CUP2

2a C33H45CLCuP,

3a CasHs3,CILN,CuP,
4a C38H38C|2N2CUOP2
5a CagH3CILN,CuP,

463 (722.6)

476 (334.28)

448 (895.18)
452 (1129.50)
436 (729.95)

634 (394.79)
605 (301.96)
594 (343.89)
586 (443.94)
580 (349.39)

Absorption spectra of the investigated Cu-dppm (5a)
complex doped with transition element (copper) exhibit
double absorption bands within the wavelength range
(A=400-800 nm) in CH,CI; solvent. One with the position
of the absorption maximum (A= 436 nm) being
responsible for n-m transition in aromatic rings and the
second having (Ama= 580 nm) which attributed to ©-n” in
(-N-N= group) in a pyrazole ring [30-31]. However, in the
case of compounds without a pyrazole ring Apa towards
higher energy region was significantly hypsochromically
shifted depending on the nature of the aliphatic and
aromatic aldehydes and ketones. Considering the influence
of the dielectric constant of solvent on value of Anax.

The optical band gap is calculated using the following
relation:

ahvu=A(hv-Ey)" ®)

where, A is a constant depends on the transition
probability and the value of E; and m depends on the
energy and the nature of the particular optical transition
with absorption coefficient (o). Moreover, m is an
exponent that characterizes the type of the optical
transition in the Cu-dppm semiconductor organic crystals.

For allowed direct, allowed indirect, forbidden direct and
forbidden indirect transitions, the value of m corresponds
to 1/2, 2, 3/2 and 3, respectively [22].

ted to determine the value of m without pre-assuming the
nature of the optical transition in the crystal. Now, Eq. (3)
can be rewritten as [23]

d[In(ahv)] m

d(hv)  ho-Eg “)

From the equation 4 a discontinuity at a particular
value hv=E. Where a possible optical transition might
have occurred corresponding to a particular band gap
E=2.23 ev for Cu-dppm crystal.

In order to get the m value corresponding to the
optical transition at 2.23eV, we plot In(ahv) as a function
of In(hv)-E), where E = 2.23 eV for the optical transition
as shown in Fig. 6a. The slope of the plot is determined by
performing a linear fitting of the experimental data. The
slope is quite near to 0.5 is observed. This confirms that
the type of optical transition in Cu-dppm crystal is of
allowed direct nature.

The direct optical band gap of the Cu-dppm crystal is
also determined by plotting (ahv)? against the photon
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energy (hv).The relation between the optical absorption
coefficient (o) for a direct transition and the photon energy
(hv) is given by [24-25]:

ahv=A(hv-Eg)" (5)

The plot of (ahv)? vs. (hv) for the Cu-dppm crystal is
shown in Fig. 6b. The value of the optical energy gap Eq is
determined from the intersection of the extrapolated line
with the photon energy axis (at (c¢hv)?= 0). The direct
optical band gap of the Cu-dppm crystal is found to be
2.16 eV

7.7 - (a)

=0.4813x+7.6016

6.5 T T T T T T T 1
-16 -14 -12 -1 -08 -06 -04 -02 O

In(hv-E,)(eV)

25
b
50 - (b)
E
=
2 15 -
)
-
e
o 104
=97
=
C
5 E.=2.16
0 ‘
1 2 3 4 5 6

Photon Energy (hv)

Fig. 6. (a) Linear fit of In(chv) vs. In(hv-Eg) where
Eg=2.23eV, (b) (¢hv)® vs. ho plot for Cu-dppm crystal.

The refractive index can be determined from the
reflectance (R) and transmittance (T) data using the
relation [26-27]

(n—1)*
_ (1=R)’exp(—at)

T =
1— R%exp (—2at)

()

From this equation the reflectance (R) in terms of the
absorption coefficient can be obtained and is given by

R
_exp(—at) £ \/exp(—at) T —exp(—3at) T + exp(—2at) T?
- exp(—at) + exp(—2at) T

)

The refractive index (n) can be determined from the
reflectance (R) data using the equation [28]

—(R+ 1)+ 2VR ©
- (R-1D
139 <
\
\
= 1295 - VvS<— 5a(436)
~ \
k]
y \ _~
E 1.29 -= \
: \
2 \
5
£ 1.285 - V=] 5a(580)
= \
< \ -
1.28 - e
12?5 T T T T 1
360 460 560 660 760 860
Wave length (nm)

Fig.7. Refractive index vs. wavelength for Cu-dppm
crystal.

Fig.7 shows the variation of refractive index with
wavelength. It is noticed that the Cu-dppm organic
semiconductor crystal has positive refractive index
(n=1.265 at A=436 nm) with respect to photon energy and
this reveals the focusing nature of the crystal. It is clear
that the refractive index of Cu-dppm organic
semiconductor crystal depends on photon energy and by
tailoring the photon energy one can achieve the desired
material to fabricate the optoelectronic devices [29]. A
long tails in the low energy region, where a week
absorption tail is most probably originated from defects
and impurity states within the band gap. Tailing of the
band states into the gap width may also be induced from a
large concentration of free carriers resulting from screened
Coulomb interaction between carriers that perturbs the
band edges.
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Fig. 8. Resonance of (5a) Cu-dppm organic semiconductor crystal.

The delocalization process of electrons within certain
molecules in Cu-dppm crystal (resonance) is shown in
Figure 8. It is observed that, the resonance structures of
Cu-dppm (5a) are characterized by its properties of
position, intensity, shape, and fine structure.

4. Conclusion

It has been demonstrated that the Cu-dppm (5a)
complex by Micheal addition reaction showed a good
rectifying behavior. Moreover, five a pyrazole derivatives
were obtained and investigated structurally by elemental
analysis (EA), IR, "H-NMR, **P-NMR spectroscopic data,
FAB mass spectra and X-ray single crystal. Cu-dppm (5a)
crystallizes in monoclinic system with space group P2./n.
Moreover, short bond C(32)-H(33) equal to 1.118 A and
short angle equal to 71.756°.

The Apyrazole derivatives for diphenylphosphino-
methane-Cu-dppm Hydrazine complexes
CagH3CIN,CuP, shows typical semiconductor behavior
due to the delocalization of the m-electrons in the structure
(5a) complex. The transmittance and reflectance spectra
were used for investigating the charge transports and
optical parameters of the Cu-dppm organic crystalline
semiconductors.

All optical measurements were carried out in the
incident photon energy range 1.40 to 2.64eV. By using the
energy dependence of the absorption coefficient, it was
clear that in the short wavelength region, the absorption
coefficient linearly increases for the Cu-dppm crystals
with the increase in the incident photon energy. In
addition, the optical measurements exhibit direct allowed
transitions in the Cu-dppm organic crystals.
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