Polyhedron 85 (2015) 962-970

Contents lists available at ScienceDirect

POLYHEDRON

Polyhedron

journal homepage: www.elsevier.com/locate/poly

Linear, nonlinear optical susceptibilities, hyperpolarizability, and space
electronic charge density of meso silver(I) histidinate [Ag(D-his)],
(Hhis = histidine)

Saleem Ayaz Khan?, A.H. Reshak *"*

2 New Technologies — Research Center, University of West Bohemia, Univerzitni 8, 306 14 Pilsen, Czech Republic
b Center of Excellence Geopolymer and Green Technology, School of Material Engineering, University Malaysia Perlis, 01007 Kangar, Perlis, Malaysia

@ CrossMark

ARTICLE INFO ABSTRACT

Article history:

Received 13 July 2014

Accepted 12 September 2014
Available online 19 September 2014

Full potential linear augmented plane wave method was used to calculate the electronic band structure,
density of states, charge density and optical properties of meso silver(I) histidinate [Ag(D-his)],,. The band
structure investigation elucidated that the investigated compound possess indirect (Z — I') broad gap.
The effective mass ratio for electron, light hole and heavy hole were calculated in conduction band min-
imum (0.0596), upper valence band maximum (0.5085) and lower valence band maximum (0.3612)
respectively. The total valence charge density shows covalent nature of [Ag(D-his)], bonds. The com-
pound contains two heterodimers per unit cell. The calculated length of the O-H bond that formed het-
erodimer is 1.67 A. The average value of real and imaginary part of dielectric function were calculated.
The three principal tensor components of ¢;(w), &(w), n(w), I(w) and R(w) were calculated and discussed
in detail. The calculated uniaxial anisotropic value (0.0985) and birefringence (0.06) has indicated the
strong anisotropy of the dielectric function in [Ag(D-his)],. The investigation of n(w) spectra shows the
superluminality in ultraviolet region while R(w) spectra shows that [Ag(D-his)], is suitable for antireflec-
tion coating material for solar cells in infrared and visible region. The investigated compound also exhibit
second harmonic generation of about 1.57 pm/V at static limit and 2.34 pm/V at 4 =1064 nm. We have
also calculated the microscopic first hyperpolarizability ,;3(w) for the dominant component 1(221)3((0)
at static limit 0.666 x 1073° esu and at 4= 1064 nm (0.965 x 1073% esu).
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1. Introduction for life. Various types of drug containing metals are used as a diag-

nostic agent for treatment of a variety of diseases [3-6].

The importance of metal complexes in biological systems can-
not be ignored due to wide scope for the interaction of metal ions
and biological molecules. Iron porphyrin complex in hemoglobin is
responsible for oxygen storage and transport in the body tissues
[1]. Metal ion like zinc perform important role in order to regulate
the function of genes in the nuclei of cells. It is natural constituent
of insulin, essential to the regulation of sugar metabolism [2]. Sim-
ilarly calcium is the basis of bones and teeth. It is plentiful metal by
mass in animals and human body [3]. Other examples are metals
like iron, zinc, copper and manganese are included into catalytic
proteins which facilitate a multitude of chemical reactions needed
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Among them, silver complexes are the most important metal
compounds used as antimicrobial agents in medicine. Silver is
low toxic and active at low concentration [7,8]. Significant work
has been done on silver(I) protein and silver(I) peptide interactions
and silver(I) complexes with amino acids [9-15]. The crystal struc-
tures of many silver(I) complexes with amino-acids have been
reported. {[Ag(Hglygly)INOs},, [Ag(gly)]l: [9], [Ag(gly)]l2-H20}n,
[Ag(D- or L-asn)],, [Agz(D-asp)(L-asp)-1-5H,0], [10], [Ag(a-ala)],
[11] and [Ag(L-his)], (L-3) [12], {[Ag(b-ala)]NOs}, [13,14], (Hgly-
gly = glycylglycine, Hala = alanine, Hgly = glycine, H,asp = aspartic
acid, Hasn=sparagines, and Hhis = histidine). The ligand-
exchangeability is very important and play main role for antimicro-
bial activities of silver(I) complexes [15-17]. The silver(I) histidinate
complexes are unique among silver(I) complexes with amino-acid
ligands. Kasuga et al. [18] prepared D-isomer and meso silver(l)
complexes in order to investigate ligand exchangeability and effect
of chirality on structure of silver(I) histidinate and synthesized the
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coordination polymer D-3 and meso silver(I) histidinate and its
structural characterization. They reported that messo silver histadi-
nate [Ag(D-his)], is water-insoluble right-handed helical complex
form by the reaction of Ag,0 and D-Hhis (Hhis = histidine). It is a
good antimicrobial agent against some preferred bacteria (Bacillus
subtilis, Staphylococcus aureus, Pseudomonas aeruginosa and Esche-
richia coli), molds (Penicillium citrinum and Aspergillus niger) yeasts
(Saccharomyces cerevisiae and Candida albicans).

To the best of our knowledge no comprehensive DFT work is
done for calculating the specific features of [Ag(D-his)],. In the
present work we have addressed ourselves to calculate the struc-
tural, electronic, and optical properties of this important com-
pound using the all-electron full potential linear augmented
plane wave (FP-LAPW) method which has proven to be one of
the most accurate methods [19-23] for the computation of the
electronic structure of solids within a framework density func-
tional theory (DFT).

2. Crystal structure and method of calculation

Meso silver histidinate [Ag(D-his)], has the chemical formula
CsHgO,N3Ag. It is stable in monoclinic phase having space group
P2, (No. 4) that contain two formulas per unit cell. The lattice
parameters are a=5.730A, b=7.586A, c=9.041A with
B =104.785°. The crystallographic data of [Ag(D-his)], have been
taken from Cambridge Crystallographic data Center [24]. The depo-
sition number is 789714 for supplementary crystallographic data

Fig. 1. (a) Molecular structure; (b) unit cell of [Ag(D-his)], semiconductor.

(CCDC). Fig. 1 shows the molecular structure and unit cell of
[Ag(D-his)]n.

We have used the full potential linear augmented plane wave
(FPLAPW) method within the framework of WIEN2k code [25], to
calculate the electronic band structure, density of state, electronic
charge density and optical properties of [Ag(D-his)],. Four schemes
namely Ceperley-Alder (CA) local density approximation (CA-LDA)
approach [26], Perdew-Burke-Ernzerhof generalized gradient
approximation (PBE-GGA) [27], and Engel Voskov generalized gra-
dient approximation (EV-GGA) [28] and the most recent modified
Becke and Johnson (mB]) approximation [29] were used for solve
the exchange correlation potential. In order to converge the energy
eigenvalues the wave function in the interstitial regions were
expended in plane waves with cutoff Ry;iKnax = 7.0. Where Ry rep-
resent the muffin-tin (MT) sphere radius and K;,.x represent the
magnitude of largest K vector in plane wave expansion. The
selected muffin-tin (MT) sphere radii (Ry;r) are 1.10 a.u. for C atom,
0.55 a.u. for H, 1.98 a.u. for Ag, 1.02 a.u for N and 1.12 a.u. for O
atom. The wave function inside the sphere was expended up to
Imax = 10 whereas the Fourier expansion of the charge density
Wwas up to Gmax = 26 (a.u.)~!. We have optimized the structure by
minimization of forces acting on the atoms. The convergence of
the self-consistent calculations were done by the difference in total
energy of the crystal did not exceed 107> Ryd for successive steps.
The self consistencies were obtained by 120 k points in irreducible
Brillion zones (IBZ), initiated from 500 k points in the Brillion
zones (BZ).

3. Result and discussion
3.1. Band structure and density of state

The band structure and total density of state of [Ag(D-his)],
were calculated by CA-LDA, PBE-GGA, EV-GGA and mB]J as shown
in Fig. 2a and b. The calculated band gap (E,) values are shown in
Table 1. The mB]J potential was selected for better band splitting
and according to our previous experience that mBJ potential give
an energy gap close to the experimental one [30-36] therefore it
was selected for further investigation of partial density of states.
The calculated band structure disclose that [Ag(D-his)],, possess
indirect band gap (Z — I"). The effective mass of light hole (m;,),
heavy hole (m;,) and electron (m;) were calculated by fitting the
valence and conduction bands extrema to the parabola according
to the expression E = 2’:;’;; where m, stands for rest mass of elec-
tron. The effective mass ratio of light hole (mj,/m.), heavy hole
(m;,/me) and electron (mj;/m,.) were calculated in lower valence
band maximum (0.3612), upper valence band maximum (0.5085)
and conduction band minimum (0.0596), respectively.

Fig. 3a-d illustrates the partial density of states (PDOS) which
elucidate that the core bands around —12.5eV are primarily
formed by strongly hybridized C-2p and O-2s states with negligible
role of H-1s and C-2s states. Around —12.0 eV both C-2s and N-2s
states show strong hybridization which results in strong covalent
bond between N and C atoms. In the energy range between
—10.0 and —5.0 eV the bands are originated from strongly hybrid-
ized H-1s and O-2s, C-2p and dominant Ag-4d state. The valence
bands between (—2.5 to —1.0eV) are mainly constructed by Ag-
4d state with negligible contribution of Ag-5s/2p and C-2p states.
The upper valence band is mainly composed of predominant Ag-
4d state with small contribution of Ag-5s state. The conduction
band is formed by the contribution of C-2p and Ag-2p/4d states.
Around 7.0 eV the bands formation occur by combination of Ag-
5s/2p, C-2p and O-2s states. Ag-2p and O-2s show weak hybridiza-
tion in this energy range. For higher energy range (7.4-17.5eV)
Ag-2p state is foremost while the contribution of C-2s/2p, N-2s
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Fig. 2. (a) Calculated band structure; (b) total density of state of [Ag(D-his)],
semiconductor using LDA-(CP), GGA-PBE, EVGGA and mB].

Table 1
Calculated values of energy band gap E, (eV) &{""*¢(0), &¥*(0), £ (0) and &#(0) and
m¥(0), n**(0) and n**(0) using LDA-(CP), GGA-PBE, EVGGA and mBJ.

LDA GGA EVGGA mBJ
Eq (eV) 3.92 4.02 422 454
£0veree ) 1.63 1.93 1.48 131
£%(0) 1.70 2.06 155 1.36
&(0) 145 1.65 131 1.18
£7(0) 1.71 2.08 1.56 1.40
n*(0) 1.30 1.43 1.24 1.16
n¥(0) 1.20 1.28 1.14 1.08
n(0) 131 1.44 1.25 1.18

and O-2s state is small. The C-2s and N-2s state show strong
hybridization in this energy range.

3.2. Electronic charge density

The charge density of [Ag(D-his)], is derived from the reliable
converge wave function which is used to study the bond nature

of the solids. The mB] scheme was used for the calculation of total
valence charge density that visualizes the charge transfer and
bonding properties. The blue region in the ring represents maxi-
mum charge concentration as clear from thermo-scale which is
due to strong covalent bond among N and C atoms and delocalize
electron on the ring as shown in Fig. 4a. The O atom of the other
monomers shares with hydrogen bond and form heterodimer.
There are two hetrodimers per unit cell as shown in Fig. 4b. The
calculated bond length of H and O is 1.67 A. Fig. 4c shows strong
covalent bond between N and C, while the contours forms between
N and Ag shows strong covalent and partially ionic bond. The cal-
culated analytical values in Table 2 also show bonding nature and
percentage of ionicity in term of electronegativity difference
{C(2.49), N(3.04), 0(3.44) and Ag(1.93)} using Pauling selection
rules [37]. The analytical results show close agreement to the
valence charge density analysis.

3.3. Linear optical susceptibilities

Optical properties of solids can give deep insight into the elec-
tronic structure. It is not possible to improve photonic devices for
optical communication purpose without proper understanding of
optical properties of the used materials [38]. The present work
mainly deals with dielectric function which is the most important
aspect for the calculation of optical properties. We need to have the
correct energy eigenvalues and electron wave functions for calcu-
lating the frequency dependent dielectric function & ). Both
energy eigenvalues and electron wave function are natural output
of the calculating band structure. The symmetry of the [Ag(D-his)],
crystal structure allows five non-zero second order dielectric ten-
sor components. For simplicity we select only three diagonal prin-
cipal components £¥(w), £¥(w) and ¢ w) along a, b and c
crystallographic axis. The three components of the imaginary part
of dielectric function completely define the linear optical proper-
ties. These components can be obtained using the expression taken
from the Ref. [39].

el = an’e’. x Y (kna|p;|kn’a) (kn'a|p; kna)
2 VmP w2 prorp ' g
kan(l _fkn’)‘s(Ekn' — En — hw) (1)

where m and e represent mass and charge of electron and w stand
for the electromagnetic radiation striking the crystal, V correspond
to volume of the unit cell, in bracket notation p represent the
momentum operator, |kng) represent the crystal wave function
with crystal momentum k and ¢ spin which correspond to the
eigenvalue E;,. The Fermi distribution function is represent by fi.,
makes sure the counting of transition from occupied to unoccupied
state and 6(E,,; — Ex, — hw) is the condition for conservation of total
energy.

The inter-band transitions of the dielectric function ¢(w) can be
split into direct and indirect transitions. We neglect the indirect
inter-band transitions involving scattering of phonons that are
expected to give a small contribution to ¢(w) [40].

The average value of three tensor components for real and
imaginary parts of dielectric function were calculated as shown
in Fig. 5a and b. Broadening is taken to be 0.1 eV which is typical
of the experimental accuracy. The imaginary part of dielectric func-
tion &5"**°(w) obtained by mBJ shows better optical gap as com-
pared to the CA-LDA, PBE-GGA and EV-GGA therefore it is
selected for further explanation of linear and nonlinear optical sus-
ceptibilities. The peaks in the () spectra are determined by the
electric-dipole transitions between the occupied states to the
unoccupied states as shown in Fig. 5c. The material show high
transparency in the energy range between 0.0 and 4.54 eV. At
around 4.54 eV the frequency of the incident photon become
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comparable to the frequency of dipole oscillation in crystal and
absorption of photons occur at threshold frequency. The first crit-
ical point for &(w), &7 (w) and &¥(w) occurs at 4.54 eV and first
transition of electron occurs between valence and conduction band
extreme. The first peak of &*(w), &7 (w) and &¥(w) components
which is situated between 4.54 and 5.0 eV, is corresponding to
the transition from valence band maximum to the conduction band
minimum. Fig. 5¢, also disclose considerable anisotropy among
three polarization spectra except the range (9.5-10 and 13.2-
13.5) eV where both &¥(w) and &(w) show isotropy. The main
peaks of &¥(w), &’(w) and &¥(w) are located at 7.7, 13.2 and
6.3 eV respectively. It is clear that mB] causes to shift all structures
towards higher energy with lower amplitude as compared to LDA,
GGA, EV-GGA [41]. The real part of optical dielectric function is
related to the electric polarizability. It shows the optical response
of the material to the electromagnetic radiation. The real part of
the optical dielectric function can be calculated from Kramers-Kro-
nig inversion using the imaginary part of dielectric function [42].

Wer(@) 4
w)=1+2p [T 22 )

where P stand for principal value of integral. The calculated real
part of the frequency dependent dielectric function &;(w) is shown
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Fig. 3. Calculated partial densities of states (States/eV unit cell).

in Fig. 5d. There is considerable anisotropy among &¥*(w), &7 () and
e#(w) except at 4.3, 5.2 and 7.7 eV where both of &¥*(w) and &#(w)
components show isotropy, and the tail show isotropy among the
three spectral components. The uniaxial anisotropy was calculated
to be 0.0985, using the expression ée = [ (el — &5)/e¥t] given in
Ref. [43], which indicates a strong anisotropy among the three prin-
cipal dielectric tensor components of [Ag(D-his)],..

The calculated imaginary and real parts of the frequency depen-
dent dielectric function were used to calculate the refractive index
n(w), birefringence An(w), absorption coefficient I(w) and reflec-
tivity R(w). These are illustrated in Fig. 5e-h. The calculated static
refractive index for three non-zero tensor components directly
related to the ¢(0) through the relation n(0) = /& (0). In Table 1
we have listed the values of n(0). With increasing the energy of
the EM waves the three components of the refractive index
increases to reach maximum value. There is sharp decrease in
the highest peaks of n™(w), n”*(w) and n*(w) at 5.4, 7.3 and
5.9 eV. One can see that n”*(w) component exhibit sharp decrease
and crosses the unity at 6.1 eV which show high luminescent nat-
ure of the material. One can also see the superluminality of the
material from &(w). The sharp increase in &¥(w) around 6.1 eV
verifies the luminosity of material. The birefringence An(w), is
the difference between the refractive indices of the two linearly
polarized beams known as extraordinary (n.) and ordinary (o)
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Fig. 4. Electronic charge density contour plots [Ag(D-his)],.

Table 2
The bonding nature and percentage of ionicity in term of electronegativity difference
{C(2.49), N(3.04), 0(3.44) and Ag(1.93)} using Pauling selection rules [37].

Bond Xa-Xg Polarity %lonicity
C2-N1 0.49 Non polar 8.88
C5-C4 0.00 Non polar 0.00
N3-Agl 1.11 Polar 22.7
C8-01 0.95 Polar 16.4

refraction indices i.e. An=n, — ng. Fig. 5f shows the birefringence
An(w) for [Ag(D-his)],. The birefringence is very significant in the
non-absorbing region below the gap [44]. The curves show strong
oscillations around zero which could be broadened out by selecting
a larger broadening. The calculated value of birefringence at zero
energy is 0.06.

The frequency dependent absorption coefficient elucidates high
transparency of the compound in energy range between 0.0 and
4.5 eV. The I'(w) is foremost in the energy range 4.5-5.8 eV and
7.0-9.0 eV while (@) component is more responsible for absorp-
tion of light in energy range 5.8 to 7.0 eV and from 9.2 to 12.5 eV.
The contribution of PY(w) at lower energy range is small, then it

reach the maximum value between 12.4 and 13.5 eV showing isot-
ropy with F*(w).

The spectral components of reflectivity spectra show high
transparency and negligible reflection in infrared and visible
region. The dominant peaks of R*(w) and R¥*w) are located
at 7.8 and 6.2 eV resulting in a 6.0% and 13.5% reflection whereas
R”(w) show negligible contribution for the whole range except
the high energy. From investigation of reflectivity spectra one
can see that [Ag(D-his)], is suitable for antireflection coating mate-
rials for the solar cells.

3.4. Nonlinear optical susceptibilities

The nonlinear organic crystals are very important because it can
generate high second and third harmonic generation and hyperpo-
larizabilities which offer a building block role for new generation
photonic devices [45]. The complex second-order nonlinear optical
susceptibility tensor y{3/(—2w; w; w) are generally written as [46-
49]:

= P Pk
- 3 dk rnm{r Irl }
ik . _ e ml' In
e (~2027 0, ) = ?Z / 43 (1 — Op)

2fnm fml fln
Ao e ) ©
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Fig. 5. (a) Calculated &5""**¢(w); (b) calculated £{""¢(w); (c) calculated &¥*(w), &’ (w) and &%(w); (d) calculated &*(w), &7 (w) and &% (w); (e) calculated n*(w), ”*(w) and
n*(w); (f) calculated birefringence (An); (g) calculated *(w), P?(w) and F*(w); (h) calculated R*(w), R”(w) and R w).

In the given expressions one can see the three main contribu-

tions  to Xgﬁ()(wa;w;w): the intra-band transitions
7% (=2w;w, w): inter-band transitions y* (—2w;w, ) and the
modulation of inter-band terms by intra-band terms

7% (—2w;m, ), for n#m# 1. Where n represent the valence
states, m the conduction states and [ stands for all states
(I m,n).Two types of transitions are occur, the first one is vcc
in which one valence band (#) and two conduction bands (c and
¢') are involved, the second transition is represented by vv'c where
vand v' show two valence bands and one conduction band denoted
by c. Where A, (k) = 9, (k) — 9%, (k)with §,, being the i compo-
nent of the electron velocity given as v’ (k) = i, (K)ri (k) and
{Fin (O (R } = 3 (7 (07} () + Hhn ()71 (). Using the expres-
- n:ﬂ(";:‘()p), [50] one can calculate er(I?) by using the
position matrix elements element P between the band states n
and m having energy difference of hw,, = h(w, — wn). fom repre-
sent the Fermi distribution function where fu, =f, — fm. Aspnes
[51] exposed that only the one-electron virtual transitions which
occur between one valence band state and two conduction band
states (vcc’) contribute significantly to the second-order tensor.
The virtual-hole contribution is ignored (vv'c) because it was found
to be negative and smaller than the virtual-electron contribution.

sion ri, (k) =

For simplicity we symbolize y3) (—2w; w; ) as 73 (w) where sub-
scripts i, j, and k represent Cartesian indices.

Since the crystal structure of the meso silver(l) histidinate
[Ag(D-his)],, is monoclinic, thus it allows eight non-zero complex
second-order nonlinear optical susceptibility tensors namely,
112, 123, 211, 222, 213, 233, 312 and 323. Fig. 6a represents the
calculated | x;ﬁf ()| for eight tensor components which show that
|%Z;(w)| has the highest value at static limit 1.57 pm/V and
2.34pm/V at 4 =1064 nm, as compared to the other components
therefore it is the dominate component. Thus, the static values
are very important for the estimation of second harmonic genera-
tion (SHG) efficiency [52].

Further, the real and imaginary part of complex second-order
nonlinear optical susceptibility tensors for the dominant compo-
nent %, are shown in Fig. 6b.

To analyze the features of the calculated eight non-zero complex
second-order nonlinear optical susceptibility tensors spectra, it
would be worthwhile to compare the absolute value of the dominant
component | X;ﬁg(w)\ with the imaginary part of the dielectric func-
tion &(w) as a function of both w/2 and w as illustrated in Fig. 6c¢.
The spectral structure in the energy range between 2.27 and
5.54 eV is originated from 2w resonance while the next structure
from4.54t06.80 eV is formed by the combination of w and 2w struc-
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Fig. 5 (continued)

tures. The third structure form 4.54 to 6.80 eV is originated from
resonance. We have calculated the microscopic first hyperpolariz-
ability By vector component along the principal dipole moment
directions for %3”;(w) component at static limit and at 2= 1064 nm
using the expression given in Ref. [53]. The calculated value of
B2, (w) are 0.965 x 1073 esu and 0.666 x 1073 esu, respectively.

4. Conclusion

The complete characterization of meso silver(I) histidinate
[Ag(D-his)], has not been fully described in the previous literature

due to its complex chemical behaviors. In the present work the
electronic band structure, density of states, total valence charge
density and optical properties of [Ag(D-his)], were calculated
using density functional theory (DFT) based on full potential linear
augmented plane wave (FPLAPW) method. The exchange correla-
tion effect was treated using Ceperley-Alder (CA) local density
approximation (CA-LDA), Perdew-Burke-Ernzerhof generalized
gradient approximation (PBE-GGA), Engel Voskov generalized gra-
dient approximation (EV-GGA) and recently developed modified
Becke and Johnson (mB]) approximation. The calculated band
structure shows that the compound is a semiconductor having
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Fig. 6. (a) Calculated \xﬁﬁj(a})\ for eight components using mBJ; (b) calculated real and imaginary of 2, (w); (c) calculated |1%; ()| and &5 (w) along with 5" (w/2).

indirect (Z — T") band gap of 3.92 eV (LDA), 4.02 eV (GGA), 4.21 eV
(EVGGA), and 4.54 eV (mB]J). We should emphasize that mB]J give
good results due to better band splitting, thus mBJ was selected
for presenting the results. The effective mass ratio for electron,
light and heavy holes were calculated in conduction band mini-
mum, upper valence band maximum and lower valence band max-
imum. Strong hybridization between orbitals confirm the covalent
nature of the bonds and provide the details about bands formation
in [Ag(D-his)],. The total valence charge density contour plots
shows the strong covalent nature with small contribution of ionic-
ity in [Ag(D-his)], bonds. The charge density contour plot visual-
ized two heterodimers between O and H bond in a unit cell. The
calculated length of the bond between O and H, of the heterodimer,
is 1.67 A. The average value of real and imaginary part of dielectric
function was calculated. The three principal tensor components of
e(w), e1(w), n(w), I(w) and R(w) were calculated and discussed in
detail. The calculated uniaxial anisotropic value (0.0985) and brief-
ings (0.06) indicates the strong anisotropy of the optical dielectric
function of [Ag(D-his)],. The investigation n(w) spectra shows the
superluminality in ultraviolet region while R(w) spectra shows
that [Ag(D-his)], is suitable for antireflection coating material for
solar cells in infrared and visible region. The second harmonic gen-
eration was calculated and analyzed. Meso silver(I) histidinate
acquire SHG of 1.64 pm/V at static limit and 2.34 pm/V at
/. =1064 nm. We also have calculated the microscopic first hyper-

polarizability %, (w) at static limit to be 0.965 x 1073 esu and at
2=1064 nm of about 0.666 x 1073 esu.
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