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abilities of Pt(4-ethynylbenzo-15-
crown-5)2(bpy) derivatives with the complexation
of mono-cations (Li+, Na+, K+) and di-cations (Mg2+,
Ca2+): development of a cation detector†

Hai-Ling Yu, *a Wen-Yong Wang,b Bo Hong,a Yan-Ling Si,a Tian-Liang Maa

and Ran Zhenga

Square-planar platinum(II) compounds containing two crown ethers play an important role in the

development of nonlinear optical (NLO) materials, liquid crystals, luminescent materials and also in

supramolecular chemistry owing to their diverse charge transfer excited states. The coordination of

mono-cationic (Li+, Na+, K+) and di-cationic (Mg2+, Ca2+) metals onto the crown seems to be

advantageous for the design of NLO-based cation detectors. Pt(4-ethynylbenzo-15-crown-5)2(bpy) (L)

and its cation derivatives have been investigated by the density functional theory. The binding of alkali

metal cations obviously shrinks the crown ethers due to their strong interaction energies and distorts the

crown ethers perpendicular to the bipyridine and Pt plane. Significantly, as compared with L, an obvious

decrease appears in the first hyperpolarizability after cation complexing. This can be explained by their

variable charge transfer transitions along the y-axis in conjunction with the distribution of holes and

electrons. Thus, it can be noted that square-planar platinum(II) compounds merit the widespread use in

the fields of optical detectors.
1. Instruction

Over the past 15 years, there has been increasing interest in the
properties of square-planar platinum(II) compounds. One key
reason is that square-planar platinum(II) complexes exhibit
a variety of charge transfer (CT) excited states1–9 such as metal-
to-ligand charge transfer (MLCT), ligand-to-ligand charge
transfer (LLCT), and intraligand charge transfer (ILCT). The
directional nature of the CT excited states in square-planar
platinum(II) complexes is ideal for hole–electron creation and
separation, and consequently, these systems merit the consid-
erable use in numerous elds of materials chemistry, including
nonlinear optics (NLO), liquid crystals, conducting polymers,
luminescent materials, and supramolecular chemistry.10–14

There is a library for platinum(II) compounds with various
structures, such as mononuclear, dinuclear, and metallacyclic
structures, showing their unique physical, optical, photo-
physical, conductive, as well as self-assembly properties.15,16 A
classical example of the mononuclear square-planar Pt(II)
complexes is the platinum(II) alkynyl bipyridine complexes.
l Science, Jilin Agricultural University,

ina. E-mail: jlauyu@163.com

yungang City 222000, Jiangsu, People's

tion (ESI) available. See DOI:

7

Because these complexes were found to exhibit a very broad and
strong nonlinear absorption in the visible to NIR region, they
have potential applications as broadband nonlinear materials.17

The photophysical and electrochemical properties of the
platinum(II) alkynyl bipyridine complexes are found to be
sensitive to the nature of both platinum(II) bipyridine and
ancillary ligands. With this regard, the coordination of two
4-ethynylbenzo-15-crown-5 ancillary ligands onto the plati-
num(II) center18 seems to be advantageous for the development
of NLO-based cation detectors.19 Because this type of complexes
are agreeable with the NLO-based detecting cations devices that
must comprise a signaling moiety (platinum atom and bipyr-
idine as the main part that generates NLO signals) and a cation
binding site (e.g. crown ether moieties, usually termed as the
receptor). Since Pedersen rst reported the synthesis of crown
ethers in 1967,20 they occupy a special position in the develop-
ment of receptors and are widely used in the design of new
optical detectors21–23 based on their unique ability to coordinate
the cations of alkali and alkaline metals (such as Li+, Na+, K+,
Mg2+ and Ca2+),24–27 along with their fairly high selectivity and
accessibility.28

Despite the fact that considerable works on the development
of platinum(II) complexes as NLO materials have been re-
ported,29–32 works on the design of NLO-based detecting
complexes with alkali cations have received less attention. An
efficient NLO-based detector should exhibit a substantial
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Structures of [Pt(4-ethynylbenzo-15-crown-5)2(bpy)] (bpy ¼
2,20-bipyridine) (L) and its metal cation derivatives.
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“switch-on” or “switch-off” effect upon binding to metal ions.
The platinum(II) alkynyl bipyridine complexes and its metal
cation derivatives have displayed an obvious contrast in NLO
properties. As part of our continuing interest in the design of
new NLO-based detectors with crown ether and its corre-
sponding alkali cation derivatives,33 [Pt(4-ethynylbenzo-15-
crown-5)2(bpy)] (bpy ¼ 2,20-bipyridine) (L) was chosen as
a parent compound. The platinum(II) alkynyl bipyridine
complexes along with its mono-cations (Li+, Na+, and K+) and di-
cations alkaline metal (Mg2+ and Ca2+) derivatives (Fig. 1) were
investigated using the density functional theory (DFT) with the
aim of rationalizing their geometrical and nonlinear optical
properties. It is expected that the complexation of L with alkali
metals will trigger themodulation of NLO properties such as the
rst hyperpolarizability. In this case, cation detection is
possible by monitoring NLO intensity, which may be of interest
for the development of NLO-based probes.

2. Computation details

DFT calculations were performed using the Gaussian 09W
program.34 The geometry optimizations of all molecules were
fully optimized at the B3LYP functional with the 6-31G** basis
set for C, H, and O atoms, 6-311G** for Li, Na, K, Mg, and Ca
atoms and the LanL2DZ effective core potential (ECP) basis set
for Pt atom. The B3LYP function was used because it success-
fully reproduced the experimental structures.35,36 All optimized
structures reached the true local minimum stationary points.
Because there is no imaginary frequency. Interaction energies,
enthalpy, Gibbs free energies and natural population analysis
(NPA) charge are calculated at the B3LYP/6-31G**/LanL2DZ
level.

Due to the efficiency and accuracy, the rst hyper-
polarizability b is calculated by analytical third energy deriva-
tives. The total rst hyperpolarizability (btot) is dened as

btot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
bx

2 þ by
2 þ bz

2
�r

(1)

where bi is dened as

bi ¼ ð1=3Þ
X
j

�
bijj þ bjji þ bjij

�
i; j ¼ fx; y; zg (2)
This journal is © The Royal Society of Chemistry 2017
DFT calculations, using conventional functions, sometimes
fail to correctly predict the amplitude of hyperpolarizability,
which is the result of their wrong asymptotic exchange poten-
tials.37,38 The long-range correct LC-BLYP and CAM-B3LYP
functionals are good options for the calculation of hyper-
polarizabilities.39 For a contrastive study, the hyperpolarizabilities
were also evaluated by the M06-2X functional.40 The basis set used
is 6-311+G** except LanL2DZ ECP basis set for Pt atom.

The hyper-Rayleigh scattering (HRS) response is one of the
second-order NLO phenomena. Champagne and co-workers41–48

developed an effective method to evaluate the HRS response
bHRS(�2u;u,u), which is described as

bHRSð�2u;u;uÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
bZZZ

2
�þ �

bZXX
2
�q

(3)

where hbZZZ2i and hbZXX2i are the orientational average of the
molecular b tensor components, which can be calculated using
the following equations:

�
bZZZ

2
� ¼ 1

7

Xx;y;z
z

bzzz
2 þ 6

35

Xx;y;x
zsh

bzzzbzhh þ
9

35

Xx;y;z
zsh

bhzz
2

þ 3

35

Xx;y;x
zshsx

bhzzbhxx þ
2

35

Xx;y;z
zshsx

bzhx
2 (4)

�
bZXX

2
� ¼ 1

35

Xx;y;z
z

bzzz
2 � 2

105

Xx;y;x
zsh

bzzzbzhh þ
11

105

Xx;y;z
zsh

bhzz
2

� 1

105

Xx;y;x
zshsx

bhzzbhxx þ
4

105

Xx;y;z
zshsx

bzhx
2 (5)

In addition, the depolarization ratio (DR), which gives the
molecular geometric information, is responsible for the NLO
response and expressed as

DR ¼
�
bZZZ

2
�

�
bZXX

2
� (6)

The rst hyperpolarizability can also be obtained using the
sum-over-states (SOS) methods.49 SOS method is used to sepa-
rate and discuss the contribution from different excited states.
The rst hyperpolarizability b of SOS equation can be expressed
as follows:50

bABCð �us;u1;u2Þ ¼ P̂
	
Að�usÞ;Bðu1Þ;Cðu2Þ


X
is0

�
X
js0

m0i
Amij

Bmj0
C

ðDi � usÞ
�
Dj � u2

� (7)

mij
A ¼

D
i
���m̂A

���jEmij
A ¼ mij

A � m00
Adijus ¼

X
i

ui (8)

where A, B, and C denote one of directions of x, y and z, u is
energy of external elds (u ¼ 0 corresponds to static electric
eld), Di is dened as excitation energy of state i with respect to
ground state (0). P̂ is permutation operator (for b, there are 3! ¼
6 permutations). mij

A represents the A component of transition
dipole moment between state i and j (when i ¼ j, the term
RSC Adv., 2017, 7, 41830–41837 | 41831
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Table 2 Enthalpy and Gibbs free energies of complexation reaction
(kcal mol�1 at 298.15 K and 1 atm) calculated at the B3LYP/6-31G**/
LanL2DZ level

Complex DHq DGq

L*(Li+)2 �207.5 �198.3
L*(Na+)2 �156.9 �142.0
L*(K+)2 �94.6 �80.9
L*(Mg2+)2 �616.2 �604.3
L*(Ca2+)2 �428.7 �413.3
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simply corresponds to electric dipole moment of state i), and m̂

is dipole moment operator (e.g., m̂x h �x).
The properties of the excited states were investigated by

employing the time-dependent density functional theory
(TDDFT), which incorporates electronic screening and relevant
correction effect for electronic excitation, to evaluate the excited
states.51,52 All electronic excited states are calculated at the
CAM-B3LYP/6-311+G**/LanL2DZ level since CAM-B3LYP func-
tional is in satisfactory agreement with the experimental
values.53

The NPA charge is evaluated from natural bond orbital
(NBO) population analysis using NBO program embedded in
Gaussian 09W program, while the charge density difference
(CDD) on a surface around a molecule is calculated by the
Multiwfn 3.3.8 soware.54
3. Results and discussion
3.1 Geometrical structure and thermodynamic analysis

The structures of L, L*(Li+)2, L*(Na
+)2, L*(K

+)2, L*(Ca
2+)2 and

L*(Mg2+)2 were optimized at the B3LYP/6-31G** level. The
minimum vibrational frequencies of these structures are 1.54,
5.8, 5.48, 3.14, 6.07 and 6.39 cm�1. The small vibration ampli-
tude supports the fact that the optimized structures are ther-
mally stable and at minimum. Selected bond lengths of Pt–C
and Pt–N bonds and average O–O bond lengths of crown ethers
are listed in Table 1. The Pt–C and Pt–N bond deviations
between L and its corresponding experimental values are
0.029 Å and 0.058 Å, respectively, whereas O–O bond deviation
is in the range from 0.018 Å to 0.019 Å. As seen from the result,
the geometrical parameters of L are very close to the experi-
mental values previously reported by Chi-Ming Che determined
from the crystallographic study,55 suggesting that the geomet-
rical calculation of B3LYP method is reliable. For Pt–C and Pt–N
bonds, the bond lengths of L are 1.952 Å and 2.120 Å, respec-
tively. In contrast, the Pt–C and Pt–N bonds in metal cation
derivatives are slightly longer, reecting the minimal impact of
metal cations on Pt–C and Pt–N bonds. However, as compared
with those in L, the average O–O bond lengths of metal cation
derivatives became smaller. The deviation of O–O bond lengths
betweenmetal cation derivatives and L is in the order of L*(Li+)2
> L*(Na+)2 > L*(K+)2 and L*(Mg2+)2 > L*(Ca2+)2. This indicates
Table 1 Important geometrical parameters and interaction energies (kca
and dihedral angle are in Å and �, respectively)

Compound Pt–C1 Pt–C2 Pt–N1

L 1.952 (1.981)c 1.952 (1.981)c 2.120 (2.062)c

L*(Li+)2 1.954 1.954 2.125
L*(Na+)2 1.954 1.954 2.124
L*(K+)2 1.954 1.954 2.125
L*(Mg2+)2 1.957 1.957 2.128
L*(Ca2+)2 1.957 1.957 2.128

a Average O–O bond length of the O1–O2, O2–O3, O3–O4, O4–O5 and O5–O1
and O10–O11 bonds.

c Values in the bracket are determined by X-ray analy

41832 | RSC Adv., 2017, 7, 41830–41837
that the crown ethers shrink obliviously, especially in L*(Li+)2
and L*(Mg2+)2. This is easy to understand since metal cations
have strong interactions with crown ethers. The metal cations
also distort the crown ether moieties perpendicular to the
bipyridine and Pt plane, which is clearly seen from Fig. S1 in the
ESI.†

Interaction energies between L and metal cations were
considered at the B3LYP/6-31G** level. The results in Table 1
reveal that all complexes have large and negative values of
interaction energies, indicating the stability of alkali metal
cations derivatives and strong interactions between metal
cations and crown ethers. For mono-cation derivatives, the
interaction energies are �120.2 kcal mol�1 (L*(Li+)2) <
�92.9 kcal mol�1 (L*(Na+)2) < �63.3 kcal mol�1 (L*(K+)2), which
are two times higher compared to the values reported by Gao.56

This is reasonable since L and its metal cation derivatives have
two crown ether fragments, and the interaction energy is the
sum of two interaction energies between the crown ether and
metal cation.

The interaction energies present the same sequence of the
deviation of O–O bond lengths. The smaller interaction energy
of complex L*(K+)2 can be attributed to its structure of K atoms
out of the plane of the ve O atoms of the crown ethers.
Moreover, for di-cations derivatives, the interaction energies are
�326.7 kcal mol�1 (L*(Mg2+)2) < �230.6 kcal mol�1 (L*(Ca2+)2),
which holds the same truth with the deviation of O–O bond
lengths. These values support the oblivious inuence of alkali
metal cations and the degree of the shrinkage on the crown
ethers.

Table 2 summarizes the main thermodynamic data for the
complexation reaction of the alkali ion by the L form. The Gibbs
l mol�1) calculated at the B3LYP/6-31G**/LanL2DZ level (bond length

Pt–N2 O–O (1)a O–O (2)b Eint

2.120 (2.062)c 2.843 (2.861)c 2.842 (2.861)c —
2.125 2.599 2.599 �120.2
2.124 2.727 2.728 �92.9
2.125 2.767 2.768 �63.3
2.128 2.516 2.516 �326.7
2.128 2.706 2.706 �230.6

bonds. b Average O–O bond length of the O6–O7, O7–O8, O8–O9, O9–O10
sis from ref. 55.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 First hyperpolarizability of L and its cation derivatives.
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free energies (T ¼ 298.15 K and P ¼ 1 atm) of these reaction are
exothermic, and the most exothermic reaction is the complex-
ation of the Mg2+ and Ca2+ cations. Note that the Gibbs free
energies (in absolute value) decrease monotonically with the
cation size for mono-cations (Li+, Na+, K+) and di-cations (Mg2+,
Ca2+) complexes, which is similar with the trend of interaction
energy. Indeed, the enthalpy also behaves similarly as the
cation size.

3.2 Charge distribution

Atomic charge is one of the simplest and most intuitive
description of charge distribution and has great signicance in
theory and practical applications.57 The global charge of the
different fragments (Fi) of compounds L and its metal cation
derivatives was computed at the B3LYP/6-31G**/LanL2DZ level
using the NPA method (Table S1, ESI†). For all compounds, the
negative charge is mainly located at the crown ether (F1, F2) and
alkynyl (F5, F6) moieties, which is respectively attributed to the
large electronegativity of oxygen and the rich electron-density of
p conjunction. The negative charge and cavity of crown ether of
L lead to its ability to coordinate the cations of alkali metals. In
contrast, the benzene (F3, F4), bipyridine (F8) and Pt (F7)
moieties are positively charged. Upon complexing with alkali
metal cation, all fragments (F1 to F8) become positive and the
electron density decreases (Fig. 2) because the complexation
leads mainly to electron transfer from all fragments to an alkali
metal cation. The most modication of the charge distribution
is the crown ether (F1, F2), benzene (F3, F4), and bipyridine (F8)
moieties. For the crown ether (F1, F2) moieties, the modica-
tion decreases monotonically with the cation size of mono-
cations (Li+, Na+, K+) and di-cations (Mg2+, Ca2+), respectively.
In cases of Pt (F7) atoms and alkynyl (F5, F6) moieties, they play
the role of spectator and are almost unaffected by the
complexation. Thus, the coordination of alkali metal cation
onto L is also characterized by charge reorganizations.

3.3 First hyperpolarizability

At the molecular level, the second-order NLO response comes
from the second-order NLO coefficient, i.e. the rst hyper-
polarizability (b). Previous theoretical investigations have
revealed that the second-order NLO properties of crown ether
Fig. 2 The NPA charge for the fragments (S1–S8) of L and L*(M+/2+)2 dete

This journal is © The Royal Society of Chemistry 2017
derivatives can be switched by cation complexing.33 By combining
the switches of nonlinear optical responses, macrocyclic crown
ethers present a more practical and reliable chance to be a cation
detector. In order to rationalize the different NLO behaviors of L
and its metal cation derivatives, the rst hyperpolarizabilities of
six molecules have been calculated theoretically at the DFT/6-
311++G** levels using the CAM-B3LYP, M06-2X and LC-BLYP
functionals. The results are reported in Fig. 3 and Tables S2–S5
(ESI).† Comparison to CAM-B3LYP functional, the M06-2X and
LC-BLYP functionals seem to underestimate the rst hyper-
polarizabilities with the exception of L*(Mg2+)2 and L*(Ca2+)2
(L*(Mg2+)2 z L*(Ca2+)2). However, the rst hyperpolarizabilities
obtained with three functionals show the similar decrease trends
of L > L*(Mg2+)2 z L*(Ca2+)2 > L*(Li+)2 z L*(Na+)2 > L*(K+)2,
demonstrating the relative reliability of three DFT methods.
Therefore, in the next discussion, only the CAM-B3LYP functional
is taken as an example to shed light on the change of the rst
hyperpolarizability. All rst hyperpolarizabilities are calculated
with the ultrane integration grid (99, 590). The rst hyper-
polarizabilities are also calculated at the CAM-B3LYP level with
the superne grid (the superne grid specication is (150, 974)
for the rst two rows of the periodic table and (225, 974) for later
elements) (Table S3, ESI†) to check the convergence of the size of
the integration grid. The rst hyperpolarizabilities of the ultra-
ne grid are almost consistent with the values of the superne
rmined at the B3LYP/6-31G*/LanL2DZ level, Dq¼ q(L*(M+/2+)2)� q(L).

RSC Adv., 2017, 7, 41830–41837 | 41833
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Table 3 Static (l ¼ N) and dynamic (l ¼ 1064 nm) HRS first hyper-
polarizabilities (10�30 esu), depolarization ratios as well as their bHRS(L)/
bHRS(L*(M

+/2+)2) contrast ratios calculated at the CAM-B3LYP/6-
311+G**/LanL2DZ levels

N 1064 N

bHRS DR bHRS DR bHRS(L)/bHRS(L*(M
+/2+)2)

L 28.0 6.8 124.3 8.7 —
L*(Li+)2 6.4 2.8 14.1 3.8 4.4
L*(Na+)2 6.6 3.0 15.1 4.1 4.2
L*(K+)2 6.3 2.6 15.0 4.0 4.4
L*(Mg2+)2 11.6 2.2 18.6 2.1 2.4
L*(Ca2+)2 13.0 2.3 20.9 2.2 2.2
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grid, indicating that the ultrane integration grid is acceptable
and convergent.

First hyperpolarizability is a third rank tensor that can be
described by a 3 � 3 � 3 matrix. For the static rst hyper-
polarizability, the 3� 3� 3¼ 27 components can be reduced to
10 components by Kleinman's symmetry. With these 10
components, the contribution of each one to the rst hyper-
polarizability is obtained. The b values in three Cartesian axes,
which directly reect the direction of the charge transfer, can
also be calculated. The important components of the rst
hyperpolarizability are listed as ESI (Tables S2–S5).† As seen
from the results, the bxxy and byyy tensorial components with
some contribution of byyz are the dominant ones that describe
the btot values with respect to the rest tensorial components,
which inevitably leads to the largest by tensorial component. For
L, L*(Li+)2, L*(Na+)2 and L*(K+)2, the by values are positive,
whereas for L*(Mg2+)2 and L*(Ca2+)2, the by values are negative.
It suggests that during a polarization process, the direction of
electronic charge transition among L, L*(Li+)2, L*(Na

+)2, L*(K
+)2

and L*(Mg2+)2, L*(Ca
2+)2 is opposite. It is expected that the

electronic charge transition is migrated from 2,20-bipyridine
and Pt moieties (15-crown-5 moiety) to the 15-crown-5 moiety
(2,20-bipyridine moiety) since the by values are positive (nega-
tive). For the metal cation derivatives, the rst hyper-
polarizabilities shown in Fig. 3 are insensitive to the alkali
metals in the same group. However, an obviously decrease in
Table 4 Main excited states, transition energies (DE, eV), oscillator stren
CAM-B3LYP/6-31+G* level

Complex S DE fos

L 2 2.8436 0.1760
L*(Li+)2 7 4.4291 0.8069

L*(Na+)2 7 4.4184 0.7504

L*(K+)2 7 4.4173 0.7712
L*(Mg2+)2 9 4.2446 0.6993

L*(Ca2+)2 9 4.2199 0.7716

41834 | RSC Adv., 2017, 7, 41830–41837
b aer cation complexing is observed with respect to compound
L. It reveals that the rst hyperpolarizability is sensitive to the
cation complexing.

Table 3 reports the static and dynamic (l ¼ 1064 nm) HRS
rst hyperpolarizabilities (bHRS) and the depolarization ratios
and the bHRS contrast ratios for L and its cation derivatives. The
variations of the static and dynamic bHRS values are similar to
those of btot values. It can be stated that the cation complexing
leads to the small static and dynamic bHRS values, in particular
the mono-cations (Li+, Na+, K+) with bHRS(L)/bHRS(L*(M

+/2+)2)
contrast ratio decreases by about a factor of 4.4. It is interesting
to note that the effects of alkali/complexation on the bHRS values
are much smaller and mainly in different direction of Cham-
pagne's investigations.19,58 In any case, the obvious variations of
the rst hyperpolarizability contrasts gives complex L a chance to
access NLO-based detection of cations. When considering the
complexation process, the alkali metal cation induces a remark-
able decrease in the values of static DR. In the case of di-cations
(Mg2+, Ca2+) derivatives, the DR values are even smaller, demon-
strating that they depart more from ideal one-dimensional
structures of which DR ¼ 5. These variations of DR can be ratio-
nalized in terms of a large change of geometrical and electronic
structure. Since the measurements are performed at 1064 nm, the
dynamic bHRS and DR are calculated at l¼ 1064 nm. As compared
with the static bHRS and DR, a strong enhancement is clearly seen
at l ¼ 1064 nm, in particular in the case of compound L.
Compound L is impacted by electronic resonance since it presents
a maximum absorption at 482 and 436 nm, whereas the 532 nm
second-harmonic generation wavelength is within the absorption
band.
3.4 Analysis of excited state

The SOS method is generally not recommended for evaluation
of rst hyperpolarizability due to its less accuracy.59 However,
the advantage of SOS is that the contribution from different
states can be separated. The combination of the SOS approach
(Fig. S2, ESI†) with the low-lying excited states, which contrib-
utes obviously to rst hyperpolarizability, has been listed in
Table 4.

For compound L, the S2 excited state has a large contribution
to rst hyperpolarizability. It is mainly made up of HOMO�1/
gths (fos), and major molecular orbital contributions calculated at the

MO transition

HOMO�1 / LUMO (83%), HOMO�3 / LUMO (10%)
HOMO / LUMO+10 (34%), HOMO�1 / LUMO+9 (15%),
HOMO / LUMO+6 (12%)
HOMO / LUMO+10 (18%), HOMO / LUMO+5 (13%),
HOMO�1 / LUMO+9 (10%), HOMO / LUMO+8 (10%)
HOMO / LUMO+9 (24%), HOMO / LUMO+10 (23%)
HOMO / LUMO+6 (44%), HOMO�3 / LUMO+5 (22%),
HOMO�2 / LUMO+6 (10%)
HOMO / LUMO+6 (23%), HOMO / LUMO+8 (13%),
HOMO�3 / LUMO+5 (12%), HOMO / LUMO+4 (11%)

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Themolecular orbitals of L involved in the crucial excited states.
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LUMO. These molecular orbitals (MO) involved in the main
charge transfer transition are illustrated in Fig. 4. It is obvious
that the transition of L can be assigned to the charge transfer
from ethynylbenzo crown moiety to Pt and 2,20-bipyridine
moiety. The direction of charge transfer is opposite to the y-
axis, which inevitably reects the positive by values. However,
for metal cation derivatives, the transition of molecular orbital
(MO) pairs is multiple and more complex. The most straight-
forward way to deal with this problem is to introduce the
charge density difference (CDD) between the excited state and
ground state (Fig. 5), which can be exactly evaluated as Dr(r) ¼
rele(r) � rhole(r). In single-electron excitation process, an
electron leaves A and goes to B, they are named as “hole” and
“electron”, respectively. The density distribution of holes and
electrons are
Fig. 5 The CDD between the excited and ground states. Pink and blue
colors indicate the depletion and the accumulation of electron density,
respectively.

This journal is © The Royal Society of Chemistry 2017
rholeðrÞ ¼ rholeðlocÞðrÞ þ rholeðcrossÞðrÞ
¼

X
i/l

�
wl

i

�2
4iðrÞ4iðrÞ þ

X
i/l

X
jsi/l

wl
iw

l
j4iðrÞ4jðrÞ (9)

releðrÞ ¼ releðlocÞðrÞ þ releðcrossÞðrÞ
¼

X
i/l

�
wl

i

�2
4lðrÞ4lðrÞ þ

X
i/l

X
i/msl

wl
iw

m
i 4lðrÞ4mðrÞ (10)

where “loc” and “cross” stand for the contribution of the local
and cross terms to the hole/electron distribution, i and l,
respectively, run over all occupied and virtual MOs, w is
a conguration coefficient, and 4 denotes MO.

From the CDD plots, it is quite obvious that for compound L,
there is a charge transfer from ethynylbenzo crown moiety to Pt
and 2,20-bipyridine moiety. This result is in accordance with the
MO analysis. It suggests that the regions of the density deple-
tion and increment and the electronic transition involved in
excited states can be easily identied according to the CDD
analysis. For mono-cation (Li+, Na+, K+) derivatives, the distri-
bution of holes is located on the Pt atom and ethynyl moiety,
whereas the distribution of electrons is located on the bipyr-
idine moiety with some on the phenyl moiety. Due to the extra
and opposite charge transfer from Pt atom and ethynyl moiety
to phenyl moiety, the strength of charge transfer to bipyridine
moiety is weakened. It then reects the smaller positive by

values of mono-cation (Li+, Na+, K+) derivatives. In contrast, the
distribution of electrons of di-cations (Mg2+, Ca2+) derivatives is
located on the phenyl moiety, while the distribution of holes is
located on the Pt atom and ethynyl moiety. Obviously, there is
a little confusion between the distribution of holes and elec-
trons. A contrary direction of the charge transfer of di-cations
(Mg2+, Ca2+) derivatives is shown as compared to L and its
mono-cation (Li+, Na+, K+) derivatives. Thus, the by values of di-
cations (Mg2+, Ca2+) derivatives become smaller and negative.

From the complex SOS expression, Oudar has established
the two-level model that linked between b and a low-lying
charge transfer transition.60,61 In this two-level model, the rst
hyperpolarizability is proportional to the optical intensity and
inversely proportional to the cube of the transition energy.
Hence, the low excitation energy is the decisive factor in the
b value. The transition energies at the low-lying and crucial
states, which are contributed the most to the hyper-
polarizability, are listed in Table 4. The transition energy
increases in the order of L < L*(Mg2+)2 z L*(Ca2+)2 < L*(Li+)2 z
L*(Na+)2 z L*(K+)2. As seen from the results, when the metal
cation coordinates to L, it brings larger transition energy and
reduces the possibility of electron transition, thus generates
a smaller b value.
4. Conclusion

Systematic DFT calculations have been conducted Pt(4-ethy-
nylbenzo-15-crown-5)2(bpy) (bpy¼ 2,20-bipyridine) complex and
its derivatives with the complexation of mono-cations (Li+, Na+,
K+) and di-cations (Mg2+, Ca2+). The binding of alkali/alkaline
metal cations shrinks the crown ether obviously and distort
RSC Adv., 2017, 7, 41830–41837 | 41835
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them perpendicular to the bipyridine and Pt plane. Clearer
charge reorganizations are characterized by the coordination of
alkali metal cation onto L. The complexation of mono-cations
and di-cations can induce a signicant decrease of the rst
hyperpolarizability. This rst hyperpolarizability contrast can
be explained by different charge transfer transition from the
standpoint of the distribution of holes and electrons. Therefore,
the second-order NLO behaviors can be switched by different
groups of alkali metal cations. These results will broaden the
scope of the optical molecular detectors and inspired us to
investigate further.
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37 B. Champagne, E. A. Perpète, S. J. A. van Gisbergen,
G. J. Snijders, C. Soubra-Ghaoui, K. A. Robins and
B. Kirtman, J. Chem. Phys., 1998, 109, 10489–10495.
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