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ABSTRACT  

The first hyperpolarizabilities βHRS of substituted hexatriene molecules have been carried out 

to assess the effects of the bridge length, of the frequency dispersion as well as the solvent 

polarity. These calculations confirm the particular behaviour of the first hyperpolarizability 

βHRS, depolarization ratio and the anisotropy factor as a function of the incident light 

frequency and solvent polarity. The impact of the solvent and expanding the π-conjugated 

limit to improve the βHRS. Finally, the interplay between HRS and //, vec, dN...N, Egap and the 

Kirkwood–Onsager factor [(ε–1)/(2ε + 1)] was established.  
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1. INTRODUCTION 

Many research efforts have been devoted to nonlinear effects in organic compounds 

essentially due to their significant potential in photonics and optoelectronics applications, as 

well as the appropriate development of computational capabilities [1–3]. Conjugated 

molecules, characterized by a polarizable π-electron bridge that separates an electron donor 
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group (D) from an electron acceptor group (A), were extensively investigated as potential 

efficient nonlinear optics (NLO) compounds. Push-π-pull molecules are interesting in this 

regard because of their intrinsic properties at the microscopic scale, they typically possess a 

large dipole moment that induce asymmetric polarization between opposite end groups 

playing crucial roles in the intramolecular charge transfer (ICT) associated with an extremely 

high molecular non linear optical response [4-7]. The most used way of varying NLO 

properties is by chemical way which is not a simple task. However, before any experiment 

addressing properties of molecules presenting nonlinear optical (NLO) response, it is crucial 

to employ methods of molecular modeling to predict the desired properties by finding 

appropriate interplay between many molecular parameters (length, shape of the bridges, 

strengths and positions of the electron donor and acceptor groups) [8-12].  The use of 

quantum chemical calculations to evaluate the Hyper-Rayleigh scattering (HRS) 

hyperpolarizability in agreement with experimental results is a big deal for computational 

chemists.  

This study deals with the solvent effects on the NLO responses in a series of push-pull 

polyenes [D-π-NO2] that have been proposed in view of achieving large second-order NLO 

responses.  Here, we present the results, starting with an investigation of the bridge lengths 

effects, the frequency dispersion for the selected system as well as the effects of the solvent 

polarity on the first hyperpolarizability (βHRS) responses, energy gap and bond length 

alternation (BLA). Finally, the relationships between the first hyperpolarizability (βHRS) and 

//, vec, separation distance (dN...N), energy gap (Egap) and the Kirkwood–Onsager factor 

[(ε–1)/(2ε + 1)]are established. 

 

2. METHODOLOGY AND COMPUTATIONAL DETAILS 

The molecular structures were optimized in a vacuum and in acetonitrile solvent at the density 

functional theory (DFT) level using the B3LYP exchange–correlation functional and the 

6-311G* basis set. To take into account the solvent effects the polarizable continuum model 

within the integral equation formalism (IEF-PCM) [13] was employed at 6-31+G* and 

6-311+G* basis sets. The dynamic βHRS(-2ω;ω,ω) and static βHRS(0;0,0)  first 
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hyperpolarizabilities were evaluated with different schemes. Firstly, at the time-dependent 

Hartree−Fock (TDHF) and coupled perturbed Hartree–Fock (CPHF) [14, 15].  

Champagne and co-workers [16-18] developed an effective method to evaluate the 

hyper-Rayleigh scattering (HRS) response βHRS(−2ω;ω,ω), which is described as: 

𝛽𝐻𝑅𝑆(−2𝜔; 𝜔, 𝜔) = √(〈𝛽𝑍𝑍𝑍
2 〉 + 〈𝛽𝑍𝑋𝑋

2 〉) … … … (1) 

〈𝛽𝑍𝑍𝑍
2 〉 and 〈𝛽𝑍𝑋𝑋

2 〉 are the orientational averages of the molecular β tensor components.   

In addition, the molecular geometric information is given by the depolarization ratio (DR), 

which is expressed by: 

𝐷𝑅 =
〈𝛽𝑍𝑍𝑍

2 〉

〈𝛽𝑍𝑋𝑋
2 〉

… … … … … … (2) 

For an ideal D/A 1D system DR = 5, the amplitude of DR depends on the angle between the 

chromophores as well as on the strengths of the D/A groups) [17, 18]. 

On the other hand, the central quantity β// (-2ω; ω, ω) corresponds to the projection of the 

vector part of β on the dipole moment vector:  

𝛽// (−2𝜔; 𝜔, 𝜔) =
3

5
∑

𝜇𝑖𝛽𝑖

‖𝜇‖
𝑖

… … … . (3) 

where ‖μ‖ is the norm of the dipole moment and μi and βi are the components of the μ and β 

vectors.   

The relative contribution of the octupolar and dipolar components is given by the nonlinear 

anisotropy ratio: 

𝜌 =
|𝛽𝐽=3|

|𝛽𝐽=1|
… … … … . (4) 

Where (βJ=1) and(βJ=31) are the dipolar and octupolar contributions of the β response.  

Then, the nonlinear anisotropy parameter ρ = |βJ=3|/|βJ=1| is employed to evaluate the ratio of 

the octupolar [ΦβJ=3 = ρ/(1 +ρ)] and dipolar [ΦβJ=1 = 1/(1 + ρ)] contribution to the 

hyperpolarizability tensor.  

 All reported β values are given in a.u. [1 a.u. of β = 3.6213 × 10−42 m4 V−1 = 3.2064 × 10−53 

C3 m3 J−2 = 8.639 × 10−33 esu] within the T convention. All calculations were performed using 

the Gaussian 09 program [19]. 
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3. RESULTS AND DISCUSSION   

3.1. Effect of bridge length 

In Fig. 1 and Table S1 (Supporting information), we present  the dependence of the first 

hyperpolarizability HRS and  depolarization ratio (DR) on dN...N separation distance (Å) 

between NO2/N(Me)2 end groups for a series of all-trans α,ω-nitro,dimethylamino-polyene 

[NO2-(CH=CH)N -N(Me)2] (Scheme 1), calculated at the HF/ 6-31+G*basis set with and 

without taking into account the effects of the solvent (acetonitrile) using the IEFPCM scheme. 

(Me)2N

NO2

N=2-10  

Scheme1. Structure of the all-trans α,ω-nitro,dimethylamino-polyene [NO2-(C=C)N- N(Me)2] 

 

In general, the static and dynamic βHRS has an uptrend with increasing the separation distance 

(dN…N) for all-trans α,ω-nitro,dimethylamino-polyene  molecules. The dynamic (λ = 1064 

nm) βHRS in acetonitrile increases even more rapidly than in vacuum with increasing the 

separation distance (dN…N) (see Scheme S1) between the two end groups NO2/N(Me)2. The 

static first hyperpolarizability HRS in vacuum and in acétonitrile solvent appears to be 

linearly dependent on the NO2/N(Me)2 dN…N separation distance. However, the dynamic βHRS 

grow exponentially with the substituted polyene length in Fig. 1a.  

  In order to clarify this increasing degree, the vacuum dynamic βHRS (λ = 1064nm) versus its 

static value in acetonitrile is plotted in Fig. 1b. As can be seen, a linear relationship is 

obtained with a slope of 3.77 and a correlation coefficient of unity R=1.00. The comparison 

reveals that the solvent effect considerably enhances the HRS first hyperpolarizability, the 

quantified solvent effect ratio (βHRS
sol /βHRS

vac ) range from 2 for a separation distance of dN···N 

= 6.1Å to 4 for dN···N = 25.8Å. In addition, since both dynamic and static depolarization ratio 

is about unity (DRsol/DRvac~ 1.00), one can say that the acetonitrile solvent has little effect on 

DR.  

The results of HF calculations in gas phase and acetonitrile related to the level of theory using 

6-31+G* and 6-311+G* bases show a slight difference, the quantified ratios for the dynamic 

(λ=1064nm) hyperpolarizability i.e.:  in acetonitrile the ratios βHRS(6-31+G*)/ 
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βHRS(6-311+G*)  range from 0.99 for dN···N = 6.1Å to 0.94 for dN···N = 25.8Å and in vacuum  

βHRS(6-31+G*)/ βHRS(6-311+G*) = 1.00 for dN···N = 6.1Å to 0.99 for dN···N = 25.8Å. Similar 

conclusions are drawn when employing the 6-31+G* and 6-311+G* basis sets. 

 

Fig. 1. Variation of first hyperpolarizability HRS with the O2N/N(Me)2 separation distance (a); 

βHRS in acetonitrile versus its value in vacuum at λ = 1064 nm (b) 

 

The dependence of the first hyperpolarizability βHRS  on the separation distance dN...N = 6.1Å 

to 25.8Å between the O2N/N(Me)2 end groups in all-trans α,ω-nitro,dimethylamino-polyene 

considering the isolated and  the solvated (acetonitrile)  molecules at the HF/6-31+G*  

level of theory, reveal a  linear dependence for the static β∞
HRS (Fig.2a), while the dynamic 

first hyperpolarizability β1064
HRS  appears to grow exponentially (Fig.2b).  The following 

relations have been obtained: 

For the static (λ = ∞) 

βHRS  = – 41731.31 + 6104.91× dN...N    (Acetonitrile, R= 0.99) 

βHRS  = –15652.54 + 2048.01 ×dN...N   (Isolated,  R= 0.98) 

For the dynamic (λ = 1064nm)                         

βHRS  =  1031 exp (0.274 × dN...N )   (Acetonitrile, R= 0.99)                                      

βHRS  = 463.3 exp (0.252 × dN...N)   (Isolated, R=0.99) 

 

6 9 12 15 18 21 24 27

0.0

2.0x10
5

4.0x10
5

6.0x10
5

8.0x10
5

1.0x10
6

(a)

 F
ir

st
 H

y
p
er

p
o
la

ri
za

b
il

it
y
 

H
R

S
, 
(a

.u
.)

Separation distance, d
N...N

 (Å)

             HF/6-31+G* 

 Static (=;Acetonitrile)

 Static (=;Isolated)

 Dynamic (=1064nm;Acetonitrile)

 Dynamic (=1064nm;Isolated)

NO
2
-(C=C)

N
-N(Me)

2

0.0 5.0x10
4

1.0x10
5

1.5x10
5

2.0x10
5

2.5x10
5

0.0

2.0x10
5

4.0x10
5

6.0x10
5

8.0x10
5

1.0x10
6

(b)

D
y
n
am

ic
 

H
R

S
 i

n
 a

ce
to

n
it

ri
le

, 
(a

.u
.)

Dynamic 
HRS

 in vaccum, (a.u.)


acet

(HRS)
= -8572.81 + 3.77 x 

vac
 
(HRS)

 Corr. coeff (R=0.99967)

 HF/6-31+G*



N. S. Labidi.          J Fundam Appl Sci. 2021, 13(3), 1175-1192               1180 
 

 

 

Fig. 2. Dependence of the static (a) and dynamic (b) first hyperpolarizability as function of 

O2N/N(Me)2 separation distance in vacuum and acetonitrile (solvent) 

 

3.2 Frequency dispersion effects   

The dynamic perturbations were added in order to explore the effect of frequency dispersion. 

For comparison, fundamental optical wavelengths range with λ = ∞ –1823 nm 

(Corresponding to a frequency range ω = 0.0 - 0.095 a.u) were used to reveal the dispersion 

correction contribution to the NLO response in all-trans α,ω-nitro,dimethylamino-hexatriene 

(Scheme 2).  

NO2

Me2N

 

Scheme 2. Structure of the all-trans α,ω-nitro,dimethylamino-Hexatriene 

 

Fig. 3 and Table S2 (Supporting Information) describe the variations of first 

hyperpolarizability (βHRS) of all-trans α,ω-nitro, dimethylamino-hexatriene as a function of the 

excitation frequency in parallel with the variation of the depolarization ratio (DR). As shown 

in Table S2 (Supporting Information), the comparison of the TDHF/6-311+G* dynamic βHRS 

values obtained in vacuum and in acetonitrile reveals that the solvent effect significantly 

enhances the HRS hyperpolarizabilities of the substituted hexatriene molecule, the dynamic 

βHRS in acetonitrile increases even more rapidly than in vacuum with increasing the optical 

wavelengths range (λ = ∞ – 1823nm) and the solvent dependent first hyperpolarizability for 

applied frequencies increases by 15–98%. The frequency dependence hyperpolarizability βHRS 
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in the vacuum and acetonitrile tend to follow each other as illustrated by the quantified 

solvent effect factor βHRS 
(Acetonitrile) /βHRS

(Isolated) ranging from 2 to 4.  

 

Fig. 3. Evolution of the first hyperpolarizability HRS, depolarization ratio and anisotropy 

factor with the incident light frequency for solvated (a and c) and isolated (b and d) α,ω-nitro, 

dimethylamino-Hexatriene determined  at the TDHF/6-311+G* basis set 

 

In Fig. 3a, the HRS versus λ(nm) curve for solvated (acetonitrile) molecule presents a curve, 

whose peak at λ = 701 nm is related to the predicted resonance region ω = 0.06–0.07 (a.u.).  

In the same range of frequency, the depolarization ratio displays an accelerating trend and 

changes slightly. Indeed, DR amounts to roughly 3.43 in the low frequency region, increases 

with the frequency up to a value close to 4.74 for λ = 701 nm.  These variations originate 

from the types of tensor components, which dominate the first hyperpolarizability βHRS 

response.  Indeed, the the macroscopic averages diagonal <β2
zzz>   component dominates 

the response at small frequencies up to about ω= 0.065 (a.u.), then the off-diagonal <β2
zxx> 

components become dominant.  Dissimilar variations of HRS are observed for the isolated 
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molecule as shown in Fig. 3b, the HRS first hyperpolarizability presents a peak at λ = 608 nm 

whereas the depolarization ratio DR changes considerably in the predicted resonance region 

between ω = 0.07– 0.08(a.u.) to achieve a maximum value of 4.68 at λ= 651nm, then strongly 

decreases between λ= 701nm and 1823nm to attain the smallest value close 4.27 in this range 

of frequency. In addition, since the frequency dependant DR(Acetonitrile)/DR(Isolated) ratio ranges 

from 0.83 to 1.04 and ρ(Acetonitrile)/ρ(Isolated) ranges from 0.95 to 1.25, the solvent acetonitrile has 

little effect on depolarization ratio (DR) and anisotropy factor (ρ).  

To further explore the evolution of depolarization ratio (DR) and the anisotropy factor (ρ) 

with respect to the variation of frequency dispersion, Table S2 (Supporting Information) 

describes the variations of applied frequency excitation as a function of the anisotropy factor 

(ρ) in parallel with the variations of the depolarization ratio (DR). For the solvated 

(acetonitrile) molecule as depicted by Fig. 3c, an inverse relationship was found between DR 

and the anisotropy factor (ρ), the DR value decreases along with increasing ρ covering the 

range of the incident light frequency from ω = 0.025 to 0.095(a.u.).In this frequency region, 

the DR value increases along with decreasing ρ from 3.43 to 4.45, covering the wide 

anisotropy factor range from 1.30 to 0.95. Moreover, the curve displays extremum values 

around 759 nm within a maximum of DR close to 4.75 corresponds with him a minimum 

value of the anisotropy factor ρ = 0.87. However, in the frequency region between λ = 828 nm 

to 1823 nm we perceive the convergence of the curves and therefore the parameters (DR and 

ρ) with a reduction effect between them. On the other hand, the situation is similar for the 

isolated molecule when considering a frequency dispersion variation from ω = 0.095 (a.u.) to 

0.04 (a.u.) as exposed in Fig. 3d, the DR initially increases along with decreasing ρ from 4.14 

to 4.41, covering the wide anisotropy factor range from 1.04 to 0.96. Then, it displays the 

highest value close to 4.68 covering a value of anisotropy factor ρ of 0.89.  However, in the 

frequency region 0.04(a.u.) ≤ ω ≤ 0.025 (a.u.), an overturn behaviour is observed producing a 

considerable increase in anisotropy factor (ρ) to the highest value of 1.00 versus a rough 

decrease in DR to attain the least value close to 4.27. 
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3.3. Solvent polarity effects 

3.3.1. Solvent polarity effect on first hyperpolarizability 

To model the effect of solvent polarity, the static and dynamic vec, //, HRS and 

depolarization ratio (DR) of all-trans α,ω-nitro,dimethylamino-hexatriene in a variety of 

solvents ranging dielectric constants from ε = 2.27 (benzene) to ε = 46.83 (dimethylsulfoxide) 

[20-21] are calculated at the TDHF level of approximation with 6-311+G* basis set and 

presented in Table S3(Supporting Information).  

Fig. 4a and Fig.4b show a different affinity for the static and the dynamic hyperpolarizabilities. 

i) the solvent polarity alter the hyperpolarizabilities behaviour, numerically the dynamic (λ = 

1064nm) β//, βvec and βHRS are more than those calculated at (λ = ∞) with increasing the 

dielectric constant (ε) of the medium, for both static and dynamic hyperpolarizability it can be 

verified that βvec > β// > βHRS.  

 

Fig. 4. Solvent polarity effects on calculated static (a) and dynamic (b):  βvec, β//, βHRS for 

all-trans α,ω-nitro,dimethylamino-Hexatriene at the HF/ 6-311+G* level of  approximation 

 

As noted in Table S3 (Supporting Information) for solvent dielectric constant ranging from 

ε=1 to 46.86, the values of dynamic (1064nm) βvec  go from 9279.6 (a.u.) to 27659.7 (a.u.) , 

β// go from 5535.7 (a.u.) to 16461.2 (a.u.) and βHRS go from 4015.5(a.u.) to 11775.0(a.u.). The 

calculated hyperpolarizabilities β//, βvec and βHRS increase about 2-4 times from gas phase (ε =1) 

to DMSO (ε=46.83). The ratios of dynamic and static quantities (β//, βvec and βHRS (1064 nm))/ 

(β//, βvec and βHRS (λ=∞) are about 2 times respectively. At λ=1064nm hyperpolarizabilities 
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present increased oscillations from benzene (ε = 2.27) to 1-Hexanol (ε = 12.51) and exhibits a 

peak for aniline (ε = 6.89) and a rather poor agreement with respect to the increasing (ε) value, 

in this region the ratios between the calculated dynamic and static values are βHRS(1064 nm)/ 

βHRS(λ=∞) =1.34–2.00, β// (1064 nm)/ β// (λ=∞) =1.38–2.10  and βvec (1064 nm)/ βvec (λ=∞) 

=1.37–2.08; ii) the static (λ=∞)  first hyperpolarizabilities β// ,βvec and βHRS initially increase 

monotonically with an increase in the dielectric constant of  the solvent(ε =1 to13) but attain 

an almost constant value for solvents of higher dielectric constants (ε) and nearly saturated at 

acetone (ε = 20.49), consequently hyperpolarizabilities are less influenced by more polar 

solvents; iii) an increase of the DR values with the increase in the solvent dielectric constant 

(ε), the depolarization ratio (DR) increases noticeably in the region of ε = 1–13 and gradually 

comes to saturation in the region of ε =13– 47. In addition, for the dynamic (λ = 1064nm) 

values the solvent effect factor DRsol/DRvac ranges from 1.03 for benzene and toluene to 1.05 

for acetone, methanol, acetonitrile and DMSO. The solvent polarity has little effect on DR.  

  The evaluate the solvent polarity effect between the macroscopic averages diagonal <β2
zzz>   

and off-diagonal <β2
zxx> components of the βHRS tensor, we plot in Fig. 5 the relationship 

between the ratio <β2
zxx> / <β2

zzz> of all-trans α,ω-nitro, dimethylamino-hexatriene with 

increasing in the solvent polarity.  Fig. 5 and Table S4 (Supporting Information) show, that 

with increasing the dielectric constant of the solvent the static and dynamic ratios <β2
zxx> / 

<β2
zzz> decreases from 0.241 to 0.233 and from 0.226 to 0.216 respectively. Also, the 

relationship between the static and dynamic ratios <β2
zxx> and <β2

zzz> show an excellent 

linear dependence of <β2
zxx> on <β2

zzz> with increment in solvent polarity. The correlation 

coefficient is close to R = 1.00 for the static and dynamic cases respectively, such linear 

correlations indicate that the rate of increase of <β2
zxx> due to solvent polarity is equal to that 

of <β2
zzz>. The result suggests that the off-diagonal component <β2

zxx> and the diagonal 

component <β2
zzz> have comparable solvent influence characteristic inducing a negligible 

solvent effect on the depolarization ratio (DR). 
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Fig. 5. Static and dynamic linear plot of the off-diagonal/ diagonal components <β2
zxx> / 

<β2
zzz> ratios in several solvents 

 

To describe the contribution of electrostatic interactions of the solvent polarity, we plot the 

linear relationship between βvec, β// and βHRS values of all-trans α,ω-nitro, dimethylamino 

-hexatriene  in various solvents versus the Kirkwood–Onsager  dielectric factor D = (ε 

–1)/(2ε + 1) [21].  The results in Fig. 6 and Table S4 (Supporting Information) show the 

connection between the static (λ=∞) and dynamic (1064nm) first hyperpolarizabilities values 

βvec, β//, βHRS and the solvents dielectric factor (D). 

As shown in Fig. 6a, an excellent agreement between static (λ=∞) first hyperpolarizabilities 

βvec, β// and βHRS and the dielectric scale (ε –1)/(2ε + 1) ranging from zero to 0.5. The fitting 

results show a good correlation coefficient R = 0.99, respectively. In addition, the linear plot 

confirms that the dielectric factor works very well for all solvents series from nonpolar 

benzene (μ = 0D) to the polar aprotic media dimethylsulfoxide (DMSO) (μ = 3.96D). 

Whereas, the results for the dynamic (1064nm) dependence in Fig. 6b, shows rather poor 

agreement between βvec, β//, βHRS and D (correlation coefficient R ≈ 0.75), with an apparent 

curvature of plot derives from the deviation of the data point of chlorobenzene, 

1-chloropropane, aniline, and methanol. The slopes, intercepts and correlation coefficients of 

the least-squares straight-lines fit for static and dynamic βvec, β// and βHRS versus the 

Kirkwood–Onsager factor [(ε –1)/ (2ε + 1)] are given below: 

For static (λ=∞) 

βHRS = – 261.15+ 19583.60× [(ε–1)/(2ε + 1)]    (R= 0.99) 

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48

0.215

0.220

0.225

0.230

0.235

0.240

0.245

(C)

<


2

zx
x
>

 /
 <


2

zz
z>

 

Solvent dielectric constant; () 

 Static  ( =)

 Dynamic (=1064nm)

 HF/ 6-311+G* 



N. S. Labidi.          J Fundam Appl Sci. 2021, 13(3), 1175-1192               1186 
 

 

βvec = – 636.14 + 45036.60 × [(ε–1)/(2ε + 1)]   (R= 0.99) 

β// = – 315.22 + 26441.66 × [(ε–1)/(2ε + 1) ]    (R= 0.99) 

For dynamic (λ=1064nm) 

βHRS =  7720.62 + 7621.91× [(ε –1)/(2ε + 1)]    (R= 0.75) 

βvec = 17916.83 + 18348.40× [(ε–1)/(2ε + 1)]   (R= 0.76) 

β// = 10734.00 + 10775.62× [(ε–1)/(2ε + 1)]     (R= 0.75) 

 

Fig. 6. Static (a) and dynamic (b) hyperpolarizabilities of all-trans α,ω-nitro, dimethylamino 

-Hexatriene  as a function of the Kirkwood–Onsager  factor (ε-1)/(2ε+1) of the solvent 

 

3.3.2. Solvent polarity effect on energy gap (Egap) 

Fig. 7a and Fig.7b show the plot of energy gap Egap and first hyperpolarizability (βHRS) as 

function of solvent dielectric constant (ε). As can be seen in Fig. 7a and Fig.7b, the energy 

gap (Egap) decrease with the increasing of the dielectric constant (ε) value of the solvent 

medium. The Egap goes from 8.65 eV (ε =1.0) to 8.23 eV (ε =46.83) indicating that this 

property is appreciably affected by the solvent, as the solvent polarity increases Egap decreases 

rapidly in the region of ε=0–21, nearly saturating in acetone (ε = 20.49) and then gradually 

approaches a limiting value in the region of ε=33–48. In addition, an inverse relationship was 

found between Egap and first hyperpolarizability βHRS.  Strong polar solvent like DMSO, 

acetonitrile and methanol (ε = 46.83, 35.69 and 32.61) caused the Egap to decrease, α,ω-nitro, 

dimethylamino-hexatriene molecule will exhibit the largest values of hyperpolarizability βHRS.   
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Fig. 7. Variation of Egap and βHRS against solvent dielectric constant (ε) (a and b); Relationship 

between Egap and first hyperpolarizability βvec, β//  and  βHRS (c and d) 

 

When Egap is plotted against the first hyperpolarizability β with increment in solvent polarity 

(Fig. 7c and Fig.7d), The best theoretical description of the relationship between the static 

(λ=∞) first hyperpolarizabilities βvec, β// and  βHRS  produces high-quality linear dependence 

behavior (correlation coefficient R= 0.98), suggesting that  hyperpolarizabilities can 

effectively be tuned by controlling the electronic transition energy. While at the frequency 

dependant (λ =1064nm), the most excellent fits appear to grow within second order 

polynomial functions (correlation coefficient R= 0.97). The best linear and 2nd Order 

polynomial fitting expressions obtained for static (λ=∞) and dynamic (λ= 1064nm) first 

hyperpolarizabilities (βvec, β// and βHRS) as a function of the Egap are presented as:  

For the static (λ=∞) 

Linear equations  

βHRS  = 156475.77 – 17913.11 × (Egap)    ;    (R = – 0.98) 

βvec = 360389.87 – 41264.47905 × (Egap)   ;   (R = – 0.98) 
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β//     = 212058.88054 – 24276.48 × (Egap) ;   (R = – 0.98) 

For the dynamic (λ=1064nm) 

2nd Order polynomial equations   

βHRS = – 3.08 × 106 + 748846.78 × (Egap) – 45366.16× (Egap)
2         ;  (R = 0.97) 

βvec  = –7.19× 106  + 1.75× 106  ×( Egap) – 106018.36× (Egap)
2     ;  (R = 0.97) 

β//    = – 4.33× 106  + 1.05× 106  × (Egap) – 63734.85× (Egap)
2    ;  (R = 0.97) 

3.3.3. The solvent effect on BLA 

The solvent effect on geometric structure can also be characterized by the degree of geometric 

distortion induced by the solvent and defined as the bond length alternation (BLA). A plot of 

the bond lengths alternation (BLA) as a function of the solvent dielectric constant (ε) in 

parallel with the dipole moment is displayed in Fig. 8. It can be seen that changes in BLA 

values are generally correlated with the polarity of the solvent. With increasing the solvent 

dielectric constant, as shown in Fig. 8, the trans α,ω-nitro, dimethylamino-hexatriene 

structures become more distorted as indicated by the decreased BLA values. When passing 

from benzene ε =2.27 to acetonitrile ε=35.69, the BLA change by ≈ 0.003 Å. However, 

passing from gas ε =1 to acetonitrile, the selected BLA change maximally by 0.036 Å. The 

BLA variation is also accompanied by an important increment in the ground-state dipole 

moment μ ranging from 12.17 D for the gas phase to 16.04 D for DMSO.   

 

 

Fig. 8. Solvent dependence on BLA and μ for all trans α,ω-nitro, dimethylamino-Hexatriene 
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The dipole moment (μ) of all-trans α,ω-nitro, dimethylamino-hexatriene is also affected by 

the solvent polarity. The dipole moment (μ) first increase in the region of ε = 1–12.17 and 

then gradually come to saturation in the region of ε = 13–47 with an average limiting value of 

μ= 16 D. The solvent polarity has a significant impact as the solvent dielectric constant (ε) 

increases.  

 

4. CONCLUSIONS 

The second-order nonlinear optical (NLO) properties of a series of substituted hexatriene is 

revealed on the basis of CPHF and TDHF levels of approximation to assess the effects of 

bridge length, of frequency dispersion, of the solvent within the polarizable continuum model, 

of the strength of substituted electron donor groups as well as to establish correlation allowing 

an easy determination of the first hyperpolarizability βHRS. Our calculations allow us to 

identify the main observations are: i) The calculations indicate that the size and solvent effects 

are combined together to determine the Hyper-Rayleigh scattering response. In particular, the 

limit when expanding the conjugated system employed to improve the βHRS has been clearly 

revealed; ii) The solvent enhances the first hyperpolarizabilities (βHRS) significantly by 

amplitude depending on the polarity of the solvent and the strength of the substituted groups; 

iii) The specific behavior of the HRS first hyperpolarizability with its anisotropy factor and 

depolarization ratio as a function of the incident light frequency. However, the solvent effects 

on anisotropy parameter and depolarization ratio are negligible; iv) A quantitative relationship 

was established between the first hyperpolarizability HRS and the separation distance dN...N, 

energy gap (Egap ) and the Kirkwood–Onsager factor [(ε –1)/ (2ε + 1)], allowing an easy 

determination for this quantity. 
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