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Abstract: The performance of the CAM-B3LYP, ωB97X and LC-
BLYP long-range corrected density functional theory methods in the 
calculation of molecular first hyperpolarizabilities (β) and low-lying 
charge transfer (CT) excitation energies of the metal alkynyl 
complexes M(C≡C-4-C6H4-1-NO2)(κ2-dppe)(η5-C5H5) [M = Fe (1), Ru 
(2), Os (3)] and trans-[Ru{C≡C-(1,4-C6H4C≡C)n-4-C6H4-1-NO2}Cl(κ2-
dppm)2] [n = 0 (4), 1 (5), 2 (6)] was assessed. The BLYP, B3LYP 
and PBE0 standard exchange-correlation functionals and the 
Hartree–Fock method were also examined. The BLYP functional 
was shown to perform poorly in the calculation of β and low-energy 
CT transitions. The hybrid functionals (B3LYP and PBE0) showed 
significant improvement over the pure functional BLYP, but 
overestimated the hyperpolarizability ratios and the wavelengths of 
the lowest energy metal-to-ligand CT transitions for 5 and 6. The 
effect of long-range corrections is noteworthy, particularly for the 
larger complexes, improving the calculation of β ratios for 4–6. 
However, CAM-B3LYP, ωB97X, and LC-BLYP considerably 
overestimated the low-lying CT energies. PBE0 was found to give 
the best transition energy match for 4. The influence of the 
phenylene ring orientation in the alkynyl ligand on the calculated 
properties is substantial, particularly for the larger complexes. For 
these types of calculations, a basis set with diffuse functions (at least 
6-31+G(d)) for the heavy elements is recommended.  

1. Introduction 

Interest in highly efficient nonlinear optical (NLO) materials has 
grown enormously over the past two decades. This is mainly 
due to their potential in many applications such as optical 
computing, optical communications, optical switches, and optical 
storage.[1–5] Various systems have been investigated in recent 
years for their NLO activity. In particular, coordination and 
organometallic complexes have attracted significant attention 
because they expand the possibilities for tuning NLO properties 
by varying the metal center (and its oxidation state and co-
ligands) when compared to organic chromophores.[6–10] 
Metallocenyl and metal alkynyl complexes are the two most 
scrutinized classes of NLO-active organometallic complexes, 
with the latter being found to exhibit record values of nonlinear 

optical coefficients.[11–13] 
Quantum chemical calculations play a very important role in 

understanding structure–property relationships. When reliable, 
these calculations avoid performing unnecessary laboratory 
experiments and also guide the experimentalist in designing 
chromophores with optimal nonlinear activity.[14–17] An accurate 
computational model is usually selected by a critical comparison 
of different methods.[18–22] In such benchmark studies involving 
small molecules, the NLO data generated by coupled cluster 
theory is usually used to benchmark other methods.[21,23–25] The 
Møller–Plesset second-order perturbation theory has also been 
found to yield reasonably accurate NLO data.[18,21,26,27] 
Hyperpolarizabilities are significantly affected by electron 
correlation,[28] but such post-Hartree-Fock calculations are 
computationally intractable for larger molecules such as 
organometallics. As a result, density functional theory (DFT) 
methods have been routinely used to predict the NLO 
coefficients of larger chromophores due to a favorable 
accuracy/cost ratio, but the reliability of standard DFT 
functionals for these types of calculations has been questioned 
in the literature.[18,29–31] In response to these criticisms, the 
recent development of long-range corrected (LRC) DFT 
methods has been shown to reduce the errors associated with 
conventional XC functionals.[20,32–36] 

Electric field-induced second-harmonic generation[37] 
(EFISH) and hyper-Rayleigh scattering[38,39] (HRS) are two 
experimental techniques that have been widely used to 
determine molecular first hyperpolarizabilities β. HRS 
measurements are relatively easy to perform compared to 
EFISH and can be applied to a broader range of chromophores, 
including octupolar[40,41] and ionic compounds.[42,43] In contrast, 
EFISH requires a knowledge of the third-order polarizability γ 
and the dipole moment µ to extract β, and is inapplicable for 
ionic species and nonpolar molecules.[44–46] For the past decade, 
HRS has been the method of choice in determining the 
quadratic hyperpolarizabilities of metal alkynyl complexes.[17,47–

49]  
Despite the large number of studies reporting DFT/time- 

dependent DFT (TD-DFT) linear optical and nonlinear optical 
calculations, critical comparisons of the different DFT functionals 
that have been employed in the calculation of the low-lying 
charge-transfer (CT) excitation energies and second-order 
polarizabilities β of large organometallic complexes are sparse. 
In an earlier paper,[50] we reported the first hyperpolarizabilities 
and linear optical properties of selected metal alkynyl complexes 
using the BP86, SAOP, and GRACLB DFT functionals (ADF 
program) and found that SAOP and GRACLB lead to static first 
hyperpolarizabilities that were comparable to the values 
obtained from BP86. In addition, preliminary calculations 
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employing the range-separated (RS) functionals CAM-B3LYP 
and LC-BLYP revealed a significant influence on the magnitude 
of β  and afforded much better hyperpolarizability ratios 
compared to those obtained using analogous functionals lacking 
long-range corrections (B3LYP and BYLP).  

The strong influence of long-range corrections on the 
calculated properties encouraged us to further investigate the 
performance of these functionals with regard to not only first 
hyperpolarizability calculations (both static and dynamic at 1064 
nm) but also low-lying CT transitions of the metal alkynyls, which 
are usually related to their NLO-activity.[6] In the present work, 
we have calculated the first hyperpolarizabilities and low-lying 
CT transitions for the metal alkynyl complexes shown in Figure 1 
employing the CAM-B3LYP, ωB97X, and LC-BLYP LRC-DFT 
functionals. The conventional DFT functionals BLYP, B3LYP, 
and PBE0, along with the Hartree-Fock (HF) method, have also 
been examined. The complexes 1–6 represent a range of donor-
bridge-acceptor metal alkynyl complexes for which experimental 
data are available (see Table 1).  

Three LRC-DFT functionals (LC-BLYP, CAM-B3LYP, and 
ωB97X) were employed. The LC-BLYP functional combines 
GGA-BLYP and the long-range correction proposed by Likura et 
al.[51] In this LRC scheme, the Coulomb operator, 1/r12, for the 
exchange functional splits into short-range (SR) and long-range 
(LR) parts with the help of the standard error function as follows: 

1
𝑟𝑟12

=
1 − 𝑒𝑒𝑟𝑟𝑒𝑒(𝜇𝜇𝑟𝑟12)

𝑟𝑟12
+
𝑒𝑒𝑟𝑟𝑒𝑒(𝜇𝜇𝑟𝑟12)

𝑟𝑟12
 (1) 

The range separation parameter 𝜇𝜇  determines the ratio of 
these parts. In this approach, the DFT exchange functional (i.e. 
a slightly modified version) is used for the SR part and the HF 
exchange integral for the LR part, leading to the correct –1/r 
asymptotic behavior in the long-range region. In LC-BLYP, for 
the SR part, 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

     
Table 1. Summary of the experimental linear optical and nonlinear optical 
data of 1–6. 

Complex λmax[a] βHRS[b] βTLM[c] Ref. 

1 498 665 64 [52] 

2 447 664 161 [52] 

3 461 929 188 [52] 

4 473 767 129 [53] 

5 464 833 161 [54] 

6 439 1379 365 [54] 

[a] Lowest-energy absorption maximum in THF. Values in nm. [b] Hyper-
Rayleigh scattering measurements in THF at 1064 nm. Values in 10–30 
esu. Errors±10% [c] Two-level corrected data. [55,56] βTLM = βHRS[1 −
(2λmax 1064⁄ )2][1− (λmax 1064⁄ )2]. Values in 10–30 esu. 

 
the B88 exchange functional is employed and the LYP 
correlation functional is combined with the LRC exchange 
functional. The GGA-BLYP functional is the non-LRC version of 
LC-BLYP. B3LYP and PBE0 are two hybrid functionals 
containing 20% and 25% HF exchange, respectively, and have 
incorrect (–0.2/r in B3LYP and –0.25/r in PBE0) asymptotic 
behavior at LR. Applying the Coulomb-attenuating method 
(CAM) to the global hybrid B3LYP functional, Handy and co-
workers[35] introduced a LRC-DFT functional known as CAM-
B3LYP. In this approach, the two-electron operator (Eq. 1) is 
modified by introducing two extra parameters α and β as follows: 

1
𝑟𝑟12

=
1 − [𝛼𝛼 + 𝛽𝛽. 𝑒𝑒𝑟𝑟𝑒𝑒(𝜇𝜇𝑟𝑟12)]

𝑟𝑟12
+
𝛼𝛼 + 𝛽𝛽. 𝑒𝑒𝑟𝑟𝑒𝑒(𝜇𝜇𝑟𝑟12)

𝑟𝑟12
 (2) 

α and (α+β) describe the fraction of the exact exchange at 𝑟𝑟12= 0 
and  𝑟𝑟12 = ∝, respectively. When α = 0.0 and β = 1.0, this 
approach is equivalent to the above LC scheme of Likura et al. 
In CAM-B3LYP, the B88 exchange functional is employed, HF 
exchange is incorporated according to Eq. 2, and 0.19 
VWN5+0.81 LYP is used as the correlation segment. We used 
the default values for α (0.19) and β (0.46), with 𝜇𝜇 = 0.33 . 
However, the CAM-B3LYP model does not have correct–1/r 
asymptotic behavior at LR as the fraction of HF exchange at LR 
is less than 1. For our third RS functional, we used ωB97X from 
Gordon and co-workers,[36] which corresponds to the LR version 
of the exchange-correlation functional B97. ωB97X contains 
100% HF exchange at LR and 16% short-range HF exchange, 
thereby leading to correct –1/r asymptotic behavior (or no self-
interaction errors) at LR. Details regarding these schemes can 
be found in Refs.[35,36,57], while Refs.[32,58–64] contain 
related work. A summary of the DFT functionals chosen for this 
study is provided in Table 2. 

Computational Studies 

All calculations were performed using the Gaussian09 program 
suite.[65] Full geometries of 1–3 without any symmetry 
constraints and of 4–6 with C2V symmetry constraints were 
optimized using the Becke[66] three-parameter exchange Lee- Figure 1. Metal alkynyl complexes used in this study 



ARTICLE    

 
 
 
 
 

Yang-Parr[67] correlation functional (B3LYP). This functional is 
known to give 
 

    

Table 2. Summary of DFT methods examined in this study for the 
determination of the first hyperpolarizabilities and excitation energies of 1–6, 
and the amount of exact-exchange at short-range, SR, and long-range, LR. 

 

Method Type 
%HF 
exchange 

Range-separation 
parameter µ (au–1) 

  SR LR  
BLYP[67,68] GGA 0 0 [a] 
B3LYP[66,69] Hybrid 20 20 [a] 
PBE0[70] Hybrid 25 25 [a] 
CAM-B3LYP[35] Range-separated 19 65 0.33 
ωB97X [36] Range-separated 15.8 100 0.30 
LC-BLYP[57] Range-separated 0 100 0.33 
[a] Not applicable  

 
reasonably accurate geometries for transition metal 
complexes.[71] The 6-31G(d) basis set was used for the ligands, 
whereas for Fe/Ru/Os, the pseudo potentials of 
Stuttgart/Dresden and associated SDD basis sets were 
utilized.[72] Solvent corrections were found to have only a minor 
influence on the bond distances and angles (see Table S1). 
Thus, for the rest of the study, the geometries optimized in 
vacuo were used. However, solvent corrections were found to 
be important for the evaluation of the first hyperpolarizabilities 
(see Table S2).  

The first hyperpolarizability tensors were calculated 
analytically in the static limit (λ = ∞) and at 1064 nm 
(experimental wavelength). Using the resulting components, the 
βcalc
0  (static β) and βcalc

1064 (dynamic β at 1064 nm) quantities were 
calculated (see supporting information for more details). The 
calculated values were obtained using the B convention. As 
such, to compare with the experimental data, the Gaussian-
derived β values were divided by a factor of two. The percentage 
contribution of groups of atoms to the selected molecular orbitals 
were obtained using the GaussSum3.0[73] program. Solvent 
corrections were taken into account by means of the implicit 
CPCM solvation model in tetrahydrofuran (THF) during the β and 
UV-Vis calculations. The 6-311G(d,p) basis set for the ligands 
and SDD basis set for the transition metals were used in the 
property calculations unless otherwise stated. 

2. Results and Discussion 

2.1. First hyperpolarizabilities β 
 

Static β. The calculated static first hyperpolarizabilities βcalc
0   of 

complexes 1–6 are reported in Table 3 along with the 
experimental two-level corrected data (βTLM). In these systems, 
βzzz greatly dominates over the other elements, as expected for 
dipolar complexes, consequently, Eq. 5 (see supporting 
information) was used to calculate the first hyperpolarizabilities. 
For instance, in the case of complex 5, for all methods used, the 

βcalc value derived for the dominant βzzz element decreased 
between 0-4% when all elements were considered in the 
calculations.  

The calculated static first hyperpolarizabilities βcalc
0  for all 

complexes decrease significantly upon incorporating the long-
range correction. For example, in the case of 1–4, an order of 
magnitude decrease in βcalc

0  is seen when the corrections are 
incorporated in BLYP (LC-BLYP vs BLYP). The impact is 
amplified with an increase in molecular size. The βcalc

0  of 6 using 
LC-BLYP decreases by nearly two orders of magnitude 
compared to that of BLYP. These predictions suggest that β 
decreases with increasing amount of HF exchange (i.e. LR HF 
exchange) in the functional. Overall, the general 
hyperpolarizability trend as a function of method is invariant for 
all the complexes: BLYP > B3LYP > PBE0 > CAM-B3LYP > 
ωB97X > LC-BLYP > HF. 

The two-level derived hyperpolarizability data were used as 
a reference (see Table 1) despite the known inadequacy of this 
simple model for many molecular systems.[74–76] The two-level 
derived value of 64×10–30 esu for 1 is underestimated by the RS 
functionals, whereas the conventional methods, including hybrid 
functionals, overestimate the value. Clearly, the discrepancy is 
method-dependent (Table 3). For 2-4, all the functionals 
underestimate the respective βTLM values (2, 161×10–30 esu; 3, 
188×10–30 esu; 4, 129×10–30 esu). The βcalc

0  values of 5 and 6 
using BLYP appear to be unrealistically large when compared to 
the two-level data (5, 161×10-30 esu; 6, 365×10-30 esu). B3LYP 
and PBE0 significantly improve the estimate of 
hyperpolarizabilities but still overestimate their values. All the RS 
functionals and the HF method underestimate the βTLM . The 
ability to calculate accurate absolute hyperpolarizability data, 
however, is rarely important; the ability to predict reliable trends 
in the NLO data is more important for designing efficient NLO 
materials.  

One common approach for enhancing β is extending the 
conjugation (e.g. 4 to 5 and 5 to 6). The two-level corrected 
hyperpolarizability ratios between 4–6, A = βTLM,5 βTLM,4�  and B = 
βTLM,6 βTLM,4� , are approximately 1.2 and 2.8, respectively. The 
performance of the LRC-DFT and HF methods (A = 2.5 and B = 
2.8 for CAM-B3LYP; A = 2.0 and B = 2.2 for ωB97X; A = 1.9 and 
B = 2.1 for LC-BLYP; A = 2.2 and B = 2.6 for HF) is much better 
than that of the conventional functionals (A = 11.4 and B = 48.2 
for BLYP; A = 5.3 and B = 7.8 for B3LYP; A = 4.4 and B = 6.1 for 
PBE0). The worst predictions of A and B are shown by BLYP. 
These predictions are consistent with our previous study.[50] 
Except for BLYP, all the DFT methods reproduce the two-level 
corrected trend for 1–3 (i.e. 1 < 2 < 3), and no functional predicts 
the significant difference between the two-level corrected values 
of 1 and 2 (Table 3).  
 
Frequency-Dependent β. Calculations are often reported in the 
static limit. In contrast, the experimental data is usually obtained 
at a certain laser frequency (e.g. at 1064 nm in this case). 
Consequently, frequency-dependent β values at 1064 nm were 
calculated for 4–6. The C2v symmetry of these complexes 
significantly reduces the computational demand for the 
calculation of frequency-dependent β values compared to 
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complexes 1–3 which have no symmetry. The resulting 
calculated dynamic hyperpolarizabilities (βcalc

1064) for 4–6 are given 
in Table 3.  

It should be noted that the experimental hyper-Rayleigh 
scattering data of 4–6 at 1064 nm is likely to be resonance 
enhanced, similar to most of the data for group 8 metal alkynyl 
complexes reported to date.[48,52–54,77] Consequently, attention is 
focussed on the relative β responses upon increasing the 
conjugation (i.e. 4 < 5 < 6).   

The RS functionals have successfully reproduced the HRS 
trend (4 < 5 < 6) and are free from the resonance effects in the 
calculated data because the low-energy transitions modelled by 
the RS functionals are considerably removed from the second- 
harmonic signal at 532 nm (discussed later). In contrast, the 
BLYP dynamic β for 4–6 are significantly resonance enhanced, 
in particular, the βcalc

1064 data of 5 and 6. For example, the TD-
DFT- 

         

Table 3. Calculated first hyperpolarizabilities with a variety of DFT functionals and with the HF method. Values in 10–30 esu. 

 
Complex BLYP B3LYP PBE0 CAM-B3LYP ωB97X LC-BLYP HF Exp. 

 βcalc
0  (λ = ∞) βTLM 

1 129.7 87.6 74.5 40.2 27.5 23.3 12.2 64 
2 112.2 92.9 81.7 51.1 35.4 30.0 19.8 161 
3 111.5 102.5 91.7 61.7 43.1 37.5 26.3 188 
4 117.7 92.0 80.4 49.2 34.0 28.6 17.5 129 
5 1344.1 487.0 354.3 121.0 68.2 54.8 39.2 161 
6 5675.6 721.3 486.8 138.7 76.2 60.4 45.6 365 
 βcalc

1064 (λ = 1064 nm) βHRS 
4 231.2 1094.3 370.2 93.9 50.5 39.4 21.4 767 
5 69135.3 1521.6 2342.6 355.2 132.7 96.5 63.2 833 
6 10902.7 2450.0 2695.7 439.3 162.4 115.9 81.9 1379 
 
BLYP data obtained for 5 indicate two intense transitions that 
are very close in energy to the fundamental and second-
harmonic wavelengths. The resonance effects have a more 
profound impact on the βcalc

1064 values of 5 and 6 by PBE0 than on 
those obtained with B3LYP, leading to an unexpected trend for 
the B3LYP and PBE0 values (i.e. B3LYP < PBE0 for 5 and 6). 
Both hybrid functionals reproduce the relative trends, as do the 
RS functionals. 
 
Conformational Effect. In previous work, we underlined the 
importance of considering the effect of conformational flexibility 
on the β values, particularly for the larger complexes (e.g. 5 and 
6 in the present study), because β decreases sharply when the 
geometry deviates from the ideal coplanar arrangement; the 
poor performance shown by BLYP might partly be attributed to 
ignoring this factor in the preceding hyperpolarizability 
calculations. 

To assess the impact of conformational flexibility, one- and 
two-dimensional scans of the potential energy surfaces (PESs) 
of 2 and 5 were calculated, respectively. Figure 2 shows the 
scan variables while the resulting energy surfaces are given in 
the supporting information (Figure S2). From the PESs, the 
energies required to rotate the alkynyl ligands of 2 and 5 with 
respect to the metal center, or to change the relative orientations 
of the phenylene groups in the alkynyl ligand of 5, are very small. 
Thus, under laboratory conditions, a mixture of conformations is 
expected to co-exist in equilibrium. To investigate 
conformational effects, βcalc

0  was evaluated for selected points on 
the potential energy surfaces of 2 and 5, the resulting data being 
provided in Table 4. The general trend does not appear to be 
affected by the geometry of the complex. For instance, for any 
rotamer of 2 and 5, βcalc

0  decreases in the order BLYP > B3LYP 

> PBE0 > CAM-B3LYP > ωB97X > LC-BLYP > HF. For the RS 
and hybrid DFT functionals, a variation of 30-35% in calculated β 
values was predicted for 2 upon increasing θ, while the variation 
is less than 15% for BLYP. The two-level corrected data of 2 
(161×10–30 esu) is larger than the calculated values in Table 5 
for all the DFT functionals and the HF method. The influence of 
the aryl orientation on the βcalc

0  value is more profound in the 
case of 5 than for 2 mainly due to the effect of the second scan 
variable φ which defines the relative orientation between two 
phenylene groups in the alkynyl ligand.  

Upon increasing φ from 0° to 90° (while maintaining 𝜃𝜃 at 0°), 
the electronic communication between the donor and acceptor 
groups is adversely affected, leading to a significant reduction in 
the βcalc

0  values. However, BLYP shows an increase in the βcalc
0  

value when φ  changes from 0° to 45°, the reason for which is 
not clear. For 5, the RS functionals show a variation of more 
than 60% of the computed data between the maximum and 
minimum values, while the variation is more than 80% for the 
conventional methods. These large variations indicate the strong 
sensitivity of the calculated β value to the initial molecular 
geometry, irrespective of the method chosen, and this is 
particularly marked for the larger complexes. The values from 
the RS methods and the HF method for 5 (Table 4) are less than 
the respective two-level corrected data, which, however, lie in 
the range (between the maxima and minima) computed by the 
conventional methods.  

Overall, conformational effects cannot be ignored for these 
complexes, especially for the larger molecules. Although not 
practical, a thorough investigation of the conformational space is 
required before one can properly compare the DFT calculations 
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Table 4. Calculated static first hyperpolarizabilities (βcalc
0 ) for selected conformations of 2 and 5. Values in 10–30 esu.[a] 

 
Conformation BLYP B3LYP PBE0 CAM-B3LYP ωB97X LC-BLYP HF Exp. 
θ 2 βTLM 

0 111.7 95.4 84.4 53.4 37.0 31.4 20.7 161 

45 111.8 85.7 74.6 45.5 31.5 26.7 18.0  

90 98.1 65.6 56.7 34.7 24.5 20.9 14.8  

135 108.8 80.5 69.9 42.4 29.6 25.0 17.0  

180 110.4 93.4 82.4 51.8 35.8 30.4 20.0  

(θ,φ) 5  

(0, 0) 1344.1 487.0 354.3 121.0 68.2 54.8 39.2 161 

(45, 0) 1314.8 419.1 310.2 108.9 62.6 50.8 37.9  

(0, 45) 1540.2 326.5 229.1 77.1 46.3 37.6 26.9  

(45, 45) 1493.3 298.7 211.6 73.0 44.0 36.0 26.3  

(90, 0) 1048.9 372.2 280.8 103.8 60.1 49.4 37.5  

(0, 90) 120.2 60.2 53.5 34.4 26.3 22.0 15.0  

(90, 90) 205.1 53.3 47.3 31.1 24.0 20.3 14.6  
[a] θ ≈ –20° is for the fully optimized structure of 2 (Table 3). θ ≈ 0° and φ = 0° are for the (C2v) coplanar rotamer of 5 (Table 3). 

with the experimental data. However, it is important to note that 
calculations on the coplanar rotamers reproduce the 
experimental and two-level hyperpolarizability trends. The 
relative β  values computed in this study for coplanar and 
noncoplanar rotamers of 5 are consistent with our previous 
data.[50] 
 
Basis Set Effect. Choice of basis set is crucial in the calculation 
of field response properties; extended basis sets usually being 
required.[14,26,78–80] Complexes 2 and 4 were selected to 
investigate the basis set influence on βcalc

0 . Figure 3 shows the 
βcalc

0  values of 2 and 4 as a function of the basis set used for the 
heavy elements with the indicated DFT functional. The 
numerical values are given in Table S3.The basis set effects on 
the larger complexes 5 and 6 are expected to be smaller, as a 
result of some superposition effect.[14,21,81,82] Five split basis sets 
were chosen: two polarized basis sets, 6-31G(d,p) and 6-
311G(d,p), with no diffuse s and p functions, and three basis 
sets with diffuse functions, 6-31+G(d,p), 6-311+G(d,p), and 6-
311++G(d,p). In addition, the 6-31+G(d) basis set was also 
considered. In all cases, the SDD basis set on the metal was 
retained as earlier work as shown that basis set effects are less 
important for the central metal compared to the surrounding 
ligands.[50] 

As shown in Figure 3, the diffuse functions have a profound 
effect on the calculated hyperpolarizability. For example, the 
βcalc0  values increase by 35 – 40% for 2 and 4 with the addition of 

a set of diffuse functions to 6-31G(d,p), i.e. 6-31+G(d,p).   
Apparently, convergence is achieved with the 6-31+G(d). Hence, 
it is important to use diffuse functions for the ligands (at least the 
6-31+G(d) basis set) in any quantitative analysis. However, 
there is little effect on β from adding a set of valence functions 
(e.g. 6-31G(d,p) vs 6-311G(d,p)) as well as augmenting the 6-
31+G(d) and 6-311+G(d,p) basis sets with  polarization functions 
for hydrogens and heavy elements. Note that diffuse functions 
have no influence on the general trend in DFT performance, i.e. 
BLYP > PBE0 > LC-BLYP. Further, the βcalc

0  values are much 
more sensitive to the method (e.g. BLYP vs LC-BLYP) than 
whether or not the basis set contains diffuse functions.  
The 6-31+G(d) basis set has been used In numerous 
studies[21,22,26] for the determination of β, as a trade-off between 
accuracy and efficiency. In Table S4, the βcalc

0  values for 1–6 
with 6-31G(d,p), 6-311G(d,p), and 6-311+G(d,p) are provided. 
On the basis of the data in this table, it is clear that the relative 
hyperpolarizability trend for 1–6 is unaffected by diffuse 
functions. 

 
 
 
 

  
 
 
 

Figure 2. Variables used in the potential energy scans of 2 and 5. θ defines 
the rotation of the aryl ring with respect to the metal centre, while φ is the 
second scan variable of 5 and defines the relative orientations of the two 
aryl groups in the alkynyl ligand. The resulting energy surfaces and further 
details are given in the supporting information. 
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2.2. Excitation Energies  
 

In this section, the performance of BLYP, B3LYP, PBE0, CAM-
B3LYP, ωB97X, and LC-BLYP functionals in calculating 
excitation energies of the metal alkynyl complexes has been 
assessed. The calculated data, i.e. vertical excitation energies 
and corresponding oscillator strengths, are summarized in 
Tables 5-7 for 2, 4, and 5, respectively, together with the major 
orbital pairs that contribute to the excited-state wavefunctions. 
The contribution of groups of atoms to the relevant molecular 
orbitals of 2, 4, and 5 are provided in Tables S5-S7, respectively. 
The relevant experimental UV-Vis absorption maxima have been 
used for comparison. The calculated results are summarized 
below. 

The GGA functional BLYP significantly underestimates the 
excitation energies for 2. Two intense excitations at 626 nm and 
566 nm were obtained from BLYP, with the former being 
considerably more intense. The BLYP lowest-energy transition, 
resulting from a HOMO to LUMO excitation, is predominantly 
metal-to-ligand charge transfer (MLCT) in character (see Table 5 
and S5) and is considerably red-shifted with respect to the 
experimental absorption maximum of 447 nm. 

Incorporating a constant amount of HF exchange into the 
pure functional (i.e. hybrid DFT) greatly improves the result, in 
agreement with an earlier study.[22] The B3LYP (20% HF) 
functional yields two excitations at 531 nm and 493 nm. The 
PBE0 functional (25% HF) outperforms B3LYP, yielding two 
excitations at 492 nm and 455 nm. The HOMO to LUMO 
excitations computed from the hybrid functionals show similar 
MLCT character. When LRC is incorporated, both excitation 

energy and oscillator strength increase dramatically for the 
HOMO to LUMO transition. A sharp increase in the HOMO-
LUMO gap with the introduction of LRC accounts for the 
increase in the excitation energy found for the RS functionals, as 
shown in Table S8. Note that the low-lying transitions are 
significantly blue-shifted with respect to the experimental low-
energy band for the LRC-DFT methods, particularly for the 
ωB97X and LC-BLYP functionals. 

The compositions of the HOMO and LUMO are somewhat 
different for BLYP and its LRC analogue (LC-BLYP), the 
contribution of the [C≡CC6H4] group increasing for the latter. This 
may explain the discrepancies in the oscillator strengths 
obtained for the two functionals. The HF excitation energy is 
quite inaccurate for the HOMO to LUMO transition, being even 
higher than the LC-BLYP-calculated energy. Overall, the TD-
DFT studies show that the PBE0 and CAM-B3LYP functionals 
outperform the other DFT functionals in the calculation of the 
excitation energy of the low-lying MLCT band. 

For 4, BLYP predicts one intense transition in the low-energy 
region (< 400 nm), which is red-shifted by approximately 160 nm 
compared to the experimental band at 473 nm (Table 6). Again, 
the two hybrid functionals significantly improve the calculated 
band position; in fact, PBE0 outperforms all other functionals 
(see Table 6). In comparison with our previous data,[50] there  is  
excellent agreement. The RS functionals overestimate the 
excitation energy, as found for 2, with the shift from the 
experimental data being method-dependent. The energy 
associated with the HOMO to LUMO transition essentially 
increases with the amount of LR HF exchange in the functional 
and correlates with the HOMO-LUMO gaps (Table S8). This 
intense transition is MLCT in character for all the functionals 
(see Table 6 and S6). 

According to Table 7, the lowest-energy band for 5 
calculated by BLYP appears in the NIR region (1030 nm). This is 
a significant underestimation of the CT energy corresponding to 
the lowest-energy peak at 464 nm in the experimental UV-Vis 
but is comparable to our previous TD-DFT results predicted for 
5.[50] Similarly, the hybrid functionals also overestimate the 
excitation energies, but the absolute errors are much smaller. 
The lowest energy band results from the HOMO to LUMO 
excitation for all the standard functionals, thus indicating the 
MLCT character of this transition (Table S7). In contrast, the 
same bands predicted using the RS functionals consist of 
several single excitations between different molecular orbitals 
(Table 8), but show significant MLCT character. CAM-B3LYP, 
ωB97X and LC-BLYP all overestimate the excitation energy for 
this band. As found for 2 and 4, the shift from the experimental 
wavelength of 464 nm is method-dependent. For all three 
complexes, the HF method yields poor excitation energies which 
significantly overestimate the experimental band. Note that the 
reported experimental values are reduced to a single 
wavelength–absorption maximum. This makes the comparison 
with the calculated data difficult, particularly when two or more 
transitions with non-negligible oscillator strength are predicted in 
the absorption region. In general, the calculated vertical 
excitation energies will not correspond to the maximum 

Figure 3. The static hyperpolarizabilities (10–30 esu) of 2 (a) and 4 
(b) as a function of the basis set used for the heavy elements. 
Pseudopotentials of Stuttgart/Dresden and the associated SDD 
basis set for Ru were employed. 
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absorption, owing to the vibronic nature of the transitions and 
the change of geometry upon excitation.  

For the metal alkynyl complexes, the low-energy MLCT 
transitions dictate their β responses.[6] The energy of the Intense, 
lowest-energy transition in 2, 4, and 5 increases significantly 
when long-range corrections are incorporated and therefore the 
static β calculated from the RS-DFT methods are significantly 
smaller than those derived from conventional functionals for 
these complexes, according to the two-level model.[55,56] 
 
Bridge Length Effect. Although it seems counterintuitive that 
extending the conjugation, on proceeding from 4 to 5, results in 
a blue-shift in the lowest-energy MLCT band, this is not 
uncommon for dipolar metal alkynyl complexes containing 
oligo(phenyleneethynylene) π-bridges.[83–86] According to the 
experimental UV-Vis data, further extending the conjugation 
from 5 to 6 leads to a blue-shift in the lowest energy CT band 
(Table 1). Previous studies[87,88] for  similar species have 
suggested that the observed  blue-shift in the absorption 
maximum is due to the internal rotation of the phenylene groups 
about the C(ipso)-C≡ bonds in solution. Studies on related 
systems[89] have shown that the TD-DFT calculations on a single 
conformer fail to explain the absorption band envelopes. This 
unexpected blue-shift in the intense, low-energy MLCT band 
was also reported upon increasing the conjugation length by 
Yam et al.[90] for polyyne metal complexes. These authors have 
suggested that the blue-shift arises due to the greater 
stabilization of the dπ orbital with increasing C≡C chain length.  
In this section, we extended our TD-DFT calculations to 
investigate the effectiveness of these functionals in predicting 
the experimental data upon increasing the bridge length from 4 
to 5 to 6. The excited state properties computed for the first four 
(singlet) excited states of 4–6 are given in Table 8 for BLYP, 
B3LYP, and their LRC versions (for results with the remaining 
functionals, see Table S9). Note that all calculations were 
performed on the C2v-symmetric coplanar conformations of 4–6, 
i.e. for 5 and 6 the aryl rings in the alkynyl ligand are coplanar 
and in the plane bisecting the dppm ligands. 
On the basis of the TD-BLYP data given in Table 8, the A1 
excitation that arises from the HOMO to LUMO transition is 
substantially red-shifted as the conjugation increases from 4 to 5 
to 6. The two hybrid functionals also afford a red-shift in the 
lowest energy excitation. Conventional functionals thus fail to 
reproduce the blue-shift observed experimentally following 
bridge lengthening. A recent study by Sahnoune et al.[91] has 
suggested that long-range corrections are needed to reproduce 
the experimentally observed blue-shift in the absorption maxima 
upon proceeding from n = 0 to n = 2 in the series Fe{C≡C-(1,4-
C6H4C≡C)n-4-C6H4-1-NO2}(κ2-dppe)(η5-C5H5). However, in our 
case, CAM-B3LYP predicts a red-shifted HOMO to LUMO 
excitation (proceeding from 4 to 5), similar to the prediction with 
the conventional functionals, but upon further extension of the π-
conjugation, the RS version of B3LYP yields a slight blue-shift of 
ca. 7 nm. This is, however, much less than the laboratory blue-
shift of ca. 25 nm (on proceeding 5 to 6). Moreover, several 
single excitations contribute to the first (S1) excited-state 
wavefunction, although the HOMO to LUMO excitation still 

makes the largest contribution. No such blue-shift in the intense 
A1 transition is predicted with the ωB97X and LC-BLYP 
functionals.  Note that the energetic order of the electronic 
transitions differs between the standard functionals and their 
LRC versions. For example, for 4, the first four transitions are to 
A2, A1, B2, and B1 states (Table 9) for TD-BLYP. On the other 
hand, the LC-BLYP data shows that the order is B2, B1, A2, and 
A1. Overall, all the functionals fail to reproduce the laboratory 
blue-shift observed for 4-6. 
 

    

Table 5. Calculated wavelengths (λ) and corresponding oscillator strengths 
(f) for 2 employing the listed DFT functional. Only the first 12 excited states 
with f < 0.1 are included. 

 
Method λ (nm) [f] Major contribution 

BLYP 626 0.402 HOMO  LUMO 

 566 0.120 HOMO–2  LUMO 

B3LYP 531 0.350 HOMO  LUMO 

 493 0.293 HOMO–1 LUMO 

PBE0 492 0.473 HOMO  LUMO 

 455 0.227 HOMO–1  LUMO 

CAM-B3LYP 400 0.808 HOMO  LUMO 

ωB97X 362[a] 0.147 HOMO  LUMO+1 

 354 0.767 HOMO  LUMO 

LC-BLYP 337 0.873 HOMO  LUMO 

HF  316[a] 0.248 HOMO   LUMO 

 308 0.715 HOMO  LUMO 

Exp. 447   
[a] Several single excitations between different molecular orbitals were found. 
Only the orbital pair giving the largest contribution is reported. 

 
 
 

    

Table 6. Calculated wavelengths (λ) and corresponding oscillator strengths 
[f] for 4 employing the listed DFT functional. Only the first 12 excited states 
with f < 0.1 are included. 

 
Method λ (nm) [f] Major contribution 

BLYP 632 0.533 HOMO  LUMO 

B3LYP 511 0.645 HOMO  LUMO 

PBE0 479 0.670 HOMO  LUMO 

CAM-B3LYP 397 0.830 HOMO LUMO 

ωB97X 355 0.890 HOMO  LUMO 

LC-BLYP 337 0.900 HOMO  LUMO 

HF 309 0.863 HOMO  LUMO 

Exp. 473   

 
 

Table 7. Calculated wavelengths (λ) and corresponding oscillator strengths 
[f] for 5 employing the listed DFT functional. Only the first 12 excited states 
with f < 0.1 are included. 

 
Method λ (nm) [f] Major contribution 

BLYP 1026           0.616 HOMO   LUMO 
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 546 0.289 HOMO–3  LUMO 

 500 0.636 HOMO  LUMO+2 

B3LYP 664 0.767 HOMO  LUMO 

 406 1.014 HOMO–3  LUMO 

PBE0 598 0.892 HOMO  LUMO 

 379 1.084 HOMO  LUMO+1 

CAM-B3LYP 415 1.695 HOMO  LUMO 

 292[a] 0.461 HOMO–2  LUMO 

ωB97X 363[b] 2.013 HOMO  LUMO 

LC-BLYP 346[b] 2.016 HOMO  LUMO 

HF 336[b] 1.905 HOMO  LUMO 

Exp. 464   
[a]  Several single excitations between different molecular orbitals were found. 
Only the orbital pair giving the largest contribution is reported. [b] HOMO to 
LUMO contribution is ca. 50%, which is considerably lower than that 
obtained with BLYP, B3LYP, PBE0, and CAM-B3LYP functionals (> 70%). 

 

Conformational Effect. Intramolecular rotations usually have 
significant impact on the UV-Vis behavior of these complexes.[50] 
In the preceding section, we showed that the conformational 
effects on β are substantial, particularly for the larger complexes. 
This in turn made the comparison between functionals difficult to 
evaluate. In this section, we extend our TD-DFT calculations to 
investigate the influence of phenylene group(s) orientation in the 
π-bridge on the low-lying UV-Vis data. For several rotamers of 2 
and 5, the first 15 states were calculated using the BLYP, PBE0, 
CAM-B3LYP, and LC-BLYP functionals. Stick spectra of the 
oscillator strengths for 2 and 5 are shown in Figures S3 and S4, 
respectively. The low-lying linear optical behavior of 2 and 5 are 
significantly affected by the intramolecular rotations, defined by  
the θ and ϕ dihedral angles (Figure S1), as shown by Figures S3 
and S4, respectively. Further, owing to the small energy barriers 
associated with these rotations, the experimental UV-Vis profiles  
 

  

Table 8. Calculated excitation energies (λ, nm) and oscillator strengths [f] of the first four lowest-energy (singlet) transitions of 4–6 with a variety of DFT 
functionals. 

Method Transition Symm. λ (nm) [f] Symm. λ (nm) [f] Symm. λ (nm) [f] 
  4 5 6 

BLYP S1 A2 739 [0.000] A1 1026 [0.616] A1 1492 [0.419] 
 S2 A1 632 [0.533] A2 1006 [0.000] A2 1205 [0.000] 
 S3 B2 526 [0.002] B1 638 [0.000] B1 709 [0.000] 
 S4 B1 523 [0.000] B2 552 [0.003] A1 666 [1.061] 
B3LYP S1 A2 527 [0.000] A1 664 [0.767] A1 723 [0.555] 
 S2 A1 512 [0.645] A2 567 [0.000] A2 573 [0.000] 
 S3 B2 441 [0.002] B2 457 [0.003] A1 477 [1.674] 
 S4 B1 428 [0.000] B1 444 [0.000] B2 461 [0.003] 
CAM-B3LYP S1 A1 397 [0.830] A1 415 [1.695] A1 409 [2.747] 
 S2 B2 397 [0.001] B2 405 [0.002] B2 406 [0.002] 
 S3 B1 384 [0.000] B1 392 [0.000] B1 393 [0.000] 
 S4 A2 374 [0.000] B1 355 [0.002] B1 355 [0.002] 
LC-BLYP S1 B2 379 [ 0.001] B2 385 [0.001] B2 385 [0.001] 

 S2 B1 368 [0.001] B1 374 [0.000] B1 375 [0.000] 
 S3 A2 348 [0.000] A2 349 [0.000] A1 350 [3.125] 
 S4 A1 337 [0.900] A1 346 [2.016] A2 349 [0.000] 

 
of 2 and 5 presumably results from the overlap of individual 
bands of many conformers. The intensities of the low-lying 
transitions in 2 change noticeably upon increase in θ. For BLYP, 
PBE0, and CAM-B3LYP, the relative intensities of the (higher-
energy) neighbouring transitions to the HOMO-to-LUMO 
transition were found to increase with increasing θ from 0° to 90° 
(Figure S3). The experimental absorption maximum of 2 is at 
447 nm. BLYP overestimates this for all the rotamers, while LC-
BLYP significantly underestimates the absorption maximum. 
Compared to CAM-B3LYP, the PBE0 performance improves 
after incorporating conformational effects.  

With 5, the intensities of the low-lying transitions diminish 
significantly as φ  increases; when  φ = 90°, no intense 
transitions appear in the region above 400 nm for all the 
methods (Figure S4). From Figure S4, it seems that these 
internal rotations do not entirely account for the underestimated 
excitation energy calculated by BLYP and PBE0 for the lowest-

energy MLCT band, whereas the transition energy is 
overestimated by CAM-B3LYP and LC-BLYP.  

 
Basis Set Effect. In this section, we have examined the effects 
of basis set on the excitation energies. Complex 4 was selected 
as a test case. The HOMO to LUMO excitation was calculated 
with BLYP, PBE0, and LC-BLYP using the 6-31G(d,p), 6-
31+G(d), 6-31+G(d,p), 6-311G(d,p), 6-311+G(d,p), 6-
311+G(2d,p), and 6-311++G(d,p) basis sets. Pseudopotentials 
of Stuttgart/Dresden and the associated SDD basis set for Ru 
were used in all cases. The resulting data are presented in 
Table 9. 

From Table 9, the excitation energy (λmax) of the intense, 
lowest-energy transition is seen to converge as the basis set is 
augmented beyond 6-31+G(d); further augmentation has a 
minor effect. Adding diffuse functions to the second- and third-
row elements has a considerable impact, but the shift is 
functional-dependent. For example, for BLYP the displacement 
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of  λmax from6-31G(d,p) to 6-31+G(d,p) is ca. 50 nm, while it is 
only ca. 20 nm in the case of LC-BLYP. Adding an extra set of 
valence functions, from 6-31G(d,p) to 6-311G(d,p), has a 
moderate impact 

 

Table 9. Basis set effect on the HOMO-to-LUMO transition in 4 computed 
using BLYP, PBE0, and LC-BLYP functionals. 

Basis set BLYP PBE0 LC-BLYP 
 λ (nm) [f] λ (nm) [f] λ (nm) [f] 
6-31G(d,p) 619 [0.54] 471 [0.69] 330 [0.91] 
6-31+G(d) 672 [0.60] 508 [0.71] 352 [0.93] 
6-31+G(d,p) 673 [0.59] 508 [0.71] 352 [0.93] 
6-311G(d,p) 632 [0.53] 479 [0.69] 337 [0.90] 
6-311+G(d,p) 674 [0.59] 509 [0.70] 353 [0.92] 
6-311+G(2d,p) 669 [0.60] 505 [0.71] 352 [0.93] 
6-311++G(d,p) 674 [0.61] 509 [0.70] 353 [0.92] 

 
on the excitation energy. The PBE0/6-31G(d,p) level of theory 
was found to give the best match with the experimental 
absorption maximum at 473 nm. The general trend in the 
calculated λmax  remains the same (e.g. BLYP > PBE0 > LC-
BLYP) upon varying the basis set. The extended basis sets are 
often recommended for the calculation of hyperpolarizabilities 
and excited-state properties.[92–94] Our data further corroborate 
this. At a minimum, the 6-31+G(d) basis set must be used in 
such calculations. However, it is worthwhile noting that use of 
diffuse functions in the calculations of the excited-state 
properties and hyperpolarizabilities is not always feasible for the 
complexes studied here. 

3. Conclusions 

The performance of the CAM-B3LYP, ωΒ97X, and LC-BLYP 
long-range corrected DFT methods in calculating molecular first 
hyperpolarizabilities and low-lying charge-transfer transitions of 
metal alkynyl complexes was assessed. The non-LC BLYP, 
B3LYP, and PBE0 functionals and the HF method were also 
examined. The key findings can be summarized as below: 
 
1) For a given complex, the calculated static β value decreases 

in the order of BLYP > B3LYP > PBE0 > CAM-B3LYP > 
ωΒ97X > LC-BLYP > HF; long-range correction leads to a 
significant reduction in the calculated β. The performance of 
the BLYP pure functional is quite poor for the larger 
complexes (e.g. 5 and 6), significantly overestimating β. In 
contrast, all range-separated functionals underestimate the 
static hyperpolarizabilities of 1–6. However, most importantly, 
hyperpolarizability ratios between 4, 5, and 6 (i.e. increasing 
conjugation) calculated by the RS-DFT methods are in much 
better agreement with the experimental ratios than the 
conventional methods, including the hybrid functionals. 

 
2) Calculation of frequency-dependent hyperpolarizabilities at 

1064 nm by the conventional methods are significantly 
enhanced due to resonance effects. In contrast, the dynamic 
responses from CAM-B3LYP, ωΒ97X, and LC-BLYP are free 

from resonance effects because their low-lying transitions 
are considerably removed from the SHG wavelength, and 
these calculations reproduce the experimental trend for 4–6 
(i.e. 4 < 5 < 6). 

 
3) The CAM-B3LYP, ωΒ97X, and LC-BLYP long-range 

corrected functionals considerably overestimate the energies 
of the low-energy CT transitions in 2, 4, and 5. BLYP, on the 
other hand, significantly underestimates the excitation 
energies. The performance of the B3LYP and PBE0 
functionals is much better than BLYP. Compared to 
transitions calculated using functionals lacking long-range 
corrections, the significantly blue-shifted low-energy CT 
transitions for the RS-DFT functionals account for the 
reduction in the calculated β values.  

 
4) The influence of the phenylene ring orientation in the alkynyl 

ligand on the optical properties is significant. Specifically, the 
impact is much stronger for the complexes containing 
multiple phenyleneethylene groups. Hence, comparisons of 
experimental data, which is an average of conformations, 
with calculations on the basis of a single conformer should 
be made with care. However, calculations performed on the 
coplanar conformations yield correct trends in  β , which is 
important for identifying potent NLO chromophores from 
related but less efficient compounds. Further, for these type 
of calculations, we recommend using a basis set with diffuse 
functions (at least 6-31+G(d)) for heavy elements, if feasible. 
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