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Calculations were performed on transition-metal complexes to (1) extrapolate the 

structure and bonding of the ground and phosphorescent states (2) determine the 

luminescence energies and (3) assist in difficult assignment of luminescent transitions.   

In the [Pt(SCN)4]2- complex, calculations determined that the major excited-state 

distortion is derived from a b2g bending mode rather than from the a1g symmetric 

stretching mode previously reported in the literature.  Tuning of excimer formation was 

explained in the [Au(SCN)2]2
2- by interactions with the counterion.  Weak bonding 

interactions and luminescent transitions were explained by calculation of Hg dimers, 

excimers and exciplexes formed with noble gases.  
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CHAPTER 1  
 
 

MODELLING THE LUMINESCENCE OF METAL-THIOCYANATE COMPLEXES 
 
 
1.1  Introduction 
 

The thiocyanate ion, known as a pseudo-halide for its comparable reactivity with 

halogens, has found versatility as a coordinating ligand within transition metal 

complexes.  As an ambidentate ligand thiocyanate coordinates either by the sulfur or 

the nitrogen, which often but not always depends on the softness or hardness of the 

metal to which it is coordinated.  In some organisms, CN- is removed from the body by 

transforming it to SCN- by the enzyme sulfotransferase, known as rhodanese.1  

Similarly, CN- is removed from industrial waste as SCN- before disposal.  

In our work, we have modeled the ground state and lowest triplet excited states 

of Au(I) and Pt(II) thiocyanate complexes. The complexes modeled in this study, 

[Au(SCN)2]-, [Pt(SCN)4]2-, are not only luminescent but also have shown unique excited 

state characteristics.  Each complex has displayed the ability to tune the electronic 

nature of its excited state and thereby tune the emission color and intensity by (1) 

using temperature and pressure to oscillate between triplet states and (2) varying the 

Au…Au distance.  In both complexes studied, emission energies varied throughout the 

visible region.   

Square planar d8 Pt(II) and Pd(II) complexes show varying degrees of 

luminescence properties based on the external conditions to which it is subjected.  

Reber et al. demonstrated pressure dependence on the emission energy of   
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[Pt(SCN)4]2-.2  When crystals of Pt(II) complexes were placed in an environment of high 

pressure, a blue shift in the emission wavelength occurs which can be explained by the 

destabilization of the dx2-y2 lowest unoccupied molecular orbital (LUMO) versus the xz 

and yz highest occupied molecular orbital (HOMO).2,3 The previously stated 

phenomenon has been found as a result of a decrease of metal-ligand distance.2a In 

contrast to these findings, Pt(II) complexes that form columnar structures, such as 

[Pt(SCN)4]2- complexes where the crystal structure shows planar stacking of the anion, 

show an opposite trend whereupon an increase of pressure on Pt(II) complexes, a 

decrease in luminescence emission energy is observed.4 Responsibility for the observed 

change in emission energy lies within extended Pt…Pt interactions.  A valence band is 

created4i when there is an overlap of the dz2 orbital and, upon induction of pressure, 

this band destabilizes.  Meanwhile, a conduction band forms when the pz orbitals on the 

adjacent Pt(II) centers overlap.  In 2006 Reber et al. reported a Pt(II) complex that 

lacks Pt-Pt extended interactions but yet exhibits a pressure-induced emission red-

shift.5 This phenomenon was explained by large complexing ligands that interact with 

the dz2 orbital of the [Pt(SCN)4]2- along the z-axis.  Interesting and unique experimental 

findings for square planar Pt(II) complexes warrant theoretical analysis of the 

interpretations found in the literature. 

Reber and Harvey carried out Hartree-Fock-Slater Linear Combination of Atomic 

Orbital (HFS-LCAO)6 calculations on d8 metal complexes in the ground and lowest 

excited states in 1999 on PdCl42- and PdBr4
2-7. Found was a D4h ground state while the 

lowest energy triplet state had elongated metal-halide bonds trans to each other 
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signifying a monomeric distortion. The calculated change in metal-halide bond was 

found to be 0.15 and 0.05 Å for PdCl42- and 0.05 and 0.00 Å for PdBr4
2- for the halides 

trans to one another. Experimental luminescence and Raman spectroscopy determined 

the difference in bond distance for K2PdCl4 observed were 0.12 and 0.09 Å and for 

K2PdBr4 were 0.12 and 0.07 Å for halide ligands trans to the other.8 Reber and Harvey 

determined qualitative agreement between calculated and experimental molecular 

structure with HFS-LCAO.6 In our study, we pursue a computational study of analogous 

thiocyanate complexes of Pt(II) and Au(I) using higher and more modern levels of 

theory to determine the molecular and electronic structures of the ground and 

phosphorescent states.5,7,8   

While the luminescence of d8 thiocyanato complexes is due to monomeric 

molecular distortion, the luminescence of some d10 thiocyanato complexes is 

determined to be due to dimerization and oligomerization. It is well known that two 

coordinate Au(I) complexes exhibit Au-centered luminescence due to Au…Au 

interactions. For gold complexes, Au(I) atoms will weakly associate with each other in 

the ground state (aurophillic bonding).  Upon photoexcitation to the lowest energy 

triplet state, an excimer forms with Au—Au covalent bond.9 The Elder group saw 

unusual shorter trends for the effect of Au…Au distance on spectral properties recently 

in 2005 where the metal-metal distances led to blue instead of red shifts in emission 

energies.10  As the cation was varied, the luminescence energy changed, due to the 

change in Au…Au distances between adjacent [Au(SCN)2]- linear complexes.  However, 

this is clearly not the case with the square planar Pt(II) thiocyanato complexes.2,5,7,8 In 
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our work we have theoretically characterized the structure of the lowest energy excited 

state of both types of complexes.  We first calculate the lowest energy structure of the 

singlet ground state and compared with results from experiments to assess the 

computational accuracy of the method used in relation to the experimental crystal 

structures available. However, in our theoretical studies of the lowest energy excited 

state, the calculations allow for a reasonable prediction of the exciton structure that is 

difficult to determine experimentally. 

 

1.2  Computational Methods 

Calculations were performed on [Pt(SCN)4]2- [Au(SCN)2]-, M[Au(SCN)2], 

[Au2(SCN)4]2-,  and M2[Au2(SCN)4] models in their S0 ground state and T1 lowest triplet 

excited state (where M = Na+, K+, Rb+, or Cs+).  The methods used included second-

order Møller-Plesset perturbation theory (MP2),11 coupled cluster with single, double, 

and quasiperturbative triple excitations (CCSD(T)),12 and the density functionals B3LYP 

and B3PW91.13 The geometries were optimized for the S0 and T1 states without any 

symmetry restrictions except where indicated when it was desired to perform scan 

calculations to partially optimize the dimer and excimer structures of the Au(I) 

complexes by varying only the separation between the two monomeric units while 

keeping the geometry of each monomer as that in the crystal structure of K[Au(SCN)2]. 

The triplet states were spin-unrestricted. The absorption and emission energies were 

computed for the vertical transitions based upon the Franck-Condon principle. 

Dissociation energies for dimeric models were determined based on optimized energies 
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of the dimer with respect to its dissociated monomers.  All calculations were performed 

using the Gaussian 03 suite of programs.14 

For this study, combinations of basis set families were used to calculate the total 

energies of the systems described above.  For platinum, the pseudopotential and basis 

set combinations were used with 18 valence electrons (5s2 5p6 5d9 6s1). The 

combinations were the LANL2DZ combination described by Hay and Wadt,15 and the 

LANL2DZ15 combination augmented with 2p functions described by Couty and Hall.17 

For gold, three pseudopotential and basis set combinations were used with 16 valence 

electrons (5s2 5p6 5d8) (1) the LANL2DZ combination described by Hay and Wadt,15 (2) 

the “LANL2DZ + p2f” combination in which LANL2DZ is augmented with two f-type 

polarization functions, which have been prescribed by Pyykkö for the description of 

aurophilicity,16 as well as one outer p-type function, which has been prescribed by 

Couty and Hall for the description of outer 6p orbitals,17 and (3) the correlation 

consistent series denoted aug-cc-pVxZ-pp where x = D(2) and T(3). The correlation 

consistent series denoted aug-cc-pVxZ-pp where x = D(2) and T(3), which was recently 

developed by Peterson and coworkers18 and includes a pseudopotential developed by 

the Stuttgart group.19   The correlation consistent basis sets are known for their 

systematic improvement in the description of molecular properties as basis set size is 

increased, thus eliminating inherent basis set errors in a given method.20,21 For sulfur, 

the following sets were utilized. They are as follows: (1) an augmented correlation 

consistent set (aug-cc-pVxZ where x = D(2) and T(3)),22 and (2) a Huzinaga/Dunning 

basis set of a double-ζ quality with a polarization function (D95*).23 The atoms C and N 
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were described with (1) aug-cc-pVxZ where x = D(2) and T(3), and (2) D95*. The M 

counterions were described by LANL2DZ.  

The theoretical methodologies employed for this study were selected according 

to the problem to be solved.  For example, when comparing ground- and excited-state 

M-M bonding, MP2 is used over DFT due to the limitations of DFT to describe weak 

metallophillic ground state bonding.  For MP2, smaller basis sets were used because of 

the extensive computational cost associated with MP2 calculations for large dimeric 

models. Thus, when ground and excited states are compared, MP2 is used in 

conjunction with the following basis set combinations: (A) LANL2DZ for Au and D95* 

for S,C,N, (B) LANL2DZ + p2f  for Au, aug-cc-pV(D+d)Z for S and aug-cc-pVDZ for C,N, 

and (C) aug-cc-pVDZ –pp for Au aug-cc-pV(D+d)Z for S and aug-cc-pVDZ for C,N, 

designated as treatment “I” for full optimizations and “II” for partial optimizations by a 

series of single point calculations complemented with a Dunham analysis24 to determine 

the equilibrium Au-Au distances and stretching frequencies. On the other hand, when 

quantitative spectroscopic information is sought to evaluate photophysical transition 

energies in comparison with experiment for species whose geometries are not dictated 

by metallophilic bonding, DFT is used in conjunction with larger/more accurate basis 

sets than those used for MP2. For this purpose, treatment “III” utilized the DFT 

functional B3PW91 with the correlation consistent sets. 
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1.3  Results and Discussion 

1.3.1  [Pt(SCN)4]2- 

As reported experimentally by Reber and co-workers, the singlet ground states 

for both [Pt(SCN)4]2- and [Pd(SCN)4]2-  have a slightly deviated D4h symmetry.  As these 

compounds are completely planar even with the ligand coordinated, the HOMO 

degeneracy of the electronic state will be displayed.   

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1. B3PW91 optimized geometry of the ground state of Pt(SCN)4

2-. 

 
Figure 1.1 shows the structure of the Pt(II) complex in the singlet ground state 

calculated by B3PW91 and LANL2DZ + 2p for Pt and a correlation consistent 
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augmented double-ζ basis set for the ligand.  Table 1.1 provides the optimized bond 

lengths and angles of this complex and compares them to experimental values.25 

Table 1.1.  B3LYP and B3PW91 bond lengths and angles of the ground state of 
Pt(SCN)4

2-. 
 

 B3LYP* 

(Å,º) 
B3PW91** 

(Å,º) 
Experimentala 

(Å,º)  B3LYP* 
(Å,º) 

B3PW91** 
(Å,º) 

Experimentala 
(Å,º) 

Pt-2S 2.485 2.376 2.331(2) 3S-Pt-4S 92.2 93.7 ------------ 

Pt-3S 2.460 2.351 2.311(2) 4S-Pt-5S 92.8 91.9 ------------ 

Pt-4S 2.467 2.351 2.311(2) 2S-Pt-5S 84.0 83.7 ------------ 

Pt-5S 2.488 2.374 2.331(2) 2S-Pt-4S 175.0 174.9 176.8 

2S-6C 1.740 1.681 1.665(2) 3S-Pt-5S 174.7 174.2 173.9 

 3S-12C 1.741 1.680 1.686(2) Pt-2S-6C 105.9 105.9 104.5(3) 

4S-10C 1.740 1.682 1.665(2) Pt-3S-12C 104.7 105.8 109.4(3) 

5S-8C 1.743 1.682 1.686(2) Pt-4S-10C 107.5 111.5 104.5(3) 

6C-7N 1.193 1.176 1.157(10) Pt-5S-8C 111.0 112.6 109.4(3) 

12C-13N 1.193 1.176 1.138(12) 2S-6C-7N 175.4 174.8 173.8(8) 

10C-11N 1.193 1.175 1.157(10) 3S-12C-13N 175.3 174.8 176.9(8) 

8C-9N 1.193 1.176 1.138(12) 4S-10C-11N 174.7 172.9 173.8(8) 

2S-Pt-3S 91.1 90.7 95.8(1) 5S-8C-9N 174.6 174.1 176.9(8) 
*Basis set here is LANL2DZ; **Basis set here is Pt – LANL2DZ + 2p, SCN – aug-cc-pVDZ 
.aReference 25 
 

From Table 1.1 it is clear that B3LYP overestimates bond lengths but shows 

qualitative agreement with angles while B3PW91 shows both qualitative agreement with 

both bond lengths and angles.  While a planar configuration of the SCN- ligands is 

shown in the literature,25 Both DFT functionals calculated the ligands to be bent out of 

the plane of the Pt-S bonds signifying a ground state that is slightly deviated from D4h 

(S-Pt-S angles range from 83.7 – 93.7°).  Figure 1.1 displays the B3PW91 optimized 

result of the S0 ground state and clearly displays the deviation from planarity and also 

shows that there is a slight bending of the Pt-S bonds out of the plane.  The angles 
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designated in Table 1.1 as 2S-Pt-4S and 3S-Pt-5S have calculated values of 174.9 and 

174.2 degrees respectively, and show that ligands trans to one another are bent out of 

the plane. 

Upon a one-electron excitation to the lowest lying excited state, major structural 

distortion is seen. Table 1.2 provides the optimized bond lengths and angles of this 

complex and compares them to experimental values. Figure 1.2 shows the optimized 

structure of the lowest lying excited state of [Pt(SCN)4]2- calculated with the identical 

method/basis set combination as the ground state. 

 
Table 1.2.  B3LYP and B3PW91 bond lengths and angles of the lowest energy excited 
state of Pt(SCN)4

2-. 
 

 B3LYP* 
(Å,º) 

B3PW91** 
(Å,º) 

Experimentala 
(Å,º)  B3LYP* 

(Å,º) 
B3PW91** 

(Å,º) 

Pt-2S 2.603 2.462 2.535 3S-Pt-4S 97.3 98.4 

Pt-3S 2.536 2.380 2.475 4S-Pt-5S 93.2 93.5 

Pt-4S 2.603 2.454 2.535 2S-Pt-5S 97.3 84.6 

Pt-5S 2.536 2.446 2.475 2S-Pt-4S 108.7 108.1 

2S-6C 1.734 1.672 --------------- 3S-Pt-5S 162.0 157.4 

 3S-12C 1.740 1.680 --------------- Pt-2S-6C 111.1 111.7 

4S-10C 1.734 1.673 --------------- Pt-3S-12C 105.1 104.9 

5S-8C 1.740 1.676 --------------- Pt-4S-10C 111.1 112.0 

6C-7N 1.195 1.177 --------------- Pt-5S-8C 105.1 107.5 

12C-13N 1.194 1.177 --------------- 2S-6C-7N 176.4 175.4 

10C-11N 1.195 1.177 --------------- 3S-12C-13N 175.9 175.5 

8C-9N 1.194 1.177 --------------- 4S-10C-11N 176.4 176.2 

2S-Pt-3S 93.1 109.6 --------------- 5S-8C-9N 175.9 175.6 
*Basis set here is LANL2DZ; **Basis set here is Pt – LANL2DZ + 2p, SCN – aug-cc-pVDZ.  
aReference 2 
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2.462 Ă 

2.380 Ă 

2.454 Ă 

2.446 Ă 

1.680 Ă 

1.673 Ă 

1.676 Ă 

1.672 Ă 

 

 

 

 

 

 

 

 

 

Figure 1.2. B3PW91 optimized geometry of the excited state of Pt(SCN)4
2-. 

 

Table 1.3 provides the calculated change in Pt-S bond lengths in a one electron 

excitation from ground to phosphorescent state of [Pt(SCN)4]2- and compares them to 

experimentally derived values.2  

 As no imaginary frequencies are attained in the frequency calculation, it is 

understood that the optimized structures reported in Table 1.1 and 1.2 of [Pt(SCN)4]2- 

represent true minima.   

Table 1.3.  Change in bond lengths of the T1 State of Pt(SCN)4
2-  compared with 

experimentally derived structural parameters.   
 

 ΔQ (B3LYP, Ă) ΔQ (B3PW91, Ă) ΔQ(exp, Ă) 

Pt-2S 0.118 0.086 0.204 

Pt-3S 0.076 0.029 0.164 

Pt-4S 0.136 0.103 0.204 

Pt-5S 0.048 0.072 0.164 
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The value of ΔQ signifies the difference between structural parameters of the ground- 

and excited states in both DFT and experimental bond lengths.  According to Table 1.3, 

experiment shows a large elongation in 2S-Pt-4S bonds (trans) and a smaller elongation 

in the opposite trans ligands.  This result is verified by calculations where both 

functionals display similar trends in the trans elongation as seen in experiment.  In 

experiment the difference in the ΔQ values for ligands cis to each other are 0.04 Ă 

while B3LYP and B3PW91 calculated this parameter as 0.042 Ă – 0.088 Ă and 0.031 Ă – 

0.051 Ă respectively.  Here, the amount of asymmetric distortion has a qualitative 

agreement while the calculated values do not.   

Using luminescence Raman spectroscopy Reber et al. determined the vibrational 

modes that are responsible for the excited state distortions and subsequent emissions.2 

In this study the major emission is a result of a totally symmetric stretching mode (a1g).  

DFT calculations have verified that there is asymmetric elongation of the Pt –S bonds 

(Tables 1.1 and 1.2).  However, in the pressure induced luminescence experiment, 

when crystal pressure is increased the vibrational frequency a1g has an increase of 0.6 

cm-1/kbar.  Other frequencies also see significant change when subjected to pressure 

such as a bending mode (b2g) where there is an increase of 0.88 cm-1/kbar.2 Table 1.4 

compares experimental frequencies with B3PW91 calculated frequencies.  Also within 

Table 1.4 is the calculated vibrational frequency that corresponds to the excited state 

distortion.   
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Table 1.4 Comparison of experimental and B3PW91 calculated frequencies in 
[Pt(SCN)4]2-. 
 
 S0, Calcd (cm-1) S0, Expta (cm-1) T1, Expta (cm-1) T1, Calcd (cm-1) 

Symm str (a1g) & 292 295  259 

Asym str (b1g) & 279, 270, 260 250  238, 215, 196, 123

Bend (b2g) & 161, 156, 145, 113 145, 151,  108 118, 98, 93 
aReference 1 (PPh4

+ salt); cFigure 2 in Reference 2; & Notation for perfect D4h symmetry. 
 
 

Within Table 1.4, it is notable that excellent agreement is found when calculated 

frequencies are compared both experimental Raman and absorption data.  The 

symmetry designations were visually corresponded with the assignments determined 

experimentally2 and reinforce the designations determined by group theory.  For 

example, where it was determined that the totally symmetric stretching mode (a1g) was 

determined experimentally to be 295 cm-1 it was calculated to be 292 cm-1.  This is 

without any scaling of frequencies to account for anharmonicity.  It is also worth noting 

that the frequencies in the excited state are lesser in energy than that of the ground 

state, which signifies that bonding is weaker in the excited state (refer to Tables 1.1 

and 1.2).  Figure 1.3 displays the contour plots of the ground state highest occupied 

molecular orbital (HOMO), lowest unoccupied molecular orbitals (LUMO) and the singly 

occupied molecular orbitals after a one electron excitation in [Pt(SCN)4]2- and it can be 

verified that in a one electron excitation, an electron is transferred from a bonding 

orbital to an antibonding orbital. 
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Figure 1.3 Contour plots of the HOMO and LUMO of [Pt(SCN)4]2-. 

 

With the results from Table 1.4, it can be seen that the excited state vibrational 

frequency of 108 cm-1 determined by absorption spectroscopy is most comparable to a 

b2g bending mode signifying an excited state dominated by a bending mode.  This result 

is seen diagrammatically in Table 1.2 and Figure 1.2 where there is slight deviation in 

Pt-S bond but a large out-of-plane bending (large deviation in S-Pt-S angle between 

ground and excited state).  This is novel finding where previously it was deduced that 

the primary distortion is due to a a1g stretching mode.2 Luminescence calculations were 

performed however a negative emission was calculated signifying a triplet state lower in 

energy than the singlet in the Frank-Condon transition.  This is not unheard-of because 

in the calculation of [Pt(SCN)4]2- there is allowed much more flexibility in distortion than 

crystal packing would allow. 

hν
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1.3.2  [Au(SCN)2]1- 

Table 1.5 shows calculated distances and spectroscopic parameters of 

{[Au(SCN)2]-}2 and {[Au(CN)2]-}2 and compares the  aurophilic Au···Au bonding vs. the 

excimeric Au-Au bonding. 

Table 1.5. Aurophilic vs. excimeric Au-Au bonding for {[Au(SCN)2]-}2 in comparison to 
reporteda values for {[Au(CN)2]-}2.  

Model method/basis a state re (Au-Au)/Å De/103cm-1 b υAu-Au/cm-1  c 

{[Au(SCN)2]-}2 I/A S0 2.945 2.294 75 

 I/B S0 2.850   

 I/C S0 2.993   

 II/A S0 2.946 3.429 84 

 II/B S0 2.829  108 

 I/A T1 2.723  126 

 I/B T1 2.700   

 I/C T1 2.692   

 II/A T1 2.625 13.216 180 

 II/B T1 2.526  176 

 III/C T1 2.745 18.702 99 

{[Au(CN)2]-}2 I/A S0 2.960 3.574 89.8 

 I/A T1 2.664 11.426 165.7 
a I: ab initio optimization using MP2. II: Partial optimization using MP2 in which only the Au···Au 
separation was optimized for a {[Au(SCN)2]-}2 dimeric unit based on the crystal structure of 
K[Au(SCN)2]. III: Full DFT optimization using B3PW91. Basis set combination A: LANL2DZ (Au), 
d95* (SCN). B: LANL2DZ + p + 2f (Au), aug-cc-PV(D+d)Z (S), aug-cc-pVDZ (CN). C: aug-cc-
pVDZ –pp (Au), aug-cc-pV(D+d)Z (S), aug-cc-pVDZ (CN).  D: aug-cc-pVTZ –pp (Au), aug-cc-
pV(T+d)Z (S), aug-cc-pVTZ (CN).   
b For the dimer S0 state, the dissociation is to two isolated monomers each in its S0 ground 
state.  
c Stretching frequencies were determined for methods I and III via full frequency calculation 
and for Treatment II via Dunham analysis.24 
 

 As shown in Table 1.5, the calculated Au…Au distance is comparable from 

treatment to treatment in both of complexes, but the dissociation energy and stretching 
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frequency indicate that the dicyano complex is bound tighter in the S0 ground state.  

However, the opposite trend is shown in the T1 excited state wherein the triplet excimer 

of the bis(thiocyanato) complex values of dissociation energy and stretching frequency 

point to a stronger bound T1 state.  Both re and De are likely overestimated due to basis 

set superposition error (BSSE),26,27 which can occur when using double-zeta level basis 

sets such as LANL2DZ.  This is manifested by the fact that the crystallographic Au···Au 

distances for the M[Au(SCN)2] salts in experiment10 are significantly longer (3.01, 3.04 

for K+, 3.07 for [(n-Bu)4N]+, 3.08, 3.11 for Rb+, 3.18, 3.27 for Me4N+, 3.21, 3.24 for 

Cs+) than the computed value of 2.83 – 2.99  Å.  

Table 1.6. Comparison of calculated angles and distances of MP2 structural parameters 
of the S0 state and experimentally10b determined structural parameters of [Au(SCN)2

-]2. 
 

 MP2/Aa MP2/Bb MP2/Cc K+ (expt salt) [N(C4H9)4]+ (expt 
salt)  

Au-Au 2.945 2.850 2.993 3.007 3.070 
Au-S (av) 2.372 2.310 2.290 2.311 2.290 
S-C (av) 1.695 1.692 1.693 1.680 1.663 
C-N (av) 1.201 1.200 1.200 1.148 1.148 
∠S-Au-S (av) 176.7 178.7 179.4 173.5 174.3 
∠S-Au-Au-S 51.9 59.7 55.5 -83.7 -77.9 
∠Au-S-C  101.3 101.5 102.5 104.3 103.0 
∠Au-S-C 101.4 101.9 102.6 104.3 102.1 
∠Au-S-C 100.7 101.4 102.5 99.8 102.2 
∠Au-S-C 100.7 101.9 102.6 99.9 100.5 
∠C-S-S-C -67.2 -47.3 -52.2 116.9 -81.0 
∠C-S-S-C -67.2 -47.7 -52.2 -3.7 -76.4 
∠N-C-C-N -54.5 -40.0 -41.4 111.4 -61.4 
∠N-C-C-N -54.4 -39.3 -41.4 -1.2 -64.8 
∠Au-Au-S-C 162.6 167.0 154.1 -122.0 -161.5 
∠Au-Au-S-C 162.5 166.6 153.8 -122.0 -147.8 
∠Au-Au-S-C 130.0 145.7 154.1 -1.8 84.7 
∠Au-Au-S-C 130.0 145.7 153.7 -1.8 66.7 

*av = average.  a LANL2DZ for Au and D95* for S,C,N. 
b LANL2DZ + p2f  for Au, aug-cc-pV(D+d)Z for S and aug-cc-pVDZ for C,N. 
c aug-cc-pVDZ –pp for Au aug-cc-pV(D+d)Z for S and aug-cc-pVDZ for C,N. 
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Table 1.4 provides a comparison between the computed geometry for [Au(SCN)2
-]2 with 

the experimental geometries for dimeric units in the structures of K[Au(SCN)2] and (n-

Bu4)N[Au(SCN)2]. 

Underestimation of the bond distance and the consequent overestimation of the 

dissociation energy shown in Table 1.5 are likely due to BSSE as well as to not 

accounting for further packing interactions with the counterions and other complexes in 

the computational treatment of the [Au(SCN)2
-]2 and [Au(CN)2

-]2 dimer and excimer 

models. However, there is qualitative agreement between the computed and 

experimental bond distances.  

For the description of the T1 triplet state of dimeric models, we have utilized both 

MP2 and DFT to treat [Au(SCN)2
-]2 and only DFT to treat the larger {M[Au(SCN)2]}2 

models (where M = Na, K, Rb and Cs). DFT is sufficient to describe the excimeric 

covalent bonding (but not the weak metallophilic bonding)28 and is much less 

demanding computationally than MP2. Hence, we have been able to utilize DFT 

calculations with large basis sets that minimize BSSE in comparison to the small basis 

sets that were used in the MP2 calculations, and we have been able to treat the 

counterion-containing dimeric models (while treating such models has not been not 

feasible with MP2).  

DFT data for the T1 state of all dimeric models show significant Au-Au bonding, 

as shown in Table 1.5 (see method III data). Figure 1.4 shows contour plots of the 

Kohn-Sham frontier orbitals of [Au(SCN)2
-] and {K[Au(SCN)2]}2. 
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Plotted are the two singly-occupied Kohn-Sham orbitals (SOKSOs) for the 

optimized T1 state of each system.  In each case it is clear that the higher SOKSO 

contains a significant orbital-density overlap in the Au-Au center, which manifests the 

strong excimeric Au–Au covalent bonding with short Au-Au distances (Table 1.5) and 

which explains the large Stokes’ shift seen experimentally upon optimizing the T1 state.   

 

Figure 1.4 Contours of the frontier orbitals for the optimized T1 states of {[Au(SCN)2]-}2  
(left) and {K[Au(SCN)2]}2 (right) based on DFT calculations (B3PW91 functional; basis 
sets: Au – aug-cc-pVDZ - pp; S – aug-cc-pV(D+d)Z; C,N – aug-cc-pVDZ; K – LANL2DZ). 
Note the Au-Au bonding character in the higher SOKSO in both cases. 

 

An unusual result illustrated in Figure 1.4 is that the lower SOKSO has the 

electron density essentially localized only on one complex.  
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Figure 1.5. Calculated structure of the T1 excited state of {[Au(SCN)2]-}2 using B3PW91 
and different basis sets.  

 
 

Figure 1.5 shows a compilation of optimized B3PW91 T1 structures of  

[Au (SCN)2
-]2 with multiple basis sets. A narrow range (2.74 - 2.76 Å) for the Au-Au 

bond length is seen with all methodologies.  This is in a sharp contrast to the reported 

analogous dicyano complexes as well as other known excimeric closed-shell transition-

metal systems, 29 wherein the electron density has been reported to be delocalized onto 

both metal centers with symmetrically anti-bonding and bonding interactions in the 

lower and higher molecular orbitals, respectively. Thus, the situation here is more 

LANL2DZ – Au-Au = 2.736 Å LANL2DZ + p2f – Au     Au-Au = 2.755 Å 
aug-cc-pV(T+d)Z - S 
aug-cc-pVTZ – C,N 

aug-cc-pVDZ – Au-Au = 2.745 Å aug-cc-pVTZ – Au-Au = 2.743 Å 
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similar to that known for organic excimers where an excited monomer reacts with a 

ground-state monomer to form the excimer.30  

The DFT-computed geometries for the optimized T1 states of {[Au(SCN)2]-}2 and 

{K[Au(SCN)2]}2 models are shown in Figure 1.6 while further DFT computational data 

for dimeric models with different basis sets and other M counterions are shown in 

Figure 1.7.  

 All models exhibit rather short Au-Au distances, consistent with an excimeric 

luminescent species, and these Au-Au distances are noticeably shorter in the presence 

of the counterion than in its absence with some variation between one counterion and 

another. Nevertheless, the counterion remains non-bonded to the complex. Thus, the 

situation herein is somewhat different from that described by Che and co-workers for 

[Au2(diphosphine)2]2+ dimeric complexes, for which it was suggested that the 

counterion forms an exciplex bond with the Au(I) atoms in their emissive triplet 

states.31 The data here, in contrast, suggest that the counterion interacts more strongly 

with the thiocyanate ligands than with Au(I) but the Au-Au bonding and the triplet 

energy are affected indirectly but significantly as a result of this interaction with the 

counterion. The geometry of the T1 state in each of the dimeric models computed via 

B3PW91 shows that the S-Au-S coordination in one of the two complexes drastically 

deviates from linearity while the other complex remains essentially linear (Figures 1.5, 

1.6, and 1.7). This is likely a consequence of the unsymmetrical orbital character in 

some of the frontier molecular orbitals, as discussed above. 
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-Au1 Au2 = 2.667 Å 
Au1- S1 = 2.457 Å ; Au1- S2 = 2.402 Å
Au2- S3 = 2.453 Å ; Au2- S4 = 2.504 Å
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- 

Au1 Au2 = 3.006 Å 
Au1 S1 = 2.309 Å ; Au1 S2 = 2.309 Å
Au2 S3 = 2.312 Å ; Au2- S4 = 2.313 Å

Å - 
- 
- 

Au1 Au2 = 3.006 Å 
Au1 S1 = 2.309 ; Au1 S2 = 2.309 Å
Au2 - S3 = 2.312 Å ; Au2 - S4 = 2.313 Å

- 
- 

-
-
-

Au1 Au2 = 2.745 Å 
Au1 S1 = 2.397 Å ; Au1 S2 = 2.383 Å
Au2 S3 = 2.490 Å ; Au2 S4 = 2.467 Å

hv 

hv 

 

Figure 1.6. Computed rearrangement of a dimeric {[Au(SCN)2]-}2 unit taken from the 
crystal structure of K[Au(SCN)2] upon photoexcitation and relaxation to the T1 state 
based on B3PW91 calculations without (top) and with (bottom) the counterion present. 
The basis sets used were aug-cc-pVDZ-pp for Au, aug-cc-pV(D+d)Z for S, aug-cc-pVDZ 
for C and N, and LANL2DZ for K. Note the excimeric contraction in the Au-Au distances 
and lack of exciplex bond formation with the counter ion.  
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Figure 1.7. B3PW91 calculated structures of the T1 excited states of {M[Au(SCN)]}2 
(where M = Na, K, Rb, Cs).  

 

aug-cc-pVDZ – Au-Au = 
2.656 Å 
Na- LANL2DZ 

aug-cc-pVDZ – Au-Au = 
2.667 Å 
K- LANL2DZ 

aug-cc-pVDZ – Au-Au = 
2.698 Å 
Rb- LANL2DZ 

aug-cc-pVDZ – Au-Au = 
2.701 Å 
Cs- LANL2DZ 

Au—M (Å)* 

Na 

K 

Rb 

Cs 

4.198 

3.190 

4.039 

4.015 

4.461 
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Interestingly, MP2 calculations show that the two complexes in the dimeric 

dianionic unit remain symmetrical in both the S0 and T1 states. While the B3PW91 data 

suggest that photoexcitation significantly affects the geometry of only one complex in 

the dimer, the MP2 data show that both complexes in the dimer are distorted 

identically. Figure 1.8 shows the MP2-calculated geometry of fully-optimized models of 

{[Au(SCN)2]-}2 in both the S0 and T1 electronic states; further parameters for the 

computed structure of the T1 state are in Table 1.6. 

 

 

 

 

 

 

 

 

 

 

Figure 1.8. Computed structure of the {[Au(SCN)2]-}2 dimer in the S0 state (a) and the 
T1 state (b) based on full ab initio optimizations using MP2 and basis set combination 
aug-cc-pVDZ –pp for Au aug-cc-pV(D+d)Z for S and aug-cc-pVDZ for C,N. 

Au(1)-Au(2)   2.993Å 
Au(1)-S(1)      2.290Å 
Au(1)-S(2)      2.290Å 
Au(2)-S(3)      2.290Å 
Au(2)-S(4)      2.290Å 

Au(1)-Au(2)   2.692Å 
Au(1)-S(1)      2.463Å 
Au(1)-S(2)      2.429Å 
Au(2)-S(3)      2.463Å 
Au(2)-S(4)      2.429Å 
Au(1)-N(1)     2.568Å 
Au(1)-N(2)     2.568Å 
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Table 1.7. Calculated geometry of the T1 state of {[Au(SCN)2]-}2 using the ab initio 
method and basis sets as those in Figure 1.8.  

 Optimized 
Au-Au 2.723 
Au-S (av) 2.543 
S-C (av) 1.675 
C-N (av) 1.205 
∠S-Au-S 97.9 
∠S-Au-Au-S -179.9 
N-Au (av) 2.644 
∠Au-S-C 92.8 
∠Au-S-C 103.2 
∠Au-S-C 92.8 
∠Au-S-C 103.2 
∠C-S-S-C 179.8 
∠C-S-S-C 179.8 
∠N-C-C-N 179.7 
∠N-C-C-N 179.7 
∠Au-Au-S-C 179.2 
∠Au-Au-S-C 0.03 
∠Au-Au-S-C 179.2 
∠Au-Au-S-C 0.03 

 

The drastic rearrangement in the relaxed geometry of the T1 state entails not 

merely the formation of an Au-Au bond and deviation from planarity, but also the 

coordination of one thiocyanate N atom from each complex to the Au atom in the 

adjacent complex so that each complex unit exhibits a T-shaped structure. 

Rearrangements to such T-shaped structures have been invoked in the excited states of 

some other gold complexes investigated earlier in the literature32, 32 From a theoretical 

standpoint, the computed structures of the T1 state of dimeric models correspond to 

true minima because no imaginary frequencies are found in frequency calculations for 

the structures optimized using both theoretical treatments (MP2 and DFT). The bearing 
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of these data on the experimental luminescence data, on the other hand, will be further 

discussed above. 

Additional experimental and computational evidence has been gathered to shed 

more light onto the structure of the excitons that are responsible for the luminescence 

bands and explain the puzzling trends in the luminescence energies of the various 

bis(thiocyanato)gold(I) salts above. With respect to the computational data, it is 

important to establish the context with regard to quantitative aspects of the theoretical 

treatment when modeling the spectroscopy of transition metal complexes.  A recent 

study by Omary et al.28 on Hg excimers and exciplexes, for example, has illustrated 

that, in order to describe the photophysics with a reasonable accuracy, a triple-zeta 

correlation consistent basis set must be used while basis sets such as LANL2DZ yielded 

errors as high as 8000 cm-1 (~ 1 eV) for electronic transitions.  It has been further 

illustrated that CCSD(T) and B3PW91 yielded much more accurate transition energies 

than MP2 in conjunction with a triple-ζ correlation consistent basis set.28 In order to 

establish a benchmark for the bis(thiocyanato)gold(I) complexes herein, we have 

carried out calculations to evaluate the atomic 1S↔3D transition energy for the Au(I) 

free ion. Thus, Table 1.7 summarizes these results using the same methods and gold 

basis sets used for the {[Au(SCN)2]-}2 and {M[Au(SCN)2]}2 models.  
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Table 1.8. Calculated 1S↔3D transition in the Au(I) free ion with varying methods and 
basis sets. 

Method Basis Set E(1S↔3D)/cm-1 

B3PW91 LANL2DZ 23 756 

 LANL2DZ + p2f 23 360 

 aug-cc-pVDZ 18 921 

 aug-cc-pVTZ 18 061 

MP2 aug-cc-pVDZ 19 063 

 aug-cc-pVTZ 19 245 

CCSD(T) aug-cc-pVDZ 18746 

 aug-cc-pVTZ 18761 

Expt 33 17 642 

 

From Table 1.8, B3PW91 calculations using a LANL2DZ basis set for Au 

overestimates the S0 ↔ T1 Au(I) atomic transition by > 6000 cm-1 (~ 35% error). Even 

upon augmenting LANL2DZ with polarization functions, the error remains very large as 

it decreases only by a few hundred cm-1 to 32% with respect to the experimental 

atomic transition energy.  On the other hand, with the use of correlation consistent 

basis sets, the error decreases to 7% and 2% for D(2) and T(3) respectively, with the 

latter being only a few hundred cm-1 from the experimental value.  The MP2 results are 

unsatisfactory with all basis sets examined, which is in line with the conclusions made in 

ref 28 for the Hg monomer and clusters. Overall, it can be seen from Table 1.8 that 

using the DFT functional B3PW91 along with the correlation consistent basis sets leads 

to a reasonable description of the Au(I) atom and, hence, this DFT treatment is adopted 

for quantitative determination of the electronic transition energies for monomeric and 
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dimeric models of the bis(thiocyanato)gold(I) species. Table 1.9 describes the 

calculated T1→S0 phosphorescence and S0→T1 excitation energies for the dimeric 

complexes.  

The experimental data in Ref 9 clearly show that each complex luminesces in the 

visible range. However, calculations for the dimeric models indicate luminescence in the 

near-IR region even when using theoretical treatments that have been validated, as 

described above.  Indeed, these treatments give rise to an excellent agreement with 

the experimental data10 for the excitation energies. Table 1.9 shows that the vertical 

excitations for dimeric models at their experimental crystallographic geometries 

obtained wavelengths that are well within the 350-400 nm experimental range when 

correlation consistent basis sets are used in conjunction with B3PW91. Because 

monomeric models give rise to significantly higher S0 → T1 excitation energies while 

dimeric models are sufficient to shift these excitation energies to the experimentally-

observed range, this identifies dimeric clusters to be responsible for the luminescence in 

M[Au(SCN)2] solids. The problem is that, indeed, the fully-optimized geometries of 

dimeric models in their T1 state remain drastically red-shifted from the experimental 

emission energies, which is surprising particularly because previous literature work 

suggested that Au-Au excimer formation in dimeric Au(I) complexes leads to UV 

phosphorescence. Thus, Patterson and co-workers34 showed that *{[Au(CN)2]-}2 

excimers and even trimeric analogues emit in the UV region while Che and coworkers 

showed that intramolecular excimer formation in dinuclear Au(I) phosphine complexes 

leads to UV phosphorescence that is shifted to the visible region only upon exciplex  



 27

Table 1.9. B3PW91 calculation results of spectroscopic parameters for dimeric and 
excimeric models.  
 

System Basis a λem/nm b λex/nm c SS /cm-1 d dAu-Au(T1)/Å

{[Au(SCN)2]-}2 A 1247 300 25314 2.736 

 B 1238 331 22134 2.755 

 C 1229 348 20585 2.745 

 D 1241 361 19642 2.743 

{Na[Au(SCN)2]}2 C 1823 432 17663 2.656 

{K[Au(SCN)2]}2 C 1389 398 17942 2.667 

{Rb[Au(SCN)2]}2 C 1222 395 17133 2.698 

{Cs[Au(SCN)2]}2 C 1158 391 16940 2.701 

a Basis set combinations for (Au, S, CN) are as follows: A = (LANL2DZ, LANL2DZ, LANL2DZ), B 
= (LANL2DZ+p2f, aug-cc-pV(T+d)Z, aug-cc-pVTZ), C = (aug-cc-pVDZ, aug-cc-pV(D+d)Z, aug-
cc-pVDZ), and D = (aug-cc-pVTZ, aug-cc-pV(T+d)Z, aug-cc-pVTZ). The counterions were 
described by LANL2DZ. 
b T1→S0 excitation at the experimental geometry of a dimeric unit from the structure of 
KAu(SCN)2. 
c S0→T1 at the T1 optimized geometry. 
d Stokes' shift based on the computed λem and λex values listed. 
 

formation with a counterion or solvent molecule.31 Indeed, when restricting the excited-

state distortion to excimeric Au-Au bonding by scan calculations in which only the 

distance between the two complexes was varied, this partial optimization led to UV 

phosphorescence and a Stokes’ shift of only ~ 5 ×103 cm-1.  Because full optimizations 

by a computational treatment that has been validated for accurate transition energies 

give rise to NIR phosphorescence and huge Stokes’ shifts (18-20 ×103 cm-1; Table 1.9) 

computed for the {[Au(SCN)2]-}2 and {K[Au(SCN)2]}2 dimeric models herein, we 

conclude that these energies are related to the fact that the solid-state lattice does not 

allow for the drastic rearrangements in the excimeric T1 states shown in Figures 1.5-
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1.7. Thus, the constrained environment in the crystalline solid state would not allow 

such distortions to the extent predicted due to the lack of matrix effects in gas phase 

calculations for dimeric models in vacuum.  A similar conclusion was reached by 

Coppens and coworkers, whose elegant time-resolved X-ray diffraction studies that 

experimentally determined the crystal structures of several classes of phosphorescent 

molecules provided “calibrations” for computed structures with various levels of theory 

and it was clearly demonstrated that the discrepancy between the experimental and 

computed structures are not always related to shortcomings of the theoretical 

treatments.35  

We now turn our attention to explaining the puzzling trend of the emission 

energy with different counterions (Figure 1.8).  

 

 

 

 

 

 

 
 
Figure 1.9.  Correlation of the luminescence excitation and emission energies and the 
Stokes’ shifts with the shortest Au···Au distance in the six [Au(SCN)2

-] salts whose 
crystal structures have been determined. Each salt is identified by the counterion. 
(Special thanks to Ravi K. Arvapally for experimental data). 
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 There is a general counterintuitive correlation between the emission energy (as 

well as the Stokes’ shift) and the Au···Au distance in different salts whereby blue- 

instead of red shifts are observed for Au-centered emissions in salts with shorter 

aurophilic bonds. A close examination of the multiple crystal structures reported shows 

that compounds that have lower emission energies, such as the red-emitting Cs+ salt 

(λmax = 688 nm; Stokes’ shift = 15.7 × 103 cm-1), exhibit significantly longer Au···Au 

distances as well as longer cation···complex distances than those in compounds that 

exhibit much higher emission energies, such as the blue-green emitting Rb+ (λmax = 513 

nm; Stokes’ shift = 9.5 × 103 cm-1) and K+ salts (λmax = 525 nm; Stokes’ shift = 8.6 × 

103 cm-1). The shortest Au···Au distances in the Cs+ salt are 3.213 and 3.240 Å, much 

longer than the analogous distances in the Rb+ salt (3.082 and 3.114 Å) or the K+ salt 

(3.006 and 3.043 Å). Likewise, the shortest counterion···N (thiocyanate) distances in 

the Cs+ salt (3.124, 3.179, 3.210, and 3.219 Å) are much longer than the analogous 

distances in the Rb+ salt (2.958, 3.011, 3.014, and 3.056 Å) or the K+ salt (2.832, 

2.863, 2.866, 2.889 Å). These crystallographic distances are consistent with the 

aforementioned structure of the emitting exciton because there is more empty space 

dictated by the lattices of crystals exhibiting long Au···Au and counterion···complex 

separations that will allow for the rearrangement of the two complexes in the emissive 

excimer to a closer extent to the predicted distortion of the excimeric T1 state. Thus, 

such compounds will emit at lower energies compared to compounds whose lattices 

allow for a significantly smaller excited-state distortions and thus smaller Stokes’ shifts 

and higher emission energies. This model is also valid for the two other salts with 
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organic counterions that exhibit Au···Au bonding and Au-centered luminescence, 

namely the Me4N+ and n-Bu4N+ salts. Thus, the longer Au···Au distances of 3.179 and 

3.265 Å in the Me4N+ salt lead to a lower emission energy (λmax = 643 nm) and a larger 

Stokes’ shift (14.8 × 103 cm-1) than the corresponding values of 551 nm and 9.1 × 103 

cm-1, respectively, for the n-Bu4N+ salt that exhibits a shorter Au···Au distance of 3.070 

Å.  Figure 1.8 correlates Au…Au distance based on crystallographic values with 

excitation, emission and Stokes’ shift. 

 

1.4  Conclusion 

Photophysical studies were done on metal-thiocyanate complexes 

computationally in comparison to experimental spectral data.  The case of [Pt(SCN)4]2- 

was uniquely challenging with the deduction of both the elongation of the trans ligands 

across the a1g vibrational mode and bending in the b2g mode. With complexes of Au(I), 

it was seen with all computational methodologies that the excited state distortion is 

manifested compression of the Au-Au bond and also rearrangement of the SCN ligands. 

With increasing Au…Au and counterion complex separation, there is more freedom for 

distortion in the excited state and therefore a larger Stokes’ shift to approach the 

computationally predicted geometries and emission energies.  In both d8 and d10 

complexes, the emission energies are drastically red shifted from experimental values 

because of the greater freedom to accommodate the excited state distortion that can 

occur in the gas phase versus the solid state environment. 
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CHAPTER 2 
 

LUMINESCENCE PROPERTIES OF TRANSITION METAL – NOBLE GAS COMPLEXES 
 

2.1  Introduction 
 
 In the study of luminescent complexes, a fundamental understanding of 

electronic structure and bonding of the phosphorescent states is needed to (a) assign 

correct emission bands and (b) gauge the amount of distortion in the excited state.  

Upon a photoexcitation, molecules distort from the ground state configuration.  These 

distortions are key to understanding the photochemical and spectroscopic properties.1  

A theoretical study of electronic structure, luminescence and spectroscopy is a 

fundamental method to deduce the structures and transitions responsible for emissions 

of existing complexes as well as the development of new luminescent complexes.  In 

the past, rigorous theoretical applications on large molecules, especially for molecules 

containing heavy atoms have been difficult because of the complexity of their structure, 

the size of the molecules and the need to account for relativistic effects and spin-orbit 

coupling.  With advances in high performance workstations, supercomputers and cluster 

computing, it is possible to use computational chemistry to explain the bonding and 

spectroscopy of heavy metal complexes.2-
3 3

5 

 The focus of this chapter is the interesting phenomenon seen in the 

luminescence study of Hg interactions with noble gas atoms such as Ne, Ar and Kr.6,7,8 

What is seen in our study is weak interactions in the ground state and a slightly 

stronger interaction in the luminescent excited state.  Qualitatively, this result is 

indicative of the bonding interaction of two closed shell atoms where the bonded 
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species dissociate to a Hg 1S0 and a noble gas (Ng) 1S0.  Here the formal bond order 

equals zero and any interaction is due to van Der Waal’s interaction.  In a one electron 

excitation, the bonded species dissociates to a Hg 3P and a Ng 1S0 which is similar to 

the dissociation of Hg dimers in a previous theoretical study.9  In a Hg dimer the 

ground state is represented as a 1Σg where the orbital interactions come from two pz2 

orbitals.  Again, in this case the ground state of a Hg dimer is formally zero.  Upon one 

electron excitation from an antibonding to a bonding orbital makes the bond order 1 

and dissociation to a 3P Hg and a 1S0 Hg. This is also seen in the calculation of Ar 

dimers where the interaction of two closed shell atoms have weak van der Waals 

interactions with a formal bond order of 0 and with a one electron excitation the formal 

bond order becomes 1. 

 With modern methods to compute luminescence energies, applications such as 

emission energies of gas phase lasers can be estimated.  Important examples in the 

literature of laser technologies point toward new applications needed that can use the 

green emission arising from hg trimers.10  Historically, this 485 nm emission has been 

assigned to the Hg trimer and recently quantum mechanical calculations have verified 

this assignment.9 With these results, theoretical modeling can be used to (a) assign the 

correct emitting state and luminescence energy of emissive molecules (b) design new 

lasers with theoretically derived luminescence wavelengths.  Calculations were 

performed in this on Hg and Ng complexes.  The electronic excited state for these 

systems are triplet excimers10 with many emission bands in the luminescence spectrum.  

Homoatomic dimers contain strong metallophilic bonds in the ground state and form 
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strongly bound excimers while Ng-Hg complexes bonding is heavily attributed to van 

der Waals interactions even in the exciplex.  This study was performed to determine 

bonding properties of Ng-metal complexes starting with (1) the proper assignment  of 

luminescence energies found experimentally, (2) explore the excited state electronic 

structure of these systems, and (3) determine new Ng – metal bound complexes for the 

use in gas phase lasers.  

 

2.2  Computational Methods 

The calculations were performed on Ar2, Hg2 and HgNg (where Ng = Ne, Ar, Kr).  

The theoretical methods used included coupled cluster with single, double, and 

quasiperturbative triple excitations, CCSD(T),11 Møller-Plesset second-order perturbation 

theory, MP2,12 and density functional theory, DFT, with the B3LYP and B3PW91 and 

functionals.13,14 The calculations were performed for the ground states and for relevant 

low-lying paramagnetic excited states.  Certain relativistic effects were included through 

the use of effective core potentials (ECPs) to represent core electrons that were not 

treated explicitly.15 The relativistic effects included are those described as scalar 

relativistic effects15,16 in contrast to spin-orbit coupling terms that were not treated. The 

triplet state was treated with unrestricted Hartree-Fock (UHF) wavefunctions or 

unrestricted density functional (UDF) densities. Calculations were performed using the 

Gaussian 0317 suite of programs and Molpro 2002.6 and Molpro 2006.1,18,19 

Three combinations of ECPs and basis sets were used in this work:  

(1)     A 12-electron ECP together with a double zeta (DZ) quality contracted Gaussian- 



 37

type orbital (CGTO) basis set; the ECP and CGTO parameters were optimized by 

Hay and Wadt.20 Here, the ten 5d and the two 6s electrons from each Hg atom 

are treated explicitly while the remaining sixty-eight core electrons are 

represented by an ECP. This ECP and basis set are available in the Gaussian 

library51 under the descriptive name of LANL2DZ.  

(2)  A combination of ECP and basis set that was taken from the work of Couty and 

Hall.21 An important feature of this combination is that CGTOs optimized to 

describe the atomic Hg 6p orbital have been included; otherwise, the basis set is 

of double-zeta quality. The Couty-Hall combination uses a 20-electron ECP 

developed by Christiansen and co-workers22 so that the electrons arising from 

the 5s25p65d106s2 shells of the Hg atom are treated explicitly. ECPs such as this 

one avoid artifacts that can be associated with ECPs where fewer electrons are 

explicitly represented.23  

(3) Correlation consistent (cc) series of CGTO basis sets known as the correlation 

consistent polarized relativistic valence “n” zeta basis sets (cc-pRVnZ and aug-cc-

pVnZ where “n” is D(double), T(triple), Q(quadruple), and 5(quintuple)) 

developed by Peterson.24,25  These basis sets for Hg are based on a 20-electron 

ECP developed by the Stuttgart group.26  The quality of this series of basis sets 

improves systematically with respect to increasing basis set size.  As the basis set 

size increases, the complete basis set (CBS) limit – the point at which the MOs 

are completely described, and no further improvement in basis set size will 

modify the results - is approached.27,28  
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For Ar, a family of correlation consistent sets is used designated as aug-cc-pVxZ, 

d-aug-cc-pVxZ and t-aug-cc-pVxZ (where x = D(double), T(triple) and Q(quadruple))29.  

For Noble gas species (Ne, and Kr) the same augmented correlation consistent family of 

basis set at the triple zeta level is used.30 

 

2.3  Results and Discussion 

2.3.1  Triplet Argon Excimer 

 As one of the few vacuum ultraviolet (VUV) emission sources, much attention 

has been given to the Ar2
* excimer as a source in the future of the optical lithography 

industry.31 Figure 2.1 displays the orbital bonding scheme of the Ar2 system. 

According to the Russell-Saunders notation the ground-state Ar dimer is a weak 

van der Waals bound complex with a 1Σg symmetry, where electrons occupy the highest 

occupied molecular orbital (HOMO) σu
*
(3pz) with a qualitative bond order that equals 0.  

Upon a one electron excitation to the lowest lying triplet excited-state the symmetry of 

the addition of a σg(4s) and  σu
*
(3pz) gives 3Σu.  Clearly excimer formation occurs with a 

formal bond order of 1.  Table 2.1 displays the results of equilibrium distance (Re) and 

dissociation energy (De). 
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Figure 2.1.  A qualitative molecular orbital diagram for the argon dimer. 

 
High accuracy calculations were reported on the ground state of this rare gas 

system.32,33 With BSSE correction, equilibrium nuclear geometry of the ground state 

molecule was found to be between 3.807 and 4.070 Å.32,33 The spectroscopic constants 

for the Ar dimer are reported in Table 2.1 (Re and De).34 Calculations were  
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Table 2.1.  Equilibrium internuclear distances and dissociation energies of the Ar2 dimer 
and excimer calculated with CCSD(T) and the correlation consistent family of basis sets. 
 

State 1Σg*33  3Σu  

Basis Set Re (Å) De (cm-1) Re (Å) De (cm-1) 

aug-cc-pVDZ 3.977 77.6 2.509 2890.9 

aug-cc-pVTZ 3.787 95.1 2.410 4201.5 

aug-cc-pVQZ 3.813 95.8 2.389 5036.0 

aug-cc-pV5Z 3.768 101.0 2.372 5594.6 

d-aug-cc-pVDZ 3.909 124.6 2.468 5021.1 

d-aug-cc-pVTZ 3.759 132.6 2.404 5867.1 

d-aug-cc-pVQZ 3.771 118.4 2.391 6146.4 

d-aug-cc-pV5Z 3.764 114.9 2.380 6315.0 

t-aug-cc-pVDZ 3.869 148.1 2.468 5112.4 

t-aug-cc-pVTZ 3.756 154.1 2.404 5985.1 

t-aug-cc-pVQZ 3.765 128.1 2.391 6188.2 

t-aug-cc-pV5Z 3.757 128.7 2.379 6349.9 

Ref 32 (CBS t-aug-cc-pVxZ) 3.789 93.9    

Ref 33 (aug-cc-pVQZ uncorr) 3.801 95.8   

Ref 33 (CBS t-aug-cc-pVxZ) 3.805 91.8     

Ref 33 (t-aug-cc-pV5Z uncorr) 3.732 127.9   

Ref 34 (exp) 3.761(3) 77.9 2.48 4436 

Ref 35   2.477 4436 
*These results were initially reported in Ref 33.  The difference in values can be explained by 
the use of a slightly different approach to determine the structure and energy.  The authors of 
reference 33 performed scan calculation and then used a Dunham analysis to determine the 
minimum while in this study optimization gave the minimum. 
 

performed on the Ar2 excimer and De was found to be 4436 cm-1 and Re was 

determined to be 2.477 Ă.35 A major impact by BSSE was determined in these studies 

on both the geometry and bonding in the ground state and it is also likely that an 
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impact will be seen on the lowest energy excited state.  Therefore, neglecting BSSE in 

the CCSD(T) and DFT calculations herein reduces the accuracy of the bonding and 

spectroscopic parameters in this work while future calculations that account for BSSE 

are recommended to achieve better quantitative accuracy. 

The emission wavelength found experimentally for the triplet Ar2 excimer is 126 

nm.31 The luminescence emission is due to the Franck-Condon vertical transition of 3Σu 

1Σu.  Figure 2.2 depicts the calculated potential energy curve for both the lowest 

triplet excited state and the singlet ground state calculated with DFT.  Here, a shallow 

ground-state potential well signifies weak bonding while a definitive minimum in the 

excited-state potential well signifies a strongly bound excimer. 
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Figure 2.2. Potential energy surfaces for the 1鶐u and 3鶐u states of Ar2 calculated with 
B3PW91/aug-cc-pVTZ. 
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The vertical transition at the minimum energy at 2.447 Å signifies the *Ar2 

excimer emission energy calculated to 120.7 nm.  Comparing to the experimental value 

of 126 nm,31 the agreement is reasonable particularly for a DFT calculation. Better 

results are obtained for CCSD(T).  Thus, Table 2.2 summarizes the excitation and 

emission energies of the Ar2 system calculated with CCSD(T) and a series of correlation 

consistent basis sets. 

Table 2.2 Excitation and emission energies of Ar2 calculated with CCSD(T) and 
correlation consistent sets. 
 

Basis Set excitation (nm) emission (nm) Stokes Shift (cm-1)

aug-cc-pVDZ 100.76 112.10 10039.67 

aug-cc-pVTZ 101.48 118.08 13853.24 

aug-cc-pVQZ 102.23 121.39 15439.54 

aug-cc-pV5Z 103.32 124.54 16491.19 

d-aug-cc-pVDZ 107.87 126.82 13852.26 

d-aug-cc-pVTZ 107.25 129.32 15912.53 

d-aug-cc-pVQZ 106.02 128.54 16525.03 

d-aug-cc-pV5Z 105.69 128.75 16946.43 

t-aug-cc-pVDZ 107.97 126.92 13828.53 

t-aug-cc-pVTZ 107.30 129.44 15940.77 

t-aug-cc-pVQZ 106.05 128.57 16516.5 

t-aug-cc-pV5Z 105.71 128.77 16940.59 

Experimental  12635  
 

 Here with CCSD(T) calculations it can be seen that with increasing basis set size, 

excellent agreement is obtained with errors of ≤ 2 nm for the largest size of each family 

of augmented basis sets.   
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2.3.2  Triplet Mercury Excimer 

The bonding in the mercury dimer is metallophilic in the ground state and 

covalent in many low-lying excited states.  Due to spin-orbit coupling, the lowest energy 

absorption and emission bands for the dimer are ascribed to spin-forbidden transitions 

between the singlet ground state and low-lying triplet excited states. Following the 

Russell-Saunders notation scheme, the ground electronic state has a 1Σg
+ symmetry 

while the two lowest-lying triplet excited states that are created by a transition from the 

σu

6s) antibonding HOMO to the πu(6p) and σg(6p)

 bonding orbitals have 3Πg
 and 3Σu

+ total 

symmetries, respectively. Table 2.3 shows the results obtained for the equilibrium 

distance (Re) and binding energy (De) of these three states. 

For the mercurophilic bonding in the 1Σg
+ ground-state, it is noted that this 

bonding is accounted for using the MP2 and CCSD(T) methods regardless of the basis 

set used (Table 2.3). Because this bonding involves dispersion, DFT methods generally 

yield repulsive potential energy curves. It has been known for some time that care must 

be taken to determine whether a given density functional can properly determine 

dispersion forces, especially for interactions involving rare gas atoms.36 The present 

work for the 1Σg
+ ground state of Hg2 illustrates limitations of using DFT to describe 

systems bound by metallophilic bonding where dispersion interactions are also 

important.  While several of the DFT curves do have minima for the 1Σg
+ ground state 

of Hg2, these minima are above the dissociation limit. This indicates that the DFT 

representation of the dispersion forces was not sufficiently strong to overcome the 

steric or Pauli repulsion of the Hg atoms with each other. Clearly, such minima do not  
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Table 2.3. Equilibrium internuclear distances and dissociation energies for the 1Σg
+, 

3Σu
+, and 3Πg

 states of Hg2 using various theoretical treatments. 
 

State: 1Σg
+  3Σu

+  3Πg  
Method/basis Re (Å) De (cm-1) Re (Å) De (cm-1) Re (Å) De (cm-1) 
MP2/LANL2DZ 3.521 768 2.847 7 962 2.727 8 013 
MP2/Couty-Hall 3.516 936 2.732 10 706 2.642 10 476 
MP2/cc-pRVDZ 3.496 937 2.702 8 698 2.585 9 993 
MP2/cc-pRVTZ 3.444 808 2.669 8 723 2.565 10 466 
MP2/cc-pRVQZ 3.379 926 2.653 9 302 2.550 11 049 
MP2/cc-pRV5Z 3.331 1 005 2.651 9 633 2.546 11 396 
CCSD(T)/LANL2DZ 3.876 429 2.891 7 402 2.779 8 240 
CCSD(T)/Couty-
Hall 3.890 

788 
2.760 

9 919 
2.677 

10 403 

CCSD(T)/cc-pRVDZ 3.837 490 2.782 8 093 2.659 9 306 
CCSD(T)/cc-pRVTZ 3.976 270 2.754 8 032 2.643 9 513 
CCSD(T)/cc-pRVQZ 3.862 276 2.738 8 494 2.626 9 937 
B3LYP/ LANL2DZ - a - 3.185 6 373 2.898 8 086 
B3LYP/Couty-Hall 3.829 349 2.841 10 463 2.700 10 984 
B3LYP/cc-pRVDZ - - 2.870 9 390 2.700 10 142 
B3LYP/cc-pRVTZ - - 2.853 9 263 2.692 10 256 
B3LYP/cc-pRVQZ - - 2.847 9 327 2.686 10 350 
B3LYP/cc-pRV5Z - - 2.846 9 350 2.684 10 384 
B3PW91/LANL2DZ - - 3.123 6 255 2.857 7 923 
B3PW91/Couty-
Hall 3.495 612 2.791 

11 133 
2.664 

11 439 

B3PW91/cc-pRVDZ - - 2.823 9 620 2.667 10 288 
B3PW91/cc-pRVTZ - - 2.804 9 507 2.656 10 355 
B3PW91/cc-pRVQZ - - 2.798 9 594 2.651 10 414 
B3PW91/cc-pRV5Z - - 2.796 9 632 2.649 10 459 
Exptl. b 
 
 

(3.63±0.04) 37 
 (3.70) 38,37 
 

(350±20) 39

(380±15) 40

(370±40) 41

(2.5±0.1)42

 
 

(8260±200) 43 
(8100±200) 44 
 

- 
 
 

- 
 
 

Ref 45b (3.94) (296) 2.80 (2.83) 8095(6204) 2.70(-) 10 050 
Ref 46b (3.84) (-) (2.90) (10870) (2.79) (12 840) 

a Blank entries in DFT results refer to calculations that gave repulsive curves or minima above 
the dissociation limit for the 1Σg

+ ground state.  
b Values enclosed in parentheses are experimental values and calculated values from refs 20 

and 21 for the spin-orbit states X 0g
+, D 1u, and A 0g

-, which correspond to the 1Σg
+, 3Σu

+, and 
3Πg states, respectively. 
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represent a chemically meaningful dispersion interaction. For the 3Πg
 and 3Σu

+ excited 

states, on the other hand, all methods, including DFT and HF (not shown), accounted 

for the Hg-Hg bonding because it is covalent.  Aside from these expected qualitative 

trends, further discussion is warranted for some of the results in Table 2.3. First, it is 

noted that using the MP2 method gives rise to higher De energies and shorter Re 

distances than the experimental values for both the ground state and the excited states 

studied. 

 These errors are particularly significant for the ground state. For example, the 

MP2 De values for the cc-pRVTZ and cc-pRVQZ basis sets are more than three times 

larger than the CCSD(T) values obtained with the same basis sets. However, the MP2 

errors are also significant for the excited 3Σu
+ and 3Πg states. There are two reasons for 

the limitations of the MP2 results: (1) MP2 is a second order perturbation theory and it 

may be necessary to include higher order perturbations to converge toward the exact 

results.47 Indeed, when test calculations using a higher order perturbation theory were 

performed (MP3 and MP4), the De values dropped to nearly half the corresponding MP2 

values. And, (2) Møller-Plesset perturbation theory assumes a single configuration 

reference12 while multiconfiguration references are needed to properly describe the 

zeroth order Hg2 wavefunctions.45,46 The CCSD(T) approach reduces a great part of 

these difficulties;47 hence, both the De and Re values shown in Table 2.3 using CCSD(T) 

were more accurate than those obtained with MP2. Second, while most of the DFT 

results attained negative De values, positive De values were obtained when the Couty-

Hall basis set was used in conjunction with B3LYP and B3PW91.  Third, some 
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anomalous trends were obtained for the De and Re values on going to larger basis sets 

in the cc-pRVxZ series such that the smooth convergence seen in the monomer data 

with these basis sets was not always seen for the dimer.9  

Table 2.4 Molecular spectroscopic parameters for the *Hg2 excimer using the methods 
indicated and the cc-pRVTZ basis set. Values for the non-emitting 3Πg state are 
indicated in parentheses whereas values not in parenthesis are for the emitting 3Σu

+ 
state. 

 

Method 

Band width,a cm-1; ν'em = 

  0            3           12 

SS,b  

cm-1 

 

ν'abs 

 

ωe, cm-1

 

ωexe, cm-1 

 

Be, cm-1 

B3LYP 978 

 

2308 

 

4528 

 

5567 

 

40 98  

(125) 

0.28 

 (0.51) 

0.021 

(0.023) 

B3PW91 

 

834 

 

2454 

 

4530 

 

6283 44 104 

(135) 

0.13 

(0.68) 

0.021  

(0.024) 

CCSD(T) 1145 

 

3597 

 

5534 

 

7835 

  

57 

 

116  

(136) 

0.52 

(0.90) 

0.022  

(0.024) 

Exptl. d - 

 

2800 c 

 

5700 c 

 

7743 
37, 41 

 

57 37, 

41 

 

133;481
2749 

(144)50 

0.52;510.5
04052 

(0.5)50 

0.027 ±  

0.002 37 

a The ν' = 3 and 12 vibrational levels have Boltzmann populations of, respectively, ~ 50% and 
10% at the experimental temperature of 763 K at which the 335 nm emission in the mercury 
vapor has been reported.53  

b SS = Stokes’ shift. The 1Σg
+→ 3Σu

+ absorption energy is calculated at the experimental 
distance for the dimer (3.63 Å).  The 3Σu

+→1Σg
+ emission energy is calculated at the minimized 

distance of the emitting 3Σu
+ state for each method (see Table 2.2). 

c Estimated band widths at ~ 50% and 95% of the peak intensities reported in Figure 3 of ref 
53. 

d Experimental values not in parentheses are for the D 1u (3Σu
+) state while experimental 

values in parentheses are for the A 0g
- (3Πg). 

 

The results in Table 2.4 are compared to the experimental values, when 

available, as well as to the previous calculations in refs 45 and 46. Although 
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experimental values are not available for the Russell-Saunders states we have 

calculated, Balasubramanian et al. showed that the Russell-Saunders states 1Σg
+, 3Σu

+, 

and 3Πg considered in Table 2.4 represent 95%, 91%, and 96% of the character of the 

wavefunctions for the spin-orbit levels X0g
+, D 1u, and A 0g

-, respectively.46 The 

dominance of the Russell-Saunders coupling is also evident in the similarity between the 

Re and De values quoted from ref 45 in Table 2.3 for the Russell-Saunders states versus 

the corresponding spin-orbit levels. As seen in Table 2.3, the Re and De values we 

calculated using the CCSD(T) method and the cc-pRVQZ basis set for the ground state 

are in a reasonable agreement with experimental; our results are at least as good as 

those in refs 45 and 46. There are other reports of calculations that also gave 

reasonable results for the ground state; for a discussion of those, we refer the reader to 

the review in ref 45. On the other hand, the excited-state calculations shown in Table 

2.3 for the 3Πg
 and 3Σu

+ states are in a good qualitative agreement with both the 

experimental values and the previous calculations in refs 45 and 46 for all the methods, 

including the DFT methods. We consider the results using the CCSD(T)/cc-pRVQZ 

combination to be the most reliable ones for all three states studied. 

Figure 2.3 shows the results of the calculations of the phosphorescence 

wavelength corresponding to the 3Σu
+→1Σg

+ transition in the Hg2 dimer. The overall 

data in Figure 2.3 suggest that, as long as a cc-pRVxZ basis set of at least a triple zeta 

quality is utilized, the CCSD(T), B3LYP, and B3PW91 methods lead to calculated 

phosphorescence wavelengths that are within the experimental emission envelope of 

the well-known near UV continuum emission of the Hg2 dimer while MP2 leads to 
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inaccurate results due to the limitations of MP2 described above.  This is a useful result 

for assignment purposes, because it verifies that the 335 nm emission in the Hg vapor 

is a dimer emission related to the 3Σu
+→1Σg

+ transition in Hg2. However, care must be 

used before drawing quantitative conclusions from the results in Figure 2.3. This is 

because the 3Σu
+→1Σg

+ Russell-Saunders transition calculated has somewhat different 

energy from that of the D 1u→X 0g
+ spin-orbit transition observed experimentally.  
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Figure 2.3 Calculated phosphorescence wavelength for the 3Σu

+→1Σg
+ transition in the 

Hg2 dimer. 
 

The excited Hg2 3Σu
+ manifold leads to D 1u and C 0−

u levels as a result of spin-

orbit coupling. These 1u and 0u
− levels mix with ungerade levels with the same Ω arising 
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from the 3Πu and 1Πu states. Because of the mixing between the D 1u level of 3Σu
+ with 

the O 1u level of 1Πu, photon induced transitions between the ground 1Σg
+ state and the 

excited 3Σu
+ state that are forbidden because of the ΔS=0 selection rule become electric 

dipole allowed.54 While the 3Σu
+→1Σg

+ Russell-Saunders transition calculated and the D 

1u→X 0g
+ spin-orbit transition are closely related, they are not identical. Nevertheless, 

there is only a relatively small energy difference (< 1000 cm-1)45,46 between the 3Σu
+ 

state modeled and the spin-orbit 1u emitting state. Thus, we deem the calculation of 

the 3Σu
+→1Σg

+ transition energy without treating spin-orbit coupling useful for 

assignment purposes.55  

Because the bonding is quite different in the ground and excited states of Hgn, 

there is a significant Stokes’ shift (the energy difference between the absorption and 

emission involving the same pair of states; i.e., the 1Σg
+ and 3Σu

+ states in the dimer) of 

several thousand cm−1. Another important consequence of the large shift in Re between 

the ground and the emitting excited state is a substantial broadening of the absorption 

and emission bands. The spatial extent of the vibrational level in the initial state leads 

to a Franck-Condon envelope for the transition.56 We estimate this Franck-Condon 

broadening by using a simple approximation based on the vertical transition energies at 

the classical turning points of the initial state vibrational levels.56,57 In utilizing 

computational methods to model luminescence spectra, it is desirable to calculate 

useful parameters such as the band width, Stokes’ shift, and the excited state 

vibrational quantum number initially populated in the absorption transition (ν'abs). These 

parameters quantify the extent of excited-state distortion and distinguish luminescence 
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bands associated with a largely distorted excited state such as the case in the mercury 

excimer emission herein from luminescence bands associated with less distorted excited 

states such as monomer emissions in aromatic hydrocarbons, for example. We are 

unaware of any prior study for Hg2 or any other luminescent transition metal system in 

which these parameters were evaluated using modern quantum mechanical methods. 

For the calculation of these parameters, it is important to construct and analyze 

potential energy curves for the electronic ground state and emitting excited state. This 

is illustrated in Figure 2.3 for the mercury dimer and the results of the analyses are 

shown in Table 2.4. The calculations were based on the CCSD(T), B3LYP, and B3PW91 

methods and the cc-pRVTZ basis set because these combinations have led to 

reasonable spectroscopic results for the Hg monomer and dimer as demonstrated 

above. The methodology is straightforward; however, several notes are warranted here. 

First, when performing excited-state calculations, the identity of the emitting state must 

be confirmed because this state is not always the lowest-energy excited state.58 As 

shown in Figure 2.3, the 3Σu
+ emitting state is lower in energy than the 3Πg non-

emitting state at longer R distances but the order is switched at shorter R distances. 

Obviously, the absorption energy, Stokes’ shift, bandwidth, and ν' values should all be 

evaluated based on the 3Σu
+ emitting state. Second, the bandwidth was evaluated 

based on ν’em = 0, 3, and 12 for *Hg2. The calculation based on ν’ = 0 gives the 

inherent broadening of the electronic emission band at 0 K without thermal broadening; 

therefore, it is a fundamentally useful parameter to distinguish broad from narrow 

emissions. While this calculation would be useful to relate to experimental results for 
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solid-state luminescent materials, for which measurements at cryogenic temperatures 

are readily obtained and will not have significant thermal population of excited 

vibrational levels, the ν' = 0 band width calculation does not have strong bearing on the 

Hg2 system because the experimental data are obtained at very high temperatures 

(e.g., 763 K in ref 53). At such temperatures, excited vibrational levels are significantly 

populated. A commonly used parameter in experimental luminescence studies is the full 

width at half maximum (fwhm). A reasonable estimation of fwhm for the 335 nm 

excimer emission of Hg2 is the bandwidth based on the ν' = 3 level, which has a 

Boltzmann population of ~ 50 % at 763 K.  It may be more desirable to calculate the 

full width of the emission band instead of the more subjective fwhm. For the full width 

calculation, levels that have 5-10% Boltzmann populations are assumed to contribute to 

the broadening beyond the noise level in the experimental spectra. Thus, we 

approximate the full width calculations in Table 2.4 based on the ν' = 12 level. In the 

full width calculations, we included anharmonicity because it is expected to lead to 

modest changes in the estimates of the band broadening. The inclusion of 

anharmonicity is even more important for the determination of ν'abs because of the very 

high vibrational levels involved. 

As shown in Table 2.4, the calculated spectroscopic results for the mercury dimer 

are very reasonable and in good agreement with the experimental values available. The 

large values of the bandwidth, Stokes’ shift, and ν'abs shown in Table 2.2 are convenient 

probes to numerically describe the very large excited-state distortion in the *Hg2 

excimer. Successful calculation of these parameters demonstrates that the use of 
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computational methods in modeling luminescent materials should be expanded beyond 

merely the calculation of the emission energy and optimizing the exciton structure. The 

calculated vibrational and rotational parameters shown are also in a very good 

agreement with the experimental results available (Table 2.4).  

The limitation of DFT methods in describing dispersion forces has an important 

consequence on the utilization of these methods in calculating the absorption energies.  

A reasonable way to estimate the absorption energy with DFT methods in such cases is 

to calculate the vertical transition at the experimental distance (3.63 Å for Hg2;37 Figure 

2.3). MP2 and CCSD(T) do not suffer this limitation so, in principle, the absorption 

energies may be calculated based on the optimized ground-state geometries with these 

methods. However, because the ground state is rather shallow, there are large 

uncertainties in the calculation of the Re for the ground state; thus, the approach 

followed in calculating the absorption energies in Figure 4 and the consequent 

spectroscopic parameters in Table 2.3 is based on vertical transitions at the 

experimental ground-state distance for all methods. As shown in Figure 2.4, the 

1Σg
+→3Σu

+ absorption energies calculated using this approach are reasonable when 

CCSD(T) and DFT methods are used in conjunction of at least a cc-pRVTZ basis set. 

From the data in Figure 2.4, the largest basis set B3LYP and B3PW91 calculations 

for the 1Σg
+→3Σu

+ transition energy are, respectively, 900 cm−1 and 1 600 cm−1
 lower in 

energy than the observed X 0g
+→D 1u absorption energy. On the other hand, the 

CCSD(T) absorption energy obtained using the cc-pRVQZ basis is 1 700 cm−1 higher 

than the experimental absorption energy. Thus, it would appear, at first thought, that 
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the DFT method with a B3LYP functional gives a better result for the excitation energy 

than does the ab initio CCSD(T) method; however, this is misleading. As we discussed 

above the relativistic spin-orbit corrections45,46 for the D 1u level are such that the 

transition energy between the Russell-Saunders states should be higher than the 

transition energy between the spin-orbit split levels. 
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Figure 2.4. Calculated absorption energy for the 1Σg

+→3Σu
+ vertical transition in the 

mercury dimer at the experimental ground-state distance of 3.63 Å. 

 

  The overall data in Figures 2.2-2.4 and Tables 2.3-2.4 support the literature 

assignment of the near UV emission in the mercury vapor to be from the 3Σu
+ (D 1u) 
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state and provide molecular spectral parameters that quantify the large excited-state 

distortion. A very good agreement with the experimental data is obtained with a 

judicious selection of methods and basis sets. To finish the discussion of the 

spectroscopy of the Hg2 dimer, we address the calculation results for the 3鶐g state. 

Although this state is non-emissive because of the parity selection rule for electric 

dipole allowed transitions, it is a very important dimer state because it acts as a 

reservoir of the molecular excitation energy and, hence, is important for laser action of 

the mercury vapor.45,59,60 Because this state is just lower in energy than the 3Σu
+ state 

and is a bound state with a large De (Table 2.4), it is considered a metastable state that 

feeds the higher-energy emitting states of the dimer and trimer, as it should not decay 

to the ground state by an electric dipole mechanism. Nevertheless, Callear and co-

workers have discovered a violet emission in the mercury vapor at ~ 395 nm and 

assigned it to a collision-induced transition from the A 0g
± spin-orbit states that result 

from this 3鶐g state.50,61 Our calculations support this assignment, as broad emissions in 

this region were calculated for the parity-forbidden 3鶐g→1Σg
+ transition. For example, 

B3PW91/cc-pRV5Z calculations give rise to a phosphorescence wavelength of ~ 370 nm 

due to this transition. The 3鶐g→1Σg
+ transition energies calculated have more 

significant differences from the experimental results than those above for the 

3Σu
+→1Σg

+ transition energies calculated with the same method/basis set combinations. 

This is because the discrepancy between the 3Σu
+ calculated and the near-UV emitting 

D 1u state is much smaller than that between the 3鶐g state calculated and the violet 

emitting A 0g
± spin-orbit states. If calculations that do not include spin-orbit coupling 
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are used to model the luminescence of heavy metal species, one has to tolerate 

deviations from experimental values such as those calculated here for the 3鶐g→1Σg
+ 

transition. 

 

2.3.3  Mercury-Noble Gas Bonding and Spectroscopy 

 In a study in 1998, direct measurement with laser induced fluorescence (LIF) 

spectroscopy revealed the potential energy surfaces of the A3Π0+ and B3Π1 states of 

HgAr.62 In this study it was reported that the internuclear equilibrium distance for the 

B3Π1 electronic state is 4.65 Å, which is significantly longer than the X1ΣU ground-state 

(4.00 Å).  In an earlier experimental study in 1983, Fuke reported the value as 3.38 

Å.8,63 Figures 2.5 - 2.7 summarize the geometries obtained by B3PW91 calculations 

coupled with aug-cc-pVTZ for excimers and exciplexes of Hg and Ar in their lowest lying 

triplet excited states. 

 

 

 

 

 

 

 

Figure 2.5. Optimized geometries of the lowest lying excited states of homonuclear 
dimers (*Hg2 and *Ar2) and the heteronuclear dimer (*HgAr) calculated with 
B3PW91/aug-cc-pVTZ. 
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3.561 Å 
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Figure 2.6. Optimized geometries of the lowest lying excited states of HgAr2 calculated 
with B3PW91/aug-cc-pVTZ. 
 
 

 
 
  

 

 

 

 

 

 

 

Figure 2.7. Optimized geometries of the lowest lying excited states of Hg2Ar calculated 
with B3PW91/aug-cc-pVTZ. 
 

Excited-state chemistry involving an excimer collision with a heteroatom, more than one 

bonding scenario is possible.  Equation 1 outlines these cases systematically. 
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*A2    +    B                                                                              *A    B     +   A (1a) 

 *A     A      B                                                                                                   (1b) 

*A   B    +     A                                                                                                 (1c) 

*A   A            B                                                                                                (1d) 

*A--------B--------A                                                                                           (1e)    

no reaction                                                                                                      (1f) 

 
From these six cases in equation 1 it can be surmised that in the formation of 

HgAr2 the scheme follows equation 1b and 1e where there is weak bonding between 

the Hg and one of or both Ar atoms. The case of Hg2Ar, on the other hand, equations 

1d and 1f where the dimer remains in its geometry but Ar is very weakly associated or 

even dissociated.  The ramification of weak association in these cases is an increase in 

luminescence intensity due to the symmetry change from a centrosymmetric system to 

a non-centrosymmetric system.  The luminescence transition becomes allowed when 

this occurs even when it involves parity-forbidden transitions. These results suggest 

that the dominant species is the trimeric *HgAr2 system rather than the Hg2Ar 

molecule.  

Table 2.5 outlines the calculated emission energies of HgnArm.  Emissions are 

extrapolated by the difference between the lowest lying-excited state and the Franck-

Condon vertical transition to its ground state.  

From the literature it is well known that the Hg atom line emission centers at 254 

nm64 and according to DFT calculations of Hg in an Ar matrix the values stay similar to 

the value stated for the 3P1 -> 1S0 transition of the atom itself.  Similar results were 
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determined previously with supersonic jet expansion experiments and quantum 

mechanical calculations in 199365 where Hg in low concentration in an Ar matrix 

showed long-range bonding of Hg and Ar in both ground and excited state.   

Table 2.5.  Calculated lowest phosphorescence energies of HgnArm with B3PW91 and 
aug-cc-pVTZ. 
 

 Emission Wavelength (Å)

Hg 2422.9 

HgAr 2447.7 

HgAr2 (C∞v) 2448.6 

HgAr2 (C2v) 2461.8 

HgAr2 (Cs) 2443.3 

Hg2Ar (C2v) 3705.7 

Hg2Ar (Cs) 3705.8 

Hg2 3706.1 
  

 Interestingly enough is the fact that the calculated emissions of Hg2 dimers 

associated to the Ar atom more closely resemble the emission of the Hg2 dimer itself 

with some red-shifting of the energy.  In reference 7a the emission of the Hg2Ar 

complex was experimentally determined to be 4040 Å and in comparison to calculated 

results the emission energy is overestimated.  From previous studies on the Hg excimer, 

an emission at 395 nm was determined from a non-allowed transition from the 3Πg 

state.  Here, with the loss of centrosymmetry this transition of Hg2 becomes allowed 

and seen experimentally. 

 In the design of gas phase lasers, Hg and noble gases make good candidates 

because of broad structureless and bright emissions.  In this study we make a 
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comparison of the calculated occupied molecular orbitals of Noble gases (Ne, Ar, and 

Kr) and confirm theoretically the closest orbital energies between the orbitals of Hg and 

Ng will have the greatest overlap of orbitals.  Table 2.6 outlines the orbital energy 

eigenvalues of the occupied p orbitals and unoccupied s orbitals of the Noble gases 

calculated with B3PW91 and aug-cc-pVTZ while Table 2.7 lists the energies of singly 

occupied molecular orbitals (SOMOs) of Hg, Hg2, and Hg3. 

Table 2.6.  Orbital energy eigenvalues of the HOMO (np6) and the LUMO ((n+1)s0) of 
Ne, Ar and Kr in their ground-state. 
 

 ns2 np6 (n+1)s0 

Ne -1.46258 -0.57240 0.13906

Ar -0.97273 -0.43020 0.06370

Kr -0.89365 -0.38750 0.03408

 

Table 2.7. Total energy eigenvalues of the highest and lowest SOMO as well as the last 
doubly occupied orbitals of the excited Hg monomer, dimer and trimer. 
 

*Hgn ESOMO-1; symmetry ESOMO(l) ; symmetry ESOMO(h); symmetry ELUMO; symmetry 

n = 1 -0.49726; 5d
10 -0.35060; 6s

1 -0.11599; 6py
1 -0.06602; 6px,6pz 

n = 2; 3Σu 
-0.34930; 
σg(6s) 

-0.27849; 
σu*(6s) 

-0.11002; 
σg(6pz) 

-0.06636; 
πu(6px,6py) 

n = 2; 3Πg 
-0.37665; 
σg(6s) 

-0.25800; 
σu*(6s) 

-0.12175; 
πu(6px) 

-0.07867; 
πu(6py) 

n = 3; 3Σu 
-0.30869; 
σu(6sp) 

-0.24487; 
σg*(6s) 

-0.10765; 
σg(6pz) 

-0.06873; 
πu(6px,6py) 

n = 3; 3Πu 
-0.32639; 
σu(6sp) 

-0.21558; 
σg*(6s) 

-0.12214; 
πu(6px) 

-0.08272; 
πu(6py) 
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From these two tables, it can be hypothesized that the best overlap of orbitals 

would be from the heteronuclear dimers of each complex (HgNe, HgAr, HgKr).  Figures 

2.8, 2.9 and 2.10 show the orbital energies of each species comparatively and 

diagrammatically.   

Ne
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Figure 2.8. Orbital energy diagrams of the valance orbitals of 1S0 Ne compared to the 
excited state of Hg, Hg2, and Hg3. 
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One can also see that *Hgn clusters (n = 2-3) are less likely to bind with Ng 

atoms. This is consistent with the earlier results, which showed that, for example a 

triatomic mixed cluster is more likely to be *HgAr2 than *Hg2Ar. Among Ng species 

overlapping with *Hg, the strongest overlap is for Kr. 

Two criteria are used in determining the optimal bonding of Noble gases and 

transition metal exciplexes: 1) occupied orbitals must have similar energies and 2) with 

similarity in orbital energies, orbitals with similar symmetries can match.  From Figures 

2.6 - 2.8, it can be seen that the two criteria stated above match for the heteroatomic 

excited state dimers that have an overall covalent bonding. One can hypothesize 

theoretically *HgNg excilpexes that have the strongest bonding between the multiple 

complexes that this would be the best candidate in laser technology.  From this we look 

briefly at the calculations of HgKr in its excited state and find that its internuclear 

distance is characterized with identical theoretical treatment as HgAr to be 3.216 Å, 

which shows stronger bonding than HgAr (3.561 Å).  This result can verify the results in 

Tables 2.6 and 2.7, and Figures 2.9 and 2.10 where the orbital energies are more 

similar in HgKr than HgAr.  Contour plots in Figure 2.11 also verify the stronger 

interaction as you move from Ar to Kr.  From the contours it can be seen that both set 

of SOMOs are antibonding (the lowest and the highest energy) but upon careful 

inspection it is noted that the lowest energy SOMO in each case has σ character 

however the highest energy SOMO has clear π character.  Depopulation of a σ 

antibonding orbital and population of a π antibonding orbital increases the bonding 
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character.  In Figure 2.11, the orbital contribution is much more in HgKr than in HgAr 

signifying stronger interactions in the former.   

Ar
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Figure 2.9. Orbital energy diagrams of the valance orbitals of 1S0 Ar compared to the 
excited state of Hg, Hg2, and Hg3. 
 

Calculations were performed on the singlet and lowest energy triplet state of 

HgAr using with the CCSD(T) method and the correlation consistent sets to determine 

luminescence properties.  Table 2.8 summarizes the result of these calculations. 
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Table 2.8. Luminescence and bonding properties of the ground state and lowest level 
excited state of HgAr.  
 
State Singlet 

  
Triplet  
  

Basis Set Re (Å) De (cm-1)
excitation 
(nm) Re (Å) De (cm-1) 

emission 
(nm) 

(Hg) aug-cc-pVDZ-pp (Ar) 
aug-cc-pVDZ 4.033 162.7 238.87 3.417 394.17 241.26 
(Hg) aug-cc-pVTZ-pp (Ar) 
aug-cc-pVTZ 4.043 158.3 238.54 3.406 388.75 241.07 
(Hg) aug-cc-pVQZ-pp (Ar) 
aug-cc-pVQZ 4.034 146.1 237.42 3.339 407.99 240.52 
(Hg) aug-cc-pV5Z-pp (Ar) 
aug-cc-pV5Z 4.001 217.9 237.31 3.330 460.85 240.45 
(Hg) aug-cc-pVDZ-pp (Ar) d-
aug-cc-pVDZ 3.941 293.8 239.04 3.415 550.03 241.31 
(Hg) aug-cc-pVTZ-pp (Ar) d-
aug-cc-pVTZ 3.972 210.6 238.70 3.360 492.66 241.55 
(Hg) aug-cc-pVQZ-pp (Ar) d-
aug-cc-pVQZ 3.989 177.4 237.69 3.330 465.97 240.65 
(Hg) aug-cc-pV5Z-pp (Ar) d-
aug-cc-pV5Z 3.973 230.8 237.37 3.316 488.11 240.41 
(Hg) aug-cc-pVDZ-pp (Ar) t-
aug-cc-pVDZ 3.915 376.0 239.09 3.398 663.97 241.45 
(Hg) aug-cc-pVTZ-pp (Ar) t-
aug-cc-pVTZ 3.930 266.5 238.79 3.339 586.30 241.77 
(Hg) aug-cc-pVQZ-pp (Ar) t-
aug-cc-pVQZ 3.973 197.6 237.56 3.313 501.53 240.84 
(Hg) aug-cc-pV5Z-pp (Ar) t-
aug-cc-pV5Z 3.946 245.1 237.38 3.318 511.45 240.58 

Experiment  4.0163

 14263, 
(233, 
238)a 255.1463  3.3863

 36963, 
(430a) 255.1563

aWithin Reference 60 
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Figure 2.10. Orbital energy diagrams of the valance orbitals of 1S0 Kr compared to the 
excited state of Hg, Hg2, and Hg3. 
 

 From Table 2.8 it can be seen that both calculated equilibrium nuclear geometry 

and dissociation energy in the ground state are within 0.1 Å and approximately 12 cm-1 

to the experimentally derived values however, the bond energy is overestimated in the 

calculated excited state (511 cm-1 vs 369 (430) cm-1).  Where the bond properties are 

calculated to within reason of the experimental values the calculated luminescence 

properties are blue-shifted from experimental values.  The experimental values are 

indicative of Hg line emission (256 nm).  Extrapolation of these spectroscopic 
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calculation at high accuracy is recommended for the *HgKr systems, particularily given 

the stronger bonding in this system, particularly given the stronger bonding in this 

system the *HgAr exciplex according to the qualitative DFT calculations.  Such an effort 

may lead to discovery of an interesting gas phase laser system.  Finally, just as in the 

*HgArn case, the effect of clustering of the noble gas around the *Hg excited atom will 

also be worthwhile for the *HgKrn exciplexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 DFT contour plots of the lowest energy excited states of HgAr and HgKr. 

HgAr HgKr 
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2.4  Conclusion 

 Calculations were performed on Noble gas, Hg and Hg – Noble gas clusters, both 

in the ground and lowest excited triplet states.  Bonding and photophysical parameters 

were characterized with high accuracy, leading to good agreement with experimentally 

derived values.  Comparing calculated luminescence emission energies agree with 

experimental luminescence and allowed for informed assignment of luminescence 

bands.  With this theoretical knowledge, hypotheses have been made on the bonding 

properties of different complexes. Among the important findings were: (a) The greater 

significance of Ng clustering around a *Hg excited atom than *Hgn≥2, which essentially 

do not interact with Ng atoms. (b) Among Ng atoms, the interaction with an excited *Hg 

atom increases in the direction Ne<Ar<Kr.  It is therefore proposed to pursue further 

high accuracy calculation for *HgKrn exciplexes.  With this prior knowledge different 

applications such as laser technologies can be identified without using major resources 

in experimental laboratories, until the most promising systems are screened in a 

combinatorial computational study. 
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