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Abstract A systematic investigation of the X2CTe and

XYCTe (X,Y = H, F, Cl, Br, I and CN) species is carried

out using the second-order Møller–Plesset perturbation

theory and density functional theory. The basis sets used

for all atoms (except iodine and tellurium) in this work are

of double-f plus polarization quality with additional s- and

p-type diffuse functions and denoted DZP??. The

LANL2DZdp ECP and 6-311G(d,p) basis sets are used for

tellurium and iodine. Vibrational frequency analyses are

performed to evaluate zero-point energy corrections and to

determine the nature of the stationary points located. The

ionization potentials (IPad and IPad(ZPVE)), the four different

forms of neutral–anion separations (EAad, EAad(ZPVE),

VEA and VDE), the singlet–triplet splittings as well as the

HOMO–LUMO gaps are predicted. The electronegativity

(v) reactivity descriptor for the halogens (F, Cl, Br and I)

and the calculated Mulliken’s electronegativity are used as

tools to assess the interrelated properties of these telluro-

formaldehyde derivatives. The predicted IPad(ZPVE) values

with the B3LYP functional range from 7.89 [I2CTe] to

9.16 eV [F(NC)CTe], the EAad(ZPVE) ranges from 1.29

[I2CTe] to 3.34 eV [(NC)2CTe], the singlet–triplet splitting

ranges from 0.64 [H(NC)CTe)] to 1.85 eV [F2CTe], and

the HOMO–LUMO gap ranges from 2.21 [H(NC)CTe] to

3.42 eV [F2CTe]. The HOMO–LUMO gap is found to be

proportional to the singlet–triplet splitting. The results

obtained are critically analyzed and discussed. This

research is also compared with analogous studies of

formaldehyde, thioformaldehyde and selenoformadehyde.
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Electron affinity � Singlet-Triplet gap � HOMO-LUMO gap

1 Introduction

The physicochemical and spectroscopic properties of the

XYCZ molecular series (X,Y = H, F, Cl and Br; Z = O, S

and Se) have been the subject of various theoretical studies

[1–4], aiming to help in the identification of these species for

which experimental data are still elusive. Knowledge of the

properties of these molecules is important for a better

understanding of both the chalcogen effect and the halo-

genosubstitution effect in chemistry and biochemistry [1, 4].

The X2CO (X = F or Cl) carbonyl halides have been

found to be major products of the photolysis of halomethanes

in the presence of oxygen [5], and the existence of F2CO and

Cl2CO in the stratosphere has been confirmed [6]. Kwiat-

kowski and Leszczyski [1] used ab initio HF and the MP2

levels of theory with triple-f valence shell basis sets to predict

the molecular parameters and the vibrational IR spectra of

X2CO (X = H, F, Cl and Br), which might be useful in the
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understanding of these species in stratospheric photooxida-

tion. The energetics of formaldehyde have been extensively

studied over the past years [7–10]. The ionization potential of

formaldehyde (10.88 eV) was determined by Ohno et al. [9],

using Penning ionization electron spectroscopy. The electron

affinity of H2CO (-0.65 eV) obtained using electron trans-

mission spectroscopy was reported by Burrow and Michejda

[7]. The adiabatic electron affinity (-0.96 eV) and the adi-

abatic ionization potential (10.82 eV) of formaldehyde were

reported by Francisco and Thoman [10], at the CCSD(T)/6-

311??G(3df,3pd) level of theory. Lai et al. [11] used the

B3LYP/6-311G(d) method to calculate the HOMO–LUMO

gap (6.13 eV) of formaldehyde.

Thioformaldehyde is the prototype molecule for the thio-

carbonyl series. Thioformaldehyde has been extensively

studied, both experimentally and theoretically [2, 10–22]. The

ionization potential of thioformaldehyde from the electron

impact measurements is reported to be 9.44 eV [19], while

Rauk et al. [20] used post-Hartree–Fock methods with the

6-31G basis set to compute the adiabatic ionization energy

(9.08 eV). Staneke [21] used Fourier transform ion cyclotron

resonance (FT–ICR) mass spectrometry to measure the elec-

tron affinity of thioformaldehyde (0.47 eV) and See-Wing

et al. [22] used the MP2/6-31G(d) level of theory to calculate

the adiabatic electron affinity (0.38 eV). Lai et al. [11] used the

B3LYP/6-311G(d) method to report the HOMO–LUMO gap

of thioformaldehyde as 3.78 eV. The thio analogues of the

nucleic acid bases and their ribose derivatives are among the

most active antimetabolites [23], and some of these are known

to exhibit activity against certain types of tumors [24]. Careless

et al. [25] used microwave spectroscopy to report the molec-

ular parameters of thiocarbonyl fluoride, F2CS. The average

molecular structure of Cl2CS was determined from a combi-

nation of electron diffraction data and published microwave

data by Nakata et al. [26]. Kwiatkowski and Leszczyski [2]

used the ab initio HF and MP2 levels of theory with triple-f
valence shell basis sets to report the molecular parameters and

the vibrational IR spectra of XYCS (X = H, F, Cl and Br), for

which the experimental understanding is still incomplete.

Selenocarbonyls have been useful building blocks in

organic synthesis and as important intermediates in the

synthesis of selenium-containing molecules [3]. Moreover,

the interest in selenocarbonyls is also due to the ability of

selenium to act as a redox catalyst in the biological func-

tion of selenoproteins [1]. Selenoformaldehyde has been

subjected to both experimental and theoretical studies [1, 3,

20, 27–31]. The ionization potential of selenoformaldehyde

obtained from electron energy loss spectrometry is reported

to be 8.80 eV [32], while Rauk et al. [20] used post-Har-

tree–Fock computations with Huzinaga basis sets for

selenium to calculate the adiabatic ionization potential

(8.58 eV). Liao et al. [3] used the B3LYP/6-

311G(d) method to determine the HOMO–LUMO gap of

selenoformaldehyde as 3.23 eV. The molecular structure of

selenocarbonyl fluoride, F2CSe, studied using the electron

diffraction is reported by Christnen et al. Liao et al. [3]

used the B3LYP/6-311G(d) method, while Kwiatkowski

and Leszczyski [2] used the HF and MP2 levels of theory

with triple-f valence shell basis sets to report the molecular

parameters and the vibrational IR spectra of XYCSe

(X = H, F, Cl and Br). The energetics of the XYCZ

(X,Y = H, F, Cl and Br; Z = O, S and Se) species remain

elusive.

Telluroformaldehyde has not yet been structurally char-

acterized [32] although it was first stabilized by coordination

to transition-metal centers by Roper et al. in 1983 [33, 34].

The cycloaddition reactions of heavy ketones of tellurium

forming novel compounds [35–37] and the discovery of

synthetic organotellurium compounds showing great anti-

oxidant properties [38] are catalyzing the study of tellurium

compounds. The present research aims at providing accurate

theoretical values for the molecular parameters (bond

lengths and bond angles), singlet–triplet splittings, ioniza-

tion potentials (IPad and IPad(ZPVE)), electron affinities (EAad,

EAad(ZPVE), VEA and VDE) of the X2CTe and the XYCTe

(X,Y = H, F, Cl, Br and CN) species.

2 Methodology

Density functional theory (DFT) and second-order Møller–

Plesset perturbation theory (MP2) [39] computations were

performed using the Gaussian 03 program [40] to fully

optimize the species independently in the gas phase. The

functionals used at the DFT level are B3LYP, BLYP and

BHLYP [41–43]. All neutral ground state structures are

characterized as minima on the corresponding potential

energy surface by performing vibrational frequency anal-

yses. In all the cases, an extended integration grid

(199,974) is used, with very tight convergence criteria

applied to these computations.

The double-f basis sets with polarization and diffuse

functions, denoted as DZP??, are used for all atoms except

for tellurium and iodine, where the LANL2DZdp ECP [44–

46] and 6-311G(d,p) [47] basis sets are used. The double-f
basis sets are constructed by augmenting the Huzinaga–

Dunning–Hay [48–50] sets of contracted Gaussian functions

with one set of p polarization functions for each H atom and

one set of d polarization functions for each heavy atom,

respectively (ap(H) = 0.75, ad(C) = 0.75, ad(F) = 1.0).

Basis functions for chlorine were obtained from the Ahlrichs

standard double-f sp set [51] with one set of d-like polari-

zation functions (ad(Cl) = 0.75). For bromine and nitrogen,

the Ahlrichs standard double-f spd set was appended with a

set d polarization functions, a = 0.389 and a = 0.800,

respectively. The double-f basis sets are further augmented
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with diffuse functions, where each atom received one addi-

tional s-type and one additional set of p-type functions. Each

H atom basis set is appended with one diffuse s function. The

diffuse functions are determined in an even-tempered fashion

following the prescription of Lee [52],

adiffuse ¼
1

2

a1

a2

þ a2

a3

� �
a1

where a1, a2 and a3 are the three smallest Gaussian orbital

exponents of the s- or p-type for a given atom (a1 \ a2 \ a3).

Thus, as(H) = 0.04415, as(C) = 0.43021, ap(C) = 0.36290,

as(F) = 0.10490, ap(F) = 0.0826, as(Cl) = 0.50480, ap(Cl)

= 0.50870, as(Br) = 0.04691, ap(Br) = 0.04653, as(N) =

0.06029 and ap(N) = 0.05148.

The adiabatic ionization potentials are determined by:

IPad ¼ E optimized mono-cationð Þ � E optimized neutralð Þ

The neutral–anion energy differences are evaluated by

the following energy differences. The adiabatic electron

affinity is determined by:

i. EAad = E(optimized neutral) - E(optimized anion);

vertical electron affinity by:

ii. EAvert = E(optimized neutral) - E(anion at opti-

mized neutral geometry);

and the vertical detachment energy of the anion:

iii. VDE = E(neutral at optimized anion geometry) -

E(optimized anion).

Additionally, zero-point vibrational energies (ZPVE) are

evaluated at each level. The corrected ionization potential

IPad(ZPVE) and the corrected adiabatic electron affinities

EAad(ZPVE) are reported as follows:

I: IPadðZPVEÞ ¼Eðoptimized cationþ ZPVEcationÞ
� Eðoptimized neutral þ ZPVEneutralÞ

II. EAadðZPVEÞ ¼ Eðoptimized neutralþ ZPVEneutralÞ
� Eðoptimized anionþ ZPVEanionÞ

Each singlet–triplet splitting is predicted as the energy

difference between the neutral ground state and the lowest

lying triplet state.

3 Results

This section comprises the results obtained from the

computations for the X2CTe and XYCTe (X,Y = H, F, Cl,

Br and CN) systems. All these molecules have been opti-

mized as neutral ground state structures and confirmed to

have no imaginary vibrational frequencies.

3.1 H2CTe, H2CTe? and H2CTe-

The equilibrium geometries of the 1A
0

state of H2CTe, the
3A

00
state of H2CTe, the 2B

00
state of the H2CTe? cation and

the 2B
0

state of the H2CTe- anion are presented in Fig. 1.

From the singlet to the triplet state, there is an increase in

the C=Te bond length of 0.084 Å (MP2), 0.080 Å (B3LYP),

0.079 Å (BLYP) and 0.096 Å (BHLYP), while there is a

decrease in the H–C–Te bond angle of 1.7� (MP2 and

B3LYP) and 1.8� (BLYP and BHLYP). The C=Te bond of

the 2B
0

state of the H2CTe- anion is thus lengthened by

0.095, 0.109, 0.104 and 0.119 Å
´

compared to the 1A
0
state of

telluroformaldehyde. The theoretical IPad, IPad(ZPVE), EAad,

EAad(ZPVE), VEA, VDE and singlet-triplet splitting are

summarized in Tables 1, 2, 3,4 and 5. The computed IPad

and IPad(ZPVE) values range from 7.28–8.28 eV to

7.27–8.27 eV, respectively, with MP2 and B3LYP as the

lower and upper limits. The EAad(ZPVE) values range from

0.70 to 1.54 eV in the order MP2 \ BLYP \
B3LYP \ BHLYP. The EAvert values range from 0.93

(BLYP) to 1.93 eV (MP2), and the VDE values range from

1.14 (BLYP) to 1.44 eV (BHLYP). The singlet–triplet split-

ting for H2CTe ranges from 0.53 (MP2) to 1.03 eV (BLYP).

3.2 F2CTe, F2CTe? and F2CTe-

The equilibrium geometries of the 1A
0

state of F2CTe, 3A
00

state of F2CTe, 2B
00

state of the F2CTe? cation and 2B
0
state

of the F2CTe- anion are presented in Fig. 2. Structural

changes between the 1A
0

state of F2CTe and its corre-

sponding triplet include an increase of 0.191 Å (MP2) in

the C=Te bond length, accompanying a decrease in the

F–C–Te bond angle of 11.7� (MP2). From the 1A
0

state of

F2CTe to the 2B
0

state of the F2CTe- anion, the F–C–Te

bond angle increases by 2.2� (BHLYP), while the F–C–F

bond angle decreases by 4.5� (BHLYP). The IPad(ZPVE) is

predicted to be 7.72 eV (MP2) \ 8.70 eV (BHLYP) \
8.71 eV (BLYP) \ 8.89 eV (B3LYP). The EAad(ZPVE)

values range from 1.29 (B3LYP) to 1.84 eV (BHLYP),

while the EAvert predictions are 0.75 eV (BLYP) \
1.01 eV (B3LYP) \ 1.06 eV (BHLYP) \ 2.03 eV (MP2).

The VDE values range from 1.46 to 2.14 eV with B3LYP

and BLYP as the lower and upper bounds. The theoretical

singlet–triplet gaps are 0.85 eV (MP2) \ 1.10 eV

(BHLYP) \ 1.47 eV (BLYP) \ 1.85 eV (B3LYP).

3.3 Cl2CTe, Cl2CTe? and Cl2CTe-

Figure 3 presents the equilibrium geometries of the 1A
0

state of Cl2CTe, 3A
00

state of Cl2CTe, 2B
00

state of the

Cl2CTe? cation and 2B
0

state of the Cl2CTe- anion. The
1A

0
state of Cl2CTe has a predicted C=Te bond length

ranging from 1.955 to 1.984 Å in the order of
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BHLYP \ B3LYP \ MP2 \ BLYP. The Cl–C–Te bond

angle predictions are 124.0� (MP2 and BHLYP) & 124.1�
(B3LYP) \ 124.3� (BLYP). The C–Cl bond lengths range

from 1.717 (BHLYP) to 1.761 Å (BLYP). The IPad(ZPVE)

values range from 7.37 (MP2) to 8.38 eV (B3LYP). The

Cl2CTe molecule binds an electron with an EAad(ZPVE) of

2.10 eV (BHLYP), VEA of 3.32 eV (MP2) and a VDE of

2.45 eV (MP2). The chlorinated singlet–triplet splitting is

lower by 0.49 eV (B3LYP) than that of F2CTe.

3.4 Br2CTe, Br2CTe? and Br2CTe-

The equilibrium geometries of the 1A
0
state of Br2CTe, 3A

00

state of Br2CTe, 2B
00

state of the Br2CTe? cation and 2B
0

state of the Br2CTe- anion are presented in Fig. 4 (in the

Supporting Information). From singlet to triplet state, there

is an increase of 0.119 Å (B3LYP) in the C=Te bond

length, 5.0� (BHLYP) in the Br–C–Br bond angle and a

decrease of 7.1� in the Br–C–Te bond angle. The IPad(ZPVE)

values range from 7.12 (MP2) to 8.19 eV (B3LYP). The

difference in electron affinity for Br2CTe versus H2CTe is

0.70 eV for the EAad(ZPVE), 0.68 eV for the VEA and

1.11 eV for the VDE (B3LYP). The singlet–triplet gap is

0.16 eV (MP2) \ 0.69 eV (BHLYP) \ 1.02 eV (BLYP) \
1.07 eV (B3LYP).

3.5 I2CTe, I2CTe? and I2CTe-

Figure 5 (in the Supporting Information) presents the

equilibrium geometries of 1A
0

state of I2CTe, 3A
00

state of

I2CTe, 2B
00

state of the I2CTe? cation and 2B
0

state of the

I2CTe- anion. The 1A
0

state of I2CTe has predicted C–I

bond length in the range 2.111–2.168 Å, while I–C–Te

bond angle is in the range 123.2–123.8�, with BHLYP and

BLYP as the lower and upper signposts. The addition of an

extra electron to the neutral 1A
0

state of I2CTe molecule

causes an increase in the C=Te and C–I bond distances by

0.085 Å (BHLYP) and 0.127 Å (B3LYP). The IPad(ZPVE)

values range from 6.31 (MP2) to 7.89 eV (B3LYP). The

difference in electron affinity for I2CTe versus H2CTe is

1.34 eV (MP2) for the EAad(ZPVE), 0.91 eV (BHLYP) for

the VEA and 1.26 eV (MP2) for the VDE. The singlet–

triplet gap is 0.08 eV (MP2) \ 0.58 eV (BHLYP) \
0.87 eV (B3LYP) \ 0.98 eV (BLYP).

3.6 (NC)2CTe, (NC)2CTe? and (NC)2CTe-

Turning to the di-cyano systems, Fig. 6 presents the equi-

librium geometries of the 1A
0

state of (NC)2CTe, 3A
00

state

of (NC)2CTe, 2B
00

state of the (NC)2CTe? cation and 2B
0

state of the (NC)2CTe- anion. For the neutral 1A
0

state of

(NC)2CTe, the C=Te bond length ranges from 1.960

(BHLYP) to 2.014 Å (BLYP) and the C–C–Te bond angle

falls in the range 121.8–122.0� (BHLYP). The C=Te bond

distances for the X2CTe species (X = H, F, Cl, Br, I and

CN) are predicted in the systematic order 1.956 Å

(H) \ 1.961 Å (F) \ 1.972 Å (Cl) \ 1.974 Å (Br) \ 1.978

Å (I) \ 2.001 Å (CN), while the X–C–Te bond angle falls

in the order 121.5� (H) \ 122.0� (CN) \ 123.4�

H2CTe (1A , C2v)

H2CTe (3A , C2v)

H2CTe
+

(2B , C2v)

H2CTe
–

(2B , C2v)

1.956
1.954
1.971
1.936

121.5
121.9
121.9
122.0

1.937
1.942
1.954
1.939

2.040
2.034
2.050
2.032

2.051
2.063
2.075
2.055

MP2 117.0
B3LYP 116.1
BLYP 116.2
BHLYP 116.0

1.092
1.098
1.091
1.082

119.8
120.2
120.1
120.2

1.089
1.088
1.078
1.079

120.5
119.6
119.7
119.5

120.5
121.3
121.3
121.2

1.093
1.094
1.102
1.085

119.0
117.4
117.4
117.6

121.6
121.3
121.2
121.4

1.090
1.091
1.099
1.083

116.9
117.4
117.6
117.1

Fig. 1 Equilibrium geometries for the 1A
0

state of H2CTe, 3A
00

state

of H2CTe, 2B
00

state of the H2CTe? cation and 2B
0
state of the H2CTe-

anion
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(I) \ 124.0� (Cl) & 124.1� (Br) \ 126.3� (F). The trend in

IPad(ZPVE) is 6.31 eV (I) \ 7.12 eV (Br) \ 7.27 eV

(H) \ 7.38 eV (Cl) \ 7.72 eV (F) \ 8.46 eV (CN). The

EAad(ZPVE) for the X2CTe species (X = H, F, Cl, Br, I and

CN) fall in the order 0.70 eV (H) \ 1.38 eV (F) \ 1.98 eV

(Cl) \ 2.04 eV (I) & 2.05 eV (Br) \ 2.98 eV (CN). The

singlet–triplet splitting of (NC)2CTe ranges from 0.10

(MP2) to 0.55 eV (BLYP).

Table 1 Ionization potential

(IPad) of X2CTe and XYCTe

(X,Y = H, F, Cl, Br, I and CN),

in eV, where IPad(ZPVE) is the

adiabatic ionization potential

corrected for zero-point

vibrational energy contributions

(in parentheses)

MP2 B3LYP BLYP BH and HLYP

H2CTe 7.28 (7.27) 8.28 (8.27) 8.11 (8.10) 8.27 (8.25)

F2CTe 7.68 (7.72) 8.88 (8.89) 8.71 (8.72) 8.70 (8.71)

Cl2CTe 7.38 (7.37) 8.37 (8.38) 8.16 (8.16) 8.24 (8.25)

Br2CTe 7.10 (7.12) 8.18 (8.19) 7.96 (7.97) 8.07 (8.08)

I2CTe 6.31 (6.31) 7.89 (7.89) 7.63 (7.63) 7.81 (7.81)

(NC)2CTe 8.26 (8.46) 9.30 (9.26) 12.08 (12.07) 9.15 (9.12)

HFCTe 7.36 (7.38) 8.69 (8.70) 8.52 (8.53) 8.51 (8.51)

HClCTe 7.17 (7.18) 8.41 (8.41) 8.23 (8.23) 8.26 (8.26)

HBrCTe 7.08 (7.09) 8.31 (8.31) 8.12 (8.13) 8.16 (8.16)

HICTe 6.80 (7.00) 8.13 (8.13) 7.93 (7.93) 8.00 (8.00)

H(NC)CTe 7.78 (7.88) 8.85 (8.84) 8.63 (10.52) 8.68 (8.65)

FClCTe 7.50 (7.63) 8.61 (8.63) 8.42 (8.43) 8.46 (8.47)

FBrCTe 7.44 (7.63) 8.51 (8.52) 8.31 (8.32) 8.38 (8.38)

FICTe 7.20 (7.22) 8.34 (8.35) 8.11 (8.12) 8.23 (8.24)

F(NC)CTe 8.00 (8.15) 9.16 (9.16) 8.95 (8.95) 9.02 (9.01)

ClBrCTe 7.20 (7.84) 8.27 (8.28) 8.06 (8.07) 8.16 (8.16)

ClICTe 7.07 (7.09) 8.11 (7.62) 6.17 (6.18) 8.02 (8.02)

Cl(NC)CTe 7.79 (7.92) 8.87 (8.87) 8.66 (8.65) 8.75 (8.74)

BrICTe 7.54 (7.55) 8.03 (7.59) 7.79 (7.79) 7.94 (7.79)

Br(NC)CTe 7.70 (7.83) 8.76 (8.76) 8.53 (8.53) 8.64 (8.63)

Table 2 X2CTe and XYCTe

(X,Y = H, F, Cl, Br, I and CN)

electron affinities Ead and zero-

point-corrected EAad(ZPVE)

values (in parentheses) in eV

MP2 B3LYP BLYP BH and HLYP

H2CTe 1.12 (0.70) 1.26 (1.32) 1.03 (1.28) 1.27 (1.54)

F2CTe 1.31 (1.38) 1.22 (1.29) 1.25 (1.44) 1.56 (1.84)

Cl2CTe 1.95 (1.98) 1.85 (1.43) 1.59 (1.77) 1.94 (2.10)

Br2CTe 2.02 (2.05) 1.99 (2.02) 1.77 (1.93) 2.39 (2.53)

I2CTe 2.01 (2.04) 2.11 (2.14) 1.67 (1.81) 2.15 (2.28)

(NC)2CTe 3.09 (2.89) 3.34 (3.34) 3.05 (3.07) 3.39 (3.43)

HFCTe 1.30 (1.34) 1.29 (1.34) 1.04 (1.24) 1.35 (1.57)

HClCTe 1.56 (1.60) 1.55 (1.59) 1.29 (1.48) 1.61 (1.84)

HBrCTe 1.64 (1.67) 1.64 (1.68) 1.39 (1.56) 1.70 (1.90)

HICTe 1.69 (1.72) 1.71 (1.75) 1.46 (1.62) 1.77 (1.96)

H(NC)CTe 2.40 (2.35) 2.41 (2.44) 2.16 (2.26) 2.43 (2.56)

FClCTe 1.78 (1.82) 1.67 (1.72) 1.44 (1.62) 1.76 (1.93)

FBrCTe 1.85 (1.88) 1.77 (1.81) 1.55 (1.73) 1.84 (2.00)

FICTe 1.87 (1.91) 1.85 (1.92) 1.65 (1.80) 1.90 (2.06)

F(NC)CTe 2.60 (2.56) 2.46 (2.49) 2.20 (2.32) 2.51 (2.66)

ClBrCTe 1.99 (2.02) 1.92 (1.95) 1.69 (1.85) 2.00 (2.15)

ClICTe 2.00 (2.03) 1.98 (2.04) 1.77 (1.92) 2.04 (2.19)

Cl(NC)CTe 2.73 (2.67) 2.63 (2.65) 2.36 (2.46) 2.69 (2.80)

BrICTe 2.02 (2.04) 2.04 (2.08) 1.85 (2.00) 2.10 (2.23)

Br(NC)CTe 2.76 (2.70) 2.67 (2.69) 2.40 (2.50) 2.73 (2.84)

Theor Chem Acc (2012) 131:1127 Page 5 of 22

123



3.7 HFCTe, HFCTe? and HFCTe-

The equilibrium geometries of the 1A
0
state of HFCTe, 3A

00

state of HFCTe, 2B
00

state of the HFCTe? cation and 2B
0

state of the HFCTe- anion are displayed in Fig. 7. The 1A
0

HFCTe structure has predicted C=Te and C–F bond

distances in the range 1.940–1.969 Å and 1.318–1.361 Å

with BHLYP and BLYP as the lower and upper bounds. The

H–C–Te and F–C–Te bond angles fall in the order 125.3�
(BHLYP) \ 125.8� (B3LYP) \ 126.2� (MP2) \ 126.3�

Table 3 X2CTe and XYCTe

(X,Y = H, F, Cl, Br, I and CN)

vertical electron affinities

(VEA) in eV (kcal mol-1 in

parentheses)

MP2 B3LYP BLYP BH and HLYP

H2CTe 1.93 (44.51) 1.14 (26.29) 0.93 (21.38) 1.12 (25.85)

F2CTe 2.03 (46.73) 1.01 (23.18) 0.75 (17.41) 1.06 (24.33)

Cl2CTe 3.32 (76.54) 1.69 (39.05) 1.40 (32.27) 1.78 (41.16)

Br2CTe 1.10 (25.41) 1.82 (41.93) 1.52 (35.09) 1.91 (44.02)

I2CTe 1.39 (31.94) 1.93 (44.40) 1.61 (37.23) 2.03 (46.92)

(NC)2CTe 1.49 (34.32) 3.26 (75.25) 2.99 (68.87) 3.30 (76.00)

HFCTe 1.57 (36.13) 1.08 (25.02) 0.85 (19.50) 1.11 (25.71)

HClCTe 2.28 (52.50) 1.41 (32.48) 1.15 (26.56) 1.45 (33.49)

HBrCTe 1.53 (35.25) 1.50 (34.63) 1.24 (28.65) 1.55 (35.67)

HICTe 1.62 (37.35) 1.58 (36.55) 1.31 (30.22) 1.63 (37.64)

H(NC)CTe 1.68 (38.82) 2.31 (53.36) 2.07 (47.82) 2.31 (53.22)

FClCTe 2.46 (56.78) 1.38 (31.91) 1.11 (25.53) 1.47 (33.83)

FBrCTe 1.86 (42.97) 1.46 (33.69) 1.18 (27.27) 1.55 (35.71)

FICTe 1.91 (44.05) 1.39 (31.95) 1.24 (28.52) 1.62 (37.37)

F(NC)CTe 2.62 (60.39) 2.31 (53.37) 2.07 (47.67) 2.33 (53.81)

ClBrCTe 1.98 (45.58) 1.75 (40.47) 1.46 (33.69) 1.85 (42.59)

ClICTe 2.66 (61.30) 1.81 (41.71) 1.51 (34.75) 1.90 (43.88)

Cl(NC)CTe 1.93 (44.51) 2.52 (58.19) 2.26 (52.04) 2.56 (58.99)

BrICTe 2.03 (46.73) 1.87 (43.14) 1.56 (36.08) 1.97 (45.32)

Br(NC)CTe 3.32 (76.54) 2.57 (59.30) 2.30 (53.13) 2.61 (60.24)

Table 4 X2CTe and XYCTe

(X,Y = H, F, Cl, Br, I and CN)

vertical detachment energies

(VDE) in eV (kcal mol-1 in

parentheses)

MP2 B3LYP BLYP BH and HLYP

H2CTe 1.29 (29.79) 1.39 (31.99) 1.14 (26.21) 1.44 (33.20)

F2CTe 1.76 (40.56) 1.46 (33.74) 2.14 (49.27) 1.85 (42.65)

Cl2CTe 2.45 (56.49) 2.16 (49.86) 2.20 (50.84) 2.35 (54.11)

Br2CTe 2.56 (58.95) 2.50 (57.77) 2.44 (56.25) 2.80 (64.47)

I2CTe 2.55 (58.82) 2.62 (60.47) 1.74 (40.17) 2.48 (57.21)

(NC)2CTe 3.59 (82.69) 3.41 (78.64) 3.11 (71.73) 3.48 (80.28)

HFCTe 1.97 (45.54) 1.73 (39.90) 1.51 (34.84) 1.83 (42.11)

HClCTe 1.90 (43.91) 1.86 (42.84) 1.68 (38.70) 1.90 (43.72)

HBrCTe 2.04 (47.09) 1.99 (45.97) 1.85 (42.55) 2.00 (46.17)

HICTe 2.07 (47.72) 2.08 (47.94) 1.94 (44.81) 2.06 (47.50)

H(NC)CTe 2.27 (52.36) 2.51 (57.91) 2.24 (51.67) 2.56 (59.13)

FClCTe 2.62 (60.44) 2.39 (55.13) 2.23 (51.39) 2.45 (56.57)

FBrCTe 2.70 (62.25) 2.51 (57.82) 2.39 (55.19) 2.52 (58.22)

FICTe 2.69 (61.95) 2.60 (59.85) 2.49 (57.32) 2.56 (59.01)

F(NC)CTe 2.61 (60.20) 2.61 (60.19) 2.33 (53.62) 2.70 (62.28)

ClBrCTe 2.52 (58.12) 2.42 (55.83) 2.34 (53.98) 2.40 (55.41)

ClICTe 2.50 (57.54) 2.49 (57.44) 2.44 (56.24) 2.35 (54.12)

Cl(NC)CTe 2.60 (59.96) 2.75 (63.32) 2.46 (56.83) 2.83 (65.26)

BrICTe 1.56 (35.96) 2.56 (59.11) 2.51 (57.79) 2.46 (56.80)

Br(NC)CTe 2.61 (60.16) 2.78 (64.08) 2.50 (57.59) 2.86 (65.96)

Page 6 of 22 Theor Chem Acc (2012) 131:1127

123



(BLYP) and 123.9� (MP2) \ 124.2� (BLYP) & 124.3�
(B3LYP) \ 124.5� (BHLYP), respectively. From singlet to

triplet state, there is an increase of 0.147 Å (MP2) in the

C=Te bond length and a decrease of 7.9� (BLYP) and 8.4�
(MP2 and BHLYP) in the H–C–Te and F–C–Te bond

angles, respectively. The IPad(ZPVE) values range from 7.38

(MP2) to 8.70 eV (B3LYP). The HFCTe molecule binds an

extra electron, with the EAad(ZPVE) ranging from 1.24

(BLYP) to 1.57 eV (BLYP) and the VEA and VDE ranging

from 1.15 (BLYP) to 2.28 eV (MP2) and 1.51 eV (BLYP)

to 1.97 eV (MP2), respectively. The singlet–triplet gap is

predicted in the order 0.26 eV (MP2) \ 1.06 eV (BHLYP)

\ 1.33 eV (B3LYP) \ 1.47 eV (BLYP).

3.8 HClCTe, HClCTe? and HClCTe-

The equilibrium geometries of the 1A
0
state of HClCTe, 3A

00

state of HClCTe, 2B
00

state of the HClCTe? cation and 2B
0

state of the HClCTe- anion are presented in Fig. 8. The

neutral ground state 1A
0

HClCTe has the C=Te and C–Cl

bond lengths in the range 1.943–1.974 Å and 1.712–1.757

Å with BHLYP and BLYP as the lower and upper

boundaries. The H–C–Te and Cl–C–Te bond angles are in

the range 121.9–122.8� and 126.8–127.4� with MP2 and

BLYP as the lower and upper limits. The removal of an

electron from the HClCTe molecule causes an increase in

the C=Te bond length by 0.033 Å and the Cl–C–Te bond

angle by 5.3�, while the H–C–Te bond angle decreases by

4.4� (BLYP). The IPad(ZPVE) values range from 7.18 (MP2)

to 8.41 eV (B3LYP). The electron affinities EAad(ZPVE),

VEA and VDE range from 1.48 (BLYP) to 1.84 eV

(BHLYP), 1.15 eV (BLYP) to 2.28 eV (MP2) and 1.68 eV

(BLYP) to 1.90 eV (MP2 and BHLYP), respectively. The

singlet–triplet splitting falls in the order 0.23 eV

(MP2) \ 0.84 eV (BHLYP) \ 1.12 eV (B3LYP) \ 1.27

eV (BLYP).

3.9 HBrCTe, HBrCTe? and HBrCTe-

The equilibrium geometries of the 1A
0

state of HBrCTe,
3A

00
state of HBrCTe, 2B

00
state of the HBrCTe? cation, and

2B
0

state of the HBrCTe- anion are presented in Fig. 9 (in

the Supporting Information). The differences in the geo-

metrical parameters between the neutral ground state and

the triplet state show an increase in the C=Te bond length

by 0.101 Å accompanied by a decrease in the H–C–Te

bond angle of 3.8� (MP2). Between the ground state neutral

and the anion, there is an increase of 0.102 Å
´

(BHLYP) in

the C=Te bond length, accompanying a slight decrease in

the Br–C–Te bond angle of 4.9� (BLYP). For HBrCTe, the

ZPVE-corrected adiabatic electron affinity ranges from

1.56 (BLYP) to 1.90 eV (BHLYP), while the VEA values

fall in the range 1.24–1.55 eV in the order BLYP \
B3LYP \ MP2 \ BHLYP, and the VDE ranges from 1.85

(BLYP) to 2.04 eV (MP2). The singlet–triplet gap falls in

the range 0.16 eV (MP2)–1.22 eV (BLYP).

Table 5 X2CTe and XYCTe

(X,Y = H, F, Cl, Br, I and CN)

singlet–triplet gaps in eV

(kcalmol-1 in parentheses)

MP2 B3LYP BLYP BH and HLYP

H2CTe 0.53 (12.17) 0.92 (21.13) 1.03 (23.73) 0.70 (16.06)

F2CTe 0.85 (19.51) 1.85 (42.77) 1.47 (33.84) 1.10 (25.42)

Cl2CTe 0.32 (7.31) 1.36 (31.27) 1.21 (27.91) 0.77 (17.79)

Br2CTe 0.16 (3.58) 1.07 (24.61) 1.02 (23.45) 0.69 (15.90)

I2CTe 0.08 (1.86) 0.87 (20.04) 0.98 (22.56) 0.58 (13.28)

(NC)2CTe 0.10 (2.32) 0.43 (10.02) 0.55 (12.62) 0.21 (4.83)

HFCTe 0.26 (6.05) 1.33 (30.72) 1.47 (33.97) 1.06 (24.46)

HClCTe 0.23 (5.29) 1.12 (25.81) 1.27 (29.28) 0.84 (19.41)

HBrCTe 0.16 (3.78) 1.07 (24.70) 1.22 (28.15) 0.79 (18.30)

HICTe 0.04 (0.90) 1.00 (23.06) 1.15 (26.41) 0.73 (16.74)

H(NC)CTe 0.14 (3.23) 0.64 (14.81) 0.76 (17.50) 0.41 (9.51)

FClCTe 0.10 (2.24) 1.24 (28.69) 1.37 (31.55) 0.97 (22.26)

FBrCTe 0.06 (1.36) 1.20 (27.64) 1.31 (30.19) 0.93 (21.36)

FICTe 0.05 (1.18) 1.13 (26.07) 1.25 (28.74) 0.90 (20.78)

F(NC)CTe 0.19 (4.41) 0.95 (21.94) 1.09 (25.19) 0.68 (15.66)

ClBrCTe 0.43 (9.85) 1.02 (23.61) 1.16 (26.73) 0.73 (16.87)

ClICTe 0.24 (5.65) 0.97 (22.45) 1.09 (25.18) 0.69 (15.90)

Cl(NC)CTe 0.40 (9.30) 0.74 (17.16) 0.89 (20.48) 0.47 (10.88)

BrICTe 0.36 (8.29) 0.93 (21.41) 1.04 (24.09) 0.64 (14.86)

Br(NC)CTe 0.26 (5.97) 0.71 (16.34) 0.85 (19.69) 0.44 (10.06)
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3.10 HICTe, HICTe? and HICTe-

Figure 10 (in the Supporting Information) displays the

equilibrium geometries of the 1A
0
state of HICTe, 3A

00
state

of HICTe, 2B
00

state of the HICTe? cation and 2B
0

state of

the HICTe- anion. Between the singlet ground state and

lowest triplet state, there is a sizable increase in the C=Te

bond length of 0.094 Å, while the I–C–Te bond angle is

predicted to decrease by 12.7� (BLYP). The equilibrium

geometry of the HICTe? (2B
00
) cation reveals a decrease of

F2CTe (3A , C2v)

F2CTe
+

(2B , C2v)

2.152
2.156
2.153
2.134

2.022
2.026
2.038
2.020

2.132
2.126
2.120
2.123

113.4
113.4
113.4
113.3

114.6
115.0
115.0
115.21.345

1.344
1.364
1.325

108.8
108.8
108.4
109.6

1.340
1.345
1.300
1.262

123.3
123.3
123.3
123.4

F2CTe
–

(2B , C2v)

1.379
1.376

1.376
1.378

128.3
128.3
128.2
128.3

1.961
1.969
1.981
1.958

126.3
126.2
126.3
126.11.331

1.321
1.343
1.299

MP2 107.4
B3LYP 107.7
BLYP 107.4
BHLYP 107.9

F2CTe (1A , C2v)

103.4
103.3
103.4
103.4

Fig. 2 Equilibrium geometries for the 1A
0
state of F2CTe, 3A

00
state of

F2CTe, 2B
00

state of the F2CTe? cation and 2B
0

state of the F2CTe-

anion

Cl2CTe
–

(2B , C2v)

2.056
2.067
2.076
2.065

121.4
121.3
120.3
122.21.773

1.770

1.808
1.864

109.6
108.8
107.4
109.9

118.1
118.2
118.2
118.0

Cl 2CTe
+

(2B , C2v)

1.702
1.685
1.703
1.668

120.5
120.9
120.9
121.0

2.014
2.024
2.038
2.012

Cl 2CTe (3A , C2v)

1.725
1.742
1.771
1.721

117.5
117.9
117.0
118.6

115.6
115.9
115.3
116.3

2.094
2.092
2.109
2.082

1.972
1.971
1.984
1.955

124.0
124.1
124.3
124.01.730

1.737
1.761
1.717

Cl2CTe (1A , C2v)

107.4
107.7
107.4
107.9

Fig. 3 Equilibrium geometries for the 1A
0

state of Cl2CTe, 3A
00

state

of Cl2CTe, 2B
00

state of the Cl2CTe? cation and 2B
0

state of the

Cl2CTe- anion
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3.7� (B3LYP and BHLYP) in H–C–Te bond angle com-

pared to the neutral ground state. A systematic increase is

observed in the X–C–Te bond angle, in the range

123.9–128.3� (MP2), from HFCTe (1A
0
) to HICTe (1A

0
). It

is noted that the IPad(ZPVE) ranges from 7.00 to 8.13 eV in

the order MP2 \ BLYP \ BHLYP \ B3LYP. The pre-

dicted adiabatic ionization potential of the HXCTe mole-

cules (X = F, Cl, Br, I) decreases systematically, 7.00 eV

(I) \ 7.09 eV (Br) \ 7.18 eV (Cl) \ 7.38 eV (F). The

EAad(ZPVE) increases in the order 1.34 eV (F) \ 1.60 eV

(Cl) \ 1.67 eV (Br) \ 1.72 eV (I) (MP2). For the singlet–

triplet splitting both the DFT and MP2 computations reveal

a systematic decrease.

3.11 H(NC)CTe, H(NC)CTe? and H(NC)CTe-

The equilibrium geometries of the 1A
0
state of H(NC)CTe,

3A
00

state of H(NC)CTe, 2B
00

state of the H(NC)CTe? cation

and 2B
0

state of the H(NC)CTe- anion are presented in

Fig. 11. The geometries of the neutral ground state 1A
0

H(NC)CTe show the C=Te bond length and the C–C–Te

bond angle ranging from 1.946 (BHLYP) to 1.992 Å

(BLYP) and 123.6� (MP2) to 124.5� (BLYP). The addition

of an extra electron to 1A
0
H(NC)CTe produces an increase

of 0.099 Å in the C=Te bond length with a corresponding

decrease in the C–C–Te bond angle of 1.0�. The predicted

ZPVE-corrected ionization potential, the EAad(ZPVE), VEA

and VDE are in the range, 7.88 (MP2)–10.52 (BLYP) eV,

2.26 (BLYP)–2.56 (BHLYP) eV, 1.68 (MP2)–2.31

(B3LYP) eV and 2.24 (BLYP)–2.56 (BHLYP) eV,

respectively. The singlet–triplet gap ranges from 0.14

(MP2) to 0.76 (BLYP) eV.

3.12 FClCTe, FClCTe? and FClCTe-

The equilibrium geometries of the 1A
0
state of FClCTe, 3A

00

state of FClCTe, 2B
00

state of the FClCTe? cation and 2B
0

state of the FClCTe- anion are presented in Fig. 12. On

comparing this F–C–Te bond angle with those of F2CTe

and HFCTe, the following trend is observed: 122.6�
(FClCTe) \ 123.9� (HFCTe) \ 126.3� (F2CTe) (MP2).

The Cl–C–Te bond angle increases in the order 124.0�
(Cl2CTe) \ 126.8� (HClCTe) \ 128.2� (FClCTe). From

the singlet to triplet state, an increase of 0.151 Å in the

C=Te bond distance occurs, and the F–C–Cl bond angle is

increased by 2.6� (B3LYP). The IPad(ZPVE) values range

from 7.63 to 8.63 eV. The electron affinities EAad(ZPVE),

(NC) 2CTe (1A , C2v)

1.420
1.415
1.421
1.407

2.001
1.988
2.014
1.960

1.435
1.428
1.432
1.426

117.2
117.3
117.8
116.6

112.7
121.4
121.1
121.7

1.178
1.179
1.194
1.162

2.057
2.070
2.094
2.045

122.0
122.0
121.8
122.2

1.195
1.171
1.186
1.154

MP2 115.9
B3LYP 116.1
BLYP 116.4
BHLYP 115.7

117.3
119.5
119.7
120.2

1.984
2.017
2.036
2.013

1.175
1.174
1.189
1.158

121.4
120.2
120.5
119.9

2.014
2.070
2.061
2.059

121.1
119.1
119.8
119.6

1.145
1.176
1.163
1.159

117.9
121.8
120.5
120.7

(NC) 2CTe (3A , C2v)

(NC) 2CTe
+

(2B , C2v)

1.972
1.971
1.984
1.955

(NC) 2CTe
–

(2B , C2v)

1.425
1.413
1.419
1.410

Fig. 6 Equilibrium geometries for the 1A
0

state of (NC)2CTe, 3A
00

state of (NC)2CTe, 2B
00

state of the (NC)2CTe? cation and 2B
0
state of

the (NC)2CTe- anion

b
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VEA and VDE range from 1.62 (BLYP) to 1.93 eV

(BHLYP), 1.11 eV (BLYP) to 2.46 eV (MP2) and 2.23 eV

(BLYP) to 2.62 eV (MP2), respectively. The singlet–triplet

splitting ranges from 0.10 to 1.37 eV in the order

MP2 \ BHLYP \ B3LYP \ BLYP.

3.13 FBrCTe, FBrCTe? and FBrCTe-

The optimized geometries of the 1A
0

state of FBrCTe, 3A
00

state of FBrCTe, 2B
00

state of the FBrCTe? cation and 2B
0

state of the FBrCTe- anion are displayed in Fig. 13 (in the

Supporting Information). On comparing the geometrical

parameters of 1A
0
FBrCTe with the neutral ground state of

HBrCTe and Br2CTe, it is noted that firstly, the C–Br bond

length decreases systematically, 1.902 Å (Br2CTe) [ 1.892

Å (HBrCTe) [ 1.890 Å (FBrCTe). Secondly, the Br–C–Te

bond angle increases in the order 124.1� (Br2CTe) \ 127.1�
(HBrCTe) \ 128.1� (FBrCTe). Thirdly, the C=Te bond

distance decreases with the trend (Br2CTe) \ (HBrC-

Te) & (FBrCTe). From the neutral ground state to the

triplet and FBrCTe? (2B
00
), the F–C–Br bond angle

decreases by 3.1� and 7.2� (BLYP), respectively. For

FBrCTe, the ZPVE-corrected adiabatic ionization potential

ranges from 7.63 to 8.52 eV. The EAad(ZPVE) is predicted in

the order 1.73 eV (BLYP) \ 1.81 eV (B3LYP) \ 1.88 eV

(MP2) \ 2.00 eV (BHLYP). The VEA and VDE range

from 1.18–1.86 to 2.39–2.70 eV, respectively, with BLYP

and MP2 acting as the lower and upper signposts. The

singlet–triplet gap falls in the range 0.06 eV (MP2) to

1.31 eV (BLYP).

3.14 FICTe, FICTe? and FICTe-

Figure 14 (in the Supporting Information) presents the

optimized geometries of the 1A
0
state of FICTe, 3A

00
state of

FICTe, 2B
00

state of the FICTe ? cation and 2B
0
state of the

FICTe- anion. On studying the 1A
0

I2CTe, HICTe and

FICTe molecules, a systematic gradual decrease is

observed in the C=Te bond length, while the I–C–Te bond

angle increases in the order 123.4� (I2CTe) \ 128.3�
(HICTe) \ 128.8� (FICTe). From the singlet to triplet

state, the C=Te and the C–I bond distances are lengthened

by 0.140 Å and 0.062 Å, respectively, reflecting increased

bonding character. The loss of an electron from FICTe

causes an increase in the C=Te bond length and F–C–I

bond angle by 0.067 Å and 7.4� (MP2), respectively. The

IPad(ZPVE) values range from 7.20 to 8.34 eV. The

EAad(ZPVE) is predicted to be in the order 1.80 eV (BLYP)

\ 1.91 eV (MP2) \ 1.92 eV (B3LYP) \ 2.06 eV (BH

LYP), while the VEA and VDE lie in the range

1.24–1.91 eV and 2.49–2.69 eV. The predicted IPad(ZPVE)

of the FXCTe species (X = Cl, Br, I) decreases gradu-

ally 8.63 eV (FClCTe) [ 8.52 eV (FBrCTe) [ 8.35 eV

(FICTe), while the EAad(ZPVE) increases in the order

MP2 109.9
B3LYP 109.9
BLYP 109.5
BHLYP 110.2

111.4
112.2
111.5
112.6

113.2
114.2
114.1
114.3

109.2
108.2
110.0
109.2

1.946
1.955
1.969
1.940

1.094
1.094
1.102
1.085

126.2
125.8
126.3
125.3

1.353
1.339
1.361
1.318

123.9
124.3
124.2
124.5

HFCTe (1A , Cs)

2.093
2.094
2.111
2.082

118.6
119.4
118.4
120.2

1.094
1.095
1.104
1.085

1.364
1.360
1.380
1.342

115.5
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+
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2.009
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1.292
1.309
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124.4
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123.0
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1.099
1.107
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2.058
2.050

129.1
122.6
128.9
128.2

1.405
1.407
1.430
1.379

121.7
121.9
121.9
119.8

1.090
1.096
1.099
1.083

HFCTe
–

(2B , C1)

Fig. 7 Equilibrium geometries

for the 1A
0

state of HFCTe, 3A
00

state of HFCTe, 2B
00

state of the

HFCTe? cation and 2B
0

state of

the HFCTe- anion
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1.72 eV (FClCTe) \ 1.81 eV (FBrCTe) \ 1.92 eV

(FICTe). The singlet–triplet gap of FICTe ranges from 0.05

to 1.25 eV with MP2 and BLYP as the lower and upper

limits.

3.15 F(NC)CTe, F(NC)CTe? and F(NC)CTe-

The equilibrium geometries of the 1A
0

state of F(NC)CTe,
3A

00
state of F(NC)CTe, 2B

00
state of the F(NC)CTe? cation

and 2B
0

state of the F(NC)CTe- anion are displayed in

Fig. 15. A systematic decrease in the C=Te bond length is

observed in the FXCTe species (X = Cl, Br, I, CN). The

B3LYP functional predicts the trend in C=Te bond dis-

tances to be 1.970 Å (FClCTe) [ 1.968 Å (FBrCTe and

FICTe) [ 1.963 Å (F(NC)CTe). The F–C–Te and X–C–Te

bond angles change in a fairly narrow range, 122.4�
(FICTe) \ 122.9� (F(NC)CTe) \ 123.0� (FClCTe) &
123.1� (FBrCTe) and 124.8� (F(NC)CTe) \ 128.1�
(FBrCTe) & 128.2� (FClCTe) \ 128.4� (FICTe), respec-

tively. The IPad(ZPVE) values range from 8.15 to 9.16 eV,

while the EAad(ZPVE) ranges from 2.32 to 2.66 eV. The

VEA and the VDE values fall in the range 2.07–2.62 eV

and 2.33–2.61 eV. The singlet–triplet gap falls in the range

0.19 eV (MP2) to 1.09 eV (BLYP).

3.16 ClBrCTe, ClBrCTe? and ClBrCTe-

The optimized geometries of the 1A
0
state of ClBrCTe, 3A

00

state of ClBrCTe, 2B
00

state of the ClBrCTe? cation and 2B
0

state of the ClBrCTe- anion are presented in Fig. 16 (in the

Supporting Information). The predicted C=Te bond length

of the neutral ground state ClBrCTe is in the range

1.957–1.987 Å with BHLYP and BLYP as the bookends.

The Br–C–Te bond angle is noted to be 3.7� less than that

of FBrCTe molecule, while the C–Br bond length is 0.016

Å longer (MP2). A similar trend is observed while com-

paring the C–Cl bond length and Cl–C–Te bond angle of

ClBrCTe with FClCTe. From singlet to triplet state, the

C=Te bond distance and the Br–C–Cl bond angle increase

by 0.120 Å and 4.6� (BHLYP), respectively. The IPad(ZPVE)

values range from 7.84 to 8.28 eV. The BrClCTe molecule

binds an electron with the EAad(ZPVE), 1.85–2.15 eV. The

VEA and the VDE values are in the range 1.46–1.98 eV

and 2.34–2.52 eV, respectively. The singlet–triplet gap
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128.0
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123.7
123.7
123.0
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1.091
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1.099
1.081

121.9
122.6
121.5
123.6

HClCTe
+

(2B , Cs) HClCTe
–

(2B , C1)

108.9
107.7
105.9
108.9

Fig. 8 Equilibrium geometries

for the 1A
0
state of HClCTe, 3A

00

state of HClCTe, 2B
00

state of the

HClCTe? cation and 2B
0
state of

the HClCTe- anion
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falls in the range 0.43–1.16 eV in the order MP2 \
BHLYP \ B3LYP \ BLYP.

3.17 ClICTe, ClICTe? and ClICTe-

The equilibrium geometries of the 1A
0
state of ClICTe, 3A

00

state of ClICTe, 2B
00

state of the ClICTe? cation and 2B
0

state of the ClICTe- anion are presented in Fig. 17 (in the

Supporting Information). The geometry of the neutral

ground state ClICTe shows the C=Te, C–Cl and C–I bond

distances ranging from 1.945 to 1.987 Å, 1.719–1.760 Å

and 2.110–2.169 Å, respectively. The Cl–C–I, Cl–C–Te

and I–C–Te bond angles fall in the ranges 111.6–112.6�,

123.1–123.7� and 124.1–124.7�, respectively. The loss of

an electron from 1A
0

ClICTe leads to an increase of 0.045

Å
´

and 6.5� in the C=Te bond length and the Cl–C–I bond

angle. The ZPVE adiabatic ionization potential of ClICTe

is decreased by 1.89 eV, while the EAad(ZPVE), VEA and

VDE are increased by 0.07 eV, 0.05 eV and 0.10 eV,

respectively, compared to that for ClBrCTe with the BLYP

functional. The VEA and the VDE of ClICTe fall in the

ranges 1.51–2.66 eV and 2.44–2.50 eV, respectively. The

singlet–triplet gap of ClICTe is 0.07 eV lower than that of

ClBrCTe (BLYP).

3.18 Cl(NC)CTe, Cl(NC)CTe? and Cl(NC)CTe-

Figure 18 presents the equilibrium geometries of the 1A
0

state of Cl(NC)CTe, 3A
00

state of Cl(NC)CTe, 2B
00

state of

the Cl(NC)CTe? cation and 2B
0

state of the Cl(NC)CTe-

anion. The comparison of the geometrical parameters of

the neutral ground state of ClXCTe species (X = Br, I,

CN) reveals that the C–Cl bond length and the Cl–C–X and

Cl–C–Te bond angles increase systematically, 1.735 Å

(ClBrCTe) \ 1.738 Å (ClICTe) \ 1.743 Å (Cl(NC)CTe),

111.7� (ClBrCTe) to 112.7� (Cl(NC)CTe) and

124.0–125.4�, respectively, with the B3LYP functional.

The C=Te bond distance changes very little, 1.973 Å

1.195
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1.156

1.163
1.175
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+
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–
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Fig. 11 Equilibrium

geometries for the 1A
0

state of

H(NC)CTe, 3A
00

state of the

H(NC)CTe, 2B
00

state of the

H(NC)CTe? cation and 2B
0
state

of the H(NC)CTe- anion
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(ClICTe) \ 1.974 (Cl(NC)CTe) \ 1.976 (ClBrCTe). From
1A

0
Cl(NC)CTe to 2B

0
Cl(NC)CTe-, the C=Te and C–Cl

bond lengths increase by 0.064 and 0.075 Å
´

. The IPad(ZPVE)

is predicted to be 7.92 eV (MP2) \ 8.65 eV (BLYP)

\ 8.74 eV (BHLYP) \ 8.87 eV (B3LYP). The Cl(NC)

CTe molecule binds an extra electron with the EAad(ZPVE),

2.46–2.80 eV. The VEA and the VDE values are in the

ranges 1.93–2.56 eV and 2.46–2.83 eV, respectively. The

singlet–triplet splitting of Cl(NC)CTe falls in the range

0.40 (MP2)–0.89 (BLYP) eV.

3.19 BrICTe, BrICTe? and BrICTe-

The equilibrium geometries of the 1A
0
state of BrICTe, 3A

00

state of BrICTe, 2B
00

state of the BrICTe? cation and 2B
0
state

of the BrICTe- anion are presented in Fig. 19 (in the Sup-

porting Information). The geometry of the neutral ground

state BrICTe shows the C=Te, C–Br and C–I bond distances

ranging from 1.955 to 1.984 Å, 1.886 to 1.937 Å and 2.108 to

2.164 Å, respectively. The Br–C–I, Br–C–Te and I–C–Te

bond angles fall in narrow ranges 111.8–112.8�,

122.9–123.4� and 124.2–124.8�, respectively. The study of

the XBrCTe species (X = H, F, Cl, Br, I) reveals that

the IPad(ZPVE) values are predicted to be 7.09 eV

(HBrCTe) \ 7.12 eV (Br2CTe) \ 7.55 eV (IBrCTe) \
7.63 eV (FBrCTe) \ 7.84 eV (ClBrCTe), and the

EAad(ZPVE) varies as 1.67 eV (HBrCTe) \ 1.88 eV (FBr

CTe) \ 2.02 eV (ClBrCTe) \ 2.04 eV (IBrCTe) \2.05 eV

(Br2CTe). The singlet–triplet gap falls in the order 0.43 eV

(ClBrCTe) \ 0.36 eV (IBrCTe) \ 0.26 eV (HBrCTe) \
0.16 eV (Br2CTe) \ 0.06 eV (FBrCTe).

3.20 Br(NC)CTe, Br(NC)CTe? and Br(NC)CTe-

Figure 20 (in the Supporting Information) presents the

equilibrium geometries of the 1A
0
state of Br(NC)CTe, 3A

00

state of Br(NC)CTe, 2B
00

state of the Br(NC)CTe? cation

and 2B
0
state of the Br(NC)CTe- anion. The substitution of

the halogen, I, by the –CN group causes an increase in the

C=Te bond length and the Br–C–Te bond angle by 0.009 Å

and 2.2�, while the C–Br bond distance decreases by 0.007

Å
´

. In most cases, the BHLYP functional predicts the

shortest bond distances and lowest EAad(ZPVE) values,

while the MP2 method predicts the lowest values for the

ionization potentials, the VEA, VDE and singlet–triplet

splitting. The IPad(ZPVE) values of Br(NC)CTe range from

7.83 to 8.76 eV. The Br(NC)CTe molecule binds an elec-

tron with the EAad(ZPVE), 2.50–2.84 eV. The VEA and the
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122.6
121.9
121.1
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+
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118.1
117.1
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FClCTe (1A , Cs)Fig. 12 Equilibrium

geometries for the 1A
0

state of

FClCTe, 3A
00

state of FClCTe,
2B
00

state of the FClCTe? cation

and 2B
0

state of the FClCTe-

anion
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VDE values are in the range 2.30–3.32 eV and

2.50–2.86 eV, respectively. The singlet–triplet gap falls in

the range 0.26–0.85 eV in the order MP2 \ BHLYP

\ B3LYP \ BLYP.

4 Discussion

This section comprises a systematic analysis and discussion

of the structural parameters, ionization potentials, electron

affinities and singlet–triplet gap of the X2CTe and XYCTe

(X,Y = H, F, Cl, Br, I and CN) systems.

4.1 Structural parameters

The predicted structural parameters of the X2CTe mole-

cules (X = H, F, Cl, Br, I and CN) show that the C=Te and

C–X bond distances elongate in the order H \ F \ Cl

\ Br \ I \ CN. These expected trends are due to the

change in atomic sizes and electronegativities (v) of the

halogen substituent. The electronegativity (v) can be used

as a noteworthy reactivity descriptor, qualitatively defined

by Pauling [53]. The standard Pauling electronegativities

lie in the order F(3.98) [ Cl(3.16) [ Br(2.96) [ I(2.66) [
C(2.55) [ H(2.20). The X–C–Te bond angles of the

X2CTe species in their singlet ground states lie in the range

121.5–126.3� (MP2), with H2CTe and F2CTe acting as the

bookends. The large electronegativity of fluorine decreases

the electron density on carbon, and hence, the repulsion

between the electron pairs is nullified, and the F–C–Te

bond angle is increased. Comparison of these changes in

the X–C–Te angles with the literature data of X2CZ

(Z = O, S and Se) is reported in Table 6; the agreement is

acceptable.

For the geometrical parameters of the HXCTe species

(X = F, Cl, Br, I, CN), nontrivial changes are observed.

The MP2 method predicts that C=Te bond length increases

in the order 1.946 Å (F) \ 1.957 Å (Br) \ 1.960 Å (Cl and
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Fig. 15 Equilibrium

geometries for the 1A
0

state of

F(NC)CTe, 3A
00

state of

F(NC)CTe, 2B
00

state of the

F(NC)CTe? cation and 2B
0
state

of the F(NC)CTe- anion
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I) \ 1.978 Å (CN), while the H–C–Te bond angle

decreases in the order 126.2� (F) [ 122.6� (Br) [ 121.9�
(Cl) [ 121.4� (I) [ 120.8� (CN). The change observed in

the specified bond angle is consistent with the trend

reported for HXCS species (X = F, Cl, Br) in Table 7. The

structural parameters of the FXCTe species (X = Cl, Br, I,

CN) reveal a systematic decrease in the C=Te bond length

and uneven changes in the F–C–Te and X–C–Te bond

angles.

On evaluating the structural parameters of the FXCTe and

ClXCTe molecules with the literature results for FXCS and

ClXCS (X = F, Cl and Br) reported in Table 7, a good

correlation can be made. Analysis of the geometrical

parameters of both ClXCTe and BrXCTe species indicates

that the cyano-derivatives have the longest C=Te bond, a

result rationalized by p electron acceptor ability of the

ligand. Moreover, the cyano-derivatives are found to be the

most electronegative species among the telluroformalde-

hyde compounds studied, when Mulliken’s electronegativity

is considered. The Mulliken’s electronegativity, also termed

as the absolute electronegativity, is calculated using the

equation: vM ¼ IþA
2

[72]. Figure 21 illustrates the Mulliken’s

electronegativity of X2CTe, HXCTe and FXCTe families.

Comparing the geometrical parameters of the lowest

singlet and triplet states of the molecules, the most

noticeable contrast is that the C=Te bond distance and the

X–C–X bond angle are increased. In the singlet state, the

HOMO is of a0 symmetry, corresponding to the lone pair of

electrons lying in the molecular plane. Consequently, in the

triplet state, an electron is moved to an orbital of a00

symmetry. As a result, of the valence shell electrons in the

molecular plane, only one electron remains at the carbon

center, leading to a large decrease in the repulsion, opening

the bond angle in the triplet state. Another remarkable

difference between the neutral ground and the lowest lying

triplet state is that the X–C–Te bond angle is decreased in

the triplet state. To study the influence of a given halide

substituent on the bond length, it is useful to plot the values
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Fig. 18 Equilibrium

geometries for the 1A
0

state of

Cl(NC)CTe, 3A
00

state of

Cl(NC)CTe, 2B
00

state of the

Cl(NC)CTe? cation and 2B
0

state of the Cl(NC)CTe- anion
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of the C=Te bond distance for the X2CTe and XYCTe

species (X, Y = H, F, Cl, Br, I and CN) as a function of

the Pauling electronegativity of the substituent X. Simi-

larly, in keeping the r(C=Te) bond distance fixed, the

trend in the C–X bond elongation can be analyzed. Fig-

ures 22 and 23 show the influence of the substituents on

the C=Te and C–X bond distances for the X2C=Te and

HXC=Te species (X, Y = H, F, Cl, Br, I and CN). The

substituents X and/or Y that get closer to the carbon atom

due to the electronegativity difference, achieve a better

screening of the bonding electrons. Comparison with

experimental structural parameters is not possible, since

no literature results are available for triplet states of the

X2CZ or XYCZ (X, Y = H, F, Cl, Br, I and CN and

Z = O, S and Se) systems.

4.2 Ionization potentials

Table 1 reports the ionization potentials for the X2CTe and

XYCTe species (X,Y = H, F, Cl, Br, I and CN). The largest

ionization potential appears in the case of the fluoro- and

cyano-telluroformaldehyde derivatives. The ionization

potential of molecules studied in this research fall in the order

CN [ F [ Cl [ Br [ I, in agreement with the Pauling

electronegativities of the halogens and the strong field ligand

properties of CN and F. The presence of a strongly electron-

withdrawing atom or a strong p acceptor ligand, being

directly attached to the carbonyl carbon, reduces the popu-

lation of the 2s and 2p orbitals of the carbon center. Thus, the

carbonyl carbon becomes more electron deficient and the

ability to remove an electron decreases.

Table 6 Structural parameters, ionization potentials and electron affinities (eV) of the X2CZ analogues, where X = H, F, Cl and Br and Z = O,

S and Se

Z O S Se

H2CZ r(C–H) = 1.095 Å, r(C=O) = 1.179 Å,

\(HCH) = 115.8� (calc) [1]

r(C–H) = 1.106 Å, r(C=O) = 1.210 Å,

\(HCH) = 115.7� (calc) [1]

r(C–H) = 1.101 Å, r(C=O) = 1.203 Å,

\(HCH) = 116.3� (expt) [27]

IP = 10.88 eV (expt) [9]

IP = 10.82 eV (calc) [10]

EA = -0.65 eV (expt) [7]

EA = -0.96 eV (calc) [10]

r(C–H) = 1.080 Å, r(C=S) = 1.596 Å,

\(HCS) = 122.0� (calc) [2]

r(C–H) = 1.090 Å, r(C=S) = 1.613 Å,

\(HCS) = 121.9� (calc) [2]

r(C–H) = 1.096 Å, r(C=S) = 1.614 Å,

\(HCS) = 121.9� (expt) [63, 64]

r(C–H) = 1.093 Å, r(C=S) = 1.611 Å,

\(HCS) = 121.6� (expt) [63, 64]

IP = 9.44 eV (expt) [19]

IP = 9.08 eV (calc) [20]

EA = 0.47 eV (expt) [21]

EA = 0.38 eV (calc) [22]

r(C–H)) = 1.077 Å, r(C=Se) = 1.734 Å,

\(HCH) = 116.3� (calc) [1]

r(C–H)) = 1.088 Å, r(C=Se) = 1.754 Å,

\(HCH) = 117.1� (calc) [1]

r(C–H)) = 1.090 Å, r(C=Se) = 1.753 Å,

\(HCH) = 117.9� (expt) [69]

IP = 8.80 eV (expt) [31]

IP = 8.58 eV (calc) [20]

F2CZ r(C–F) = 1.285 Å, r(C=O) = 1.149 Å,

\(FCF) = 108.3� (calc) [1]

r(C–F) = 1.316 Å, r(C=O) = 1.175 Å,

\(FCF) = 107.6� (calc) [1]

r(C–F) = 1.317 Å, r(C=O) = 1.170 Å,

\(FCF) = 107.6� (expt) [57]

IP = 13.035 ± 0.030 eV (expt) [58]

r(C–F) = 1.281 Å, r(C=S) = 1.589 Å,

\(FCS) = 126.0� (calc) [2]

r(C–F) = 1.316 Å, r(C=S) = 1.593Å,

\(FCS) = 126.4� (calc) [2]

r(C–F) = 1.317 Å, r(C=S) = 1.589 Å,

\(FCS) = 126.5� (expt) [63, 64]

IP = 10.30 eV (expt) [65]

IP = 10.53 ± 0.10 (expt) [66]

r(C–F)) = 1.277 Å, r(C=Se) = 1.744 Å,

\(FCF) = 108.3� (calc) [1]

r(C–F)) = 1.315 Å, r(C=Se) = 1.743 Å,

\(FCF) = 107.8� (calc) [1]

r(C–F)) = 1.314 Å, r(C=Se) = 1.743 Å,

\(FCF) = 107.5� (expt) [70]

IP = 9.40 eV (expt) [65]

Cl2CZ r(C–Cl) = 1.740 Å, r(C=O) = 1.151 Å,

\(ClCCl) = 113.0� (calc) [1]

r(C–Cl) = 1.747 Å, r(C=O) = 1.183 Å,

\(ClCCl) = 112.2� (calc) [1]

r(C–Cl) = 1.738 Å, r(C=O) = 1.188 Å,

\(ClCCl) = 112.2� (expt) [59]

IP = 11.84 eV (expt) [60]

r(C–Cl) = 1.725 Å, r(C=S) = 1.588 Å,

\(ClCS) = 124.1� (calc) [2]

r(C–Cl) = 1.735 Å, r(C=S) = 1.604 Å,

\(ClCS) = 124.2� (calc) [2]

r(C–Cl)=1.729 Å, r(C=S) = 1.602 Å,

\(ClCS) = 124.4� (expt) [63, 64]

IP = 9.61 ± 0.02 eV (expt) [67]

IP = 9.68 eV (expt) [68]

r(C–Cl) = 1.720 Å, r(C=Se) = 1.738 Å,

\(ClCCl) = 112.3� (calc) [1]

r(C–Cl) = 1.729 Å, r(C=Se) = 1.756 Å,

\(ClCCl) = 112.1� (calc) [1]

Br2CZ r(C–Br) = 1.920 Å, r(C=O) = 1.147 Å,

\(BrCBr) = 113.5� (calc) [1]

r(C–Br) = 1.931 Å, r(C=O) = 1.178 Å,

\(BrCBr) = 112.3� (calc) [1]

r(C–Br) = 1.917 Å, r(C=O) = 1.176 Å,

\(BrCBr) = 112.4� (expt) [61]

IP = 10.80 eV(expt) [62]

r(C–Br) = 1.899 Å, r(C=S) = 1.583 Å,

\(BrCS) = 123.9� (calc) [2]

r(C–Br) = 1.912 Å, r(C=S) = 1.600 Å,

\(BrCS) = 124.4� (calc) [2]

r(C–Br) = 1.894 Å, r(C=S) = 1.597 Å,

\(BrCS) = 124.2� (expt) [63, 64]

r(C–Br) = 1.890 Å, r(C=Se) = 1.734 Å,

\(BrCS) = 112.6� (calc) [1]

r(C–Br) = 1.903 Å, r(C=Se) = 1.753 Å,

\(BrCS) = 112.0� (calc) [1]
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The highest ionization potential of the species occurs

where X or Y = CN and/or F can also be correlated with

the ionic character of the carbonyl compounds. The

electronegative substituent, X or/and Y, withdraws electron

density from the carbonyl center, weakening the r C–F

bond; thus, the p donation from the tellurium atom is

increased. The atomic charges on the carbonyl carbon and

Table 7 Structural parameters of the HXCZ analogues (X = F, Cl and Br and Z = S and Se)

Z S Se

HFCZ r(C–H) = 1.078 Å, r(C=S) = 1.586 Å, r(C–F) = 1.302 Å,

\(HCS) = 125.5�, \(FCS) = 124.1� (calc) [2]

r(C–H) = 1.089 Å, r(C=S) = 1.596 Å, r(C–F) = 1.337 Å,

\(HCS) = 126.3�, \(FCS) = 124.0� (calc) [2]

r(C–H) = 1.090 Å, r(C=Se) = 1.750 Å, r(C–F) = 1.330 Å,

\(HCSe) = 125.8�, \(FCSe) = 124.3� (calc) [3]

HClCZ r(C–H) = 1.076 Å, r(C=S) = 1.587 Å, r(C–Cl) = 1.727 Å,

\(HCS) = 123.6�, \(ClCS) = 125.8� (calc) [2]

r(C–H) = 1.088Å, r(C=S) = 1.603 Å, r(C–Cl) = 1.735 Å,

\(HCS) = 123.8�, \(ClCS) = 125.8� (calc) [2]

r(C–H) = 1.090 Å, r(C=Se) = 1.750 Å, r(C–Cl) = 1.740 Å,

\(HCSe) = 123.4�, \(ClCSe) = 126.4� (calc) [3]

HBrCZ r(C–H) = 1.076 Å, r(C=S) = 1.584 Å, r(C–Br) = 1.898 Å,

\(HCS) = 124.0�, \(BrCS) = 126.0� (calc) [2]

r(C–H) = 1.088 Å, r(C=S) = 1.599 Å, r(C–Br) = 1.914 Å,

\(HCS) = 124.8�, \(BrCS) = 125.9� (calc) [2]

r(C–H) = 1.090 Å, r(C=Se) = 1.750 Å, r(C–Br) = 1.910 Å,

\(HCSe) = 123.5�, \(BrCSe) = 127.0� (calc) [3]

FClCZ r(C–F) = 1.293 Å, r(C=S) = 1.586 Å, r(C–Cl) = 1.715 Å,

\(FCS) = 123.8�, \(ClCS) = 126.8� (calc) [2]

r(C–F) = 1.329 Å, r(C=S) = 1.597 Å, r(C–Cl) = 1.724 Å,

\(FCS) = 124.0�, \(ClCS) = 127.2� (calc) [2]

r(C–F) = 1.339 Å, r(C=S) = 1.593 Å, r(C–Cl) = 1.718 Å,

\(FCS) = 123.6�, \(ClCS) = 127.3� (expt) [71]

FBrCZ r(C–F) = 1.294 Å, r(C=S) = 1.585 Å, r(C–Br) = 1.887 Å,

\(FCS) = 124.0�, \(BrCS) = 126.9� (calc) [2]

r(C–F) = 1.330 Å, r(C=S) = 1.595 Å, r(C–Br) = 1.901 Å,

\(FCS) = 124.4�, \(BrCS) = 127.2� (calc) [2]

ClBrCZ r(C–Cl) = 1.725 Å, r(C=S) = 1.586 Å, r(C–Br) = 1.898 Å,

\(ClCS) = 124.1�, \(BrCS) = 123.9� (calc) [2]

r(C–Cl) = 1.733 Å, r(C=S) = 1.602 Å, r(C–Br) = 1.915 Å,

\(ClCS) = 124.6, \(BrCS) = 124.0� (calc) [2]
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the tellurium atom decrease. The decrease in ionization

potentials with respect to the X or Y substituent from CN to

I is consistent with the changes observed in the charge on

the carbonyl carbon as illustrated in Fig. 24. The linear

correlation between the substituent X and/or Y with the

energy differences between the neutral and the corre-

sponding cationic species is presented in Fig. 25. The

changes observed in the charge on the carbonyl carbon of

the telluroformaldehyde derivatives studied are directly

proportional to the trend observed in the predicted ioniza-

tion potentials. The ionization potentials can be rational-

ized in terms of the charge on the carbonyl carbon, as well

as the electronegativity of the substituent or ligand (X and/

or Y) directly bonded to the carbonyl center. Hence, the net

charge, r-donation and backbonding of both the substituent

and the chalcogen are the factors affecting the ionization

potential of the X2CTe and XYCTe species,

synergistically.

The experimentally obtained ionization potentials of

H2CZ (Z = O, S, Se) are reported to be 10.88 [9], 9.44 [19]

and 8.80 [31] eV, respectively, and these are also included

in Table 6. The shift in the ionization potential from

formaldehyde to thioformaldehyde, selenoformaldehyde

and telluroformaldehyde are ?1.44, ?2.08 and ?3.60 eV,

respectively. Substituting the oxygen in formaldehyde by

sulfur, selenium or tellurium increases the chalcogen

character of the molecule, which in turn increases the shift

in the ionization potential significantly [54]. This is in

agreement with the systematic decrease observed in the

first ionization potential of the H2CX (X = O, S, Se and

Te) molecules.

4.3 Electron affinities

With increasing halogen atom size, a gradual increase in

the electron affinities of the X2CTe and XYCTe species is

noted. The linear correlation between the Pauling electro-

negativities of the halogens and the cyano-group with the

energy differences between the neutral and the corre-

sponding anionic species is depicted in Fig. 26. Since the

presence of a strongly electron-withdrawing substituent

directly attached to the carbonyl center reduces the popu-

lation of the 2s and 2p orbitals of carbon, an abrupt

decrease in electron affinity from H to F could conceivably

be expected. However, the contrary is observed in this

research. This shows that there is some shielding effect

from the lone pairs of tellurium acting against the decrease

in the electron affinities of the fluoro-telluroformaldehyde

derivatives. The presence of the conjugation by the het-

eroatom lone pairs provides strong p donor character. The

electronegative substituent, X and/or Y, withdraws electron

density from the carbonyl center, increasing the charge,

which in turn makes the carbon a better p acceptor and

enhances p donation from the chalcogen. Thus, the polarity
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species as a function of halogen substituent

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

H F Cl Br I CN

C
ha

rg
e 

on
 c

ar
bo

ny
l 

C
  (

e)

Series1

Series2

Series3

X2CTe

HXCTe

FXCTe

Fig. 24 Trend in the charge (e) (MP2) on the carbonyl carbon upon

substituent (X) replacement for the X2CTe, HXCTe and FXCTe

species

6.0

6.5

7.0

7.5

8.0

8.5

H F Cl Br I CN

IP
ad

(Z
P

V
E

) 
(e

V
)

Series1

Series2

Series3

X2CTe

HXCTe

FXCTe

Fig. 25 Adiabatic ionization potentials, IPad(ZPVE), (eV) (MP2)

versus the substituents

Page 18 of 22 Theor Chem Acc (2012) 131:1127

123



is reversed, and the carbon atom is significantly negative

relative to the tellurium atom. The linear correlation of the

halogen Pauling electronegativities with the electron

affinities can be explained as a result of the decreasing

order of electron-withdrawing ability of the halogen X or Y

and the decreasing back donation from the tellurium atom.

This is in agreement with the trends observed in Figs. 24,

26 for the halogen derivatives only.

Moreover, for X or Y = F (vF = 3.98), the lone pair of

the fluorine substituent crowds into the p orbital of the

carbonyl carbon, creating a shielding effect which also acts

against the decrease in the electron affinities. It is also

predicted that the sp2 hybridization is reduced down the

halogen group. Thus, the stabilization of the r-nonbonding

orbital by electron-withdrawing substituents such as halo-

gen increases the 2s character of the carbonyl carbon. The

2p contribution to the r C–F bond is higher in the singlet

state than in the corresponding triplet state, which agrees

well with the longer C–F bond distance of the latter. Hence,

the electronegativities of the substituents are not the sole

factor in determining the ability of these species to accept

an additional electron. This electron capturing ability is

dependent on the substituent X or Y and the polarity of the

C=Te bond.

The experimental adiabatic electron affinity of formal-

dehyde and thioformaldehyde is -0.65 [7] and 0.47 [21]

eV, respectively. To our knowledge, the electron affinity of

selenoformaldehyde has not been reported yet. In a crude

picture, the electron affinity can be related to the orbital

energy of the LUMO by Koopmans’ theorem [55]. More-

over, it is reported that there is a significant lowering of the

orbital energy for the p* LUMO of these carbonyls, on

changing O in formaldehyde to S and a moderate lowering

on changing S to Se or Te [56]. Since the energy level of

the p* orbital is lowered, the addition of an extra electron is

facilitated, which in turn agrees with the positive electron

affinities of thioformaldehyde and telluroformaldehyde.

Therefore, moving down the H2CZ (Z = O, S, Se and Te)

carbonyl series, the anionic form is lowered in energy

compared to the neutral molecule.

4.4 Singlet–triplet splittings

Table 5 reports the singlet–triplet splittings for all the

molecules studied in this research. The trend is appre-

ciable; the largest singlet–triplet gap appears where the

fluoro substituent is attached to the carbonyl carbon

center, and the splitting decreases on approaching the

iodo-telluroformaldehyde derivatives. Hydrogen is less

electronegative than iodine, resulting in the lowest sin-

glet–triplet gap for the X or Y = H species. The presence

of a strongly electronegative substituent stabilizes the 1A
0

singlet state, and the 3A
00

state energy lies higher. In the

lowest singlet state, the a
0

symmetry molecular orbital is

the HOMO, a r-type nonbonding orbital having contri-

butions from the in-plane p orbitals of the carbonyl car-

bon, the substituent X = F, Cl, Br, I and CN. The effect

of the electronegativity and the size of the halo substitu-

ents are reflected in the HOMO energies. The participa-

tion of the carbon s orbital in the bonding is expected to

be large in the case of the fluoro-telluroformaldehyde

derivatives as fluorine is the most electronegative

(vF = 3.98) halogen. This leads to an increase in the

HOMO–LUMO gap (EH–L) favoring the singlet state.

Figure 27 illustrates the substituent replacement effect on

the HOMO–LUMO gap of the X2CTe and the XYCTe

species (X,Y = H, F, Cl, Br, I and CN). The a
00

orbital is

the LUMO in the singlet becomes the SOMO for the

corresponding triplet state. Fluorination results in the

highest value of the EH–L, and consequently, this is

reflected in the predicted singlet–triplet splittings. Fig-

ure 28 displays the singlet–triplet gaps (eV) as a function

of halogen substituent. As the electronegativity of the

substituent decreases from fluorine to iodine, the energy

of the a
0

HOMO is raised. In the triplet species with a

decrease in the electronegativity and an increase in the

size of the substituent, the antibonding character of the

a
00

orbital is decreased and the orbital energy is lowered.

Thus, on going down the halogen group, the a0 and a
00

orbital energy separation tends to decrease. Figure 29

depicts the link between the HOMO–LUMO gaps and the

singlet–triplet splittings of X2CTe, HXCTe and FXCTe

species, good linear correlation observed (R2 = 0.893).

The maximum hardness principle states that there seems

to be a rule of nature that molecules arrange themselves so

as to be as hard as possible [73]. Hardness is interrelated to
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the energy gap between the two frontier orbitals [74]. The

relationship between hardness and HOMO–LUMO gap is

given by: g ¼ ðELUMO � EHOMOÞ=2 [75]. Hardness of the

X2CTe and XYCTe species ranges from 0.99 ((NC)2CTe)

to 1.71 eV (F2CTe). A hard molecule has a large HOMO–

LUMO gap, and a soft molecule has a small HOMO–

LUMO gap [74]. Thus, the X2C=Te and XYC=Te families

can be classified as soft chemical species, which in turn

predicts their high reactivities and low stabilities. Since

DEH–L is found to be proportional to DES–T, hardness can

also be related to the singlet–triplet separation, good linear

correlation obtained (R2 = 0.894).

The Mulliken’s atomic charge on the carbon atom is

significantly negative relative to the Te atom. The charges

on the carbonyl carbon for these species decrease on

halogeno-substitution in the order F [ Cl [ Br [ I [ H as

shown in Fig. 21. The 2s and 2p populations on the carbon

center are the smallest when a strongly electron-with-

drawing substituent is directly attached. The r orbitals of

the carbon–halogen bonds have some antibonding charac-

ter. The 2s carbon contribution to the sp2 hybridization

strongly decreases in going from fluorine to iodine.

The predicted singlet–triplet separations can be ratio-

nalized in terms of the charge on the carbonyl carbon, and

the electronegativity of the substituent directly bonded to

the carbonyl center. Hence, the net charge, r-donation and

p back bonding help provide an understanding of the sin-

glet–triplet splittings.

5 Conclusions

The structural parameters, ionization potentials and four

different neutral–anion energy differences (namely, EAad,

EAad(ZPVE), VEA and VDE) as well as the singlet–triplet

splittings of the X2CTe and XYCTe species (X,Y = H, F, Cl,

Br, I and CN) have been predicted here. To our knowledge,

the present findings for telluroformaldehyde and its deriva-

tives are reported for the first time. The predicted values for

the ZPVE adiabatic ionization potential of the X2CTe species

range from 6.31 [I2CTe] to 8.26 [(NC)2CTe] eV and the

EAad(ZPVE) values range from 0.70 [H2CTe] to 2.89

[(NC)2CTe] eV (MP2). For the XYCTe species, the

IPad(ZPVE) range from 7.00 [HICTe] to 8.15 [Br(NC)CTe] and

the EAad(ZPVE) values range from 1.34 [HFCTe] to 2.70

[(CN)2CTe] eV (MP2). The energetic of the telluroformal-

dehyde derivatives may be rationalized in terms of the elec-

tronegativity of the halogen or ligand directly bonded to the

carbon, the partial charge on the carbonyl carbon and
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tellurium atom and the r-donation and p backbonding of the

substituent and the chalcogen. On comparing the first ioni-

zation potential and the electron affinity of the H2CX

(X = O, S Se and Te) carbonyls, it is noted that there is a great

dependence on the chalcogen. The HOMO–LUMO separa-

tions are small, within the range of 1.98–3.10 eV, suggesting

the existence of a rich spectrum for X2CTe and XYCTe

compounds in the visible regions. The results obtained from

the MP2 and DFT computations are usually in good agree-

ment. However, MP2 singlet–triplet separations are not

reliable, since MP2 artificially favors the triplet states. We

suggest that these computations furnish reliable information

for the species studied in this research. Since experimental

data are still lacking, this work should assist experimental

studies on organotellurium chemistry in the future.
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