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Abstract 

The "gold standard" CCSD(T) method is adopted along with the correlation consistent 

basis sets up to aug-cc-pV5Z-PP to study the mechanism of the hydrogen abstraction 

reaction H2Te + OH. The predicted geometries and vibrational frequencies for reactants 

and products are in good agreement with the available experimental results. With the 

ZPVE corrections, the transition state in the favorable pathway of this reaction 

energetically lies 1.2 kcal/mol below the reactants, which is lower than the analogous 

relative energies for the H2Se + OH reaction (−0.7 kcal/mol), the H2S + OH reaction (+0.8 

kcal/mol) and the H2O + OH reaction (+9.0 kcal/mol). Accordingly, the exothermic 

reaction energies for these related reactions are predicted to be 47.8 (H2Te), 37.7 (H2Se), 

27.1 (H2S), and 0.0 (H2O) kcal/mol, respectively. Geometrically, the low-lying reactant 

complexes for H2Te + OH and H2Se + OH are two-center three-electron hemibonded 

structures, whereas those for H2S + OH and H2O + OH are hydrogen-bonded. With ZPVE 

and spin–orbit coupling corrections, the relative energies for the reactant complex, 

transition state, product complex, and the products for the H2Te + OH reaction are 

estimated to be −13.1, −1.0, −52.0, and −52.6 kcal/mol, respectively. Finally, twenty-eight 

DFT functionals have been tested systematically to assess their ability in describing the 

potential energy surface of the H2Te + OH reaction. The best of these functionals for the 

corresponding energtics are −9.9, −1.4, −46.4, and −45.4 kcal/mol (MPWB1K), or −13.1, 

−2.4, −57.1, and −54.6 kcal/mol (M06-2X), respectively.
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1. Introduction 

Tellurium is the heaviest stable chalcogen, and it exhibits various oxidation states 

ranging from −2 (H2Te) to +6 (TeO4
2-

), just like its close relatives sulfur and selenium. 

Recently, the valence isoelectronic reactions of H2X (X = O, S, and Se) with the OH radical, 

the most common oxidant in the troposphere,
[1]

 have been studied using the "gold 

standard" CCSD(T) method.
[2-4] 

 The potential energy surfaces for the three parallel 

reactions show some variations. For example, the energy of transition state for the H2O + 

OH reaction relative to the reactants is high (9.5 kcal/mol), while that for the H2S + OH 

reaction is almost zero (0.1 kcal/mol) and that for H2Se + OH is even lower (−1.7 kcal/mol). 

Also, the low-lying reactant complex for H2S + OH and H2O + OH is a conventional 

hydrogen-bonded structure, while that for H2Se + OH is a structure with a two-center 

three-electron (2c-3e) hemi-bond. In addition, there are two promising pathways for the 

H2Se + OH → SeH + H2O reaction, whereas only one pathway was found for the H2O + 

OH → OH + H2O and H2S + OH → SH + H2O reactions.  

The above research brings about a growing interest in further study of the analogous 

reaction for the heavier congener, that is, the H2Te + OH → TeH + H2O reaction. In fact, 

tellurium-containing compounds have been applied in the field of biology as antibiotics 

and anticancer drugs,
[5, 6]

 and in the field of material science.
[7-12]

 Hydrogen telluride (H2Te) 

is one of the most useful tellurium reagents in synthetic organic chemistry.
[13]

 H2Te and its 

analogs H2S and H2Se are well-known precursors for the synthesis of hydrochalcogenides. 

In 2015, Franke et al. synthesized a series of new mono- and dinuclear uranium(IV) 

hydrochalcogenido complexes via the reaction of H2E (E = S, Se, Te) with uranium(III).
[14]

 

Kumar and Francisco subsequently pointed out that the nature of heteroatom in H2X (X = 

O, S, Se, and Te) plays a crucial role in determining the reactivity of bimolecular reactions 

of Criegee intermediates and H2X.
[15]

  

Although some H2Te reactions have been examined,
[14-16]

 to the best of our 

knowledge, very little is known about the prototypical H2Te + OH → TeH + H2O reaction. 
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It is worth noting that the bonds in H2Te are so weak that the molecule decomposes 

spontaneously to Te and H2 in air already above 0°C, and it will be challenging to 

measure accurately the rate constant with OH. Thus, a reliable potential energy surface for 

the title reaction is of significant importance, following our previous studies of the 

reactions of OH radical with H2O, H2S and H2Se.
[2-4]

 In the current study, structures, 

energetics, and vibrational frequencies for stationary points on the H2Te + OH potential 

surface are characterized, and these results are compared with the related H2X (X = O, S, 

Se) + OH reactions. 

 

2. Theoretical Methods 

In this study, the potential energy surface for the H2Te + OH reaction was explored 

using the "gold standard" CCSD(T) method, which denotes the coupled-cluster single and 

double substitution method with a perturbative treatment of triple excitations for systems 

dominated by a single configuration.
[17-19]

 The UHF reference was utilized in the CCSD(T) 

computations for the open-shell systems.  

For the hydrogen and oxygen atoms, Dunning's augmented correlation-consistent 

polarized valence basis sets aug-cc-pVnZ (n = D, T, Q, and 5) were used.
[20, 21]

 For the 

tellurium atom, we adopted the multiconfiguration Dirac-Hartree-Fock adjusted 

small-core relativistic pseudopotential (PP) in conjunction with the corresponding 

augmented correlation-consistent basis sets, i.e., aug-cc-pVnZ-PP (n = D, T, Q, and 5).
[22]

 

With the pseudopotential, 28 core electrons (1s
2
2s

2
2p

6
3s

2
3p

6
3d

10
) are embodied in the 

effective core for the tellurium atom. In the text below, for the sake of brevity, we may 

abbreviate DZ, TZ, QZ, and 5Z to represent aug-cc-pVnZ (n = D, T, Q, and 5) for H and O, 

as well as aug-cc-pVnZ-PP for Te. The geometry optimizations were conducted with basis 

sets up to QZ, and the energy profile was refined by performing single-point computation 

using the larger 5Z basis sets. In this CCSD(T) research, the 1s-like molecular orbital (MO) 

was frozen for the oxygen atom, while the 4s4p4d-like MOs were frozen for tellurium. To 
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characterize the nature of all the stationary points on the potential energy surface, harmonic 

vibrational frequencies were obtained at their CCSD(T) equilibrium geometries using up to 

QZ basis sets. All coupled cluster computations were performed via the CFOUR 

program.
[23]

 

Density functional theory (DFT) has been commonly utilized in computational 

quantum chemistry because the correlation effects are included for a low computational 

cost. However, the reliability of such DFT methods is affected by the quality of the 

approximate exchange and correlation functionals. Hence, in the present research, we 

tested the performance of a diverse set of DFT methods (28 popular functionals), using the 

CCSD(T) results as the calibration. All intrinsic reaction coordinate (IRC) analyses were 

performed via the MPW1K functional,
[24]

 which has proved to perform quite well for the 

H2S + OH
[3]

 and H2Se + OH
[2]

 reactions. The DFT computations were performed using 

the Gaussian16 program.
[25]       

 

3. Results and Discussion 

3.1 Structures and Energetics of Stationary Points 

The potential energy surface for the H2Te + OH → TeH + H2O reaction is outlined in 

Figure 1. The geometries and relative energies for the stationary points on the potential 

surface will be discussed below. In order to determine the reliability of the single-reference 

coupled-cluster results, T1 diagnostic values, proposed by Lee and Taylor,
[26]

 are evaluated 

for all the stationary points on the two pathways.  Table S1 shows that the T1 diagnostic 

values for most structures are modest (less than 0.02).  One (RCB) is less than 0.04, still 

fine for an open-shell molecule, as suggested by Taylor.
[26b]

   As expected the transition 

states have more challenging electronic structures than the equilibrium geometries. 

 

3.1.1 Reactants (H2Te and OH) 
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For the reactants (H2Te and OH), the bond distances and bond angles obtained with 

the CCSD(T) method are close to the experimental results. The bond distances for the OH 

radical are predicted to be 0.980, 0.973, and 0.971 Å with the DZ, TZ, and QZ basis sets, 

respectively (Figure 2), which converge well toward the experimental result of 0.9697 

Å.
[27]

 The Te−H distances in H2Te (C2v) are estimated to be 1.668, 1.665, and 1.662 Å, and 

the H−Te−H bond angles are 90.2°, 90.2°, and 90.4° using the DZ, TZ, and QZ basis sets, 

respectively (Figure 2). These geometric parameters agree satisfactorily with the 

experimentally equilibrium structure of H2Te as follows: re(Te−H) = 1.651 Å and αe(HTeH) 

= 90.3°.
[28]
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Figure 1. Profile of the CCSD(T) potential energy surface without zero-point vibrational 

energy (ZPVE) corrections for the H2Te + OH  H2O + TeH reaction. The 5Z results are 

single-point energies at the optimized QZ geometries. 
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Figure 2. Optimized geometries of the reactants (H2Te and OH) and products (H2O and 

TeH). All bond distances are in Å. The experimental geometries are listed at the top. 

 

3.1.2 Reactant Complex (Entrance Complex)  

Analogous to the H2S + OH and H2Se + OH reactions,
[2, 3]

 there are three isomeric 

reactant complexes (RC-A, RC-B, and RC-C) for the H2Te + OH → TeH + H2O reaction. 

Those are illustrated in Figure 3 and Table S2. The isomer RC-A (H2Te···HO, in its 
2
A′ 

electronic state) has a bond between the Te atom and the OH radical (2.889 Å, QZ). The 

dissociation energy of RC-A relative to the reactants (H2Te and OH) is found to be 2.7 

kcal/mol, which is smaller than 3.0, 3.3, and 5.7 kcal/mol for the analogous RC-A 

complexes H2Se···HO, H2S···HO, and H2O···HO, respectively.
[2-4]

 The isomer RC-B is of 

C1 symmetry, and a Cs structure (at its 
2
A' state) lies only 0.1 kcal/mol above. RC-B is 

predicted to have a H2Te···OH 2c-3e hemi-bond, in which the Te atom and O atom share 

three electrons. This makes the net Te···O bond order 0.5. The H2Te···OH distance in the 

RC-B isomer is 2.149 Å (QZ), and its energy relative to the reactants (H2Te and OH) is 

−16.2 kcal/mol (QZ) or −16.5 kcal/mol (single point energy at 5Z), lower than RC-A 

(H2Te···HO) by 13.8 kcal/mol (Table 1). As a comparison, in the analogous reaction H2Se 

+ OH, RC-B (H2Se···OH) is lower than its RC-A (H2Se···HO) by only 2.1 kcal/mol.
[2]

  In 

reaction H2S + OH, RC-B (H2S···OH) is slightly higher than RC-A (H2S···HO) by 0.1 

kcal/mol.
[3]

 This may be rationalized in terms of the different electronegativities for Te 
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(2.1), Se (2.55), and S (2.58).
[29]

 Since Te has the smallest electronegativity, the H2Te···HO 

bonding in RC-A is weaker than that in RC-A (H2Se···HO) and RC-A (H2S···HO), while 

the H2Te···OH 2c-3e interaction in RC-B is stronger than that in RC-B (H2Se···OH) and 

RC-B (H2S···OH). 

The third reactant complex isomer, RC-C (Cs symmetry at 
2
A'' state), is geometrically 

different from RC-C for H2S + OH and H2Se + OH. In the S and Se cases, the complexes 

RC-C are formed with hydrogen bond HSH···OH and HSeH···OH.
[2, 3]

 However, in the 

present study, because of the small electronegativity of Te, the HTeH···OH distance in 

RC-C reaches 3.005 Å, obviously too long to have any significant H···O bonding. 

Instead, structure RC-C (H2Te···OH) has a 2c-3e hemi-bond (Te···O) with the distance of 

3.244 Å (QZ) and bond order of 0.5. Irrespective, because of its high energy (above RC-B 

by 14.7 kcal/mol, single point energy at 5Z), the reactant complex RC-C for the H2Te + 

OH reaction has less chemical significance. 
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Figure 3. Optimized geometries of the reactant complexes with the CCSD(T) method. 

All bond distances are in Å.  

 

Table 1. Relative energies (kcal/mol) for the isomers of the reactant complexes and 

product complexes with the CCSD(T) method and four different basis sets. 

Methods RC-A RC-B RC-C PC-A PC-B PC-C 

CCSD(T)/aug-cc-pVDZ-PP 10.2 0.0 11.2 1.1 0.6 0.0 

CCSD(T)/aug-cc-pVTZ-PP 12.3 0.0 13.3 0.7 0.3 0.0 

CCSD(T)/aug-cc-pVQZ-PP 13.5 0.0 14.4 0.7 0.1 0.0 

CCSD(T)/aug-cc-pV5Z-PP 13.8 0.0 14.7 0.7 0.1 0.0 
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3.1.3 Transition State 

As shown in Figure 4 and Table S3, an early transition state structure TS1 for the 

hydrogen abstraction reaction H2Te + OH was optimized using the CCSD(T) method. This 

transition state is geometrically similar to the transition states in the analogous H2Se + OH 

and H2S + OH reactions.
[2, 3]

 With basis sets from DZ to QZ, this TS1 structure for the title 

reaction has its hydrogen bond (HTeH···OH) from 1.771 to 1.720 Å and the H···O−H 

bond angle from 106.3° to 105.8°. The Te−H···O bond angle is from 104.7° to 99.2°, 

which is smaller than the corresponding Se−H···O of 128.8° in H2Se + OH,
[2]

 and the 

S···H···O angle of 137.5° in H2S + OH.
[3]

 

 

 

Figure 4. The CCSD(T) optimized geometries of the transition states TS1 and TS2 for the 

H2Te + OH  H2O + HTe reaction. All bond distances are in Å. 

 

The IRC analysis confirms that structure TS1 connects the two equilibria RC-B 

(reactant complex) and PC-B (product complex). TS1 lies below the reactants by 2.9 

kcal/mol, and the energy span from RC-B to TS1 is 13.3 kcal/mol with the QZ basis sets. 

With 5Z basis sets, the single point energy of TS1 is 3.0 kcal/mol below the reactants, and 

the energy span from RC-B is 13.5 kcal/mol. 
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0.0

RC-B (C1)
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RC-C (Cs)

-1.9
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-53.8
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Figure 5. Two possible pathways without ZPVE corrections for the H2Te + OH reaction. 

All energies are CCSD(T)/aug-cc-pV5Z-PP single point energies at the QZ optimized 

geometries. 

 

In addition to the low-lying reaction pathway Reactants → RC-B → TS1 → PC-B 

→ Products (red in Figure 5), there exists another higher-lying pathway Reactants → 

RC-C → TS2 → PC-C → Products (blue in Figure 5). This second pathway, confirmed 

by the IRC analysis, was also found in the analogous reaction H2Se + OH,
[2]

 but not found 

in H2S + OH.
[3]

 Similar to that in the H2Se + OH reaction,
[2]

 the second transition state TS2 
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is a planar structure with Cs symmetry (Figure 4), a shorter HTeH···OH hydrogen bond of 

1.493 Å, and a larger Te−H···O bond angle of 175.5° than those for TS1. Since TS2 is 

found to have a significantly higher energy than TS1 by 12.7 kcal/mol (QZ) or 12.9 

kcal/mol (5Z single point energy), the second reaction pathway (blue in Figure 5) is 

unlikely to be practical. 

 

3.1.4 Product Complex (Exit Complex) 

Related to the reactant complexes, there exist three product complexes (PC-A, PC-B, 

and PC-C) for the H2Te + OH reaction (Figure 6 and Table S4). These product complex 

structures are geometrically associated with those for the H2Se + OH and H2S + OH 

reactions.
[2, 3]

 

 

Figure 6. Optimized geometries of the product complexes with the CCSD(T) method. All 

bond distances are in Å. 
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As listed in Table 1, the CCSD(T) method predicts that the energy differences among 

the three product complexes are very small (within 1 kcal/mol), and the PC-C structure 

(HOH···TeH) in its 
2
A electronic state is slightly lower than other two. Based on the 5Z 

single point energies, isomer PC-A in its 
2
A state with a H2O···HTe bond lies 0.7 kcal/mol 

above PC-C, while isomer PC-B with a hemi-bond H2O···TeH in its 
2
A state lies only 0.1 

kcal/mol above PC-C. Figure 5 shows that structure PC-B connects to the lower transition 

state TS1, while structure PC-C connects to the higher-lying transition state TS2. Figure 5 

also shows that these product complexes lie significantly lower than the reactant 

complexes. Both isomers PC-B and PC-C lie below the isolated reactants by more than 53 

kcal/mol. The dissociation energies with respect to the isolated products are only 2 

kcal/mol, similar to the cases of H2Se + OH and H2S + OH.
[2, 3]

 

3.1.5 Products (TeH and H2O) 

Figure 2 outlines the geometric parameters for the isolated products TeH and H2O. 

The experimental results are also listed for comparison. The CCSD(T)/QZ method predicts 

that the O−H bond length and H−O−H angle in H2O are 0.959 Å and 104.4°, respectively, 

very close to the experimental results (0.9578 Å and 104.48°).
[30]

 The TeH bond length in 

TeH free radical is found to be 1.666 Å, in satisfactory agreement with experimental 

values of re = 1.6567 Å
[31]

 or 1.6559 Å.
[32]

  

From Figure 1, the H2Te + OH → TeH + H2O reaction is predicted to be exothermic 

by 49.0, 50.8, 51.4, and 51.5 kcal/mol with the DZ, TZ, QZ, and 5Z basis sets, 

respectively, suggesting that this reaction is highly thermodynamically favorable, which 

is expected, since a very weak Te−H bond is exchanged for the very strong O−H bond. 

 

3.2 Vibrational Frequencies and ZPVE Corrections 

Table 2 shows the harmonic vibrational frequencies and zero-point vibrational 

energies (ZPVEs) for the stationary points of the title reaction predicted with the CCSD(T) 

method with the basis sets from DZ to QZ. The corresponding infrared intensities are 
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reported in Table S5 (in Supporting Information). For the reactants (H2Te and OH) and 

products (H2O and TeH), our computed CCSD(T) results are consistent with the available 

experimental vibrational frequencies.
[27, 28, 31-34]

 Basically, the deviations decrease with the 

increasing size of the basis sets from DZ to QZ. For water molecule and the radicals TeH 

and OH, the largest deviation of our QZ results is only 2 cm
-1

 from the experimental 

harmonic frequencies. For H2Te, our QZ harmonic frequencies are also in reasonable 

agreement with the available experimental fundamental frequencies.  

Vibrational analyses for the TS1 structure indicate that there is one and only one 

imaginary frequency, which is predicted to be 707i, 802i, and 866i cm
-1

 using DZ, TZ, and 

QZ basis sets, respectively. The IRC analysis shows that TS1 connects the reactant 

complex RC-B in one direction and the product complex PC-B in the other direction.  

It can be found from Table 2 that, from DZ to QZ, the ZPVE for the reactants (H2Te 

plus OH) range from 12.7 to 12.8 kcal/mol, while the ZPVE for the products (H2O plus 

TeH) are in the range from 16.4 to 16.5 kcal/mol. Hence, the ZPVE correction makes the 

reaction exothermicity decrease by 3.7 (DZ), 3.7 (TZ), and 3.8 (QZ) kcal/mol, and the 

ZPVE corrected exothermicity decreases to 45.3 (DZ), 47.1 (TZ), and 47.6 (QZ) kcal/mol. 

Similarly, the ZPVE corrected relative energies of RC-B become −10.1, −12.0, and 

−13.0 kcal/mol with the DZ, TZ, and QZ basis sets, respectively, and the ZPVE corrected 

relative energies for the product complex (PC-B) become −46.7 (DZ), −48.5 (TZ), and 

−49.0 (QZ) kcal/mol.  The ZPVE corrected relative energies for the transition state TS1 

increase to be −0.6 (DZ), −0.9 (TZ), and −1.1 (QZ) kcal/mol. If we apply the QZ ZPVE 

corrections onto the 5Z single-point energies, the most reliable estimation for the relative 

energies for RC-B, TS1, PC-B, and products (TeH and H2O) will become −13.3, −1.2, 

−49.1, and −47.8 kcal/mol, respectively. 

For the high-lying pathway, the imaginary vibrational frequency of TS2 is reported to 

be 3096i cm
-1

 (QZ), much larger in magnitude than that of TS1 (866i cm
-1

, QZ). This could 

be connected to the corresponding normal modes: the stretching mode for TS2 and the 
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rocking mode for TS1. As shown in Figure 5, TS2 connects RC-C and PC-C. The 

harmonic vibrational frequencies and ZPVEs for the stationary points (RC-C, TS2, and 

PC-C) are predicted using QZ basis set, and the TS2 energy relative to the reactants after 

the ZPVE correction decreases to 9.6 kcal/mol (QZ). 

 

Table 2. Harmonic vibrational frequencies (cm
-1

) and ZPVEs (kcal/mol) for the 

stationary points of the H2Te + OH reaction from the CCSD(T) method with the 

aug-cc-pVnZ-PP (n = D, T, Q) basis sets.
a
 

 ZPVE ZPVE E EZPVE vibrational frequencies  

CCSD(T)/aug-cc-pVDZ-PP 

H2Te+OH 12.7  0.0  0.0  0.0  2141 2132 901 (H2Te);  3684 (OH)   

RC-B 15.7  3.1  −13.1 −10.1 3722 2115 2084 863 835 601 325 308 156 

TS1 14.2  1.6  −2.2 −0.6 3688 2145 1947 889 637 315 268 77 707i 

PC-B 17.2  4.5  −51.2 −46.7 3898 3779 2121 1634 184 129 119 69 65 

H2O+TeH 16.4  3.7  −49.0 −45.3 3905 3787 1638 (H2O);  2110 (TeH)   

CCSD(T)/aug-cc-pVTZ-PP 

H2Te+OH 12.7  0.0  0.0  0.0  2145 2137 887 (H2Te);  3718 (OH)   

RC-B 15.9  3.2  −15.2 −12.0 3754 2112 2068 882 814 624 356 331 190 

TS1 14.5  1.7  −2.7 −0.9 3724 2151 1954 872 663 349 292 107 802i 

PC-B 17.3  4.6  −53.0 −48.5 3912 3802 2132 1642 201 127 122 73 71 

H2O+TeH 16.4  3.7  −50.8 −47.1 3920 3811 1646 (H2O);  2120 (TeH)   

CCSD(T)/aug-cc-pVQZ-PP 

H2Te+OH 12.8  0.0  0.0  0.0  2153 2146 885 (H2Te);  3739 (OH)   

RC-B 16.0  3.3  −16.2 −13.0 3772 2118 2070 889 810 633 366 340 199 

TS1 14.6  1.8  −2.9 −1.1 3744 2160 1951 870 678 370 308 130 866i 

PC-B 17.3  4.6  −53.6 −49.0 3932 3821 2142 1646 202 125 121 72 70 

H2O+TeH 16.5  3.8  −51.4 −47.6 3941 3831 1650 (H2O);  2130 (TeH)   

Experimental results 

     2072 2065 861 H2Teb  3738 OHc   

     3943 3832 1649 H2O
d  2128 TeHe   

          2129 TeHf   

a 
Relative energies are given with and without ZPVE corrections (in kcal/mol).  

b 
Fundamental frequencies in Refs. 28 and 33. 

c 
Harmonic frequencies in Ref. 27.  

d
 Harmonic frequencies in Ref. 34. 

e 
Harmonic frequencies in Ref. 32.  

f
 Harmonic frequencies in Ref. 31.  
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3.3 Potential energy surface with spin−orbit coupling correction 
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Figure 7. Five stationary points on the potential energy surface for the H2Te + OH reaction. 

The single-point energies with 5Z at the optimized QZ geometries are corrected by ZPVE 

and spin-orbit coupling (SOC) effects. 

 

For systems involving the heavy element tellurium, spin−orbit coupling (SOC) 

effects are noteworthy for the predicted energetics. In this research, we adopt the 

Breit-Pauli operator to provide SOC corrections,
[35]

 using the MOLPRO program 

package.
[36]

 The full valence complete active space self-consistent field (CASSCF) wave 

functions are used for this purpose, in which aug-cc-pVQZ-PP basis sets were employed. 

On the low-lying reaction pathway, spin–orbit coupling correction only slightly affects 

the relative energy of transition state TS1 and entrance complex RC-B. However, this 

correction has noticeable effect on the reaction energy and the PC-B relative energy. Our 
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theoretical SOC corrections for the reactants (mainly the OH radical), RC-B, TS1, PC-B, 

and the product (the TeH radical) are predicted to be 68.3, 0.4, 1.7, 1082.2, and 1747.3 cm
-1

 

(i.e. 0.2, 0.0, 0.0, 3.1, and 5.0 kcal/mol), respectively. After spin–orbit coupling correction, 

the relative energies of RC-B, TS1, PC-B, and the products become −16.3, −2.8, −56.6, 

and −56.3 kcal/mol, respectively, shown in Figure 7 as blue entries. With both ZPVE and 

spin–orbit coupling corrections, the relative energies of RC-B, TS1, PC-B, and the 

products are −13.1, −1.0, −52.0, and −52.6 kcal/mol, respectively. 

 

3.4 Performance of DFT Methods 

DFT methods have been widely utilized in computational chemistry. However, 

various DFT functionals may yield quite different results because they are constructed with 

different strategies. A general study of DFT abilities in prediction of molecular structures 

and reaction barrier heights has been reported by Truhlar et al.
[37]

 We also compared the 

performance of a series of DFT functionals in our previous studies on the H2O + OH, H2S + 

OH, and H2Se + OH hydrogen abstraction reactions,
[2-4]

 and we will do so for the Te 

system in the present paper using 28 popular DFT functionals
[24,38-69]

 along with the TZ 

basis set. The ZPVE corrected DFT relative energies of all stationary points in the 

favorable pathway are depicted in Table 3. The "gold standard" CCSD(T)/5Z method are 

also provided at the bottom as a calibration. (The DFT energies without the ZPVE 

corrections are listed in Table S6). 

In Table 3, most DFT functionals predict the reaction energy in a range from −45 to 

−48 kcal/mol, in agreement with the CCSD(T) result of −47.8 kcal/mol. There are only a 

few exceptions, including TPSSh, M06-L, and BH&HLYP (predicting it < 43 kcal/mol) 

and M06-2X (predicting it > 55 kcal/mol). Similarly, most of the DFT functionals predict 

the energy of product complex PC-B close to the CCSD(T) result (−49.1 kcal/mol), except 

for TPSSh and BH&HLYP (predicting it < 44 kcal/mol) and M06-2X (predicting it > 57 

kcal/mol). 
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Table 3. Relative energies (kcal/mol) with ZPVE correction for the stationary points on 

the potential energy surface predicted by 28 DFT functionals with the aug-cc-pVTZ-PP 

basis sets. The CCSD(T)/5Z results are listed for comparison. The DFT functionals are 

arranged in order of the energy of TS1. 

Methods H2Te+OH RC-B TS1 
TS1 vs 

RC-B 
PC-B H2O+HTe HF% Ref 

BH&HLYP 0.0 −4.0 0.1 4.2 −43.5 −42.9 50 38 

MPW1K 0.0 −7.5 −0.5 6.9 −44.6 −44.1 42.8 24 

MPWKCIS1K 0.0 −8.4 −0.7 7.6 −46.7 −46.2 41 39 

BB1K 0.0 −9.4 −0.9 8.4 −45.8 −45.4 42 40 

MPWB1K 0.0 −9.9 −1.4 8.4 −46.4 −45.4 44 41 

M05-2X 0.0 −11.5 −2.3 9.2 −54.2 −52.3 56 42 

M06-2X 0.0 −13.1 −2.4 10.7 −57.1 −54.6 54 43 

BMK 0.0 −12.8 −2.6 10.3 −48.2 −47.8 42 44 

B97-X 0.0 −12.3 −2.7 9.6 −48.2 −45.7 LC
a
 45 

B97 0.0 −12.1 −2.9 9.2 −48.0 −45.2 LC
a
 45 

CAM-B3LYP 0.0 −12.2 −3.0 9.2 −47.7 −46.8 19-65 46 

B97-XD 0.0 −12.2 −3.1 9.2 −47.5 −45.9 LC
a
 47 

mPW1PW91 0.0 −15.3 −4.1 11.2 −46.0 −45.4 25 48,49 

M05 0.0 −16.9 −5.0 11.9 −47.9 −46.1 28 50 

PBE0 0.0 −16.5 −5.2 11.3 −46.8 −45.8 25 51-53 

B3PW91 0.0 −16.3 −5.2 11.1 −46.1 −46.0 20 49,54 

B3LYP 0.0 −16.0 −5.5 10.5 −46.3 −45.8 20 54 

HSEh1PBE 0.0 −16.4 −5.5 11.0 −46.2 −45.0 25 55-61 

B98 0.0 −16.8 −5.9 10.9 −47.7 −46.4 21.98 62 

MPW3LYP 0.0 −16.7 −6.1 10.6 −47.0 −45.8 21.8 41,48 

TPSSh 0.0 −17.8 −6.6 11.3 −42.7 −41.8 10 63 

M06 0.0 −17.7 −6.6 11.1 −48.4 −45.9 27 43 

TPSS1KCIS 0.0 −17.8 −6.6 11.2 −44.6 −43.9 13 64 

MPW1KCIS 0.0 −19.1 −8.6 10.5 −48.6 −48.1 15 39 

M06-L 0.0 −19.9 −8.8 11.1 −44.3 −42.3 0 65 

VSXC 0.0 −19.6 −11.4 8.2 −50.4 −46.1 0 66 

BLYP 0.0 −22.1 −12.3 9.7 −47.0 −46.5 0 67,68 

BP86 0.0 −24.2 −14.0 10.2 −48.3 −47.3 0 68,69 

CCSD(T)/5Z 0.0 −13.3 −1.2 12.1 −49.1 −47.8 – – 

 a 
For the LC methods, the percentage of H-F component varies with the long-range corrections. 
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Unlike products and PC-B, for the transition state TS1, only six functionals 

(MPWB1K, BB1K, MPWKCIS1K, MPW1K, M05-2X, and M06-2X) predict the relative 

energy in agreement with the CCSD(T)/5Z value (−1.2 kcal/mol) to within ~1 kcal/mol, 

and the other functionals predict it in a wide range (from 0.1 to −14.0 kcal/mol). The 

performance of the functionals seems to correlate roughly with the percentage of 

Hartree-Fock (HF) exchange term. For example, all the functionals with less than 28% HF 

component predicts the TS1 relative energy lower than −4.1 kcal/mol, among which the 

BP86 functional (with 0% HF component) predicts the smallest value (−14.0 kcal/mol). 

This was also true for the H2Se + OH and H2S + OH reactions.
[2, 3]

 Similar to TS1, the 

relative energy of the reactant complex RC-B predicted by these 28 functionals is in a 

broad range (from −4.0 to −24.2 kcal/mol).  Only eight functionals (lines 6−13 in Table 3) 

predict it close to the CCSD(T)/5Z result (−13.3 kcal/mol), i.e., within 2 kcal/mol. 

Interestingly, most DFT methods predict the molecular geometries, including TS1 

and RC-B, comparable with the CCSD(T) results. The predicted geometries by 28 DFT 

functionals for TS1 are compared with the CCSD(T) geometry (Table S7). For H−Te and 

O−H bond lengths, there only exist small deviations (< 0.01 Å) via most DFT functionals. 

For the weak interaction Te∙∙∙H, the distance deviations are generally within 0.02 Å, while 

the deviations for the H∙∙∙O distance appear somewhat larger, but most of them still within 

0.06 Å. The other stationary points for the title reaction display to same pattern. For 

example, Figure S4 shows the geometries of the reactant complexes and the product 

complexes predicted by M06-2X and MPWB1K, and these geometries are close to the 

CCSD(T)/QZ result (Figure 3 and Figure 6). Based on the small deviations of DFT 

geometries, it is anticipated that the single point energy strategy is appliable to predict the 

reasonable energetics. Indeed, Table S8 shows that the relative energy of TS1 at the 

CCSD(T)/QZ//DFT/TZ level is in a narrow range (−2.3 to −3.2 kcal/mol). For example, 

the BLYP relative energy of TS1 at the BLYP geometry is −14.2 kcal/mol (Table S6), 
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while the CCSD(T)/QZ single-point energy at the BLYP/TZ geometry becomes −2.8 

kcal/mol (Table S8), much closer to the CCSD(T) result (−3.0 kcal/mol). 

 

3.5 Comparisons with H2Se + OH, H2S + OH and H2O + OH 

For the title reaction OH + H2Te → H2O + HTe, a hydrogen atom is abstracted from 

hydrogen telluride to the OH radical, analogous to our previously studied hydrogen 

abstraction reactions OH + H2Se, OH + H2S, and OH + H2O.
[2-4]

 In Figure 8 the favorable 

pathways of these four analogous reactions at the CCSD(T)/5Z level are compared. 

As expected, for the symmetrical OH + H2O → H2O + OH reaction, the reaction 

energy is absolutely zero. The other analogous reactions are all exothermic, and the 

energy released increase from the OH + H2S reaction (27.1 kcal/mol), to the OH + H2Se 

reaction (37.7 kcal/mol), and to the OH + H2Te reaction (47.8 kcal/mol). This is roughly 

equal to the difference between the bond dissociation energy (BDE) for the H−OH bond 

(117.6 kcal/mol)
[70]

 and BDEs for the H−XH (X = S, Se, Te) bonds, which are 89.9 

kcal/mol for H−SH,
[71]

 79.0 kcal/mol for H−SeH,
[72]

 and 65.0 kcal/mol for H−TeH.
[73]

 

Both the reactant complex and product complex for the H2Te + OH reaction have 

more in common with those for the H2Se + OH reaction than with those for H2S + OH and 

H2O + OH. For the H2O + OH and H2S + OH reactions, the low-lying complexes are 

formed with hydrogen-bond,
[3, 4]

 while the complexes at the lower-lying pathway for the 

H2Se + OH and H2Te + OH reaction are formed with the 2c-3e hemibond.
[2]

 This is 

explained since the O and S atoms are more electronegative than the Se and Te atoms. Thus, 

we can see in Figure 8 that the relative energy of reactant complex H2O···HO is lower than 

that of reactant complex H2S···HO, since the former has stronger hydrogen bond. However, 

we cannot directly compare the strength of the 2c-3e hemibond with that of the hydrogen 

bond, and it is not surprising that the energy order of the reactant complexes in Figure 8 is 

not entirely consistent with the order of chalcogen elements in periodic table. 

 

Page 20 of 31Physical Chemistry Chemical Physics



 21 

 
Figure 8. Comparison of the potential energy surface of the H2Te + OH reaction with the 

H2Se + OH,
[2]

 H2S + OH,
[3]

 and H2O + OH
[4]

 reactions at the CCSD(T)/5Z level (with 

ZPVE corrections). 

 

As shown in Figure 8, the energy of the transition state TS1 for the H2Te + OH 

reaction is below the reactants H2Te + OH by 1.2 kcal/mol. Similarly, the transition state 

for the H2Se + OH reaction is also below its reactants H2Se + OH, but by a smaller value 

0.7 kcal/mol.
[2]

 On the contrary, the transition states for the H2S + OH and H2O + OH 

reactions are higher than their reactants, by 0.8 and 9.0 kcal/mol, respectively.
[3, 4]

 The TS1 

energies in the order of H2O > H2S > H2Se > H2Te are also observed by Kumar and 

Francisco in the CH2OO + H2X (X = O, S, Se, Te) reaction.
[15]

 They ascribed this energy 

order to the increasing X−H bond length or atomic radius, and thus the decreasing X−H 
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bond strength as moving down the chalcogen group. This implies that H2Te would react 

faster with the OH radical than its chalcogen congeners.  

 

4. Conclusions 

We have examined the structures, energetics, and vibrational frequencies for the 

stationary points on the potential surface of the hydrogen abstraction reaction H2Te + OH 

using the "gold standard" CCSD(T) method with basis sets up to aug-cc-pV5Z-PP. With 

the ZPVE corrections, this reaction is found to be exothermic by 47.8 kcal/mol. 

 The low-lying transition state TS1 for the H2Te + OH reaction lies below the 

reactants by 1.2 kcal/mol. Thus it is a submerged transition state. For comparison, the 

transition states for the analogous H2X + OH (X = Se, S, O) reactions lie −0.7 (H2Se), +0.8 

(H2S), and +9.0 (H2O) kcal/mol with respect to the appropriate reactants, and these relative 

energies are correlated with the corresponding X−H (X = O, S, Se, and Te) bond 

distances.
[15]

 Like the H2Se + OH reaction, there is another pathway for the H2Te + OH 

reaction, but its transition state TS2 has a significantly high energy (+9.8 kcal/mol) relative 

to the reactants.   

With different bonding scheme, we found three reactant complexes and three product 

complexes for the H2Te + OH reaction, and this is often similar to the cases of the H2S + 

OH and H2Se + OH reactions. However, for H2Te + OH and H2Se + OH, the lowest-energy 

reactant complex RC-B is a 2c-3e hemibonded structure, whereas for H2S + OH and H2O + 

OH, the lowest corresponds to a conventional hydrogen-bonded structure. For the product 

complex, although the most favored structure for the H2Te + OH reaction is PC-C with a 

HOH∙∙∙TeH bond, the hemi-bonded structure H2O···TeH (PC-B) has nearly degenerate 

energy to PC-C (< 0.1 kcal/mol with 5Z), and the product complex isomers for H2S + OH 

and H2Se + OH have a similar energy order. Thus, the observation of the energy-favorable 

complexes RC-B (H2Te∙∙∙OH) or PC-C (HTe∙∙∙HOH) with matrix isolation spectroscopy 

would be most welcome. 
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The consideration of spin–orbit coupling effect changes the relative energies by 3 ~ 5 

kcal/mol for the products (TeH plus H2O) and PC-B, but not much for RC-B and TS1. 

With ZPVE and spin–orbit coupling corrections, the energies of RC-B, TS1, PC-B, and 

products relative to the reactants are estimated to be −13.1, −1.0, −52.0, and −52.6 

kcal/mol, respectively.  

The systematic tests for 28 DFT methods indicate that different functionals predict 

quite different transition state energies from 0.1 to −14.0 kcal/mol, which correlates with 

the HF component in the exchange term. It seems that MPWB1K and M06-2X predict the 

TS1 energy close to the CCSD(T) result. The strategy of using the CCSD(T) single point 

energy at the DFT optimized geometry would predict a reasonable reaction energy barrier 

in this case. 

 

Supporting Information 

Profile of the CCSD(T) potential energy surface without ZPVE corrections for the 

H2Te + OH reaction (in kJ/mol) (Figure S1); Two possible pathways without ZPVE 

corrections (in kJ/mol) (Figure S2); Five stationary points on the potential energy surface 

corrected by ZPVE and SOC effects (in kJ/mol) (Figure S3); Optimized geometries of the 

reactant and product complexes with DFT (M06-2X and MPWB1K) functionals (Figure 

S4); Comparison of the potential energy surface of the H2Te + OH reaction with the H2Se + 

OH, H2S + OH, and H2O + OH reactions with ZPVE corrections (in kJ/mol) (Figure S5); 

Comparison of the potential energy surface of the H2Te + OH reaction with three 

analogous reactions without ZPVE corrections (Figure S6); T1 diagnostic values of all the 

stationary points for the two pathways (Table S1); CCSD(T) optimized geometries of the 

reactant complex (Table S2); CCSD(T) optimized geometries of the transition states TS1 

and TS2 (Table S3); CCSD(T) optimized geometries of the product complex (Table S4); 

Harmonic vibrational frequencies and infared intensities for the stationary points (Table 

S5); Relative energies for the stationary points predicted by 28 DFT functionals without 
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ZPVE corrections (Table S6); Predicted geometries for TS1 by 28 DFT functionals (Table 

S7); Barrier heights using the CCSD(T)/aug-cc-pVQZ-PP single-point energies at the 

geometries predicted by 28 DFT functionals (Table S8). 
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