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Theoretical Study of the Gas-Phase Reactions of Iodine Atoms (2P3/2) with H2, H2O, HI, and OH Se´bastien Canneaux,†,§ Bertrand Xerri,‡,§ Florent Louis,*,†,§ and Laurent Cantrel‡,§ PhysicoChimie des Processus de Combustion et de l’Atmosphe`re (PC2A), UMR 8522 CNRS/Lille1, UniVersite´ Lille 1 Sciences et Technologies, Cite´ scientifique, Baˆt C11/C5, 59655 VilleneuVe d’Ascq Cedex, France, Institut de Radioprotection et de Suˆrete´ Nucle´aire, DPAM, Centre de Cadarache, BP3, 13115 Saint Paul Lez Durance Cedex, France, and Laboratoire de Recherche Commun IRSN-CNRS-Lille1 “Cine´tique Chimique, Combustion, Re´actiVite´” (C3R), Centre de Cadarache, BP3, 13115 Saint Paul Lez Durance Cedex, France ReceiVed: May 7, 2010; ReVised Manuscript ReceiVed: July 5, 2010



The rate constants of the reactions of iodine atoms with H2, H2O, HI, and OH have been estimated using 39, 21, 13, and 39 different levels of theory, respectively, and have been compared to the available literature values over the temperature range of 250-2500 K. The aim of this methodological work is to demonstrate that standard theoretical methods are adequate to obtain quantitative rate constants for the reactions involving iodine-containing species. Geometry optimizations and vibrational frequency calculations are performed using three methods (MP2, MPW1K, and BHandHLYP) combined with three basis sets (cc-pVTZ, cc-pVQZ, and 6-311G(d,p)). Single-point energy calculations are performed with the highly correlated ab initio coupled cluster method in the space of single, double, and triple (pertubatively) electron excitations CCSD(T) using the cc-pVnZ (n ) T, Q, and 5), aug-cc-pVnZ (n ) T, Q, and 5), 6-311G(d,p), 6-311+G(3df,2p), and 6-311++G(3df,3pd) basis sets. Canonical transition state theory with a simple Wigner tunneling correction is used to predict the rate constants as a function of temperature. CCSD(T)/cc-pVnZ//MP2/cc-pVTZ (n ) T and Q), CCSD(T)/6-311+G(3df,2p)//MP2/6-311G(d,p), and CCSD(T)/6-311++G(3df,3pd)//MP2/6-311G(d,p) levels of theory provide accurate kinetic rate constants when compared to available literature data. The use of the CCSD(T)/cc-pVQZ//MP2/cc-pVTZ and CCSD(T)/6-311++G(3df,3pd) levels of theory allows one to obtain a better agreement with the literature data for all reactions with the exception of the I + H2 reaction R1. This computational procedure has been also used to predict rate constants for some reactions where no available experimental data exist. The use of quantum chemistry tools could be therefore extended to other elements and next applied to develop kinetic networks involving various fission products, steam, and hydrogen in the absence of literature data. The final objective is to implement the kinetics of gaseous reactions in the ASTEC (Accident Source Term Evaluation Code) code to improve speciation of fission transport, which can be transported along the Reactor Coolant System (RCS) of a Pressurized Water Reactor (PWR) in case of a severe accident. I. Introduction During a loss-of-coolant accident due to a break in the Reactor Coolant System (RCS) of a nuclear Pressurized Water Reactor (PWR), part of the nuclear fuel could melt, and released fission products would be transported through the RCS and its break to the reactor containment building and then possibly to the environment. Radioiodine is one of the most radiotoxic fission products that could be released from the fuel due to its ability to form volatile species,1 and the potential accidental release of volatile iodine to the environment is a key safety issue for emergency response planning.2 Many experimental and theoretical programs3-6 have been devoted to characterize the behavior of iodine from the fuel to the environment. One of the main uncertainties is related to the speciation of iodine in the RCS. Due to its high reactivity, iodine has indeed been observed to be transported in the RCS in various forms, including aerosol, * To whom correspondence should be addressed. Phone: (33)3-20436977. E-mail: [email protected]. † Universite´ Lille 1 Sciences et Technologies. ‡ Institut de Radioprotection et de Suˆrete´ Nucle´aire. § Laboratoire de Recherche Commun IRSN-CNRS-Lille1 “Cine´tique Chimique, Combustion, Re´activite´” (C3R).



vapors, or gas, and to be combined with other fission products. The gaseous part of iodine at the break has a great impact on the potential iodine outside releases, and kinetic limitations are suspected to promote iodine gaseous species. To predict the gaseous iodine quantity reaching the containment building, depending on accident scenarios, the thermokinetic parameters of the main gaseous reactions which govern the overall iodine behavior in the RCS have to be determined. A theoretical approach using quantum chemistry tools has been carried out to estimate accurately the thermokinetic parameters for the main reactions involving iodine-containing species as described in this paper. Quantum chemistry appears also to be a supporting and promising tool to interpret the future experimental results coming from the International Source Term Program6 (ISTP), conducted by the French Institute for Radiological and Nuclear Safety (Institut de Radioprotection et de Suˆrete´ Nucle´aire, IRSN). This work contributes to a detailed kinetic model-making which will incorporate iodine-containing species and could be later implemented in the ASTEC7/SOPHAEROS8 severe accident simulation software. In a first step, this work has been restricted to some relevant reactions9 occurring in the RCS
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I (2P3/2) + H2 f HI + H



(R1)



HI + H f I (2P3/2) + H2



(R-1)



I (2P3/2) + H2O f HI + OH



(R2)



HI + OH f I (2P3/2) + H2O



(R-2)



I (2P3/2) + HI f H + I2



(R3)



H + I2 f I (2P3/2) + HI



(R-3)



I (2P3/2) + OH f HI + O (3P)



(R4)



HI + O (3P) f I (2P3/2) + OH



(R-4)



relatively low temperature measurements (298-1500 K) combined with modeling in order to estimate rate constant values corresponding to combustion temperatures (1500-2500 K). However, the extrapolation procedure does not take into account possible changes in the mechanisms with the temperature and tunneling effects that might significantly decrease as the temperature increases. In addition, most of the experimental measurements just provide overall rate constants and do not give details of the temperature dependence of the mechanisms and kinetics of the individual pathways involved in the reaction. Quantum chemical calculations in conjunction with Transition State Theory (TST) can assess the relative importance of the elementary reactions as a function of temperature, like the ones described in the eight studied reactions, without the need for empirical and complicated extrapolation procedures based on low-temperature data. In this work, quantum chemistry calculations and TST kinetic models are used to compute the temperature dependence of the rate constants for the abstraction reactions by iodine atoms. Experimental measurements, evaluation and estimation data, and theoretical studies have been previously reported in the literature.10-29 Table 1 summarizes the available literature results together with the corresponding references. To our knowledge, there are no kinetic data available in the literature for the reactions R2 and R4. In the case of the reaction R1 between iodine atoms and H2, Inada and Akagane11 reported calculations using the QCISD method with the Dunning-Huzinaga valence double-ζ basis set (D95V) supplemented by polarization functions to compute rate constants in the temperature range of 298-1500 K. The Arrhenius activation energy for reaction R1 was also estimated by Truhlar and Gray12 using



The choice of these species (H2, H2O, HI, and OH) is mainly dictated by the presence of these species in the RCS in the case of a severe accident. One of the most difficult problems from the experimental point of view is the direct determination of the temperature dependence of the kinetics of these reactions over a temperature range wide enough to include thermal oxidation and combustion processes. Most of the time, scientists rely on extrapolations based on TABLE 1: Literature Rate Parameters for the Studied Reactions



k, cm3 A, cm3 molecule-1 s-1 Ea, kJ mol-1 molecule-1 s-1



reaction I ( P3/2) + H2 f HI + H (R1) 2



(3.92 ( 1.15) × 10



-9



178.0 ( 5.47 143.1



138.9



HI + H f I (2P3/2) + H2 (R-1)



HI + OH f I (2P3/2) + H2O (R-2)



I (2P3/2) + HI f H + I2 (R3)



1.02 × 10-10 (T/298 K)0.50 1.61 × 10-10 (T/298 K)0.50 (4.52 ( 0.34) × 10-10 2.81 × 10-10



137.0 ( 1.0 140.0 142.0 ( 0.28 141.0



6.08 × 10-11 7.41 × 10-11 7.87 × 10-11



3.00 2.41 2.74



1.6 × 10-11



-3.66



1.33 × 10-9 9.12 × 10-12



155.4 (150.3 ( 2.1)



(6.59 ( 1.99) × 10-10 7.16 × 10-10 HI + O (3P) f I (2P3/2) + OH (R-4) (4.68 ( 0.47) × 10-11



H + I2 f I (2P3/2) + HI (R-3)



1.76 × 10-11 a



b



2.4 × 10-35 2.0 × 10-17 1.1 × 10-14 7.64 × 10-18



2.09 × 10-11



7.0 × 10-11 (T/ 298 K)-1.5 3.3 × 10-11 2.71 × 10-11 9.0 × 10-12 1.3 × 10-11 3.0 × 10-11 1.15 × 10-11



0.17 1.80 8.31 ( 0.33 5.93



4.37 × 10-18



T, K 1755-2605 298 1000 1500 300 973 667-800 633-738 230-2605 600-1000 298 230-297 250-373 600-1000 246-353



methods a



ST theoryb



references Michael et al., 2000 (ref 10) Inada and Akagane, 1996 (ref 11)



theoryc experimentd T/Pe T/Pe evaluation evaluation EB/MSf U/vis-UVg EB/RFh evaluation FP/RFi



Truhlar and Gray, 1978 (ref 12) Horie et al., 1964 (ref 13) Sullivan, 1962 (ref 14) Sullivan, 1959 (ref 15) Michael et al., 2000 (ref 10) Baulch et al., 1981 (ref 16) Vasileiadis and Benson, 1997 (ref 17) Umemoto et al., 1988 (ref 18) Lorenz et al., 1979 (ref 19) Baulch et al., 1981 (ref 16) Campuzano-Jost and Crowley, 1999 (ref 20) 298 EB/ESRj Lancar et al., 1991 (ref 21) i 298 FP/RF Mac Leod et al., 1990 (ref 22) 295 FP/vis-UVk Smith and Zellner, 1974 (ref 23) 295 EB/ESRj Takacs and Glass, 1973 (ref 24) 240-360 evaluation Atkinson et al., 2007 (ref 25) 298 evaluation Sander et al., 2006 (ref 26) 298 evaluation Baulch et al., 1981 (ref 16) 300-1000 theoryl Garrett and Truhlar, 1979 (ref 27) 633-738 estimation Sullivan, 1959 (ref 15) 1000 evaluation Baulch et al., 1981 (ref 16) 250-423 EB/RFh Lorenz et al., 1979 (ref 19) 600-800 evaluation Baulch et al., 1981 (ref 16) 298-554 P/Cm Singleton and Cvetanovic, 1978 (ref 28) n 200-500 theory Persky and Broida, 1987 (ref 29)



ST: Shock Tube. Based on ab initio calculations and transition state theory. c Based on the computation of Tolman Energy of activation using quantum mechanical transition probabilities. d Experiment where data are derived from detailed balance/reverse rate. e T/P: Thermal excitation technique/Pressure measurement as analytical technique. f EB/MS: Electron Beam/Mass Spectrometry. g U/vis-UV: Ultrasonics/ vis-UV absorption. h EB/RF: Electron Beam/Resonance Fluorescence. i FP/RF: Flash Photolysis/Resonance Fluorescence. j EB/ESR: Electron Beam/Electron Spin Resonance. k FP/vis-UV: Flash Photolysis/vis-UV absorption. l Based on the Bond Energy-Bond Order (BEBO) method. m P/C: Photolysis/Chemiluminescence. n Based on a quasiclassical trajectory study.
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quantum mechanical transition probabilities. In the case of the reaction R3, a theoretical study27 based on the BEBO method (Bond Energy-Bond Order) has been reported in the literature, leading to an estimation of the Arrhenius parameters over the temperature range of 300-1000 K. Persky and Broida29 performed quasiclassical trajectory studies to determine the temperature dependence of the rate constants over the temperature range of 200-500 K. In this study, highly correlated ab initio quantum chemistry and density functional theory calculations were performed in order to directly compute the reaction barriers for the considered reactions without any further adjustment of the energy. The energetics of these reactions was used together with TST calculations to compute rate constants in the temperature range of 250-2500 K. This is the first time, except for the reaction R1, that the barriers for these reactions are computed directly using theoretical methods without recurring empirical fitting schemes or indirect methods involving isodesmic reactions. This article is organized as follows. Computational methods are reported in section II, while the results are presented and discussed in section III. II. Computational Methods A wide variety of methods, described hereafter, have been used with the objective to select a more reliable method able to compute accurately the thermokinetic parameters for the iodine reactions, and next, maybe we could apply this methodology to other reactions involving fission products like cesium, for instance. Ab initio and DFT calculations were performed using the GAUSSIAN0330 software package. Reactants, transition states (TSs), molecular complexes, and products were fully optimized with the MP2,31 MPW1K,32 and BHandHLYP33 methods using two Dunning’s correlation-consistent basis sets34 (cc-pVTZ and cc-pVQZ) and the Pople-type 6-311G(d,p) basis set.35 For the iodine atom, we used the cc-pVnZ-PP (n ) T and Q) basis sets of Peterson et al.,36 which incorporate a relativistic pseudopotential (effective core potential) that largely accounts for scalar relativistic effects in iodine (these basis sets will be written without the PP term throughout the paper). We also employed an all-electron 6-311G basis37 with valence basis sets augmented by the polarization d function.38 All TSs have been characterized by one imaginary frequency (first-order saddle points) on the Potential Energy Surface (PES). Special care was taken to determine Minimum Energy Pathways (MEPs), performing Intrinsic Reaction Coordinate analyses (IRC)39 at all levels of theory, in order to confirm that a specific TS connects the different local minima. Vibrational frequencies and Zero-Point vibrational Energies (ZPE) were determined within the harmonic approximation, at the same level of theory as that for geometries. The ab initio and DFT vibrational frequencies were multiplied by an appropriate scaling factor, which was obtained at each level of theory by plotting observed fundamentals for H2, OH, HI, I2, and H2O versus calculated frequencies. Their values are given in the Table 1S of the Supporting Information. For all stationary points (reactants, TS, molecular complexes, and products), single-point energy calculations were carried out at different high levels of theory using, in each case, the optimized MP2, MPW1K, and BHandHLYP geometrical parameters. Electronic energies were obtained by employing the single and double coupled cluster theory with inclusion of a perturbative estimation for triple excitation (CCSD(T))40 using (i) the ccpVnZ and aug-cc-pVnZ (n ) T, Q, and 5) basis sets on geometries previously optimized with the Dunning-type basis sets and (ii) the 6-311G(d,p), the 6-311+G(3df,2p), and 6-311++G(3df,3pd) basis sets35,38 on geometries obtained with



Canneaux et al. the Pople-type 6-311G(d,p) basis set. The frozen-core approximation has been applied in CCSD(T) calculations, which implies that the inner shells are excluded at estimating the correlation energy. Spin-orbit coupling is of crucial importance, especially in the case of halogen atoms.41,42 The potential energy of the iodine atom I (2P3/2) was obtained by subtracting one-third of the 2P3/2 - 2P1/2 experimental splitting of the iodine atom43 (30.29 kJ mol-1) from the potential energy of the iodine atom I (2P). Potential energies of the molecular complexes (MCR1, MCR2, MCR3, and MCR4) in the channel where the iodine atom (2P3/2) is separated from H2, H2O, HI, and OH were also modified by subtracting 30.29 kJ mol-1 from their potential energies. The spin-orbit corrections to the potential energies of HI, I2, OH, and O (3P) are -2.09,44 -6.82,45 -0.83,46 and -0.9343 kJ mol-1, respectively, while the potential energies of molecular complexes (MCP1, MCP2, MCP3, and MCP4) incorporate the spin-orbit corrections corresponding to the reaction products. In the TSs, the spin-orbit interaction is made negligibly small by delocalization of spin from the I atom. Similar results have been obtained for TS structures in the reaction of O (3P) with C2H5I.47 The rate coefficient k for the reactions under study involving a hydrogen-bonded adduct was initially analyzed according to the scheme advocated by Singleton and Cvetanovic48 for prereactive complexes. We assume here that the reactions occur according to the mechanism involving a fast pre-equilibrium between the reactants and the prereactive complex (first step) followed by an abstraction leading to the postreactive complex and the products (second step). If k1 and k-1 are the rate constants for the first step and k2 corresponds to the second step, a steady-state analysis leads to a rate constant for the overall reaction, which can be written as



k)



( )



k1k2 A1A2 ) exp(-(E1 + E2 - E-1)/RT) k-1 A-1



(II-1)



Since E1 is 0, the net vibrationally adiabatic barrier E0 for the overall reaction is given by the following relation



E0 ) E2 - E-1 ) (ETS - EMCR) - (ER - EMCR) + E0 ) ETS



(ZPETS - ZPEMCR) - (ZPER - ZPEMCR) - ER + (ZPETS - ZPER) (II-2)



where ER, EMCR, and ETS are the potential energies of the reactants, the prereactive complex, and the TS, respectively, whereas ZPER, ZPEMCR, and ZPETS are their corresponding Zero-Point Energy corrections. Thus, the vibrationally adiabatic barrier at high pressures can be calculated as the difference between the energy of the TS and the energy of the reactants, without having to obtain the prereactive complex. Applying basic statistical thermodynamic principles, the equilibrium constant KR-MCR of the fast pre-equilibrium between the reactants and the prereactive complex may be obtained as



KR-MCR )



QMCR exp[((ER + ZPER) - (EMCR + QR ZPEMCR))/RT]



(II-3)
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where QR and QMCR are the total partition functions of the reactants and the prereactive complex, respectively. Under highpressure conditions, an equilibrium distribution of reactants is maintained in a unimolecular process, and the classical TST formula can be applied49 to calculate k2



kBT QTS(T) × × h QMCR(T) (EMCR + ZPEMCR) - (ETS + ZPETS) exp kBT



k2(T) ) Γ(T) ×



(



)



(II-4)



where Γ(T) indicates the transmission coefficient used for the tunneling correction at temperature T, kB is Boltzmann’s constant, and h is Planck’s constant. The reaction path degeneracy is not included in this expression since the rotational symmetry numbers are already introduced in the calculation of the partition functions. The calculation of the reaction rate constants using the TST formulation given by eq II-4 requires the proper computation of the partition functions of the prereactive complex and the TS. The total partition function QX(T) of a species X can be cast in terms of X X (T), electronic QXelec(T), rotational Qrot (T), the translational Qtrans X and vibrational Qvib(T) partition functions X X X X QX(T) ) Qtrans (T)Qelec (T)Qrot (T)Qvib (T)



k(T) ) Γ(T) ×



( )



kBT E0 QTS1(T) × × exp h QI(T)QH2(T) kBT



(II-7)



where the terms QTS1(T), QI(T), and QH2(T) are the total partition functions for the TS1, the iodine atom, and the molecular hydrogen at the temperature T. In eq II-7, the vibrationally adiabatic barrier height, E0, is computed as the energy difference between the TS1 and the reactants I and H2. The rate constants of the reverse reactions are obtained using the following expression



kreverse(T) ) kforward(T) × Keq(T)



(II-8)



where Keq(T) is the equilibrium constant between the reactants and the products. Keq(T) is calculated at the same level of theory as kforward(T). III. Results and Discussion 1. Geometric Parameters and Vibrational Frequencies. Figures 1-4 show the structures and atom numbering of the determined TSs and molecular complexes for the four studied



(II-5)



In this work, we adopt the simple and computationally inexpensive Wigner method50 in the calculation of all tunneling corrections for the reactions reported here



Γ(T) ) 1 +



( )



1 h|ν* | 24 kBT



2



(II-6)



where |ν*| is the module of the imaginary frequency at the saddle point. In the case of the reactions of iodine atoms with H2, H2O, and HI, this choice seems to be appropriate to the tunneling corrections applied to rate constants over the temperature range of 250-2500 K, for which the values of transmission coefficients Γ(T) are small to moderate (e2).51 In the case of the reaction of iodine atoms with OH, the Γ(T) values are more important but still less than a factor of 6 at 250 K. More sophisticated and computationally demanding algorithms such as the ones developed by Truhlar52 and Miller53 should be used if the transmission coefficients are much higher than the ones computed in this study. The rate constant calculations were performed over the temperature range of interest using the KISTHEP software suite.54 The rate constants of the reactions of iodine atoms with H2O (reaction R2), HI (reaction R3), and OH (reaction R4) are calculated as described above. In the case of the reaction of iodine atoms with H2 (reaction R1), although the prereactive complex structure has been located on the PES at all levels of theory, the relative enthalpies calculated at 0 K exhibit small differences by comparison to the reactants ( 
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