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Abstract


The u.v. photoelectron spectrum of CF3CHF2 has been recorded and assigned using EOM-CCSD calculations. For the first band, the adiabatic ionization energy (AIE) and vertical ionization energy (VIE) have been measured as (12.71 (  0.05) and (13.76 (  0.02) eV respectively. The measured AIE is higher than the recommended value from state-of-the-art ab initio calculations of (12.26 ( 0.02) eV because of a large geometry change on ionization, mainly arising from a significant increase in the C-C bond length, which results in poor Franck-Condon factors in the adiabatic region. The experimental VIE also shows poor agreement with the computed value of 14.05 ± 0.06 eV because, in the higher energy region of the first photoelectron band, dissociation of CF3CHF2+ to CHF2+ + CF3 occurs. This has a calculated thermodynamic onset of (12.89  ( 0.20) eV. Recommendations are made for the heats of formation, (Hf,298(, of CF3CHF2 and CF3CHF2+  , based on the results of the ab initio calculations.

        Pyrolysis of flowing CF3CHF2 diluted in argon shows evidence of production of C2F4 and HF at lower temperatures and CF2 and CF3H at higher temperatures. The relative temperature dependence of the observed photoelectron bands associated with these molecules is interpreted in terms of two decomposition reactions of CF3CHF2 as well as the reaction C2F4  (  2CF2 

Introduction


New fire extinguishants are currently being sought with low ozone depletion potentials (ODPs) and low global warming potentials (GWPs). Halogenated hydrocarbons (halons) have been found to exhibit good fire suppression properties. However, bromine and chlorine containing hydrocarbons and fluorocarbons (e.g. CH3Cl, CF3Br, CF2Cl2 and CF2Br2), whilst exhibiting good fire suppression properties, give rise to environmental problems in that they have significant ODP and GWP values (1). As a result, hydrofluorocarbons (HFCs) are being considered as alternative fire extinguishants. Also, HFCs are replacing chlorofluorocarbons (CFCs) in industrial applications such as refrigeration and foam blowing because of their less harmful effects on stratospheric ozone (2). The use of HFCs in these areas has prompted a number of studies of their chemical and physical properties related to these applications (3-9).


Pentafluoroethane (CF3CHF2) (also known as HFC125 or R125) is one of the simplest HFCs. It has been studied in some detail in the gas-phase by microwave (10), infrared (11), Raman and far-infrared spectroscopy (12). However, its thermal decomposition has not been studied. As a first step towards establishing how CF3CHF2 suppresses and extinguishes a flame, its thermal decomposition is studied in this work in a flow system using u.v. photoelectron spectroscopy (PES). Also, information on CF3CHF2 obtained from its PE spectrum will be relevant to understanding the photoionization of CF3CHF2 in the upper atmosphere and subsequent loss of the ions produced through ion-molecule reactions. HFCs could well reach the upper atmosphere and be photoionized as their lifetimes in the lower atmosphere are very long because of their slow reaction with key free radicals such as OH. Although CF3CHF2 has not been studied previously by u.v. photoelectron spectroscopy, the threshold photoelectron (TPE) spectrum and ion yield curves of the observed ionic fragments obtained after photoionization have been recorded in the photon energy range 12.0-25.0 eV using synchrotron radiation as the photon source (13). Also, the fragmentation of the valence electronic states of CF3CHF2+ has been studied using the threshold photoelectron-photoion coincidence (TPEPICO) technique (13). In the TPE spectrum the first band was broad, and vibrationally unresolved, consistent with a significant geometry change on ionization. The band onset was measured as (12.70 ( 0.05) eV and the band maximum (the vertical ionization energy, VIE) was measured as (13.76  ( 0.05) eV (13).  Also, in a recent vacuum ultraviolet photoionization study (14), the experimental first adiabatic ionization energy (AIE) was quoted as (12.25  ( 0.10) eV, consistent with AIE values of 12.25 and 12.26 eV computed using the G2 and G3 methods (13,14). The discrepancy of (0.5 eV between the experimental onset of (12.70 ( 0.05) eV from the TPE study and the computed AIEs at the G2 and G3 levels was attributed in the TPEPICO study (13) to the inability of the TPE method to obtain a measurable signal at the ionization threshold for a molecule that has small Franck-Condon factors for direct ionization near threshold. It is, however, notable in the photoionization work of reference (14), that the parent ion (CF3CHF2+) was not observed at any of the photon energies used (in the region 12.0-22.5 eV) and the value for the first AIE quoted in this paper (12.25 ( 0.10) eV appears to have been derived from analysis of v.u.v absorption spectra, although no details of this are given.

In the present study, we have recorded the u.v. photoelectron spectra of CF3CHF2 and its pyrolysis products as a function of temperature in a flow system. In addition, state-of-the-art ab initio calculations have been performed on CF3CHF2 and CF3CHF2+, and fragments obtained from CF3CHF2 and CF3CHF2+. These were carried out to obtain reliable AIE/VIE values in order to assist interpretation of the experimental PE spectra and also to obtain a reliable enthalpy of formation ((Hf,298() for CF3CHF2 and its cation in their ground electronic states.

Experimental


The u.v.photoelectron spectrum of pentafluoroethane (HFC125) was recorded using HeI (21.22) eV radiation with a single detector instrument, with a 20 cm mean radius hemispherical analyser, designed for high temperature pyrolysis studies (15,16). Typical operating resolution of the spectrometer throughout this work was 20-25 meV, as measured for the (3p)-1 ionization of argon. PE spectra of HFC125 (Ineos Fluor, 99.7%) were recorded and calibrated by admitting the sample into the spectrometer at the same time as argon and methyl iodide (17-19). In a similar way, the HeI photoelectron spectrum of CF3H (Aldrich, 98%), a pyrolysis product, was also recorded and calibrated.


In order to study the thermal decomposition of HFC125, a radiofrequency (r.f.) induction heating system positioned inside the ionization chamber of the spectrometer was used to heat the flowing sample vapour, diluted in argon, as described previously (15,16). A cylindrical graphite susceptor was used in the furnace assembly, of the type described in earlier work (15,16). The susceptor was machined from graphite in the form of a thin cylindrical tube with wall thickness 2mm (length 40 mm, outer diameter 10mm, exit hole diameter 2mm). The susceptor was wrapped in carbon felt and placed inside an alumina insulating tube which was positioned centrally inside copper coils, which carried the alternating r.f. current, above the photoionization region of the spectrometer.


Spectra were recorded at different furnace temperatures, obtained by increasing the heater voltage of the induction heating system. The internal furnace temperature was measured using a K-type (Ni-Cr/Ni-Al) thermocouple in contact with the internal wall of the susceptor. This procedure could be used to measure internal furnace wall temperatures up to 1300 °C. Above 1300 °C, in the range 1300-2000 °C, an optical pyrometer was used to determine the external furnace wall temperature, by viewing the outside of the furnace through a window on the ionization chamber. By separately plotting the measured temperatures from both the thermocouple and optical pyrometer as a function of the applied heater voltage, the thermocouple temperatures could be extrapolated to higher values (than 1300 °C) and the optical pyrometer values could be extrapolated to lower values. The experimental temperatures quoted in this work were the thermocouple measurements up to 1300 °C and the extrapolated thermocouple values up to 2000 °C (i.e. the internal wall temperatures of the furnace, which were compared with the temperatures measured with the pyrometer above 1300°C to check that the values were reasonable; at each heater voltage the pyrometer temperature (outer wall temperature) was always slightly lower than the thermocouple temperature (inner wall temperature) over the temperature range that both measurements could be made, approximately 750-1300 °C).

Computational Details


For CF3CHF2 and CF3CHF2+, geometry optimization and harmonic frequency calculations were carried out using the GAUSSIAN03 suite of programs (20), using the density functional theory (DFT) method with the B3LYP functional and the MP2 method. Single energy calculations for improved relative electronic energies were performed at the RCCSD(T) level employing the MOLPRO programs (21). Various standard basis sets were used, and extrapolation of the computed first adiabatic (AIE) and vertical (VIE) ionization energies to the complete basis set (CBS) limit was carried out using the 1/X3 formula (22).  In addition, higher vertical ionization energies have been computed at the Hartree-Fock (negatives of computed orbital energies of the neutral molecule; Koopmans’ Theorem values), time-dependent density functional theory (computed TD-DFT excitation energies of the cation using the B3LYP functional plus the first VIE) and equations-of-motion coupled-cluster single and double excitations (IP-EOM-CCSD employing the ACES2 programs (23)) levels, using different standard basis sets. Zero-point energy (ZPE) corrections were made to computed AIE values (to give AIE0 values) employing unscaled computed MP2 harmonic vibrational frequencies. 


The enthalpy of formation ((Hf,298KØ) of CF3CHF2 was computed by considering three different reactions:

CF3CHF2 + CH4 + CHF3 → C2H6 + 2CF4 

----------  (1)

CF3CHF2 + 5H2 → C2H6 + 5HF 


----------  (2)

CF3CHF2 + 6H2 → 2CH4 + 5HF


----------  (3)

Reaction (1) is isodesmic, and hence it should be the least demanding in terms of theory and it should yield the most reliable results. Nevertheless, reactions (2) and (3) were also considered in order to give some estimates of the computational uncertainties associated with the level of calculation employed. The enthalpy changes of these reactions were computed at the RCCSD(T)/cc-pVTZ//MP2/6-31++G** and RCCSD(T)/cc-pVQZ//MP2/6-31++G** levels, and extrapolated to the CBS limit using the 1/X3 formula. (Hf,298KØ(CF3CHF2) was then evaluated using best (Hf,298KØ values (i.e. the most reliable values and/or the values with the smallest uncertainties) available for other species involved in each of these reactions. The (Hf,298KØ values of H2, HF, CH4, CHF3, CF4 and C2H6 used are 0.0, -65.32 ± 0.17 (24), -17.56 ± 0.10 (25), -166.18 ± 0.05 (26), -223.0 ± 0.3 (25) and -20.03 ± 0.05 (26) kcal.mol-1, respectively (vide infra).


(Hf,298KØ(CF3CHF) was also computed by considering the following isodesmic reaction:

CF3CHF + CH4 + CHF3 → C2H6 + CF4 + CF3

------------ (4)

To evaluate (Hf,298KØ(CF3CHF) from this reaction, (Hf,298KØ value of -111.7 ± 0.5 kcal.mol-1 (26) was used for CF3 as well as the appropriate values listed above.

Results and Discussion

(a) The photoelectron spectrum of CF3CHF2


The HeI photoelectron spectrum of CF3CHF2 shows six bands (Figure 1). The VIEs of these bands, as well as the measured onset of the first band, averaged over ten expanded spectra, are marked in Figure 1. Comparison between the PE and the TPE spectra (13) (see Figure 2) shows that the band onset and VIE for the first band measured by the two techniques are essentially the same (PE values:- onset (12.71 ( 0.05) eV, VIE (13.76 ( 0.02) eV; TPE values (12.70 ( 0.05) eV; VIE (13.76 (  0.05) eV). However, major differences are observed at higher ionization energies. The TPE spectrum appears less well resolved than the PE spectrum particularly above 15.0 eV. In the PE spectrum, the first band is quite well separated from the second band but in the TPE spectrum (13) the high energy side of the first band has more intensity and overlaps more with the second band. Also, in the PE spectrum the second band maximum is measured as (15.67 ( 0.02) eV whereas in the TPE spectrum it is measured as (16.37 ( 0.05) eV (13). It appears that the second band maximum in the TPE spectrum, at (16.37 ( 0.05) eV, correlates best with the third band in the PE spectrum at (16.29 ( 0.05) eV, and the third band in the TPE spectrum, at (17.53 ( 0.05) eV (13), correlates best with the fifth band in the PE spectrum at (17.35 ( 0.04) eV. The band envelopes seen in the PE spectra are determined by the Franck-Condon factors for direct ionization between the neutral ground state and the relevant cationic states. In comparison, the TPE band envelopes have contributions both from direct ionization, as in the PE spectra, and autoionization from highly excited neutral states which lie above an ionization threshold. These excited states are Rydberg states which are members of series which converge to higher ionization thresholds. This is the reason, why the TPE spectrum appears less well resolved than the PE spectrum, and for the different band envelopes observed in the two types of spectra, notably on the high ionization energy side of the first band and for the bands above 15.0 eV in the TPE spectrum; see Figure 2. Relative band intensities will also be different between TPE spectra, which will depend on photoionization cross-sections close to threshold, and the PE spectra, which depend on photoionization cross-sections typically 4-5 eV above threshold.

(b) Results of electronic structure calculations

Geometry optimization calculations carried out at the B3LYP/6-31++G**, MP2/6-31++G** and MP2/6-311++G(2d,2p) levels gave CS structures for both the 
[image: image1.wmf]X

~

1A( state of the neutral CF3CHF2 molecule and the 
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2A( state for the cation in agreement with previous studies (13). The computed geometry change upon ionization is mainly in the CC bond length, which increases from 1.5415, 1.5291 and 1.5250 Å in the neutral to 2.1085, 2.0103 and 2.0167 Å in the cation at the three levels of calculation, respectively. These bond lengths compare favourably with values obtained for the neutral and cation of 1.5187 and 1.9756 Å at the MP2(full)/6-31G(d) level in ref.(13). 

The first adiabatic (AIE) and vertical (VIE) ionization energies have been computed at different levels of calculations and are given in Table 1. Extrapolation to the CBS limit has been carried out using four different sets of computed data (ECBS1 to ECBS4 values in Table 1), and the best estimated values were obtained via four different routes (E​best1 to Ebest4 values). The final best computed AIE and VIE values were estimated by taking the average of the four sets of Ebest values. Including corrections for zero-point energies (ΔZPE, using unscaled computed harmonic vibrational frequencies obtained at the MP2/6-31++G** level of calculation) of the two states involved, the best computed AIE0 value is 12.26 ± 0.02 eV. This value is in good agreement with computed G2 and G3 values of 12.25 and 12.26 eV (13,14), but lower than the band onset of (12.71 ( 0.05) eV measured in the PE spectrum in the present study. Also, the best estimated VIE value of 14.051 ± 0.059 eV is larger than the experimental band maximum of the first band in the PE and threshold PE spectra of (13.76 ( 0.02) and (13.76 ( 0.05) eV (13) by 0.29 eV. In references (13) and (14), the MP2(full)/6-31G(d) structures for the neutral and cation were employed for energy calculations according to the G2 and G3 multilevel methods (27,28). In this present work MP2/6-31++G** structures were used for the neutral and cation in RCCSD(T) calculations using a number of increasingly large basis sets. The computed AIE and VIE values were then extrapolated to the CBS limit (see Table 1). The highest level of correlation method used in the G2 and G3 methods is the QCISD(T) method (with the 6-31G* basis set), and the largest basis set used (at the MP2 level) is of the 6-311G(2df,2p) quality (denoted as the G3 large basis set). The aim of G2 and G3 is to achieve the accuracy of the QCISD(T)/6-311++G(2df,2p) level (27,28). It has been noted in a recent paper on the G4 method that, an alternate and more accurate approach to the G1, G2 and G3 methods for the calculation of thermochemical data is based on CCSD(T) calculations using very large correlation consistent basis sets extrapolated to the complete basis set limit (29) which is employed in the present study. In this connection, the CBS results based on RCCSD(T) calculations given in Table 1 should be the most reliable. 

It is clear therefore that the recommended first adiabatic ionization energy of CF3CHF2 is ( 0.5 eV below the measured band onset in both the PE and TPE spectra. This must arise from lack of intensity in the low energy region of the first band of this molecule because of a large geometry change on ionization (( 0.5 Å increase in the C-C bond length) and consequent poor Franck-Condon factors in the threshold region. This is supported by Franck-Condon factor calculations performed for the first photoelectron band CF3CHF2, by treating CF3(CHF2 as diatomic, using the vibrational frequencies for the C-C stretching mode in the neutral of 1484 cm-1 and in the cation of 1128 cm-1 computed at the MP2/6-31++G(2d,2p) level and the computed C-C bond length change on ionization.
In order to understand the discrepancy between theory and experiment in the VIE position of the first PE band of CF3CHF2 mentioned above, notably the apparent loss of intensity in the experimental PE band at the computed VIE region of ca. 14.05 eV, the enthalpies of ten dissociation channels of the CF3CHF2+ were considered to see whether any of these dissociation channels could affect the shape of the first PE band. To do this, some calculations were carried out to obtain the (Hf,298KØ and/or AIE0 values of CF3CHF2, CF3CHF and CHF2 and/or their cations, because some of these values are either not available or cannot be considered as very reliable. The results of the relevant ab initio calculations are summarized in Tables 2 and 3. The best computed (Hf,298KØ values of CF3CHF2 and CF3CFH are -266.3 ± 2.0 and -201.3 ± 1.7 kcal.mole-1 (by considering reactions 1 and 4, both isodesmic reactions; see Table 2), respectively. It should be noted that the quoted uncertainties are the maximum uncertainties (considering values used in the evaluation, which give the largest uncertainties, and/or the largest uncertainties of the values used), and they are mainly from uncertainties in available (Hf,298KØ values of other species involved in the reactions considered. The computed uncertainties in the reaction enthalpies are only ± 0.78 and ± 0.17 kcal.mole-1 (the difference between the CBS and RCCSD(T)/cc-pVQZ values), respectively Employing these (Hf,298KØ values, and the best computed AIE0 values of 12.26 ± 0.02 and 9.571 ± 0.004 eV, for CF3CHF2 and CF3CHF (Table 2), the best computed (Hf,298KØ values of their cations are estimated to be 16.4 ± 2.2 and 19.4 ± 1.8 kcal.mole-1, respectively. Also, for CHF2 employing the best computed AIE0 of 8.70 ± 0.01 eV obtained here (see Table 3) and the best available computed (Hf,298KØ value of -57.9 kcal.mole-1 from reference (30), (Hf,298KØ(CHF2+) is estimated to be 142.7 ± 0.2 kcal.mole-1. The quoted uncertainty of ± 0.2 kcal.mole-1 is based on the uncertainty in the best computed AIE0 value (the difference between the CBS and RCCSD(T)/aug-cc-pV5Z value; see Table 3). However, comparing the best (Hf,298KØ(CHF2+) value obtained in the present work with previously available recommended values, a more realistic, maximum uncertainty is estimated to be 1.5 kcal.mole-1. 
Available (Hf,298KØ values of the species involved in the ten dissociation channels of the CF3CHF2+ cation considered are compiled in Table 4. The most reliable (Hf,298KØ values available for these species were used to evaluate the enthalpies of reaction for the ten dissociation reactions of CF3CHF2+ considered, which are tabulated in Table 5. It can be seen from Table 5 that, only the CF3CHF2+ → CF2CF2+ + HF dissociation channel (labelled as reaction 7 in Table 5) is exothermic. However, the barrier to the transition state on the reaction coordinate for this channel is expected to be high, because this reaction is expected to proceed via breaking of both CF and CH bonds and involves a large geometry change. In addition, the fact that no CF2CF2+ was detected in the TPEPICO study of CF3CHF2 (13) also suggests a fairly high reaction barrier for this dissociation channel. 

Among the rest of the reaction channels given in Table 5, the CF3CHF2+ → CF3 + CHF2+ dissociation channel (labelled reaction 2) is the least endothermic. This dissociation reaction involves the breaking of the CC bond. Since the CC equilibrium bond length of CF3CHF2+ is computed to be over 2.0 Å, suggesting that the CC bond is very weak, the reaction barrier for this dissociation channel is, therefore, expected to be fairly low. In any case, based on the calculated reaction enthalpies shown in Table 5, the reaction enthalpy for this dissociation channel has a computed value of 14.6 ± 4.2 kcal.mole-1 or 0.63 ± 0.18 eV. Adding this value to the best estimated AIE0 value of 12.26 ± 0.02 eV for the first PE band of CF3CHF2 gives a value of 12.89 ± 0.20 eV. It is, therefore, expected that the region of the first PE band of CF3CHF2 with an IE larger than this value of 12.89 ± 0.20 eV could be affected by the dissociation channel of the cation to CF3 + CHF2+. This is also in reasonably good agreement with the experimental results obtained from the TPEPICO (13) study, which show that in the region of the ground electronic state of CF3CHF2+, the first fragment ion observed is CHF2+ with an appearance energy of 12.75 ± 0.05 eV. Because the neutral molecule has a significantly shorter computed CC equilibrium bond length than the cation as mentioned above, vertical ionization at the computed VIE of 14.03 eV, will access a region of the repulsive wall of the cation, which is ca. 1.1 eV above the CF3 + CHF2+ dissociation limit (at a computed IE of 12.89 ± 0.20 eV). Consequently, there is a loss of intensity in the PE band at the computed VIE region of ca. 14.0 eV due to this dissociation channel. The above considerations provide a plausible explanation for the discrepancy between theory and experiment in the VIE position (or band maximum) of the first band in the PE spectrum of CF3CHF2, involving loss of intensity in the high IE region of this PE band, but would need a detailed knowledge of the CF3CHF2+ potential surfaces in order for this proposal to be  confirmed. Another dissociation channel of CF3CHF2+, to give CF3+ + CHF2 (labelled 1 in Table 5), was observed in reference (13) at an appearance energy of (13.29 ± 0.06) eV i.e. (0.54 ± 0.11) eV above CHF2+ + CF3. This is consistent with the observed difference in computed reaction enthalpies for these two reactions of 0.38 eV (see Table 5). 

Computed VIE values to low-lying cationic states of CF3CHF2 obtained at different levels of theory are given in Table 6. It is clear that the computed VIE values obtained at the Hartree-Fock (HF) level via Koopmans’ Theorem are too high. Computed VIE values obtained at the B3LYP level {computed time-dependent (TD-B3LYP) excitation energies of the cation plus computed or experimental first VIE value} and at the IP-EOM-CCSD level employing different basis sets are compared in Figure 3. It can be seen that basis set effects on the EOM-CCSD VIE values are small, at least with the three basis sets used. Also, the B3LYP VIE values are quite close to the EOM-CCSD values, though the former values are more spread out, and comparison of Figures 1 and 3 shows that their agreement with experiment is not as good as the EOM-CCSD VIE values. The computed EOM-CCSD/cc-pVTZ VIEs have been plotted on Figure 1. It can be seen from Figure 1 that the agreement between the EOM-CCSD VIE values and the experimental PE spectrum is very good. Particularly, the groupings of computed VIEs agree very well with the experimental band groupings and relative intensities. The comparison shown in Figure 1 of the experimental bands and computed VIEs, obtained at the IP-EOM-CCSD/cc-pVTZ level (see Table 6, column 9) allows the ionic states associated with each band to be established. The first band corresponds to ionization to the 
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2A(, 2A( and 2A( ionic states obtained from the (17a( )-1,(11a( )-1 and (10a()-1 ionizations, and the third band corresponds to ionization to the 2A( and 2A( ionic states obtained from the (9a()-1 and (16a()-1 ionizations. The electronic structure and high-lying occupied molecular orbitals of CF3CHF2 have been presented and discussed in reference (13), and hence this will not be repeated here.   
2A( ionic state obtained from the (18a( )-1 ionization, the second band corresponds to ionization to the 
(c) Thermal decomposition studies of CF3CHF2



Spectra were recorded as a function of furnace temperature up to 1600 (C where almost complete decomposition of CF3CHF2 occurred. Two typical spectra, recorded at furnace temperatures of 1000 and 1200 (C, are shown in Figure 4, denoted as A and B respectively. For each pyrolysis spectrum recorded, the intensity of the first PE band of CF3CHF2 was normalised to the intensity of the corresponding first band observed in the pyrolysed spectrum and its overall contribution was then subtracted. Subtracting off the spectral contribution of CF3CHF2 from the pyrolysed spectra allowed the first band of CF3H to be observed more clearly. Then, the calibrated spectrum of CF3H, recorded in a separate experiment, was used to remove its contribution to the pyrolysed spectrum by matching the intensity of the first PE band to the corresponding band seen in the pyrolysed spectrum. Monitoring the observed PE band intensities at different furnace temperatures allowed a plot to be made of the normalised band intensities as a function of temperature. This is shown in Figure 5.

The molecules observed on pyrolysis of CF3CHF2, diluted in argon, are HF, C2F4, CF2 and CF3H. The first three of these molecules were the most straightforward to identify in spectra recorded on pyrolysis as the first band of HF is sharp at 16.04 eV VIE (31), C2F4 shows a broad structured first band between 10.0 and 11.5 eV (AIE 10.12 eV, VIE 10.54 eV (32-34)) and the first band of CF2 is broad and is centred at 12.24 VIE (35,36). Both the C2F4 and CF2 first bands are not overlapped with the spectrum of CF3CHF2 or any bands produced on pyrolysis, and although the first band of HF overlaps with the second band of CF3CHF2, it is sharp and easy to identify. The first band of CF3H occurs between the first and second bands of CF3CHF2. Separate spectra were recorded for CF3H. The first VIE was calibrated as (14.78 ( 0.01) eV which compares well with previous VIE values of 14.77 and 14.80 eV (37-39).

 It appears that at the lowest temperatures at which decomposition occurs, 700-1000 (C, HF + C2F4 are produced followed by decomposition of C2F4 to CF2, i.e. reaction (5) occurs followed by reaction (6)

       CF3CHF2 (        C2F4  +   HF ----------(5),  (H 298KØ   = (40.5 ( 3.0) kcal.mol-1                

       C2F4         (       2CF2                  -----------------(6),  (H 298KØ   = ( 69.2 ( 1.4) kcal.mol-1      

At higher temperatures, above 1000 (C, it appears that reaction (7) begins to become significant, and at approximately 1200(C C2F4 maximises and drops in intensity at higher temperatures whilst CF3H continues to increase. In this region CF2 also increases as it is produced from reaction (7) and from C2F4 decomposition (reaction (6)). 

           CF3CHF2  (      CF2  + CF3H  --------- (7), (H 298KØ    = ( 54.4 (  2.8)  kcal.mol-1  


Use of the most reliable (Hf,298KØ values for the reactants and products in reactions (5-7), shown in Table 4, leads to the reaction enthalpies for reaction (5),(6) and (7) shown above.  Reaction (5), involving HF elimination, is the least endothermic and is observed first at the lowest temperatures. Once C2F4 is produced, it appears that it can decompose via reaction (6). Reaction (7) is more endothermic than reaction (5) and is observed at higher temperatures. Although reaction enthalpies have been computed for reaction (5), (6) and (7), it should be noted that no activation energies have been calculated. These studies monitor the gas-phase products as a function of temperature in a flow system and are therefore valuable in providing information of how CF3CHF2 decomposes on heating (e.g. in a combustion environment). However, they provide no information on the mechanism of the decomposition reactions. For example, some decomposition of CF3CHF2 on the heated furnace surface or decomposition via a free radical mechanism cannot be ruled out although no evidence of free radicals such as F or CF3 was seen in the spectra; for example the first band of F atoms is expected at 17.42 eV (40) and the first band of CF3 is expected to be broad with an AIE of ( 9.05 ( 0.01) eV and  a VIE of (10.86 ( 0.01) eV (41-45).

Conclusions

The pyrolysis products of flowing CF3CHF2 diluted with argon have been studied as a function of temperature. The results obtained have been interpreted in terms of two decomposition reactions of CF3CHF2 , reactions (5) and (7), as well as the reaction C2F4   ( 2CF2 . 


The PE spectrum of CF3CHF2 has been interpreted and assigned using state-of-the-art ab initio calculations. Comparison with the published TPE spectrum show good agreement for the first band but the higher energy bands appear less well resolved in the TPE spectrum. This arises because autoionization from high-lying Rydberg states, which are parts of series converging to higher ionization thresholds, contribute to the intensity in the higher ionization region (above 14.0 eV). The experimental first VIE is lower than the computed first VIE (by ~0.3 eV). This is rationalised in terms of dissociation of CF3CHF2+ in the vertical transition region from the neutral. Dissociation energies of the ground state of CF3CHF2+ to CHF2+ + CF3 and to CF3+ + CHF2 are calculated, and the values obtained support this proposal. The recommended first adiabatic ionization energy of CF3CHF2 is ( 0.5 eV below the measured band onset in both the PE and TPE spectra. This arises from lack of intensity in the low energy region of the first band of this molecule because of a large geometry change on ionization and consequent poor Franck-Condon factors in the threshold region. Reliable experimental determination of this AIE will probably only be achieved by recording a high-resolution zero-electron kinetic energy (ZEKE-PFI) spectrum of this molecule, possibly by a two-color process involving initial excitation to an excited state with an equilibrium geometry closer to that of the ion than that of the neutral ground state.
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Table 1. Computed AIE’s and VIE’s (eV) of the first ionization of CF3CHF2 obtained at different levels of calculations.

	Methods
	AIE
	VIE
	Nbasisa

	B3LYP/6-31++G**
	12.091
	13.303
	139

	MP2/6-31++G**
	12.324
	13.594
	139

	MP2/6-311++G(2d,2p)
	12.187
	13.533
	199

	RCCSD/cc-pVTZ//MP2/6-31++G**
	12.118
	14.002
	224

	RCCSD/aug-cc-pVTZ//MP2/6-31++G**
	12.283
	14.145
	345

	RCCSD/cc-pVQZ//MP2/6-31++G**
	12.267
	14.179
	415

	RCCSD/aug-cc-pVQZ//MP2/6-31++G**
	12.322
	14.226
	606

	RCCSD(T)/cc-pVTZ//MP2/6-31++G**
	12.033
	13.720
	224

	RCCSD(T)/aug-cc-pVTZ//MP2/6-31++G**
	12.226
	13.881
	345

	RCCSD(T)/cc-pVQZ//MP2/6-31++G**
	12.201
	13.905
	415

	RCCSD(T)/aug-cc-pVQZ//MP2/6-31++G**
	12.266
	14.013
	606

	Ebest1 = ECBS1{1/X3:RCCSD(T)/cc-pVQZ; cc-pVTZ}
	12.324
	14.040
	

	ECBS2{1/X3:RCCSD/cc-pVQZ; cc-pVTZ}
	12.375
	14.309
	

	(E(T) {RCCSD(T); RCCSD/cc-pVQZ}
	-0.066
	-0.275
	

	Ebest2 = ECBS2 + (E(T) 
	12.309
	14.034
	

	ECBS3{1/X3:RCCSD/aug-ccpVQZ; aug-ccpVTZ}
	12.349
	14.284
	

	(E(T) {RCCSD(T); RCCSD/aug-cc-pVTZ}
	-0.058
	-0.264
	

	Ebest3 = ECBS3 + ΔE(T)
	12.292
	14.021
	

	Ebest4=ECBS{1/X3:RCCSD(T)/aug-cc-pVQZ; aug-cc-pVTZ}
	12.295
	14.110
	

	Best estimate AIEe, VIE (Ebest average)
	12.305±0.019
	14.051±0.059
	

	((ZPE): MP2/6-311++G(2d,2p) frequencies
	-0.0452
	
	

	Best estimated AIE0 (included ZPE correction)
	12.26±0.02
	
	

	G2 (13)
	12.25
	13.79
	

	G3 (14)
	12.26
	
	

	TPES (13)
	12.70±0.05
	13.76±0.05
	

	VUV Absorption spectrum (14) b
	12.25±0.10
	
	

	Photoelectron spectrum, this work
	12.71±0.05
	13.76± 0.02
	


a Total number of contracted functions used in the calculation.

b The photoionization mass-spectrometry study (14) did not detect any CF3CHF2+  and hence no photoionization efficiency (PIE) curve for CF3CHF2 was reported. The IE reported was derived from analysis of vacuum ultraviolet absorption spectrum. See original work (14).

Table 2. Computed enthalpies of formation ((Hf,298KØ in kcal.mole-1) of CF3CHF2 and CF3CHF, and their cations, and their computed AIE0 (eV) obtained at different levels of calculation.
	(Hf,298KØ, a
	CF3CHF2
	CF3CHF2+
	CF3CHF
	CF3CHF+

	RCCSD(T)/cc-pVTZ//MP2/6-31++G**
	-264.5
	
	-201.0
	

	RCCSD(T)/cc-pVQZ//MP2/6-31++G**
	-265.5
	
	-201.2
	

	CBS(1/X3:cc-pVTZ;cc-pVQZ)
	-266.3(20)
	
	-201.3(17)
	

	Best (Hf,298KØ, b
	
	16.4(22)
	
	19.4 (18)

	AIE
	
	
	
	

	RCCSD(T)/cc-pVTZ//MP2/6-31++G**
	12.033
	
	
	

	RCCSD(T)/cc-pVQZ//MP2/6-31++G**
	12.201
	
	
	

	CBS{1/X3:RCCSD(T)/cc-pVTZ;cc-pVQZ}
	12.324
	
	
	

	Best AIE0c
	12.26(1)
	
	
	

	RCCSD(T)/aug-cc-pVDZ//MP2/6-31++G**
	
	
	9.580d
	

	RCCSD(T)/aug-cc-pVTZ//MP2/6-31++G**
	
	
	9.571d
	

	CBS{1/X3:RCCSD(T)/aug-cc-pVDZ;aug-cc-pVTZ}
	
	
	9.568d
	

	Best AIE0
	
	
	9.571(4)d
	


 a The (Hf,298KØ of CF3CHF2 and CF3CHF were evaluated by considering the isodesmic reactions 1 and 4, respectively (see text). The (Hf,298KØ of their cations were evaluated by (Hf,298KØ(neutral) + AIE0 (see footnote b).
b The CBS value of (Hf,298KØ of the neutral plus the best AIE0 value.

c For CF3CHF2, see Table 1 for the evaluation of the best AIE0 value, which is the average of four best estimated values; see text. 

d E. P. F. Lee private communication; unpublished results.

Table 3. Computed first AIE’s and VIE’s (eV) of the CHF2+ 
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1A1 + e ← CHF2 2A( ionization obtained at different levels of calculations.

	Method
	AIE
	VIE
	Nbasisa

	B3LYP/6-31++G**
	8.96
	
	

	MP2/6-31++G**
	8.60
	
	

	RCCSD/aug-cc-pVQZ//MP2/6-31++G**
	8.661
	10.391
	286

	RCCSD/aug-cc-pV5Z//MP2/6-31++G**
	8.667
	10.448
	461

	RCCSD(T)/aug-cc-pVQZ//MP2/6-31++G**
	8.637
	10.251
	286

	RCCSD(T)/aug-cc-pV5Z//MP2/6-31++G**
	8.644
	10.267
	461

	CBS{1/X3:RCCSD(T)/aug-cc-pVQZ;aug-cc-pV5Z}
	8.65 ± 0.01
	10.28 ± 0.01
	

	ΔZPE (MP2)
	+0.053
	
	

	Best AIE0
	8.70 ± 0.02
	
	

	UMP2/6-31G** (AIE0)  ref.(43)
	8.40
	
	

	REMPI (AIE0)  ref.(43)
	~8.5
	
	


a Total number of contracted functions used in the calculation.

Table 4.  Enthalpies of formation, (Hf,298KØ (kcal.mole-1) and ionization energy (IE in eV) of species used in this work, related to the dissociation of CF3CHF2 and CF3CHF2+.

	Species
	(Hf,298KØ
	Method
	Reference
	IE

	CF3CHF2
	-266.3(20)
	CBS reaction 1a (isodesmic) 
	Present work 
	

	CF3CHF2+
	16.4(22)
	Calcd. Present Work

AIE0(CBS)
	Best (Hf,298KØ(CF3CHF2) + IE
	12.26 (1) eV

	CF3
	-111.7(5)
	Thermodynamic Network
	Ref.(26)
	

	CF3+
	97.6(22)
	Average of recent publ. values
	Refs.(26,41,42,47,49,50)
	

	CHF2
	-57.884
	Calcd.: CBS+CV+rel+SO
	Ref.(30)
	

	CHF2+
	142.7(2)
	Calcd. Present Workb
AIE0(CBS)
	Best (Hf,298KØ(CHF2) + IE
	8.70(1) eV

	CHF3
	-166.18(50)
	Thermodynamic Network
	Ref.(26)
	

	CHF3+
	153.2(12)
	Average of recent publ. values
	Refs.(37,38,51,52)
	

	CF2
	-45.7(3)
	Thermodynamic Network
	Ref.(26)
	

	CF2+
	216.3(8)
	AIE from TPES; ref.(35)
	Best (Hf,298KØ(CF2) + IE
	11.362(5) eV

	CF4
	-223.1(1)
	Thermodynamic Network
	Ref.(26)
	

	CF4+
	116.4(20)
	G3MP2
	Ref.(30)
	

	CHF
	36.3(6)
	Average of recent values
	Refs.(30,53)
	

	CHF+
	268.3(18)
	IE (REMPI) ref.(44)
	Ave. (Hf,298KØ(CHF) + IE
	10.06(5) eV

	CF2CF2
	-160.6(8)
	Average  of recent values
	Refs.(26,30,49)
	

	CF2CF2+
	73.2(13)
	AIE from pes; ref.(32)
	Ave. (Hf,298KØ(CF2CF2) + IE
	

	HF
	-65.2(2)
	Average of recent values
	Refs.(24,54)
	

	HF+
	304.8(2)
	IE from pes; refs.(31,45)
	Ave. (Hf,298KØ(HF) + IE
	16.044(3) eV

	F
	18.970(72)
	Review 1984
	Ref.(24)
	

	F+
	420.75
	IE from  ref.(38)
	(Hf,298KØ(F) + IE
	17.42282 eV

	CF3CHF
	-201.3(17)
	Calcd.; CBS reaction 4c
	Present work
	

	CF3CHF+
	19.4 (18)
	Calcd ; AIE0(CBS)d
	(Hf,298KØ(CF3CHF) + IE
	9.571(4) eV


a The value given is with reaction 1. With reactions 2 and 3, the corresponding values obtained are -264.0 and -264.5 kcal.mole-1 respectively; the electron convention we are using is the zero electron energy convention. 

b See Table 3. 

c See Table 2. 

d See footnote d of Table 2. 

Table 5. Computed reaction enthalpies of various dissociation channels of CF3CHF2+ obtained by using the most reliable (Hf,298Ø values available for the species involved (see Table 4). 

	
	Dissociation products
	 (H298RX (kcal.mole-1)
	(H298RX (eV)

	1
	CF3+ + CHF2
	23.3 (59)
	1.01 (26)

	2
	CF3 + CHF2+
	14.6 (42)
	0.63 (18)

	3
	CHF3+ + CF2
	90.9 (37)
	3.94 (16)

	4
	CHF3 + CF2+
	33.7 (35)
	1.46 (15)

	5
	CF4+ + CHF
	136.3 (48)
	5.91 (21)

	6
	CF4 + CHF+
	28.6 (41)
	1.24 (18)

	7
	CF2CF2+ + HF 
	-8.4 (37)
	-0.36 (16)

	8
	CF2CF2 + HF+
	127.8 (32)
	5.54 (14)

	9
	CF3CHF + F+
	203.1 (40)
	8.81 (17)

	10
	CF3CHF+ + F
	22.0 (41)
	0.95 (18)


Table 6. Computed VIE’s (eV) to low-lying cationic states of CF3CHF2+, obtained from Hartree-Fock (by the Koopmans’ Theorem; HF-KT) and time-dependent density functional theory {B3LYP-TD; computed excitation energies (Eex) of low-lying cationic states plus the first VIE} calculations employing the 6-311++G(2d,2p) basis set, and obtained from IP-EOM-CCSD calculations using different basis sets.

	
	HF-KT
	B3LYP-TD
	IP-EOM-CCSDc

	(m.o.)-1
	VIE
	Eex
	VIE
	VIE
	(m.o.)-1
	6-31++G**
	aug-cc-VDZ
	VTZ

	18a(
	15.536
	0.0
	14.051a
	13.76b
	18a(
	13.79
	13.73
	13.83

	17a(
	17.591
	1.688
	15.739
	15.448
	11a(
	15.45
	15.48
	15.60

	11a(
	18.144
	1.081
	15.132
	14.840
	17a(
	15.58
	15.58
	15.67

	10a(
	18.408
	1.460
	15.511
	15.220
	10a(
	15.64
	15.67
	15.80

	9a(
	18.775
	2.591
	16.642
	16.351
	9a(
	16.07
	16.10
	16.20

	16a(
	18.806
	1.848
	15.899
	15.607
	16a(
	16.17
	16.19
	16.30

	8a(
	19.256
	1.880
	15.931
	15.640
	8a(
	16.53
	16.56
	16.65

	15a(
	19.933
	2.673
	16.724
	16.433
	15a(
	17.19
	17.20
	17.29

	7a(
	19.976
	2.743
	16.794
	16.503
	7a(
	17.29
	17.31
	17.39

	14a(
	20.026
	3.238
	17.289
	16.997
	14a(
	17.33
	17.36
	17.44

	6a(
	21.656
	5.356
	19.407
	19.116
	6a(
	19.51
	19.51
	19.54

	13a(
	22.109
	5.459
	19.510
	19.219
	13a(
	19.78
	19.76
	19.80

	5a(
	23.396
	6.405
	20.450
	20.165
	12a(
	21.02
	21.01
	21.03

	
	
	
	
	
	5a(
	21.07
	21.06
	21.08


a Computed best First VIE from Table 1.
b Experimental first VIE from the He I photoelectron spectrum.

c AVDZ and VTZ are the aug-cc-pVDZ and cc-pVTZ basis sets. The total numbers of contracted basis functions of the three basis sets used in the IP-EOM-CCSD calculations are 139, 170 and 244, respectively.

Figure Captions

Figure 1

Photoelectron spectrum of CF3CHF2 recorded with HeI (21.22 eV) radiation.  The gas sample was admitted from a lecture bottle at room temperature.

The vertical lines on this diagram are vertical ionization energies computed with EOM-CCSD/cc-pVTZ calculations.

Figure 2

Comparison of the photoelectron (PE) spectrum obtained in this work (lower diagram) with the threshold photoelectron (TPE) spectrum taken from reference (13) (upper diagram).

Figure 3


Comparison of computed VIEs of CF3CHF2 obtained with the IP-EOM-CCSD method using different basis sets and with B3LYP calculations (lowest panel).

Figure 4 


PE spectra recorded from the thermal decomposition of CF3CHF2 at furnace temperatures of A. 1000 (C and B. 1200 (C respectively (see text for more details).

Figure 5


Normalised experimental band intensities of CF3CHF2 and observed thermal decomposition products plotted as a function of temperature. These plots were obtained, for each molecule considered, by taking the most intense first band observed during the pyrolysis and normalising all of the other first band intensities for that molecule, measured at different stages of the pyrolysis, to that value.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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