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Thermal Decomposition of 2-Fluoroethanol: Single Pulse Shock Tube and ab Initio Studies
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The thermal decomposition of 2-fluoroethanol (FEOH) has been studied in the temperature range-of 1000
1200 K behind reflected shock waves in a single pulse shock tube. The total pressures behind the reflected
shocks varied between 13 and 23 atm. The products observed in the covered temperature rangetoe CH
C.H3sF, CH,, CO, GH,4, and GHe. The unimolecular eliminations of HF and,® are found to be the major
channels through which 2-fluoroethanol decomposes under these conditions. The rate constant for HF
elimination is found to be 181033 exp[—(59.5+ 1.7)/(RT)] s %, and the rate constant for,& elimination

is found to be 18-3%034exp[—(69.74 1.7)/(RT)] s, where the activation energies are given in kcal thol

The CHCHO produced by HF elimination through the vinyl alcohol intermediate is chemically active and
decomposes leading to Gldnd CHCH; products. The production of ethylene could not be explained from

the CHCHO pyrolysis mechanism. It is most likely formed directly from the reactant through HOF elimination

or by radical processes beginning with-O bond dissociation. Ab initio (Hartreg~ock [HF] and second-

order Mgller-Plesset perturbation theory [MP2]) and density functional theory [DFT] calculations have been
carried out to find the transition state and activation barrier for HF ag@ élimination reactions. ThElF
calculations overestimate the barrier by 18 kcal thfdr HF elimination and 22 kcal mot for H,O elimination,

and including electron correlation improves the agreement. In particular, DFT predictions for activation energies
for HF and HO elimination reactions are within 1 kcal mélof the experimental values.

I. Introduction elimination, and indeed the report on gH—CH,OH has

Recently, 2-fluoroethanol (FEOH) has been suggested as adentified only the HCI elimination chann#. It would be

replacement for chlorofluorocarbons (CFQ}.is important to interesting, as well, to study the effect of halogen substitution

know all of the physical and chemical properties of molecules on tlk:e ba_rrl_(ta_r ttodlzot %l.'m'nat'?ﬂ' W'tT éhese cong,tl_deratflor?sl,
that are being considered for such applications before they areVé Nave initiated studies on theérmal decomposition of halo-
ethanols in a single pulse shock tube, and this manuscript reports

put into commercial use. Often incineration is the method of L .
choice for disposing of used chemicals, and experimental datayr results on 2-fluoroethanol. A future publication will address

on the mechanism of pyrolysis would be valuable. However in detail the thermal decompositions of 2-chloroethanol and
there are no experimental or theoretical reports yet on the ethanol.

thermal decomposition of FEOH. Moreover, we have been There have been numerous reports, both theoretical and
. y : 31
interested in HX elimination reactions from haloethanes and experimental, on FEOH recentff/.* All of these reports have

recently reported our results on HCI elimination from 1,2- considered the structure, vibrational frequencies, isomerization,
dichloroethan&. The substitution effect on the barrier to H’X and intramolecular V|brat|9nal energy red|str!but|on (IVR) of
elimination from haloethanes has been studied in detail both the ground state and rotational isomers. In this manuscript, we

experimentall§~4 and theoreticallys16 However, the effect discuss the high-barrier HF ang® elimination reactions from

of OH substitution on HX elimination has rarely been addressed, EEOHB Single p(;JItse sthc&ckthub?hand albdinitio and !Z;FT ”}eé?ga
except for one report on 2-chloroethafbl. ave been used 1o study the thermai decomposition o

Thermal decomposition of ethanol has attracted much interestbet\’veen 1000 ar_ld 1200 K. Tr_]_eorencal studies have been c_arrled
as welll7-21 However, as is evident from a recent paper by Lin out to characterize the transition state (TS) for both reactions.
and co-worker2 thére is stil a need for reliable high- Transition-state theory (TST) calculations using theoretical
temperature kinétic data for ethanol. Both-C dissociation results have been performed for comparison with experimental

and HO elimination channels are important for ethanol, and results.
most of the thermal studi¥s?? showed the dominance of-€C
dissociation. Chemical activation studig¢sand unpublished
shock tube results from Lin and co-work&&ave identified II.LA. Experimental Details. The shock tube facility used in
H.,O elimination as well. Halogen substitution on ethanol opens this study has been described in detail in an earlier publication
up the possibility for another low-barrier channel, namely, HX and only a brief summary is given here. It is an aluminum tube
of 51 mm internal diameter and 25 mm wall thickness. The
_ *To whom correspondence should be addressed. E-mail: arunan@ lengths of the driven section and driver section can be varied
lpﬂ-'ggf{;ﬁﬁﬁg{t of Inorganic and Physical Chemistry. by att'aching/detaching small se.gments'of the tube. In these
# Current Address: Aeronamy Laboratory, NOAA, Boulder, CO 80305, €Xperiments, the length of the driver section was 1850 mm and
* Department of Aerospace Engineering. that of the driven section was 2581 mm. The dwell time was
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Il. Materials and Methods
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Figure 1. Gas chromatogram of a postshock mixture of 2-fluoroethanol in argon heated to 1154 K obtained on a 2-m Porapak Q column using
FID: (A) methane; (B) ethylene; (C) ethane; (D) vinyl fluoride; (E) acetaldehyde; (F) 2-fluoroethanol.

typically 1200us. The experimental procedure is very similar was obtained by summing up the concentrations of all of the
to that suggested by Tsang for single pulse shock tube species, except for ethane. Ethane concentration was multiplied
experimentd3 A 1% mixture of 2-fluoroethanol in argon was by 2 because two FEOH are required to form ethane according
prepared manometrically in a 10 L Pyrex glass bulb. This to the kinetic mechanism that fits all experimental observation.
mixture was used in all of the runs. The shock tube was The sensitivity of the detector toward each compound was
evacuated to 10 Torr before the experiment wita 6 in. determined with standard samples: 2-fluoroethanol (Lancaster
diffusion pump. The ball valve was kept closed, and the FEOH chemicals Inc.), acetaldehyde (Merck), ethyl chloride and vinyl
mixture was loaded into the sample chamber (between the ballfluoride (Fluka), ethylene (Hydrogas), and methane, ethane, and
valve and the end flange) to 2@0 Torr using a mercury  propylene (Bhoruka Gases). All of the other gases used in GC
manometer. The sample was further diluted with argon until a analysis such as argon, helium, oxygen, and hydrogen were from
desired pressure is reached. The final concentration of theBhoruka Gases, India (UHP grade 99.999%).
sample was in the range of 560000 ppm. The segment of II.C. Computational Details. All calculations have been
the driven section from the diaphragm to the ball valve was performed with the Gaussian 94 program s@ft&eometry
filled only with argon to a slightly larger pressure{8 Torr optimizations have been carried out at Hartréeck HF),
higher) than the sample chamber to avoid the back diffusion of second-order MallerPlesset perturbation theory (MP2(FULL)),
the test gas. In all of the experiments, this pressi#i¢ Was  and density functional theory (DFT) levels with the standard
varied between 400 and 650 Torr. Just before rupturing the g.31G*, 6-31G**, 6-31G**, and 6-31H+G** basis sets that
diaphragm, the ball valve was opened, and soon after the gre internally available in the program suite. Equilibrium and
experiment, the ball valve was closed. The reaction dwell time {ransition-state structures were fully optimized using Hartree
was determined from the experimental pressure trace, and therock, second-order MglleiPlesset perturbation theory with all
reflected temperature was estimated using an external standardihe electrons correlated, and the density functional theory with
that is, HCI elimination from ethyl chloride under similar  the B3LYP correlation functional. Al transition states have been
conditions? ) . . characterized with frequency analysis. Vibrational frequencies
II.B. Materials and Analysis. Spectroscopic grade 2-fluoro-  and zero-point energies were not scaled. These results were used
ethanol ¢99.5%, Lancaster chemicals Inc.) was used as jn performing transition-state theory (TST) calculations to
received. For degassing and further purification, the freeze predict the activation energy and the preexponential factors for
pump-thaw method was used several times before making the the HF and HO elimination reactions for comparison with
sample. The purity of the reactant was routinely confirmed by experimental measurements. For additional comparison, calcula-
gas chromatography. The postshock gas mixture was analyzediions on HO elimination from ethanol were carried out as well,
quantitatively, by using an HP689® gas chromatograph (GC)  and the results are included. The enthalpy of formation of FEOH
with flame ionization detector and, qualitatively, by IR spec- s not available to the best of our knowledge, and it was

trometer (Bruker Equinox 55 FTIR). The sample section of the determined at the MP2/6-33L-G** level. Our main interest

was injected through an online sampling valve. Porapak (6 ft jnternal energy in the products.

length) Q column was found to be suitable for both the reactant

and products. Thg_major products formed in the process of |, Experimental Results and Discussion

thermal decomposition are GHCHF and CHCHO. The other

observed products were GHC;Hs, and GHe. Some trace Thirty-four experiments were carried out betwekBr 940
amounts of propylene were also formed at temperatures aboveand 1200 K, and postshock mixtures were quantitatively
1150 K but were too small to be quantified. The GC analysis analyzed with GC. Details of the experimental conditions and
was carried out at a constant oven temperature (413 K). A typical the product distribution are given in the Table 1. It includes
chromatogram of the reaction mixture at the temperature, 1154the temperature]s, the pressurePs, the dwell time, and

K, is shown in Figure 1. The initial concentration of reactant concentrations of all the observed species. Phavas above



9784 J. Phys. Chem. A, Vol. 107, No. 46, 2003 Rajakumar et al.

TABLE 1: Summary of the Experimental Results of 2-Fluoroethanol

dwell
Ts Ps time

no (K) (atm) (us) [CHJJ/[FEOH) [CH4J/[FEOH] [CoHel/[FEOH] [C:HsFJ/[FEOH], [CH:CHOW[FEOH], [FEOHJ/[FEOH]

1 93 132 1150 O 0 0 0 0.013 400 0.986 600

2 961 142 1210 O 0 0 0 0.002 050 0.997 950

3 963 139 1160 O 0 0 0 0.002 160 0.997 840

4 969 142 1140  0.000 240 0 0 0 0.001 700 0.998 060

5 983 150 1230  0.003 500 0 0 0 0.006 160 0.990 340

6 986 150 1200  0.000 260 0 0 0 0.003 250 0.996 490

7 986 151 1220  0.000 168 0 0 0 0.002 330 0.997 500

8 987 152 1160  0.000 127 0 0 0 0.002 210 0.997 670

9 1009 16.6 1380  0.000 155 0 0 0 0.002 970 0.996 870
10 1013 158 1180  0.003 940 0 0 0 0.007 200 0.988 860
11 1014 162 1240  0.000 141 0 0 0.000 201 0.004 100 0.995 560
12 1018 16.6 1240  0.000 212 0 0 0.000 113 0.003 500 0.996 170
13 1028 16.7 1240  0.000 286 0 0 0.000 326 0.006 270 0.993 120
14 1033 16.9 1230  0.000 345 0 0 0.000 246 0.006 270 0.993 140
15 1055 17.8 1230  0.000 444 0.000 311 0 0.000 645 0.009 230 0.989 360
16 1055 17.7 1240  0.000 043 0.000 211 0 0.000 644 0.007 610 0.991 100
17 1056 18.0 1230  0.000 471 0.000 366 0 0.000 707 0.008 560 0.989 900
18 1062 18.1 1260  0.000 582 0.000 517 0 0.001 030 0.009 370 0.988 490
19 1064 17.7 1230  0.000 698 0.000 737 0 0.001 190 0.011 660 0.985 720
20 1067 17.8 1230  0.006 140 0.003 880 0 0.009 500 0.041 510 0.938 980
21 1078 18.4 1220  0.001010 0.000 765 0 0.001 680 0.014 370 0.982 170
22 1098 19.3 1200  0.001 960 0.001 950 0.000 360 0.004 140 0.028 050 0.963 530
23 1099 19.3 1140  0.002 430 0.002 410 0.000 501 0.005 180 0.034 210 0.955 260
24 1115 20.0 1200  0.002 620 0.002 840 0.000 381 0.005 230 0.033 950 0.954 980
25 1119 20.3 1180  0.002 880 0.002 830 0.000 569 0.005 860 0.035 120 0.952 730
26 1123 202 1200  0.005800 0.008 560 0.001 730 0.010 940 0.068 820 0.904 160
27 1126 203 1210  0.004 690 0.008 170 0.001 370 0.009 170 0.059 060 0.917 530
28 1136 20.4 1310  0.007 190 0.008 610 0.001 690 0.014 050 0.073 550 0.894 910
29 1146 209 1210  0.007 32 0.010 320 0.002 210 0.013 100 0.075 160 0.891 890
30 1154 21.4 1200  0.007 43 0.010 400 0.002 360 0.013570 0.077 080 0.889 150
31 1166 22.3 1280  0.0106 0.014 860 0.003 460 0.018 820 0.098 830 0.853 420
32 1176 223 1160  0.01702 0.023 660 0.005 850 0.027 090 0.132 180 0.794 190
33 1186 23.0 1270  0.02395 0.034 740 0.009 630 0.031 020 0.162 100 0.738 550
34 1196 234 1260  0.03175 0.044 110 0.013 350 0.034 010 0.152 720 0.724 060

13 atm in all runs, and our analysis assumed that the FEOH 6
unimolecular reactions are in the first-order limit. In addition
to the products listed in Table 1, CO was identified by using
the infrared spectrum of the postshock gas mixture but was not
quantified. Acetaldehyde was observed atTaih our study,
whereas methane was observed only above 970 K. Ethylene  4-
and ethane are found to be products above 1050 and 1100 K,
respectively. Vinyl fluoride is observed above 1015 K. The “u
concentrations of ethane, ethylene, and methane are significant g ]
only at higher temperatures, that is, above 1150 K. Less than e_z?
28% of the reactants are consumed within the temperature range £ , |
and dwell times of our experiments. Figure 2 shows the
Arrhenius plot of the rate constant for overall decomposition
of FEOH calculated as follows: 14

Kot = —IN{ [FEOH]/[FEOH]} /t 1)

T T T T T T T T T
The result isktotal — 101355:0.32 exp[—(eoei ]_6)/(R'|')] s—l, 0.00084 0.00088 0.00092 0.00096 0.00100

whereE, is given in kcal moft. [FEOH} and [FEOH} are the ) ) .

experimentally measured concentration of FEOH at the end of Figure 2. Arrhenius plot for the overall decomposition of 2-fluoro-
. : L . - . ethanol.

the reaction time and initial concentration, respectively. This

plot is linear within the temperature range of analysis (}000  of HF and HO:

1200 K) and suggests that the overall decomposition of

1/T (Temperature in K)

2-fluoroethanol is unimolecular. In the case of nitromethane, F—CH,CH,—OH— HF + CH,=CH-OH (R1)
Zhang and Bauét noted curvature in the Arrhenius plot, which
was attributed to the consumption of nitromethane by secondary F—CH,CH,—OH—H,0 + CH,=CH-F  (R2)

reaction with radicals. From the Arrhenius plot given in Figure

2, it appears that the FEOH consumption under our experimental(The reaction numbers here and throughout the text correspond

conditions is unaffected by secondary reactions. to the list in Table 2, which gives the complete mechanism used
IIILA. Major Channels. The major channels through for simulating the profiles of all products). The vinyl alcohol

which 2-fluoroethanol decomposes are unimolecular elimination formed in reaction R1 presumably isomerizes to acetaldehyde,
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TABLE 2: The Reaction Scheme Proposed for the Thermal Decomposition of 2-Fluoroetharvol

reaction
number reaction rate expression reference
R1 F—CH,—CH,—OH — CH3;CHO + HF ki = 1.507 x 10" exp[-59 456/RT)] s* this work
R2 F~CHy;—CH,—OH — CH;=CH—F + H;0 ko = 2.0067x 10 exp[—~69 690/RT)] s~ this work
R3 CH=CH—F — CH=CH + HF ks = 2.398x 10" exp[-81 400/RT)] s* 39
R4 CHCHO— CHs + CHO ks = 1.21x 1013 exp[~57 200/RT)] 51 38
R5 CHCHO— CH, + CO ks = 1.21x 102 exp[~57 200/RT)] s* 38
R6 CHO— CO+H ke = 5.11x 1074T) 214 exp[~20 425/RT)] s* 53
R7 CHO+H—CO+ H; k;=1.2x 10%cm*mol *s? 53
R8 CH; + CHO— CH;CHO ks = 1.8129x 108 cm*molts™ 54
R9 Chs+ CHCHO— CH, 4 CH,CO ke = 1.98 x 1075(T)564exp[-2464/RT)] cm3mol-tst 55
R10 CH;+ CH;CHO— CH, + CH,CHO kio= 4.5 x 1074(T)*°exp[-8280/RT)] cm*mols™? 34
R11 H-+ CH;CHO— H; + CH,CHO kiy = 2.4 x 104T)*°exp[-5167/RT)] cm*mol1s?t 53
R12 H-+ CHsCHO— H, + CHsCO kio = 8.7 x 103 exp[-4200/QT)] cm3*mol-1s! 34
R13 CHCHO— H + CH,CO kis = 1.58 x 101 exp[~34 974/RT)] s~ 56
R14 CHCO— CH; + CO kis = 8.73 x 10°(T)862exp[~22 455/RT)] s~ 54
R1% CHsz + CH; — C,Hg kis = 6.8 x 1014(T)_0'64 cm*mol-1st 53
R16 CHg+ CH3— CoHs + Hy kis = 9.9 x 10" exp[-32 987/RT)] cmémol~ts! 57
R17 CHz+ CHz; — C;Hs + H kiz = 2.4 x 108 exp[-12 877/RT)] cm®mol*s™ 58
R18 CHy + CoHg — CHs + CoHs kig = 0.548{)*° exp[-8285/RT)] cm*molts? 53
R19 H+ CoHg— CoHs + H; kig = 5.54 x 10%(T)*Sexp[-5167/RT)] cm*mol~ts? 53
R20 GHs— CHs+H koo = 4.8 x l@(T)l'lg exp[—37 205/RT)] st 53
R21 GHs +H— CHs + H» ko1 =1.81x 102cm*mol-ts? 53
R22 GHs + H— C;Hs ko = 4.86 x 102 cm*mol~ts™ 53
R23 C2H5 + C2H5 - C2H4 + CzHe k23 =1.39x 1012 crrP moI*lsﬂ 54
R24 GHs + CoHs — CsH1o kos = 1.078x 108 cm*mol-tst 54
R25 GHs + H— CHz;+ CHs kos = 1.68 x 108 cm*mol~ts™! 53
R26 GHs + CH; — CoHy + CH4 kos = 9.8 x 1012(D70'5 cm*molis? 53
R27 GHs + CH; — C4Hg ko7 = 2.45 x 10M(T)"°5cm®molts™ 53
R28 GHs + CHO— C,Hg + CO kog=1.2 x 10%cmPmol-tst 53
R29 GHs + CHsCHO— C;Hg + CH3;CO kog = 2.25(1)3%5exp[-9141/RT)] cmimol-ts? 53
R30 GHa— CoHz + Ha kso = 7.94 x 101(T)44 exp[-88 769/RT)] s~ 54
R31 GHa4— CHz + H ks1 = 2.58 x 107 exp[~96 578/RT)] s~ 55
R32 GH4+ CH; — CgHg + H ks> = 2.0 x 103 exp[-10 000/RT)] cm®mol*s* 53
R33 GHj + CH; — CoHz + CHy ka3 = 6.62(1)37 exp[-9499/RT)] cm®*molts?t 53
R34 GHs+H—CHz + Hp ksa = 1.32x 105(T)?%exp[-12 241/RT)] cm®*mol-*s! 54
R35 GHa -+ CoHs — CoHg + CoHs kes = 6.32 x 10%(T)>*3exp[-18 011/RT)] cm® mol- st 53
R36 GHs— CoHo + H kss = 4.1 x 10°Y(T)~"“°exp[45 506/RT)] s~ 54
R37 GHz;+H—CH, + H» ks7 = 9.6 x 108 cm*mol-ts? 54
R38 CHs;— CHs + H kes = 7.8 x 10" exp[-103 826/RT)] s~ 53
R3% CHs +H— CHs + H, kso = 2.244x 104T)3 exp[-8763/@T)] cm® mol-1 s! 54
R40 CHCO— CH, + CO kso= 3.0 x 10" exp[~70 943/RT)] s 59
R412 CH,CO+H—CHz + CO ks =1.8x 10¥cm*molts™? 60
R42 CH + CH, — CHz + Ha kiz=2.99 x 108 cm*mol-ts! 61
R43 CH+CH,—CHs+H kiz = 4.2221x 108 cm* molts™? 55
R44 CH + CHO— CH; + CO kss=1.21x 10*cnmPmolts? 54
R45 CH + CH,— C;H4 kss = 1.0 x 10 cm®molts™ 62
R46 F—CH,—CH,—OH — HOF + CH, ksg = 2.01 x 10" exp[—85 929/RT)] s this work
R47 CH + CH,CO— C,H4 + CO ks7 = 3.981x 1013 exp[-8365.2/RT)] cm®*mol-tst 62
R48 GH; + CHO— C;Hs + CO ksg = 9.05 x 108 cm*mol~ts™t 54
R49 CH; + FC;H,OH — CH, + FCHCH,OH ks = 3.98 x 10 exp[-9697.7/RT)] cm*molts? 40
R50 GHs + FCH,OH — CH, + FCHCH,OH kso = 3.98 x 10" exp[-9697.7/RT)] cm*mol s 40
R51 FCHCHOH — CH;=CHF + OH ks = 6.19 x 10M exp[-23 647/RT)] s~ 63
R52 CH + OH — CH3;OH ks2 = 6.023x 10 cm*molts™t 54
R53 GHs + OH — C;HsOH ksz3 = 7.709x 10" cm*mol~ts! 64
R54 FCH,CH,OH — FCH,CH, + OH ksqs = 2.01 x 10" exp[—86 095/RT)]s* this work
R55 FCHCH,— CoHs + F kss = 3.90 x 1013exp[-21 660/RT)]s 65
R56 OH+ FCH,CH,OH — H,0 + FCH,CHOH kss = 3.98 x 10 exp[-9697.7/RT)] cm®*mol-ts™* 40
R57 OH+ FCH,CH,OH — H,0 + FCHCH,OH ks7 = 3.98 x 10 exp[-13 697.7/RT)] cm®molst 40
R58 F+ FCH,CH,OH — HF + FCH,CHOH ksg = 3.98 x 10 exp[-9697.7/RT)] cm®mol1s™? 40
R59 F+ FCH,CH,OH — HF + FCHCH,OH ksg = 3.98 x 10 exp[-13 697.7/RT)] cm®mol~1s™* 40
R60 O+ FCH,CH,OH — HO + FCH,CHOH keo = 3.98 x 10 exp[~9697.7/RT)] cmmol-s 40
R61 O+ FCH,CH,OH — HO + FCHCHOH ks1 = 3.98 x 10 exp[-13 697.7/RT)] cm®*mol~s™* 40
R62 F+OH—HF+ O ks» = 5.902 x 10" exp[-5683.3/RT)] cm®molts! 66
R63 HF+O—OH+F kes=1.210x 10'°cm®molts™ 66
R64 O+O0+Ar—0,+Ar Kea = 2.74 x 102 exp[-0.971/RT)] cmPmol2s* 67
R65 F+F+ Ar—F+ Ar kes = 1.00 x 10 cmP mol—2s™t 68
R66 FCHCHOH — F + CH;CHO kes = 6.19 x 10" exp[-23 647/RT)] s~ 63

aFor reactions R15, R17, R25, R38, R39, and R41 revised rate constants are available. Reactions R16, R21, and R22 are negligible (refs 69
74). See note added at the end of section Ill in teRReactions R54 and R55 can replace reaction R46 to explain the ethylene formation equally
well. Reactions R56R66 are added to account for the radical reactions that are likely as the result of reactions R54 and R55. With our experimental
results, the two options, that is, direct HOF elimination [reaction R46] or successive bond dissociation [reactions R54 and R55], cannoidiedistingu
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which has been observed. Water elimination leads to the 55

formation of vinyl fluoride. By monitoring the concentrations i
of CoHsF and CHCHO at various temperatures, it is possible 504
to extract the rate constants for the@and HF elimination 1
reactions. However, the GBHO is consumed by secondary 457

reactions, as is evident from the formation of £ Elven at lower
temperatures. Hence, first the concentration gH{ was
followed to estimate the rate constant fosx®Helimination, and
Figure 3a shows the Arrhenius plot. The rate constant for the
dominant HF elimination channel was then estimated by
monitoring the FEOH and C{€HO. It involved kinetic
simulation with fewer steps and data points, and Figure 3b gives
the Arrhenius plot for this reaction. A detailed kinetic simulation
of all of the major and minor products and comparisons with
their experimentally observed profiles further refined and
confirmed these rate constants.

I11.B. Minor Channels and Secondary Reactions.Methane 000084 000088 000092 00000
has been observed along with acetaldehyde, and it is most likely 1IT (Temperature in K)
formed by acetaldehyde decomposition. The FEOH cannot lead (a)
to methane either directly or through any other simple radical
processes. Direct studies on the thermal decomposition of 4
acetaldehyd® in reflected shock waves in the temperature range
of 1400-1800 K reveal that the primary step in the decomposi- .
tion process is €C bond dissociation; the activation energy
for the process is 81.9 kcal mdl

4.0

3.5

In(k)

3.0+

2.5

2.0

CH,CHO— CH, + CHO
k=7.08x 10" exp[-81 872/RT] s * (R4)

In (k)

The rate constant for this reaction at 970 K, at which temperature
CH,4 has been noted, is 0.002'sHence, its contribution to the
formation of methyl radicals and GHs negligible. Also, the 0
fact that GHg has not been observed urifi 1100 K suggests
that CH; radicals are not present in significant concentrations 000084 000088 000092  ©0.000986
below this temperature. Direct GHormation from CHCHO 1/T (Tem perature in K)

has been considered, and it is a high-barrie8@ kcal mot?) (b)

process as wef

Figure 3. Arrhenius plot for the unimolecular elimination of (a)

: i PN
CH,CHO— CH, + CO (R5) hydrogen fluoride and (b) ¥ from 2-fluoroethanolKis in s%).

Vinyl fluoride decomposition behind the reflected shock
waves has also been reporf@dand the activation energy is
nearly the same as that for acetaldehyde decomposition.
Unimolecular elimination of HF is the major channel through
which it decomposes to give acetylene.

Because the preexponential factor for this molecular elimination
process should be significantly smaller than that of reaction R4,
this reaction is unlikely. However, G&HO that is produced

by the isomerization of Ck+=CHOH is “chemically active”,
and the effective barriers for reactions R4 and R5 may be less.
The enthalpy of formatioi§ for CH;CHO (—39.7 kcal mot?) _ .

is 10 kcal mot? less than that of Cl#=CHOH (—29.8 kcal CH=CHF = CoH, + HF

mol~1). However, the barrier for isomerizati¥nis estimated k= 2.398x 10'*exp[-81 400/RT)] (R3)

to be 55 kcal moil. The enthalpy of formation for FEOH is

not available to the best of our knowledge. From our MP2/6- Even at the higher temperature range of this present study, the
311++G** calculations, it is determined to be109.4 kcal rate constant for this reaction is 0.3'sHence, the contribution
mol~1. At this level, the FEOH— CH3;CHO + HF reaction is of reaction R3 toward the formation of acetylene is expected
6 kcal moi! exoergic. Considering the fact that the activation to be negligible. Acetylene was not observed in our experiments
energy for HF elimination from FEOH is determined to be 60 at all, and this confirms that, within our experimental conditions,
kcal molt in this work, it is clear that most of the available these high-barrier reactions are not contributing. Evidently, vinyl
energy from the HF elimination reaction will remain as internal fluoride, which is directly formed through reaction R2, is not
energy in the polyatomic product. Lifshtiz and Ben-Hamou “chemically active”.

reported the thermal decomposition of ethylene oxfdbe first To account for the formation of these products, a detailed
step of which was found to be isomerization to give chemically kinetic simulation was carried out. In addition to reactions R1
active acetaldehyde. Coincidentally, they have observed theand R2, the acetaldehyde pyrolysis steps were incl&ééd.
same side products, namely, G€H,4, and GHg. Considering reaction scheme containing 27 species and 53 reactions for the
the fact that CHCHO was chemically active, they used lower decomposition of 2-fluoroethanol was used for the simulation.
barriers for both reactions R4 and R5 to account for the Table 2 contains all of the proposed reactions and their rate
formation of these products in the lower-temperature range. expressions, along with the references. The scheme is composed
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Figure 4. Comparison between the experimental and calculated concentrations of (a) methane, (b) ethylene, (c) ethane, (d) vinyl fluoride,
(e) acetaldehyde, and (f) 2-fluoroethane. Filled circles on the plot are the experimental concentrations, and the open circles are simutated concen
trations.

of unimolecular dissociation of the reactant molecule, uni- concentrations and the simulated values is reasonable. All of
molecular dissociation of the radical intermediates, abstraction, the steps that lead to methane, ethane, and ethylene are discussed
and recombination reactions. The rate constants were variedbelow.

within the limits of the reported uncertainties. The rate expres- 1. MethaneMethane is formed directly from excited acet-
sions for reactions R1, R2, and R46 (vide infra) were evaluated aldehyde by either direct molecular elimination or by
from our experimental results. The simulation was carried out C—C dissociation followed by the reaction between {Gihd

for the dwell time, and not surprisingly, all of the radicals were HCO:

not consumed within this time. The kinetic simulation was

extended for a few more milliseconds, but the rate constants CH,CHO— CH; + HCO

were evaluated at room temperature (298 K). We note again _ 3 -1

that Zhang and Bauer have used a similar approach to model ky=1.21x 10 exp[~57 200/RM]s ~ (R4)
nitromethane decompositiddConsumption of FEOH by reac-
tions with radicals, reactions R49 and R50, was included, but CH,CHO—CH, + CO

it was found that these reactions did not play a significant role. ks=1.21x 1042 exp[-57 200/RT)] g1 (R5)
Simulation was carried for 20 ms, and it was noted that the

radicals were nearly completely consumed. The concentrationcH, + HCO— CH, + CO

profiles for all of the products were compared to the experi- 43 P

mental results. Figure 44 shows the comparisons between kiy=1.21x 10“cm’mol ™ s™* (R44)

the concentrations of products based on analyses of post-

shock mixtures and those from kinetic simulation with the The reaction R44 competes with stabilization to $CHO
reaction scheme given in Table 2. The solid symbols in the [reaction R8] and also Ciadical recombination [reaction R15].
figure are experimental points, and the open symbols show theSome other reactions were considered in the reaction scheme
simulated values. The agreement between the experimentalfor the formation of CH:
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CH, + C,Hg — CH, + C,Hs
k;g = 0.548()"° exp[-8285/RT)] cm® mol *s*

Rajakumar et al.

Though the reaction steps R22, R23, R28, and R35 form ethane,
their contribution toward the formation of ethane is negligible

because all of these reactions depend on the ethyl radical
concentration, which is low. Reactions R18 and R19 are
included in the scheme in which ethane is consumed.

3. Ethylene.Among all of the other products, ethylene
concentration is the highest. About 4% of ethylene is found at
the highest temperature. Initially it was assumed that ethylene
The contribution of these two reactions depends on the could be the product from reactions of methyl and other radical
concentration of the ethane, as well as methyl radicals. products. Hence the following reactions were included in the
Contributions from both of these reactions are small, but they scheme.
were included for completeness because both ethane and ethy&HS + CHy— C,H, + H,

(R18)
C,Hs + CH;— C,H, + CH,
ko= 9.8 x 10°(T)**cm’ mol *s™* (R26)

are formed in subsequent steps.
The reaction of Chlwith FEOH was considered because the

reactant is present in large concentrations. The rate constant

for this reaction is not available in the literature, and the rate

ki = 9.9 x 10" exp[-32 987/RT)] cm* mol *s™*
(R16)

constant for hydrogen abstraction reaction from ethanol was CH; + CH; —~ C,H; + H

therefore used [reaction R49]. It was found that the FEOH
consumption was insignificant. For the gH CH3;CH,OH

reaction, it appears that only H abstraction mechanism has been

considered? Both in ethanol and in FEOH, the-€D bond (90
kcal mol?) is weaker than the €H bonds ¢90-100 kcal
mol~1).41 It appears that abstraction of OH could be important

in these reactions, but we are not aware of any reports

considering this possibility. In our experiments, methanol was
not observed, and it is likely that GH- FEOH reaction does
not contribute significantly.

Reaction of CHwith CH3CHO and subsequent reactions are
included for completeness, and their contribution to 4CH

formation is very small. The consumption of the methane formed

in the reaction scheme is taken into account in the following
reactions.
CH,—CH;+H

keg = 7.8 x 10" exp[~103 826/RT)] s = (R38)

CH, + H— CH, + H,
kso = 2.244x 10%(T)® exp[-8763/RT)] cm®mol *s*
(R39)

Reaction R38 has very high activation energy, and it is very
unlikely in the present experimental conditions.

2. EthaneThe only major channel for the formation of ethane
is the recombination of methyl radicals. The following reactions

ki, = 2.4x 10" exp[-12 877/RT)] cm* mol ' s*
(R17)

C,Hs— C,H, +H
kyo= 4.8 x 10%(T)***exp[-37 205/RT)] s * (R20)

CHe + H— C,H, + H,
ky, = 1.81x 10%cm®mol *s* (R21)

C,Hz + C,H; — C,H, + C,H,
kys = 1.39x 10 cm’mol ™ s™* (R23)

C,Hs + CH;— C,H, + CH,
kys = 9.8 x 104T) **cm’ mol *s™* (R26)

All of these reactions involve methyl and ethyl radicals. Out of
all of the above-mentioned reactions, reaction R16 is expected
to contribute more because the methyl radical concentration is
high when compared to ethyl and other radicals. However, it
was found that the ethylene concentration predicted was much
smaller than the experimental observation. The main reason is
that the rate constant for reaction R15 ({CkHcombination
leading to ethane) is-23 orders of magnitude larger than that
of reaction R16 or R17, which produce ethylene or ethyl
radicals, respectively.

The CH, recombination to form ethylene is well-known. In

are included in the reaction scheme that can contribute to theour experiment, Ckli can be formed through the following

production of ethane.

CH; + CH; — C,H,
kjs= 6.8 x 10(T) ***cm’mol 's™* (R15)

C2H5 +H— Csz k22 =4.86x 1012 Cm3 molfl Sﬁl

(R22)
C,Hs + CHs — CH, + CoH,
kys = 1.39x 10 cm*mol ' s™* (R23)
C,Hg + CHO— C,H, + CO
kpg=1.2x 10" cm’mol s (R28)
CH,+ CH;— C,Hs; + C,H,4

kss = 6.32 x 10°(T)**®exp[-18 011/RT)] cm* mol *s*
(R35)

reaction scheme:

CH, + CH,CHO— CH, + CH,CHO
kyo = 0.45T*% exp[-8280/RT)] (R10)

CH,CHO— CH,CO+ H
kjs = 1.58 x 10" exp[—34 974/RT)] (R13)

CH,CO— CH, + CO
kyo = 3.0 x 10" exp[—70 943/RT)] (R40)

CH, + CH,— C,H, k;s=1.0x 10" (R45)

However, even with all of these reactions, not even 10% of the
total ethylene found experimentally could be accounted for. It

appeared that there must be a direct reaction from FEOH
producing ethylene. Klaassen et“*alhave observed HOI
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are 103103 exp[(-59.1 + 1.7)/RT)] s! and 104604
exp[(—71.3 £ 2.0)/(RT)] s~L. Obviously, more experimental
results are needed to verify the complete mechanism of

pyrolysis.

4. PropyleneThe only channel through which propylene can
be formed using the present scheme is reaction R32].
CH,+CH;—CH;+H

ks, = 2.0 x 10" exp[—10 000/RT)] cm®* mol*s™*
(R32)

In(k)

We could not quantify propylene in the experimental analysis
because of its insignificant amounts. The present reaction
scheme was also predicting very small amounts of propylene.

Note Added in Revision.Since completion of this work, it
has been noted that rate constants for several steps, especially
0.00084 ) 0.00088 ’ 0.00092 ) 0.00098 reactions R17, R25, R38, R39, and R41 have been refined.
Sutherland, Su, and Mich&glhave reported direct measure-
ments for reactions R38 and R39. For reaction R38, their rate
constant at 1100 K is an order of magnitude higher than what
we have used, but the contribution of R38 is negligible in our
formation from GHsOI, which is obtained by reacting ethyl ~€xperiments. Davidson and co-workers have compiled and
iodide with atomic oxygen3p). Leone and co-workers have revised kinetic parameters for methane and ethane decomposi-
reported recentf§ that HOI elimination competes with the tion reactions, especially reactions R15 and RélHor reaction

elimination of HCI in the reaction of &) with CHICH,CI. R17, their value has been used, and it is in close agreement
This led us to consider the possibility of the unimolecular With Lim and Michael’® They have also shown that reaction

elimination of HOF from the reactant, that is, 2-fluoroethanol. R16 is notimportant at all. The rate constant that we have used
for reaction R16 in comparison to reactions R15 and R17 is

F—CH,—CH,—OH — HOF + C,H, (R46) much smaller and so this would not seriously affect our
conclusion. However, for reaction R15, the rate constant of

When this reaction was added in the scheme, the formation of Davidson and co-workers is 2.2 times larger than that given in
ethylene in the thermal decomposition of 2-fluoroethanol could Table 2, and we suspect that using these rate constants may
be explained quantitatively. The rate constant for this reaction improve the agreement between simulation and experiment,
was determined by simulation with fewer steps following FEOH, especially for GHe. Michael and co-worker$ have reported
CHsCHO, GHsF, and GH. The Arrhenius plot for the  direct measurements for reaction R41, which is 5 times smaller
unimolecular elimination of HOF from 2-fluoroethanol, which ~than what we have used. Hidaka efl* have also reported

is obtained from the simulated fits, is shown in Figure 5. The SOme revised rate constants for reactions R17, R39, and R41.
rate constant for this process is determined to bE-3°66 None of these rate parameters are directly determined in this
exp[(—85.9 + 3.4)/RT)] s L. The preexponential factor is work, and they affe.ct the minor.products only. Hence, mgjor
significantly larger than HF or D elimination. It is conceivable conclusions from thls work, that is, rate constants for reactions
that both C-F and G-O bonds weaken, which could lead to R1 and R2 are unlikely to be affected.

several low-frequency stretching and bending modes at the TS.
However, the activation energy of nearly 86 kcal maduggests
that G-O bond dissociation reaction of FEOH cannot be ignored ~ Our main objective in the computational work was to identify
as a possible source of ethylene. Hence, the following stepsthe transition states for HF and,@ elimination and estimate
were added instead of unimolecular elimination of HOF from the preexponential factor and activation energy for the processes

1/T (Temperature in K)

Figure 5. Arrhenius plot for the unimolecular elimination of HOF
from 2-fluoroethanolK is in s7%).

IV. Computational Results and Discussions

FEOH to explain the formation of ethylene. using conventional transition-state theory. For this reason, both
ground-state and the transition-state structures were fully
FCH,CH,OH — FCH,CH, + OH (R54) optimized atHF, MP2(FULL), and DFT(B3LYP) levels with
the standard 6-31G*, 6-31G**, 6-31G**, and 6-31H-+G**
FCH,CH, —~ CH,CH, + F (R55) basis sets. Our attempts to get the transition state for HOF

elimination were not successful. The FEOH has five rotational
The rate constant obtained for the-O bond scission by fitting isomers due to single-bond rotation about both@and C-O
the concentration of £, is ksq = 1017-32:0.6 exp[(—86.1+ 2.3)/ bonds, and there have been numerous discussions on their
(RT]s . Reaction R55 is fast under our conditions, and it will structures, vibrational frequencies, and relative energiés.
be difficult to distinguish between these two possibilities as The Gy structure is reportéd to be the most stable structure
source for GHa. Not surprisingly, the fitted rate constants for compared to other forms of 2-fluoroethanol, namely, G,
reactions R46 and R54 are nearly the same. Reactions-R56 Ty, and T (G and T refer to gauche and trans geometry for
R66 were also included in the mechanism to account for the rotation about the €C bond and g and t refer to gauche and
radical consumptions. With these steps added, instead of thetrans about the €0 bond. For gauche geometry about G
HOF elimination [reaction R46], the concentration profiles of bond, g has the OH proton on the F side enabling hydrogen
all of the products could be simulated equally well. After bonding and g has the OH proton on the other side). The other
addition of these steps, the rate constants for HF elimina- four conformers have more or less the same energy (within 1
tion and HO elimination are refined marginally, and they kcal moit) according to the best theoretical results available,
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HF level changes these distances in one direction (2.055 and
1.250 A), but inclusion of electron correlation brings them back
closer to theHF/6-31G** predictions. The €F distance is
1.983 A at B3LYP/(6-311+G**) and 1.895 A at MP2(FULL)/
(6-311H-+G**). The C—H distance is 1.310 A at MP2(FULL)/
(6-311++G**) and 1.293 A at B3LYP/(6-311+G**). The
H—F bond distances are very different at different level of
calculations. With 6-31%+G** basis set,HF, MP2, and
B3LYP calculations lead to HF distances of 1.390, 1.313, and
(b) 1.362 A. At all levels, these distances are significantly larger
Figure 6. Optimized structures of the transition state for (a) HF than that of the free HF molecule (0.918 A). However,
elimination and (b) KO elimination from 2-fluoroethanol at BSLYP/  nimolecular HX elimination reactions do not lead to significant
6-31H+G*. energy release in the HX vibrational moteAll of these four
) . ) distances show very similar trend for HF elimination from ethyl
all of them 3-4 kcal mol higher than the @isomer depending  foride and trifluoroethane as wét. It appears that the
on the level of theory used. Because our main emphasis is 0Ny ansition states for HF elimination from ethyl fluoride and other
the high-barrier chemical reactions, we consider the global g,hstituted fluoroethanes are very similar in nature.

minimum Gy to represent the reactant. Initially, extensive B. Transition State for H,0 Elimination. The TS for HO
calculations were done for; Bind G conformers as well, and elimination has longer €C and G-H bond distances and

_(In_ur regultshare n Sopd ggret:rmentfwli:th eaﬂieLpuplisped work. shorter H-X and C-X distances (X= O/F) compared to that
o verify the f-substitution effect of F on the barrier for.8 of HF elimination at all levels, though the difference is smaller

elimination, calculations were carri_ed out for ethyl alcohol as at the higher level calculations. These changes point to a subtle
well. These results are compared with our experimental results.Olifference in the four-center transition states for HF an®H
The fully optimized structures of & G, and T conformers  gjimination reactions. Table 3 gives a compact summary of these
are avallabszson request from the autho_rs, and they are availablgjisiances. In particular, the-G4 bond is significantly longer
elsewher&2° as well. Our results are in complete agreement 4t the TS for HO elimination than that for the HF elimination.
with earlier reports at similar levels of theory. The complete ag g result, the HO bond is more fully formed in kO
TS structures for HF elimination and,@ elimination are given  gjimination than the HF bond in HF elimination. It is clearly
in Tables IS and IS (TableXS are to be found in Supporting  shown in Figure 6. Butkovskaya and Setéérave pointed out
Information). To the best of our knowledge, there is no prior gch a trend between HF elimination angl-elimination from
report on these structures for comparison. The TS structuresgihy| fluoride and ethanol, respectively. Our results show that
for 952‘322 fluoride (HF elimination) and ethanol (KD elimina- 5 fiyoroethanol is a good example to identify this trend within
tion)**=*have been reported, and they are used for comparisonihe same molecule. In the past, the TS for HX elimination has
with our results. Figure 6 shows structures of the transition stateSpaan characterized as “loose” or “tight” depending primarily
of both HF and HO eliminations at B3LYP/6-31t+G** level. on the C-X distance. Looking at the €0 and G-F bond

The TS for HX elimination from ethyl chloride and ethyl gistances, it is clear that the TS fop® elimination is tighter
fluoride have an effective plane of symmetry that contains all {han that of HF elimination. It affects the preexponential factor
of the four atoms (H, C, C, and X) directly involved in the  gignjficantly and will be discussed in detail in the next section.
reaction, that is, the dihedral angle HCCX is z&feor FEOH, C. TST Calculations. Frequency calculations were carried
the HF elimination TS is not planar wiiFCCH dihedral angle ¢ 4t il levels of calculations for both the ground and transition
around 8—7° at all levels of theory. Similarly, for the TS :‘or states to perform TST calculations. The ground-state frequencies
H20 elimination, theJOCCH dihedral angle is around-45 have been reported earlier by others and are also available from

atHF and MP2 levels, but at DFT (B3LYP) level, it iS$3°. the authors on request. Tables 11IS and IVS list the frequencies
It appears that th@-substitution of F/OH distorts the planar 4 yarious levels for the transition states of HE angOH

TS slightly. Other structural details for both the TSs aré gjimination. The transition states are characterized by one
described separately next. S imaginary frequency corresponding to the reaction coordinate.
IV.A. Transition State for HF Elimination from FEOH.  The reaction coordinate corresponds to the motion of H away
Four bond distances are important at the TS for HF elimination, fyom C toward F/O in both cases. The motion along the reaction
that is, the newly partially formed €C and H-X and the coordinate is very similar to that described by Holmes and co-
breaking C-X and C-H bonds. These have been considered \yorkers for the HF elimination reaction of @EHs.42 The

extensively by several workers, and the recent paper by Holmesmtion of the reaction coordinate when visualized with Mofden

and co-workers gives a good summéhyt the TS, the G-C clearly shows that the transition state corresponds to the reaction
bond distance atiF level is 1.393 A with 6-31G** basis set,  f interest.
and adding the diffuse functions (6-3t+G**) decreases it The thermal rate constants for both HF angDHelimination

to 1.388 A. Adding electron correlation results in an increase from 2-fluoroethanol were calculated using the transition -state
in C—C bond length, and it is 1.400 A at both MP2(FULL)/6- theory expressiof#

311++G** and B3LYP/6-31H-+G** |levels. This C-C bond

distance corresponds to a bond order~df.5, which is very ksT Q E,
close to that of benzene. It is very similar to the TS found for k(T) = = == axg — — 2)
HF elimination from ethyl fluorid€® and trifluoroethan¥ as h Qg R

well. The C-F and C-H (the hydrogen that is involved in the

HF elimination) bond distances follow a similar trend. At the wherel is the reaction path degenerady, is the Boltzmann
lowest level of calculations reported here, thaHB/6-31G**, constant,Q.- and Qg are partition functions for the transition
they are 1.927 and 1.303 A, respectively. Improving the basis state and reactant, respectively, &&ds the zero-point barrier
set to triple¢ with polarization functions (6-31t+G**) at the for the reaction. The thermodynamic formulation of TST is then
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TABLE 3: Summary of C—C, C—X, C—H, and H—X Distances and Percent Changes Calculated for the Transition States for
HF/H,0O Elimination Reactions from 2-FluoroethanoP

bond (HX) HF/6-31G** HF/6-311++G** MP2/6-31G** MP2/6-31H-+G** B3LYP/6-31G** B3LYP/6-311++G**

C—C(HF)  1.393(7.8) 1.388 ¢-8.2) 1.397 (7.4) 1.400 7.5) 1.406 (7.4) 1.399 (7.8)

C—C(H0) 1.442 (-4.6) 1.457 £-3.4) 1.412 -6.4) 1.412 £-6.7) 1.421 {-6.5) 1.411€7.0)

C-F(HF)  1.944¢-41.9) 2.055 ¢-50.0) 1.854{-30.5) 1.895 {-33.4) 1.900 {-36.7) 1.983{42.7)
C-0(H,0) 1.702 (-21.7) 1.629 {-16.4) 1.803 ¢-26.9) 1.787 ¢25.8) 1.845 4-29.9) 1.900 4-29.9)
C—H(HF)  1.305 {20.0) 1.250 {-15.0) 1.349 {-23.5) 1.310 ¢-19.6) 1.346 {-22.4) 1.293 {-18.0)
C—H(H,0) 1.588 (+46.1) 1.645 ¢51.3) 1.494 {-36.8) 1.497 ¢36.7) 1.467 4-33.4) 1.412 4-28.8)
HF (HF) 1.271 ¢-41.7) 1.390 {-55.0) 1.245{-35.2) 1.313 {-42.6) 1.267 437.7) 1.362 {-48.0)
HO (H0) 1.100 (+16.9) 1.078 4-14.6) 1.196 ¢-24.9) 1.195 24.9) 1.227 4-27.5) 1.268 ¢-31.8)

aFor C-C, C—X, and C-H bonds, the percent changes (in parentheses) give the change in these distances compared to the reactant. For the
H—X bond, percent change gives the change compared to free HF #hd H

TABLE 4: Comparison of the Rate Parameters for the Unimolecular Elimination of HF and H,O from 2-Fluoroethanol and
H,0O Elimination from Ethyl Alcohol 2

FCH,CH,OH — HF + CH;CHO FCHCH,OH — H.0 + CH,CHF CGoHsOH — H,0 + C;H4
theory/basis set log Ea (kcal mol?) log A Ea (kcal mol?) log A Ea (kcal mol?)
HF/6-311++G** 14.726+ 0.006 77.72+0.03 14.318£ 0.005 92.43t 0.02 15.70Gt 0.006 85.95+ 0.01
MP2(FULL)/6-311+G**  14.635+ 0.006 65.64+ 0.02 14.72% 0.006 75.52+0.03 14.448+ 0.006 68.8A4 0.01
B3LYP/6-31H-+G** 14.532+ 0.005 58.941 0.02 14.714+ 0.006 70.0A4 0.03 14.885+ 0.006 64.64 0.01
Experiment 13.178+£ 0.14 59.45+ 1.7 14.302+ 0.13 69.69t 1.7 13.84 67.9

aThe Eg values are 74.69, 62.61, and 56.13 kcal Thelt HF, MP2, and DFT levels for HF elimination, respectively. FoxCHelimination, the
corresponding values are 89.69, 72.17, and 66.80 kcat'imbhe entropy of activationASf, at 1100 K are 2.9, 2.5, and 2.01 catkmol~* for
HF elimination atHF, MP2, and DFT levels, respectively. For® elimination, the corresponding values are 1.0, 2.9, and 2.8 cahtol™.
b FEOH data is from present work and ethanol data is from ref 22. Butkovskay&®egute A = 1044 andE, = 69.2 kcal mof! at 1100 K.

used to estimate th&, and A based on theor{# The rate for hydrogen fluoride elimination and 13 and 6 kcal miolor

constant for a unimolecular reaction is given by H>0 elimination from 2-fluoroethanol, respectively.
The activation energy for HF elimination from ethyl fluorifle
kT [AS E. is 59.5+ 1 kcal mol2. This estimate is also from single pulse
k= IeT SRR AT RT ®) shock tube studies at the same temperature range-(BE&7

K). It is nearly the same as that for FEOH, that is, OH
Here, AS is the entropy of activation calculated using the Substitution does_ not seem to have increasfed the actiyation
partition functions of reactant and the transition state. &he  energy for HF elimination. However, theoretical calculations
and E, were calculated between 1000 and 1200 K (at 50 K at all three levels predict an increase efdlkcal mol* on OH
intervals) using theHF, MP2(FULL), and DFT results using substitution. The activation energy for HF elimination from
the largest basis set, 6-3t3G**, and average values for this ~ CHsCHzF atHF, MP2, and DFT levels with 6-31#+G** basis
temperature range were estimated. These parameters could bgets are 74.1, 62.3, and 57.5 kcal molrespectively® These
determined by empirically fitting the rate constam(s,), to the values can be compared to those for HF elimination from FEOH
Arrhenius expression. The fit was excellent for all cases at similar levels, 77.7, 65.6, and 58.9 kcal molSimilarly,
suggesting that the Arrhenius expression is valid within this Petween ethanol and FEOH, all levels of theory predict an
temperature range, and it yielded results in agreement with egsincrease of 67 kcal mol™ in barrier for HO elimination on F
2 and 3. The same method is followed foi@Helimination from substitution. Direct experimental results on the activation energy
ethanol. All of these results are Compi]ed in Table 4. The for H,O elimination from ethanol are still Unavailable, and the
experimentally obtained values in the present work are also results given in Table 4 are predictions from electronic structure
included for the comparison. and TST calculations.

At all levels, theory predicts the correct order for activation The preexponential factorA) estimated by all levels of
energies for the two elimination reactions considered here. Thetheory are significantly larger than the experimental observation
Ea for H,O elimination is significantly higher than that for HF  in our temperature range, especially for HF elimination reaction.
elimination. The agreement between experimental activation At the HF level of theory, the TS for HF elimination was
energies for both HF and # elimination and the DFT  significantly looser than that of ¥ elimination, and this is
predictions appears too good to be true. It may be noted thatevident from the preexponential factors listed in Table 4. For
Holmes and co-workers have concluded that DFT level theory HF elimination from CECHs, Holmes and co-workers pointed

gives good results for HF elimination reactio¥sin this out that the experimental and theoretical preexponential factors
particular case, it should be emphasized that FEOH has severabre in good agreement at 800*KOur results show that the
other conformers that are higher in energy by 3 kcal thdf experimental value for HF elimination from FEOH is signifi-

their contributions are included, the effective activation energy cantly smaller than theoretical predictions at 1100 K. On the
calculated will be slightly smaller. For HCI elimination from  other hand, it appears that the calculated preexponential factors
ethyl chloride and 1,2-dichloroethane, it was found that the DFT are in good agreement for,B elimination at 10061200 K.

predictions were underestimating the activation enér@ur However, one needs to be very cautious in comparing the
results on ethanol appear similar with the DFT calculations experimental and theoretical preexponential factors. First, FEOH
underestimating the activation energy. In any casetfRend has two internal rotors that have been treated as harmonic

MP2(FULL) level theories differ from experimental values more oscillators in our model. Chuang and Truhlar have clearly shown
significantly, overestimating the barrier by 18 and 6 kcal ol  that the partition functions for the hindered rotors can vary by
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orders of magnitude depending on the mddeit 1100 K, Institute of Science. We also acknowledge Dr. R. B Sunoj of
though, harmonic oscillator partition functions are closer to the The Ohio State University, Columbus, OH, for fruitful discus-

partition functions calculated more rigorously. For example, for sions in running Gaussian 94. Mr. D. Anandraj is acknowledged
CH,FCH,CI at 1100 K, the partition functions are 5.9, 41.5, for his help in the experiments. Prof. D. W. Setser is acknowl-
and 8.8 for the harmonic oscillator, free rotor, and hindered edged for comments on an earlier version. An anonymous

rotor models, respectively. referee is acknowledged for critical comments that were helpful.
McGrath and Rowland have pointed out the importance of
tunneling in the HCI elimination reaction from ethyl chloritle. Supporting Information Available: Four tables containing

However, for comparison with experimental data between 700 the optimized transition-state structures for HF angOH
and 800 K32 they considered the rate constant directly and did elimination and the normal-mode frequencies for both transition-
not try to fit the preexponential factor and activation energy state structures foHF, MP2(FULL), and DFT (B3LYP)
independently. The experimental activation energy was %6.3  calculations with 6-31G*, 6-31G**, 6-3tG**, and 6-31H+G**
0.3 kcal mot?, and they were able to fit the rate constants basis sets. This material is available free of charge via the
accurately with a calculated classical barrier of 62.9.4 kcal Internet at http://pubs.acs.org. The completely optimized struc-
mol~%. We note that the rate constant calculated at the MP2 tures and the normal mode vibrational frequencies of both
level is in good agreement with the experimental value for HF ground and transition state for@& elimination of ethyl alcohol
elimination from FEOH between 1000 and 1100 K because both can be obtained from the authors on request.
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