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The threshold photoelectron photoion coincidence (TPEPICO) technique has been used to measure accurate
dissociative photoionization onsets of vinyl bromide and 1,1,2-tribromoethane. The reactions investigated
and thei 0 K onsets are &43:Br + hv — C,Hz™ + Br (11.9024 0.008 eV); GH3Brs + hv — C,H3Br,t +

Br (10.608+ 0.008 eV); and (gH3Br3 + hv — C,H3Br* + 2Br (12.301+ 0.035 eV). The vinyl ion heat of
formation AsH34gx = 1116.1+ 3.0 kd/mol) has been calculated using W1 theory and used as an anchor
along with the measured dissociation energies to determine the heats of formatifg,, in kJ/mol, of the
following bromine-containing species: ,i@;Br (74.1+ 3.1), GH3Br* (1021.94+ 3.1), GH3Br,* (967.1+

4.0), and GH3Br3 (53.5+ 4.3). These results represent accurate and consistent experimental determinations
of heats of formation for these bromine-containing species, which serve to correct the discrepancies in the
literature for GH3Br and GH3Br* and provide the first experimental determination for the enthalpies of
formation of GH3Br,™ and GH3Bras.

1. Introduction 9.8200+ 0.0015 eV and a dissociation energy teHg"™ + Br
of 11.9010+ 0.0015 eV. No experimental value for the 1,1,2-

The chemist.ry of bromine-contain.ing mqlecules i.n both tripromoethane molecule has been determined. An estimated
neutral and ionic states has attracted increasing attention lately, o0 of AHee(C,H:Brs) = 11 kJ/mot® was derived by

because of the important role that bromine plays in the catalytic oo, additivity. However, because of the lack of thermochemi-
deplet|02n of the earth's protecting ozone layer in the strato- ¢a| information about bromine-containing hydrocarbons in
sphere:? It has also been recognized that the tropospheric general, group additivity methods are not reliable here.

reactions of bromine atoms and bromine-containing radicals are We have recently initiated an investigation into the dissocia-

m‘?LGe Eggét::;tr:aarr]ir?éet:gzﬁzlgrthéugrg’ sssgt?éﬂlsyi;?ti;?géons tion dynamics and thermochemistry of halogenated molecules,
y layers. the first result of which is a self-consistent set of heats of

Z?’edsss?c:ﬁ;;\clgnﬁhgﬁ'ggZ;t'groﬁzi?}??;gﬁg?gﬁgg%?;;ﬁﬂfj formation for all Cl-, Br-, and I-containing dihalomethane
9 " molecules’®1” A key advance in the threshold photoelectron

In addition, the photodissociation of vinyl bromidext&Br) is . - . . .
. . . ) photoion coincidence (TPEPICO) experiment and its analysis,
an important route for the production of the viny! radicasitie) which permits extraction of higher-energy dissociative photo-

R . " .

%nndd;;iegﬁg;ioinglgﬁ im(zqtsairsm)é d-ig::asinhg dé?g?;?ggn Eé?’zu;ionionization onsets, has permitted us to obtain energetics with an

chemistry”® and both GHs and GH X are believed to  aceuracy ot£3 kJ/mol!8 The present work is dedicated to the
Y 3 3 TPEPICO study of the dissociative photoionization and ther-

participate as reaction intermediates in interstellar m&dia. - L .
Understanding the chemistry of these brominated molecules andmochem|stry of 1,1,2-tribromoethane A&Brs) and vinyl

. . . - bromide (GH3Br). Whereas the higher energy onsets in the
rad|ca_1ls in the atr_nosphere requires knowledge of their thermo'mixed dihalomethane reactions were competitive halogen loss
chemical properties.

i Al . . steps, the higher-energy onset in the case of thesBrs
Despite their importance, the thermochemistry of bromine- qjacyle is a sequential loss of Br atoms, which leads to the
containing molecules is not well established in the literature.

- . vinyl bromide ion as a product. The heats of formation of the
The only experimental value for the enthalpy of formation of 5 hajide molecules are anchored to the heat of formation of
the vinyl bromide available in the literature £H5gg(C,H4- the vinyl ion, GHs™, whose thermochemistry is reviewed.
Br) = 78.24 1.0 kJ/mol, which was determined by Lacher et
al!* from experiments on the catalytic hydrogenation of vinyl
bromide. A reevaluation of this using updated ancillary heats
of formation yields a value of 794 1.9 kJ/mol*2 This energy The threshold photoelectron photoion coincidence (TPEPICO)
was corroborated by a theoretical G2 study of Glukhovtsev and apparatus have been described in detail elsewiiéPe°Some
Bach;®*who reported a value of 79.7 kJ/mol. The vinyl bromide important improvements have been recently incorporated into
molecule has recently been investigated by pulsed field ioniza- our experimental apparatus, which substantially increased our
tion (PFI) zero kinetic energy electron (ZEKE) spectro- collection efficiencies as well as our ability to quantitatively
scopy by Qian et ak} who obtained an ionization energy of model higher-energy onsets. The room-temperature samples are
introduced into the ionization region by means of a stainless
T Part of the special issue “Jurgen Troe Festschrift”. steel capillary and ionized with VUV photons generated from

2. Experimental Approach
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3BV hy H13V TABLE 1: Energetics and Thermochemistry for Vinyl

|\I [ Radical and Cation Calculated at W1 Level of Theory
AR e parameter 0 K energies
«— —13
Eok (CzHs™) —77.56920
[l | Expe(CoHs") 0.033586
EthermaI(CZH3+) 0.036959
Eox (CHs) —40.479068
12 12 12 Eox (CHs") —39.45277
Figure 1. The approximately to scale representation of the threshold Eok (CoHa) —78.554694
electron detection system. The dimensions are given in centimeters, AHgy(reaction 1) —107.1
and the typical voltages are indicated. Two deflection plates steer the AiHg(CoHs™) 1119.6

threshold electrons through the 1.4 mm hole in the mask, shown by

a . . . o o .
the dotted lines. Total energies are given in hartregsHg, and AHg, are in kJ/

mol.

a hydrogen (H) discharge lamp dispersed la 1 m normal . .
incidence monochromator. The entrance and exit slits are setfunCtlonal theory (DFT), with the Becke 3-parameter and-+ee

to 100um, which provides a photon resolutioh bA (8 meV Yang—Parr (B3LYP) function##**and the aug-cc-pVTZ basis

at photon energy of 10 eV). The energy scale is calibrated by set. The y|brat|onal frequencies and rotational constants reguwed

using the hydrogen Lymaa-resonance line. lons and electrons  for the Rice-RamspergerKasset-Marcus (RRKM) analysis

are accelerated in opposite directions by a 20 V/cm extraction Of the experimental breakdown diagrams were also obtained in

field. Electrons travel toward an electrode with a gridless 12.7 these calculations.

mm aperture located 6 mm from the center of the ionization  Because none of the brominated species in this study have

region. A second gridless acceleration electrode, located 12 mmye||_established heats of formation, we anchored the derived

from the first one, accelerates_ the electr_ons to 75 eV after which energy scales to the,83" heat of formation. Although this is

they pass through a 12 cm f'_eld free flight tube. _ a simple closed-shell species, its heat of formation has also not
A s_|mpler and more effective method for the c_ollect|on 9f been well established. However, it is sufficiently small so that

on-axis and off-axis electrons has recently been installed. Thehigh-level ab initio calculations can be applied to obtain an

g;fi(rjgl(t)rr(l)sn zgc(t:r(:)”ne(r:rt]i(ljtipz)i/e?s ?g'&rg go 3; rgrr]n; g?;t]aer;?llj(l)igte d accurate heat of formation. To this end, we performed calcula-
! tions on the GH3' ion using the W1 level of theory. The W1

on the central axis and the second located approximately 3 mm i > X

away from the center (see Figure 1). Threshold electrons, as(Weizmann-1) theod?*%is known to provide accurate molec-
well as any hot electrons with zero perpendicular velocity ular atomization energies and consequently enthalpies of forma-
components, are focused onto a 1.5 mm aperture located in thion for first- and second-row molecules. It usually yields a mean
center of the flight tube and are detected by the central Spiraltronabsolute error on the order of 3 kJ/mol. This method requires
electron multiplier, whereas the energetic (hot electrons) with more computational resources than the Gaussian G2 and G3
a few millielectronvolts perpendicular to the extraction axis enter methods-28 but it yields more accurate results. Although
the (2x 5 mn¥) off-axis rectangular aperture and are collected Gaussian 03loes not implement the complete W1 method (they
by the second Spiraltron (see mask in Figure 1). Two steering call it W1U), it should be the same as W1 for closed-shell
plates located at the beginning of the flight tube are adjusted to molecules or ions in which spin contamination is not an issue.

ensure that the threshold electrons pass through the 1.5 mmrhe following isodesmic reaction was used to calculate the vinyl
aperture. Because the electrons collected by the off-axis jon enthalpy of formation:

rectangular aperture are a good representation of the
electrons at the central collector, we can subtract the off-axis N N
electron signal from the central signal and thus obtain a pure CH;" + C,H,—~ CH, + C;H; 1)

threshold electron signal, as described in previous publica-

tions6:18.20 The W1 calculated reaction energies (Table 1) were combined

The ions are accelerated ove 5 cmregion before drifting  ith the well-established experimentafHg, (kJ/mol) for G-
40 cm through the first field free region to a single-stage 20- Ha (60.7), CH (—66.8), and H (216.0) taken from Wagman et
;:hm-lo dngftreéflfectron, tn/hegg they are %ege_;terate_d, rbeflfecteg, _"’mdal.,29 and CH™ (1099.2) derived from the CH+ hy — CHz™

en drifted for anotner 40 cm s?con rit region betore being appearance energy of 14.3230.001 eV determined by
detected on tandem Burle MCP's. The electron and ion SlglnalsWeitzel et al® The overall error in the calculated enthalpy of
are used as start and stop pulses for obtaining the ion time-of-f i f-th invl cati btained f ’ lpy
flight (TOF) spectrum. Separate ion TOF distributions are ormation of the vinyl calion oblainéd from reaction 1 was
collected in coincidence with the two electron detectors. The €Stimated to be about 3 kd/mol. By using the isodesmic reaction
collection efficiencies have been recently improved to about Scheme and closed-shell species, some of the systematic errors
40% for threshold electrons and 12% for ions. The samples of resulting from limitations in the theoretical treatment of the
vinyl bromide and 1,1,2-tribromoethane were purchased from electron correlation energy and basis sets are comperf3ated,
Sigma-Aldrich with purity better than 98% and were used and spin contamination issues are avoided.

without further purification. In the case of the &3Brz molecule, the hindered rotor
] correction has also been calculated. However, its contribution
3. Computational Methods of less than 0.1 kJ/mol was considered negligible. The most
Ab initio molecular orbital calculatiod$ were carried out ~ Stable geometry of the isBrz*, cation calculated at DFT
by using theGaussian 03ystem of program& The ground- levels, corresponds to a nonplanar structure, where one bromine

state geometries of the neutral and ionic bromine-containing atom is bending out of the plane of the molecule, between the
species studied in this work were fully optimized using density central carbon atoms (Figure 2).
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hv=11.860 eV
C,H.Br Off-axis
CZH3
M Center
Figure 2. The calculated @3Br,* ion geometry from DFT. 40 ' e'o ' e'o ' 1(|)o ' 150 l 140

TOF (u sec)
. L . . . Figure 3. Center and off-axis ion TOF distributions for vinyl bromide
In this photoionization study, we measured the dissociative at11.86 eV. The ring spectrum shows the coincidence counts associated
photoionization onsets for the following reactions: with energetic electrons. The off-axis spectrum is slightly shifted
horizontally for presentation purposes.

4. Results and Discussion

C,H,Br + hv — C,H," + Br’ @)
is slightly lower than the ion cycle values and has a lower
1,1,2-GH.Bry, + hw — 1,2-QHsBr2+ + Br° (3) uncertainty. More recently, Parthiban and Maiidetermined
an identical value of 295.4 kJ/mol from calculations at the W1
1,2-CH,Br," — C,H,Br" + Br (4) level of theory. When this value is converted to 0 K, we obtain
AtHG(CoHg") = 298.9+ 1.7 kJ/mol.
Each of these reactions involves three species. If the energies To derive a vinyl ion heat of formation, we turn to ab initio
of two of the species are known, then the third can be determinedcalculations. Our direct calculation of the vinyl ion heat of
from the measured dissociation onset, by using eq 5 formation using the isodesmic reaction 1 with the W1 level of
theory yields aAHg, (C,H,") = 1119.6+ 3 kd/mol (1116.1
3 kd/mol at 298 K). Our calculation is not only independent of
. the vinyl radical energy, but also involves only closed-shell
Eo = AHJ[A ] + AH[B] — AH[AB] (5) species. The difference between the vinyl radical and ion heats

. ) . . of formation yields an ionization energy of 8.5860.03 eV.
As mentioned before, none of the brominated species (asideyye can compare this value to a recently calculated ionization

from the bromine atom) have well-established heats of forma- energy reported by Lau and Kgwho used coupled-cluster

tionhTh;ahrefore, we rel)ll on the vinyl ion heat of formation to methods in the complete basis set limit, which leads to an IE-
anchor the energy scale. (CzH3) of 8.485 eV. This calculated IE agrees with our derived

4.1. Thermochemistry of the Vinyl Radical and Cation. . e
The thermochemistry of the vinyl radical and its ion has been IE to within 20 meV, but is slightly beyond the Lau and Ng
suggested error o£10 meV.

the object of considerable attention because of the importance
of the vinyl radical in combustion processes. The two are related  For this study, we take our calculatégHg,(C,H;") value

by the vinyl radical ionization energy, which in principle should  as the anchor for determining the thermochemistry of the alkyl
be an easily measurable quantity. However, because of thebromides. In addition, we accept the Parthiban and M&rtin
dramatic change in structure from the classical radical to the and Kaiser and Wallingtdt vinyl radical heat of formation,
hydrogen bridged ion structure, which results in a very poor AfH3gg(CoHz") = 295.4+ 1.7 kd/mol.

Franck-Condon overlap for the-00 transition, the adiabatic 4.2. TOF Distribution and Breakdown Diagrams.lon TOF
ionization energy has not been determined with great preci- distributions for vinyl bromide (gH3Br) obtained with central
sion?¥2 The standard approach for obtaining the ion heat of ang off-axis electron detectors are shown in Figure 3 at the
formation is the dissociative photoionizationzHgX + hw = = energy of 11.860 eV. The narrow and symmetric peak shapes
CoHz™ + X. However, this procedure requires knowledge of iy those distributions indicate that the dissociation process is
the GHsX heat of formation. The loss of H from8, would more rapid than we can measure, which means that the rate

appear to be a good candidate. Unfortunately, the Iowest-energyconstam is faster than about”1€1.18 The photon energy of
channel for the ethane reaction is kss3® and the H-loss 11.860 eV is close to the dissociation limit toHG+ + Br

i i 35
re?qctlonn{:)rocrﬁeiclistivlﬁ a l:f)e;Lr%r.X rimental vinvl radical heat Because the off-axis spectrum, in which the ions are collected
ecent compiialions ot the experimenta y! radical héat ;. - sincidence with energetic electrons, is associated with lower-

of formatior?®4° list its 298 K value at 299 5 kJ/mol. This . ) .
. ; . .~ __.__energy ions, the fragment ion peaks are less intense than they
value is based on three independent experimental determinations

which involve a positive ion cyclé3235a negative ion cyclé? are in the correspoqding center spectrum. The TOF distributions
and a neutral kinetics measureméht-or various reasons recorded fqr the tr|bromo.ethane AGBr3) at.l(.).460 e.\/.alre
outlined by Berkowitz et af® the precision of this value from prese_:nted_ln F|_gu_re 4'_ T_h|s phOtO_:_’l energy is in the V|C|n|_ty of
the two ion cycles is not as high as the neutral kinetics data of the first dissociation limit €HsBrz™ + Br. The second dis-
Kaiser and Wallingtori! which is based on the reaction of Cl ~ Sociation limit, corresponding to a sequential Br loss, occurs
and ethylene. As a result, Tsang recommended a value of 2ggonly at 1.693 eV in excess of the first dIS.SOCIatI.On _Ilm!t. T.he
kd/mol, based largely on the Kaiser and Wallington data. clusters of peaks are a result of_the_50:50 isotopic distributions
Unfortunately, the quoted value was based on a submitted Of the mass 79:81 for the bromine isotopes.

manuscript. The actual publication of Kaiser and Wallington  The breakdown diagrang(l), which is a plot of the fragment
reported a\iH3gg(C2Hs?) = 295.44+ 1.7 kd/mol#! a value that and parent ion abundances as a function of the parent ion internal

AB+h—A"+B+e (E)



Photoelectron Photoion Coincidence Study J. Phys. Chem. A, Vol. 110, No. 9, 2008039

hv =10.460 eV 104
A
Off-axis CHBrS 08
T | coHgBrst
CHBr' 8
2372 % 0.6
T
5 .
2 CoHaBr
W < 04
E,=10.608 £ 0.008 eV
. E,=12.301 £ 0.035 &V
Center 02 €22
[ ]
0.0
. ' . . . : . : .
140 150 160 170 180 190 T

9.9 I 1(;.2 ' 1(;45 . 10I.8 ' 11I41 ' 11I.4 l 11I47 ' 12I.O I 123 ' 12I.6 I 12'.9 '
TOF (u sec) Photon Energy (eV)
Figure 4. Center and off-axis TOF distributions for triboromoethane Figure 6. Breakdown diagram for 1,1,2-tribromoethane in the range
at 10.46 eV. The off-axis spectrum is slightly shifted horizontally for 9.9-12.9 eV.
presentation purposes.
diagram for the first dissociation step can be calculated by eqs

7 and 88

Bo(tw) = [* " P(E) dE forhv <E,

(B(w) = 0 forhw > E,) (7)

By(hw) = f;’_hv P(E) dE forhw < E,
(Bo(hw) = 1forhw > E)) (8)

Abundance

E,=11.902 0.008 eV

whereBp andBp are the parent and daughter ion abundances.
The one adjustable parameter in this modeled breakdown
diagram is tle 0 K dissociation onseE,, which is adjusted to
achieve a best fit for the breakdown diagram. In the case of
fast reactions such as this onegth K onset is very close to
Ha 15 1e 17 118 s 130 124 the energy at which the parent ion signal goes to zero.

Photon Energy (eV) _ This ana!y5|s yield a 0 Konset for bromine loss fro_m t.he
) ) ) o vinyl bromide molecule of 11.902+ 0.008 eV. This is
Figure 5. Breakdown diagram for vinyl bromide in the range 1.4 . . . o
12.1 eV. Closed symbols are the experimental fractional abundancesessem"'j‘”y.'d":‘mlca1| to the rece_nt pulsed field ionization PEPICO
of parent and daughter ions. Solid lines represent the best calculatedStudy of Qian et al'} who obtained the more accurate value of
fit to the experimental data. B0 K dissociation onsets obtained from  11.9014 0.0015 eV from their high-resolution study. However,
modeling the data are indicated by the vertical arrows. the onsets of 10.60& 0.008 eV and 12.30% 0.035 eV for
the first and second Br loss, respectively, from the tribromo-

energy, is corrected for the presence of hot electrons by usingethane are the first measurements of these values.

eq 6 The loss of the second Br atom fromHBrs* is modeled
in a similar manner, except that the internal energy distribution

(1) —f(,) of the intermediate gH3Br,™ ion is not given simply by a
B(1) =T —m (6) displaced 298 K thermal energy distribution. It is broadened
(T = 1(T) by the loss of the first Br atom, which can carry away some

translational energy. The microcanonical energy distribution of

The termsl. and T; represent the integrated peak areas of a the intermediate iorP(E)!843is given byP(E;) = p(E;)omn(Er
certain ion and the total area of the parent and daughter ions— g in which p(E;) is the density of states of the,i8;Br,*
associated with the center electrode, respectively|aaad T, ion andp((Er — E) is the density of states associated with the
are the corresponding quantities for the ring or off-axis data. Br product. The latter only involves translational motion in the
The experimental subtraction factdr= 0.16, is independent  center of mass of the two departing fragments, which is given
of the photon energy and of the molecule studied, as explainedin the phase space theory as a two-dimensional distribdith.
in previous publication$>'# We record a number of TOF s functional form is simply Er — E). The only parameters
distributions at different photon energies from which we required to evaluate the energy distribution are the vibrational
obtained the fractional abundances of parent and ionic fragmentsfrequencies of the £1sBr,*. Thus, the second Br loss onset in
which are shown as points in Figures 5 and 6. Figure 6 is obtained again with only a single adjustable factor,

For a room-temperature sample, the ion energy is given by which is the 0 K dissociation onset. It is interesting that the
hv + Eun, where E, is the thermal energy which is given by a second Br loss onset at 12.3810.035 eV is not located at the
distribution, P(E) O p(E) exp(—E/RT). The thermal energy  energy at which the parent ion disappears. The reason for this
distribution is obtained from the calculated or experimental is the translational energyR{) carried away by the &i3Br,*
vibrational frequencies of the parent molecule. The breakdown + Br products. At the second dissociation limit, the products
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- CH, +3Br TABLE 3: Heats of Reaction (eq 9) and Enthalpies of
1400 2009 Formation for Vinyl Bromide Calculated at Different Levels
i CHBr+28r © of Theory (in units of kJ/mol)
1200 CHBr v B & o506 ev level of theory AH AfHG(CoH3Br)
20 13202 o e
CH,Br, PBE1PBE/aug-cc-pVTZ -18.7 88.8
1000~ =emepeeseees 11.902 eV PBE1PBE/aug-cc-pVQZ -19.0 88.5
av, ¥ 9.820 eV B3LYP/aug-cc-pVQZ -16.6 90.9
kimol ‘L 12301 eV MP2/6-31HG* -22.1 85.4
[ 10608ev i/ —_— MP2/aug-cc-pVDZ -20.8 86.7
600 Paitedd G2 -18.6 88.9
327.7 . .
00} molecule, which is close to 10 eV, were to be measured
i e T accurately, we would know all the successive ionic bond
200 ‘ energies of this molecule. We could not accurately determine
C Tachor the IE of the tribromoethane molecule in this room-temperature
ok sy 2" 1393

study, because the onset is not very sharp. However, a laser
Figure 7. Summary of the experimental energies that relate the neutral spectroscopic measurement with a cold sample would most
and ionic species associated with 1,1,2-tribromoethane and vinyl likely establish the 60 onset.
bromide. All dissociation energies were measured by TPEPICO. The The values for ta 0 K enthalpies of formation can be
vinyl bromide ionization energy was measured by pulsed field ionization .
by Qian et al* The vinyl radical energy was taken from Kaiser and convert(_ed to the correspo_ndlng 298 K_ values by means of the
Wallington?! and the IE is our calculated ionization energy. Bond conventional thermochemical cycle, given by eq 9
energies B0 K are given in kJ/mol. Dashed lines and arrows are o o o o .
unmeasured quantities. AiHgk = AfH3egk — [H3egk — Hokl(molecule/ion)+

o o
TABLE 2: Summary of the Thermochemical Results (in [H2oax — Hokl(elements) (9)
units of kJ/mol)

We have used thelSeg, — HS values from the literatufé for

species  ArHg¢ ArH3eex Hzos— Ho  AtH3gg (lit) the atomic elements, and the calculaktdg, — Hg, values for
CoHs*™ 1119.6  1116.H3.0 11.3 11172 the molecules and fragment ions, from the vibrational frequen-
1120.3 cies obtained at B3LYP/aug-cc-pVTZ level of theory, which
CoHaBr 89.1 741+ 31 12.1 79.2 are in good agreement with the experimental values that could
CHEBr 10366 1021.9 3.1 12.4 1534% be found in the Iitera_turé7.v48 For the H3gg — Hg« calcula-
CHsBr," 9911  967.1 4.0 15.4 tions, the heat capacity of the electron was chosen as 0.0 kJ/
C,HsBrs 85.5 53.5+ 4.3 19.5 11.0 mol at all temperatures, according to the ion conventfoin.

a b A . P should be noted that the bromine ¢Bstandard state changes
Lacr?;l:f Cg{fii‘é gﬂihs\?&z\, a%agai;f,_ale'uasp:tdﬁi f(ﬁ(ylléssf\? from crystal 4 0 K to liquid at 298 K, and the correspondi_ng
and Papinas H59sx — Hok should be used. Table 2 lists both the determined

0 K and 298 K converted enthalpies of formation, which are
partition a total of 1.7 eV of excess energy, of which the compared to the available literature values.
translational degrees of freedom amounts to about 0.23 eV, an The derived GH3Br AtH3qq, of 74.1+ 3.1 kd/mol is about
average value that can be readily calculated using the Klots 5 kJ/mol lower than the updated experimental value of Lacher
equatiorf4 Thus, the sequenti K onset is located at the rising €t all! listed in Table 2. To test the reliability of our heat of
edge of the fragment ion signal, rather than at the break. formation, we performed a series of quantum mechanical

4.3. Thermochemistry of the Bromine-Containing Species. calculations for vinyl bromide. We derived values for the
In this study, we have measureath K dissociation onsets for ~ enthalpy of formation of vinyl bromide by using ab initio and
reactions 2, 3, and 4. By using the calculated enthalpy of DFT calculations at different levels of theory, using the
formation of the vinyl ion and the experimental onset, we can following isodesmic reaction:
derive the heat of formation of the vinyl bromide molecule from .
reaction 2 (GHsBr — CyHs™ + Br). In addition, the vinyl CoH, + CH{Br = CH,Br + CH, (10)
bromide ionization energy has been accurately measured by tWorhe well-known enthalpies of formation for.Ba, CHsBr, and
groups using pulsed field ionization methods. Lee and®Rim oy, \vere taken from the literatufé. The outcome of these
reported an IE= 9.8171+ 0.0006 eV and Qian et &treported  c5icyations, shown in Table 3, presents a remarkable consis-
a value of 9.820Gt 0.0015 eV, which agree within 3 meV.  ancy and yields an avera@ K value of 88.2 kd/mol, which is
The vinyl bromide IE combined with its heat of formation thus st 0.9 kJ/mol lower than our experimentally derived value.
yields the vinyl bromide ion heat of formation. Because the The results obtained in this work strongly suggest that the
vinyl bromide ion is the product of reaction 4, we obtain the |iterature enthalpies of formation of bothi@sBr and GH3Br*
enthalpy of formation of the 1,2413Br,™ ion. Finally, with should be adjusted.

this in hand, we can calculate the heat of formation of the  prom our results, it was also possible to determine the 298
triboromoethane molecule. The only ancillary heat of formation ¢ (C—Br) bond dissociation enthalpy, which is BDEAG—

required is that of the Br atom, which is 117.92 kJ/mol at 0 K Br) = 333.2+ 3.1 kd/mol, by using the well-known enthalpy
(111.86 kJ/mol at 298 K)° The measured energies (all at 0 K) ¢ tormation for the bromine atom (111.86 kd/mf6lpnd eq
are illustrated in the energy diagram of Figure 7, and the derived 11
heats of formation are listed in Table 2.

The diagram presented in Figure 7 illustrates that, if the BDE(C,H; — Br) = AH°(C,H,) + AH°(Br) —
ionization energy for the §H3Br, radical were to be measured, AH(C,H,Br) (11)
we would know all the successive-®r bond energies for 1,1,2-
tribromoethane. In addition, if the ionization energy of the parent Our derived BDE(GH3s—Br) agrees with the 332.2 6.3 kJ/
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mol bond enthalpy listed by L&®(which is based on the Lacher
et all® vinyl bromide energy and the Tsaligvinyl radical
energy) but reduces its uncertainty. Finally, our heats of
formation of GH3Br,* (967.7+ 4.0 kJ/mol) and gH3Brs (53.5

+ 4.0 kd/mol) are the first experimentally derived quantities
available.
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