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The dissociative photoionization studies have been performed for a set of dihalomethat¥¢ @t = Cl,

Br, and I) molecules employing the threshold photoelectron photoion coincidence (TPEPICO) technique.
Accurate dissociation onsets for the first and second dissociation limits have been recorded inBee¥0

energy range, and ionization potentials have been measured for these compounds. By using our experimental
dissociation onsets and the known heat of formation ofClHmolecule, it has been possible to derive the

0 and 298 K heats of formation of all six neutral dihalomethanes as well as their ionic fragmep®;"CH
CH.Brt*, and CHI™, to a precision better than 3 kJ/mol. These new measurements serve to fill the lack of
reliable experimental thermochemical information on these molecules, correct the old literature values by up
to 19 kJ/mol, and reduce their uncertainties. From our thermochemical results it has also been possible to
derive a consistent set of bond dissociation energies for the dihalomethanes.

1. Introduction accurate, none have been reported for this series of molecules.
Furthermore, even if they had been, the derived heats of
formation would still be limited by the ancillary heats of
Tformation, such as the-1.3 kJ/mol uncertainty in the Gigl,

The interest in the study of the photoionization and thermo-
chemistry of polyhalomethane molecules has increased consid
erably in the last years. Molecules such as,BH, CH2.|2, heat of formation.
CH.Brl, CH,ICI, and others have been observed in the A ) d in the d vsis h itted
troposphere, and consequently have been considered important major advance in the data analysis has permitted us to
sources of reactive halogens in the atmospherekrom a model ggcura.tely the second dissociation limit, Wh'c.h IS 1
fundamental viewpoint, dissociative photoionization studies com;iet_ltn_on with the Io;/ver egelrgtﬁ créz_annel_. 1—.0 det?rm'nﬁhthtﬁ
involving polyhalomethane molecules have also attracted recentONSeL | Ilshnecessfary_ 0 :no Ie de 'SZS(?_I(E;? ion rates wi f €
experimental and theoretical interest as a result of the different statistical theory of unimolecular decéy. € accuracies o

dissociation channels that can be identified upon absorption ofthese seconq dissociation limits are with80 meV, which .

VUV photonst-10 were determined by thg data analysis and not by the resolution
Photoionization experiments involving the detection of of th_e TPEPICO ex_perlment. .

energy-selected ions in coincidence with initially zero energy ~ With the exception of the CiTl, molecule, for which

electrons are very useful for studying ion dissociation dynamics €XPerimental heat of formation has been deternfih&dand

as well as for the determination of accurate ion thermo- Supported by high-level theoretical calculatiGhanly a few

chemistry!:-14 The aim of this work is to investigate the gas- reliable experimental values for heats of formation of the

phase dissociative photoionization and thermochemistry of the dih@lomethane molecules can be found in the literature. Most
dihalomethane compounds, namely, 08, CHalp, CH,Br>, of the values of neutra}l and |on.heats of formation for thpse
CH,ICI, CH,IBr, and CHBICI, by the use of threshold molecules avalla_ble in _the widely used thermochemical
photoelectron photoion coincidence (TPEPICO) spectroscopy. tables®?* ¢ are either estimated values or have error bars as
The experimental breakdown diagrams, analyzed with the high as 25 kJd/mol. Qur results prov[de Fhe first accurate a.nd
RRKM statistical theory and ab initio calculations, permit the Self-consistent experimental determination of molecular dis-
accurate determinations of dissociation onsets, heats of forma-Sciation onsets, leading to reliable values of 0 and 298 K heats
tion, and bond dissociation energies for those molecules and®f formation and bond dissociation energies for this set of
their respective ionic fragments. Threshold photoelectron spectramelecules.
(TPES) have also been recorded in order to obtain accurate
ionization energies for some of these molecules. 2. Experimental Approach

Our TPEPICO experiment provides onset energies with errors
on the order ot:10 meV ¢~1 kJ/mol) for the first dissociation
limit. Although pulsed field ionization PEPICO experimefits
and MATI studie®17 are at least an order of magnitude more

The aspects of the threshold photoelectron photoion coinci-
dence (TPEPICO) apparatus have been described in detall
elsewheré’~2° Briefly, room temperature samples were intro-
duced into the ionization region by means of a capillary and
* Address correspondence to this author. E-mail: baer@unc.edu. |qn|zed with VUV photons from a. hydrogen gischarge lamp
t University of North Carolina. dispersed p a 1 m normal incidence monochromator. The
*Eotvos Lorand University. entrance and exit slits were set to 100, which provided a
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resolution 61 A (~12 meV at a photon energy of 10 eV). The TABLE 1. Calculated Neutral and lonic Vibrational
energy scale was calibrated by using the hydrogen Lyman- Frequencies at the B3LYP/6-311G* Level

resonance line. lons and electrons were accelerated in opposite species vibrational frequencies
dlrectlor_]s with the use_ofa20 V/icm extraction flel_d. The use CH,Cl 284 697 714 910 1201 1323 1473 3129 3208
of velocity focusing optic¥ for electrons yielded an improved  cH,Cl,* 316 540 682 803 1071 1174 1224 2850 2896
resolution of approximately 10 me3?.Electrons are extracted  CH,Br; 168 568 612 820 1132 1239 1451 3141 3228
toward an electrode with a gridless 12.7 mm aperture located 6 CHzBrz* 162 527 619 883 1053 1202 1438 3141 3257
mm from the center of the ionization region. A second gridless CHZ'Q 116 482 572 732 1075 1165 1427 3144 3234
acceleration electrode 12 mm from the first one accelerates theS 22 113 500 540 789 1011 1127 1411 3142 3257
: ; H,BrCl 225 589 709 859 1172 1279 1464 3136 3220
electrons to 67 eV. Electrons drift approximately 13 cm through CH,BrCI* 243 516 520 779 1073 1150 1292 2955 2963

a field free flight tube, terminated by an aperture containing a CH,CI*---Bra  —91 177 391 730 1033 1094 1459 3003 3090
central hole (1.5 mm) and a ring shaped opening with 6 and 10 CHBr---Cl>  —80 159 344 535 912 1047 1419 3007 3099
mm inner and out diameters, respectively. The electrons aregnz:g:+ igg gég gg‘é ggi ﬁgg ﬁ‘;i ijg; gé:éi gﬁz
then detected by either a Burle phanneltron (Ioca‘ged on the aXIS)CH§C|+...|a —101 155 330 762 1026 1066 1455 3100 3187
or a Burle mult|channe_:l plate (ring around the axis). Thrc_sshold_ CH,l*--Cl2  —108 117 266 345 742 891 1355 3108 3210
electrons and energetic (hot) electrons along the extraction axiscH,Brl 141 514 600 770 1111 1205 1441 3143 3230
are detected by the channeltron, whereas the energetic electron€H.Brl* 130 506 594 831 1043 1172 1430 3142 3256
with a few meV perpendicular to the extraction axis are collected CHzBr*---1* ~ —85 147 238 512 882 970 1382 3163 3271
by the MCP detector. By adopting a hot electron subtraction CH™--Br*  —66 104 135 398 786 889 1353 3164 3275
procedure described previousfywe obtain the hot electron aTransition state vibrational frequencies.

free threshold photoelectron photoion coincidence spectrum

(TPEPICO) as well as a threshold photoelectron spectrum TABLE 2: lonization Potentials (eV)

(TPES). The ions produced are accelerated ave cmregion species IP (this work) IP (literature)
b_efore drifting 40 cm through the first field_ free region to a CH,Cl, 11.326+ 0.006 11.32+ 0.0
single stage 40 cm long reflectron, were the ions are decelerated  CH.Br, 10.545+ 0.010 10.52+ 0.08
and reflected and then drifted through another 40 cm second  CH:BrCl 10.765+ 0.010 10.7# 0.0F
drift region before being detected on tandem Burle MCPs. The g:le” g-iggi 8-8;3 10,465 0.0

i i 212 . . . .
electron and ion signals are used as start and stop pulses for CH,ICI 97524 0.012

obtaining the ion TOF spectrum. A complete TOF spectrum
can be recorded in-112 h depending on the signal intensity ~ *Werner et af® °Tsai et al” °Novak et aF®
and the desired signal-to-noise ratio. The collection efficiency .
was about 32% for threshold electrons and 9% for ions. The hv=1044eV CHJ,
samples were purchased from Sigma-Aldrich with purity better
than 98% and were used without further purification, except
for the CHIBr sample, in which we performed a vacuum
distillation prior to use in order to eliminate a small contamina-
tion of CH.l, from our CHIBr sample. The purification by Ring

distillation was difficult to achieve at atmospheric pressure spectrum /
because the CiBrl sample disproportionated to GHand CH- -\

Br;, at high temperatures. \

CHY'

Intensity
:

3. Theoretical Calculations : , : ; . :

The ab initio calculations were carried out using the Gaussian
98 packagé? The ground state geometries of the neutral and TOF (us)
ionic species were fully optimized by using density functional Figure 1. TOF distributions for parent ion and GH fragment from
theory (DFT), with the Becke 3 parameter and the Lee, Yang, CHalz for the center (above) and ring (below) PEPICO spectra. The
Parr (B3LYP) functiona?334 and the 6-311G* basis set. The differences in the time-of-flight _for the peaks in the center and ring
vibrational frequencies, required for the RRKM analysis of the SPectra are solely for presentational purposes.
experimental breakdown curves, were also obtained in these
calculations and are listed, without scaling, in Table 1. To check ethanes. The results are presented in Table 2, which also shows
the validity of using the calculated frequencies without scaling, the most reliable experimental values available from the
we tested the simulations with our data using the experimental literature3¢-38 From Table 2 we observe that, in general, our
vibrational frequencies for the GBI, from the literature’> No results are in good agreement with the literature values. In
difference was noted between the simulations with the calculatedaddition, in this work we also present the first experimental
and experimental vibrational frequencies. The transition state values of ionization potential for the mixed dihalomethanes-CH
(TS) vibrational frequencies, required in the fitting of the second Brl and CHICI (9.692 + 0.012 and 9.752t 0.012, respec-

dissociation onsets for the mixed dihalomethanes;BEHCH,- tively). The larger error attributed to the IP of @hlis a result
BrCl, and CHICI, were obtained by stretching the carsen  of the generally broad first band observed in the PES.
halogen bonds to approximaged4 A and calculating the 4.2. TOF Distribution and Breakdown Diagrams. Typical
vibrational frequencies at the DFT (B3LYP/6-311G*) level of TOF distributions for the center and ring electrodes for the case
theory. These frequencies are also shown in Table 1. of CHyl, are shown in Figure 1. The narrow and symmetric
peak shapes in the TOF distributions indicate that the dissocia-
4. Results tion process is rapid, which means that the rate constant is faster

4.1. lonization Potentials.lonization potentials were obtained than about 10s™! so that it cannot be measured. If the rates
from our TPEPICO and TPES experiments for all six dihalom- were slower than that, the TOF distributions would be asym-
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Figure 2. Breakdown diagram for C¥€l, in the 11.5-12.5 eV range.
Solid symbols are the experimental fractional abundances of parent
and daughter ions. Solid lines represent the best calculated fit to the
experimental data.

Photon energy (eV)
Figure 3. Breakdown diagram for C#Br, in the 1+-11.6 eV range.

1.0+

metric. The photon energy of 10.44 eV is close to the 0.8
dissociation limit to CHI™ + I*, so that both parent and fragment
ions are observed in the center and ring spectra. The ring g
spectrum, in which the ions are collected in coincidence with §
hot electrons, is associated with lower energy ions and thusg
shows fewer fragment ions than the corresponding centerg o4-
spectrum, in which the ions are detected in coincidence with
mostly threshold electrons. By multiplying the ring spectrum
by a factor and subtracting it from the center spectrum, we obtain
a TPEPICO spectrum that is free of hot electrons. The factor

0.6 1

0.2 4

(f = 0.165) by which we multiply the ring spectrum is 0.0

independent of the photon energy and of the molecule. Indeed,

it remains constant for several months. It can vary if the 104 102 103 104 105 106 107
collection efficiency of the ring multichannel plate detector or Photon Energy (eV)

the center channeltron changes. If these collection efficiencies Figure 4. Breakdown diagram for Ch in the 10.1-10.7 eV range.
were the same, the factor would be close to the ratio of the
geometric areas of the center and ring holes. In practice, the
factor of 0.165 is determined experimentally from the TPEPICO 1.0
spectra at higher energies, as outlined below. JcH,Brer’
lon TOF distributions were collected at a number of photon
energies from which we obtained the fractional abundance of
parent and fragment ions. The integrated peak areas from theg
center and ring TOF spectra were used in order to generate '[heﬁ15 0.6+

1

(AS* =19 J/Kmol)
0.8 -
CHCI'

corrected breakdown diagran®l), by eq 13! £
< 0.4 AE, = 11.496 +0.010 eV
B(l) = % 0] 0 | AE, = 11.982 +0.030 &V CHBr"
r -2 (as* = 32 JiKmol)

wherel; andT. are the integrated peak areas of an ion and the
total area of the parent and daughter ions associated with the
center electrod_e, respectively. The same holds, fand T, v_vith 1O 112 14 116 118 120 122 124 126 128 130 132
respect to the ring e_Iectrode. The exp(_anmental subtraction fa_ctor Photon Energy (eV)
f (0.165) was obtained from the ratio of the center and ring
TOF peak areas for the parent ion at energies well above the
dissociation limit. At these energies, no parent ions should be
observed because the dissociation is rapid. Thus all observed
parent ions must be associated with hot electron coincidencesand measured breakdown diagram for the first dissociation
The breakdown diagrams obtained for the six dihalomethane channel. The solid lines represent the calculated breakdown
molecules in the range from 10 to 13 eV are shown in Figures curves in which the internal energy distribution of the molecules,
2—7. The rapid dissociation of these ions is not only evident P(E), defined as the number of states per unit enéfgytaken
from the symmetric TOF distributions for the daughter ions, into account, and which assumes that all ions with internal
but it is also confirmed by the excellent fit of our calculated energies in excess of the dissociation limit will fragment.

Figure 5. Breakdown diagram for CH#BrCl in the 11-13.2 eV range.
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reaction channels. These were obtained as explained in section
3. Because the rate constants are larger than experimentally
measurable by our TPEPICO experiment, only the relative rate
constants are important. We thus determined the transition state
parameters for the first reaction by extending theXCbond to
approximatg) 4 A and calculating the vibrational frequencies,
which are listed in Table 1. At this geometry, the reaction
coordinate (C-X stretch) frequency is imaginary (negative) and
the two C-X bending modes, which ultimately turn into
rotations, have considerably lower vibrational frequencies. The
rest of the vibrational frequencies remain relatively unaffected
(see Table 1). We repeat this procedure by calculating the
vibrational frequencies for the ion with the-¥ bond extended
to approximately 4 A. The two reduced bending frequencies
' i ’ ——— are then adjusted until the second onset in the breakdown
104 106 108 110 112 114 116 118 120 122 diagram is fitted. It is evident that the second onEst, affects
Photon Energy (eV) primarily the point where the signal first appears, whereas the
Figure 6. Breakdown diagram for CHCI in the 10.4-12.2 eV range. TS frequenues for the second onset determine the calculated
slope of the line. Thus, the two parameters are somewhat

1.0 CH.CI'

0.8 1

8% =9 JiKmo

0.6 1
Eg= 10.878 £0.010 eV

Abundance

0.4 1

0.2 1

0.0

uncoupled. Nevertheless, the resulting error associated with this
1.0+ two-parameter fitting of the breakdown diagram is generally
higher (about:30 meV).
08 4.3. Dissociation Onsets and Thermochemistryllhe present
work is concerned with the determination oét0 K dissociation
° ast =22 JKmol onsets and thermochemistry of the dihalomethane neutral
é 064 Ey =10.813+0.010 eV molecules and fragment ions following reactionsat
-]
é 0o t CH,Cl, + hv — CH,CI* + CI'+ & )
Eo = 11.107: 0.030 eV 487223 JiKmol
ool CH,CIBr + hv — CH,CI" + Br' + e @)
—CHBr" +CI'+e 3)
0.0
CH,Br, + hv — CH,Br" + Br + e~ (4)

—T T T T T "~ T "~ T T "~ T T "~ T °
10.2 104 106 108 11.0 112 114 116 118 120 122 124 126

_  Photon Energy (eV) CH,Brl + hw — CH,Br" + I + & )
Figure 7. Breakdown diagram for C#Br in the 10.2-12.6 eV range.

In the fitting of the first dissociation onset for these six _’CH2|+ tBr+e (6)
dihalomethane molecules, the only adjustable parameter is the
0 K dissociation limit Eg), in which the approach of the curve CH,l,+hv—CH,l" + 1"+ ¢ @)
to the first dissociation limitEg;) is determined by the neutral
thermal energy distribution, as previously described by Fogle- CH,ICI + hy — (:Hz(;|+ + 1"+ e (8)
man et aP® This energy distribution is calculated with vibra-
tional frequencies and rotational constants obtained from the — CH2I+ +ClI'+e 9)

B3LYP/6-311G* level. As already mentioned, the results for
the CHCI, analysis, where experimental vibrational frequencies  Our measured dissociation onsets are presented in Figures
are available, were identical with those of the simulation using 2—7 and summarized in the form of a diagram in Figure 8.
the unscaled calculated frequencies. The energy reference, set to 0, for this figure is,CH + 2Br

For the case of the mixed dihalides, a second dissociation+ 2I. The atoms are not shown in this figure for clarity of
onset at somewhat higher photon energies is observed inpresentation. Thus, according to our measurement, the relative
competition with the first fragmentation channel. As evidentin energy of CHICI + Cl + 2Br + | is 1.244 eV. The onset
Figures 5-7, the second onseEgy) is much less sharp. The energies listed in Figure 8 are considerably more accurate than
reason is that the rate constant for the second halogen atonthe previously published values. In addition, there is a built in
loss at its onset is p(Eoz), Wwhereas the rate constant at that degeneracy in our data set. For instance, we can determine the
energy for the first halogen atom lossN&Eq, — Eg1)/hp(Eqy), energy of CHBrl + 2CI + Br + | by going to the left or to the
a rate that can be orders of magnitude higher than the previousright. If our measurements were perfect, we would be able to
one. This can shift the appearance energy for the secondobtain the same value for the GBfl energy going in either
fragment to a higher energy by the competitive $hift' and it direction. That is, we have 8 unknowns and 9 onset measure-
prevents the observation of a step in the fragment ion signal atments. The first attempt provided values for the energy of-CH
its dissociation limit. To fit the slow fall in the first fragment  Brl that agreed within about 30 meV, which is the result of
ion signal and the slow rise of the second fragment ion signal, accumulated error in the measurements, estimated (as upper
it is necessary to calculate the relative rate constants of the twolimits) to be about 10 meV for the first onset determinations
dissociation reactions, which requires knowledge of the mo- and 30 meV for the second ones. By slightly adjusting the three
lecular ion and the transition state frequencies of the two second onsets it was possible to make the difference for the
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14 CHI' . TABLE 3: Summary of the Thermochemical Results
o cHer' CH,Br (kd/mol) for the Dihalomethanes
124 1 h H®208k —
] species  AfH%«k AH®208k Hxk? AsH 298¢
104 CH,CI, —88.7 —955+1.3 11.87 —94.6+ 8.2
S —95.74+ 0.8
2 4 955+ 1.3
> +
o [11.105 [11.496] [11.982) | [10.813] CH.CI 961.1  957.0£1.7 10.13 (959.6)
o 949.8+ 8.3
c 64
w (0512 122] [11.339) CH,Br 24.5 3.2+ 3.4 12.69 50%% gz
4 1254+ 8.%
1 CH,BrCI —30.0 —44.1+1.9 12.27 —44.84 8.3
2] * —45,04 590
CH), . CH,Br*  1006.2  994.733  10.26 (937.0)
o] B cHepr CHpr, CH:B1 974.9+ 8.3
cHcl, “TUE CHBrl 704  55.0+34  12.98 57.1+ 20P
-— CHyl* 1023.9 1018.244 1040  1020.% 8.3
1 2 3 4 5 6 7 CHal, 117.0 107.5£ 4.5 13.25 117.6-8.2
Figure 8. Dissociation onset diagram for the dihalomethane molecules. ﬂggi 31;
The energy origin is referenced to @B, + 2Br + 21, although for : :
the sake of clarity, the atoms are not included in the figure. CHICI 18.8 10.7£1.9 12.47 153i6§5?d)

a For theH°,98xk — H°0k calculations, the heat capacity of the electron
CH.Brl energies in the cycle vanish without compromising the Wwas chosen as 0.0 kJ/mol at all temperatures (lon Convéftitalues
fitting of the experimental data. As the total error was only 30 obtained using the vibrational frequencies listed in Tablé Kud-

. hadker and Kudchadkét. ¢ Lias et al?® 9Chasé' ©Papina et at?
meV, the adjustment per each second onset was only about 1(fH0|mes at a2 9Skorobogatov et dF P Seetuld pi Pediey?®

meV, which is well within the upper error limits af30 meV. i Skorobogatov et df kBernstein® ! Estimated values (no error
The solid lines in Figures27 were obtained with these adjusted  margin provided)™ Lias et al?® misquoted as+45 kJ/mol the heat of
onsets. formation value of CEBrCl (— 44.8 kJ/mol) from Kudchadker and

The derived onsets shown in Figure 8 can be compared toKudchadkef?
other onsets reported in the literature. Photoionization studies

for the CH.CI, molecule reported by Werner et®&lattempted .
to take into account the thermal energy. The published dis- AH20d CH2Cl2] value of —95.54 1.3 kJ/mol (-88.66 kJ/mol

sociation onset value of 12.14 0.020 eV agrees with the at 0 K) taken from the Iiteratu?éagre_es with _the value{95.1
present results within the error margin. Holmes éfagported =+ 2.5 kd/mol) recommended by Maniéhand is also supported

a value of 12.10 eV for this onset from their monoenergetic PY recent high level calculations performed by Feller etdl.,
electron ionization experiments, but no error bar was given. Wh'ih predicted a value of-93.8 + 2.0 kJ/mol for the
Chiang et af recently studied the dissociative photoionization AtH20dCH2Cl2]. We thus used the literature value 605.5

of CH,Cl, using synchrotron radiation, and reported a value of kJ/mol, converted t6-88.66 kJ/mol at 0 K, to determine the 0
12.08+ 0.02 eV for the appearance energy of the,CH ion. K heqts of formation of all other speoues. We also usgd the
This result is about 40 meV below our value, which we attribute following literature value$ for the AiHok[X"] of the atomic

to the neglect of the thermal energy contribution to the €lements: 119.62 k/mol for CI117.92 kJ/mol for By and

dissociation onset. Tsai et #reported the CbBr* from CH,- 107.16 kJ/mol for1 o _
Br, and CHI* from CHul, onsets recorded by a TPEPICO The procedure used for determlnlng the hgats qf formauon
apparatus. However, they did not correct for hot electrons. Their ©f the dihalomethanes from the experimental dissociation onsets
onsets of 10.55 0.020 and 11.3% 0.020 eV, for CHI, and is explained as foIIovys: By_measunn_gatb K dlss_00|at|on onset
CH;,Br,, respectively, differ from the present results by more ©€nergy,Eo, for reaction 1 it is possible to derive the heat of
than the error margin. More recently, Ma etateported a Br ~ formation of the CHCI™ ion, using the well-established
loss onset from CbBr, of 11.27 eV. This lower value is literature heat of formation valu&sfor CHZQIZ (—88.66 kJ/
probably a result of the neglect of the thermal energy. mol at 0 K) and Ci(119.62 kJ/mol at 0 K) in eq II

The activation entropieAS' have also been determined for
the mixed dihalomethanes, from the calculated vibrational Eq = AfH g (CHX™) + AH 0 (X7) — A{H® ok (CH,XY)
frequencies, and the results are listed in FigureZ 5TheAS* (D]
for the first dissociation depends on our choice of the TS
frequencies and is thus arbitrary. On the other hand, once thesevhere X and Y in eq Il are halogen atoms (Cl, Br, or I). Note
frequencies are fixed, we vary the TS frequencies for the higher that the above equation is valid at 0 K, but not at 298 K. The
energy dissociation step until we achieve a fit to our data as resulting heat of formation of C}I* can be used in reaction
shown in Figures 57. From these fits we thus obtain the 2, with the corresponding dissociation onset, to determine the
difference in the activation entropies, i.AAS, between the heat of formation of the CKCIBr neutral molecule. The CH
first and the second dissociation channels. In all caseA8ie CIBr heat of formation provides a means for determining the
is bigger for the lighter atom loss. This is because we convert heat of formation of CkBr* from the onset energy for reaction
a higher frequency vibrational mode into a rotation. As expected, 3, which leads to a measurement of the,BH heat of formation
the biggestAAS* value is between | and Cl loss. via reaction 4, and so on. The deriv® K heats of formation

As summarized in Table 3, all of the dihalomethane molecules can be converted to 298 K values. Table 3 lists both the derived
have heats of formation listed in the literature. However, the 0 K and the converted 298 K values, which are compared with
only well-established value is that of GEl,. The experimental literature values at 298 K. The conversion for the heat of
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formation from 0 to 298 K and vice versa can be made by meansTABLE 4: Carbon —Halogen Bond Dissociation Energies for

of the usual thermochemical cycle, given by eq IlI: the Dihalomethanes, Where Y Represents a Halogen Atom
bond dissociation energies (kJ/mol)
AfHOOK = AfH°298K_ [H°298< - HOOK](mOIECUIéion) + Species Cl Br |
[HC 0k — Hookl(elements (111) Y —CH,CI 338.0+ 3.3 277.3+3.6 217.4+ 3.6
ZoBK 0K Y-CHBr 3328146  276.1+53  219.2t54
. . Y —CH,l 328.2+ 6.9 2745+ 7.5 216.9+ 7.9
We used thdd°,9sx — H ok literature value® for the atomic :
elements, and the calculated vibrational frequenciesag  Our results for all nine bond dissociation energies for these
— H°x values for the molecules and fragment ions, as listed in dihalomethanes are listed in Table 4, and were obtained by using
Tables 1 and 3, respectively. Our calculatéthogk — H°ok eq IV:

values listed in Table 3 are in very good agreement with the

ones available in the literatufé.The resultingA¢H°,9s values BDE(Y-CH,X) = A{H(Y) + AH(CH,X) — A{H(CH,XY)
obtained via eq Il are compared to the 298 K literature values. (IV)

The error bars for ta 0 K heats of formation, omitted from

Table 3 for the sake of clarity, are the same as the ones attributedvhere X and Y represent halogen atoms. The results presented

to the corresponding 298 K heats of formation. in Table 4 are consistent and serve to reduce the uncertainties
Among the neutral dihalomethane molecules, in general, our and correct the discrepancies of the literature values for those
heats of formation for CkBrCl, CH,Br,, and CHBrl agree well bond energies, as well as providing the first experimentally

with the literature values, although the error limits have been based values for the BiICH,l, | —CH,Br, and C-CH,Br bond
greatly reduced. However, in the case of the mixed dihalom- dissociation energies. Not many results for the bond dissociation
ethanes and fragment ions striking differences have beenenergies of dihalomethanes were found in the general litef&ture,
observed in the values of heats of formation. For instance, thein part due to the scarcity of accurate values of heat of formation
estimated heat of formation for the @il available in the for those molecules, as previously pointed out. The scarcity of
literature varies from 5 kJ/mol to 13.6 kJ/mol and with error experimental and theoretical data is particularly severe for
bars as high as 25 kJ/mol. No experimental heat of formation bromine and iodine containing molecules. The accuracy in our
has been found in the literature for this molecule. Our 298 K bond dissociation energy results, shown in Table 4, has been
value, 10.7 kJ/mol, agrees within the error margins of the limited by the uncertainties of the literature vakfé8for neutral
literature values, but again we reduce the uncertainty to abouthalomethyl radical heats of formation.

2 kd/mol. The most important disagreement is found in the case As a first observation, despite the fact that quite often it is
of the CHl, molecule, whose literature value should be adjusted assumed that all aromatic<X bond energies are the same for
downward by approximately 10 kJ/mol. A calculated value of a given halogen atom X (because of the low accuracy usually
113 kJ/mol for the Chl, heats of formatio®? is closer to our associated with those measurements), our results from Table 4
measured 107.5 kJ/mol value, but no error bar was given. show an interesting pattern, where the BDE values are observed
Among the ions, the major literature discrepancy found was in to decrease as one goes down in the series and also that the
the case ofA{H°,9gK {CH2Br*], which should be increased by difference between those values gets smaller as one goes from
at least 19 kJ/mol, followed by the heat of formation for the C—CI to C—I bonds.

CHCI* ion, which should also be adjusted. The literature values for the €ICH,Cl bond dissociation
These reliable heats of formation provide a new perspective energy are in the range from 325.1 to 338.0 kJ/mol. Most of
for understanding important atmospheric reactio3. For the available BDE values in the literature for those molecules

instance, it has been suggested that halogen chemistry viawere obtained from estimations. Our result of 338.0 kJ/mol
reactions such as C# CH,ICI — CH,CI, + I*, may have an matches exactly with the experimental value listed in the
important influence on the H@OH as well as N@NO literature3>5*since we have taken the same corresponding heats
concentration ratios of the troposphere, and consequently onof formation as the starting point for the determination of our
its oxidizing capacity® To understand the role played by present results. However, in the case of the-8H,Br bond,
compounds such as GH, CH,ICI, and other halomethanes in  our BDE value of 276.1 kJ/mol is 14 kJ/mol lower than the
the atmosphere and the extent of their reactions with relevantavailable experimental value (2904 9.9 kJ/mol) from the
atmospheric species, information concerning the thermochem-literature®#5% On the other hand, our result agrees very well
istry, kinetics, and mechanism of those compounds are clearlywith the 275.3 kJ/mol reported by Chen et>alfrom their
required. Our present results also provide an important route electron attachment experiments and also with the calculated
for obtaining heats of formation of other species, including the value of 275.4 kJ/mol reported by the Lazarou efalsing
free radicals, such as GaI*, CH,Br, and CHI". These values  the B3P86/6-311+G(2df,p) level of theory. The BDE values
can be obtained from the measured ionization energies of thefor 1—CH.l found in the literature present a high level of
radicals in combination with our corresponding ion heats of uncertainty, ranging from 203.3 to 230.0 kJ/mol. Our value of
formation. Another possible route of obtaining additional 216.9 kJ/mol is about 10 kJ/mol above the experimental value
thermochemical data is by combining our dihalomethane heats(206.3+ 7.9 kJ/mol) reported by DeMore et&land about 13
of formation with measured bond dissociation energies. kJ/mol below the value (230.& 1 kJ/mol) estimated by
Bond dissociation energies (BDE) have been obtained in the Skorobogatov et &7 Nevertheless, our result agrees with the
present work for the ¥CH,X species (where X and Y are Cl,  experimental value of 215.7 kJ/mol reported by Carson &t al.
Br, or | atoms), from our neutral molecular heats of formation, and with the value (217.7 kJ/mol) calculated by Lazarou étal.,
combined with the corresponding recommended experimental obtained at the B3P86/6-3t1G(2df,p) level of theory. Among
heat of formation values for the neutral halomethyl radicals the mixed dihalomethanes, not much information is found in
(121.3 kd/mol for CHCI, 167.4 kJ/mol for CEHBr, and 217.6kJ/ the literature. The BDE values of 206460.8 kJ/mol for -CH,-
mol for CH,l) taken from the literaturé*5> and atomic heats  Cl and 253.4+ 1.8 for B—CH,Cl have been estimated by
of formation from the NIST-JANAF thermochemical tabfds.  Skorobogatov et &> These values differ from our present
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results by approximately 11 and 24 kJ/mol, respectively, (4) Mossigner, J. C.; Shallcross, D. E.; Cox, R. A.Chem. Sog.
reflecting the inaccuracy of the molecular and radical heats of Farezg;"ycﬂans-lggﬁ 234' é391—133\?-T Denkett 5. A Liss. .- Alik

7 H H 3 3 arpenter, L. J.; Sturges, . T.; Penkett, S. A.; Liss, P. S.; Alicke,
formanqn used in their estimations. Our results are, on the otherB_; Hebestreit, K.- Piati. UJ. Geophys. Red.999 104 1679-1689.
hand, in good agreement with the values obtained from i ) A ' ) )

. . (6) Chiang, S.Y.; Bahou, M.; Sankaran, K.; Lee, Y. P.; Lu, H. F.; Su,
theoretical calculations for the €CH2I (326.4 kJ/mol) and M. D.J. Chem. Phys2003 118 62-68.
|—CH,CI (225.6 kJ/mol) bond energies reported by Kambanis (7) Lago, A. F.; Santos, A. C. F.; de Souza, G. G.JBChem. Phys
et al>® 2004 120, 9547-9555.
As a final observation, we point out that the value of 301.2 (8) Sharma, P.; Vatsa, R. K.; Maity, D. K.; Kulshreshtha, SCkem.

kJ/mol reported as an upper limit for the-6CH,l bond energy ~ Phys. Lett2003 382, 637-643.
by Arunan et al®® using the infrared chemiluminescence _ (9) Huang, J. H. Xu, D. D.; Fink, W. H.; Jackson, W. M. Chem.

, ; Phys.2001, 115 6012-6017.
technique, and used as reference by Blisas been confirmed

. ; 10) Yang, G. H.; Meng, Q. T.; Zhang, X.; Han, K. Int. J. t
neither by our present result (328.2 kJ/mol) nor by theoretical Chgm)_zogfc%z 719_7§7n_g Q and an Quantim

calculations (326.4 kJ/moff. It may suggest that the infrared (11) Dannacher, J.; Rosenstock, H. M.; Buff, R.; Parr, A. C.; Stockbauer,
chemiluminescence is not the most adequate technique forR.; Bombach, R.; Stadelmann, J. ®hem. Phys1983 75, 23—-35.
deriving reliable bond dissociation energies of dihalomethanes. (12) Das, P. R.; Nishimura, T.; Meisels, G. G. Phys. Chem1985
The interpretation of the infrared chemiluminescence data 89 2808-2812. _
usually requires accurate thermochemical information, which __(13) Duffy, L. M.; Keister, J. W.; Baer, TJ. Phys. Chem1995 99,

; ) 17862-17871.
particularly was not available for the GKI molecule. Other

; : 14) Li, Y.; Szfaay, B.; Baer, TJ. Am. Chem. 12
important sources of error in the-ClI bond energy reported 9356.) \Y; Sziaay, B.; Bae, T.J. Am. Chem. So@001, 123 8388

by Arunan et afP are related to the activation enerds.) for (15) Jarvis, G. K. Weitzel, K. M.; Malow, M.; Baer, T.; Song, Y.; Ng,

the reaction Ht+ CH,ICI — HCI + CHgl, and thermal energy  C. Y. Rev. Sci. Instrum.1999 70, 3892-3906.

(Tw) for the CHICI molecule, required for the bond energy (16) Krause, H.; Neusser, H. J. Chem. Phys1993 99, 6278-6286.

determination, which have not been measured in their work as  (17) Park, S. T.; Kim, S. K.; Kim, M. SJ. Chem. Phys2001, 114,

well. Their estimatedE, value, which was based only on the 5568-5576. _ ‘ _

comparison of the HCI() IR emission intensities from reaction ~ (18) Rosenstock, H. M.; Wallenstein, M. B.; Wahrhaftig, A. L.; Eyring,
. . H. Proc. Natl. Acad. Scil952 38, 667—678.

H 4+ CH,ICI with the ones from reaction H Cl,, and also the . )

. . . (19) Marcus, R. A,; Rice, O. KI. Phys. Colloid Chenl951 55, 894—
estimation for the thermal energy (at 300 K), may explain the ggg
discrepancy observed for their GSt!mated'CH2| bond energy (20) Baer, T.; Hase, W. LUnimolecular Reaction Dynamicgheory
value, as compared to the theoretical v&land to our present  and ExperimentsOxford University Press: New York, 1996.
result. No experimental or theoretical results have been found (21) Chase, M. WNIST-JANAF Thermochemical TabjeSmerican

in the literature for the B+CHyl, |—CH,Br, and C-CH,Br Institute of Physics: New York, 1998.
bond dissociation energies. (22) Manion, J. AJ. Phys. Chem. Ref. Da2002 31, 124-165.

(23) Feller, D.; Peterson, K. A.; de Jong, W. A.; Dixon, D.JAChem.
Phys.2003 118 3510-3522.

(24) Kudchadker, S. A.; Kudchadker, A. B. Phys. Chem. Ref. Data

Dissociative photoionization and thermochemistry have been 1978 7, 1285-1307.
investigated for a set of dihalomethanes, &M, (X, Y, = Cl, (25) Liallls, (?. G.; Bartmessh, J.E; Lieb?an, J. FI ﬂolmes,hJ. L.; Levin,

; ; R. D.; Mallard, W. G.Gas-Phase lon and Neutral Thermochemistry
Br, and 1), by using the threshold photoelectron photoion 5 & S5 o 522500 ™17 "Sippl. 1: NSRDS: U.S. Government
coincidence ('_FPEPICO) techmque._ Accurate ionization energies, printing Office: Washington, DC, 1988.
breakdown diagrams, and dissociation onsets for the first and  (26) pediey, J. BThermochemical Data and Structures of Organic
second dissociation limits have been obtained for those mol- CompoundsThermodynamics Research Center: College Station, TX, 1994.
ecules and their ionic fragments. The accuracy of the derived (27) Baer T.; Booze, J. A.; Weitzel, K. MVacuum ultraiolet
onsets was confirmed by a redundancy in the measurementsphotoionization and photodissociation of molecules and clustessed.;
. . . y y . . World Scientific: Singapore, 1991; Chapter 5, pp 2298.
in which nine measurements were used to derive eight unknown !
. . . . (28) Baer, T.; Li, Y.Int. J. Mass Spectron2002 219 381—-389.

neutral and ion energies. By using the known heat of formation

of CHxCls, it has been possible to determine the 0 and 298 K 1 3?93,15;’9'(‘;?‘6?;‘; Ebé}f ﬁ%zg%ﬁg%gfmer’ 3. P.i 323 B Baer,

heats of formation of CkBr,, CHal,, CH,BrCl, CH,Brl, and (30) Chandler, D. W.; Parker, D. Hdv. Photochem1999 25, 59—
CH,IClI neutrals, as well as CGi€IT, CH,Br*, and CHI™ ions, 106.

to a precision better than 3 kJ/mol. Our new results provide the  (31) Sztaay, B.; Baer, TRev. Sci. Instrum2003 74, 3763-3768.

first accurate and consistent experimental determination of heats (32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

of formation for this set of molecules, which serve to correct M-A- Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
the AH° literat | b h 19 kJ/mol R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K.
€ A 208k llErature values by as much as MOl N.: Strain, M. C.; Farkas, © Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

Consequently, we were also able to derive reliable bond R.: Mennucci, B.; Pomelli, C.: Adamo, C.; Clifford, S.; Ochterski, J.:
dissociation energies for the dihalomethane molecules. SomePetersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;

:.«tRabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
of these bond energy values have been reported for the flrstvl; Baboul. A. G.. Stefanov, B. B.: Liu, G.: Liashenko, A.: Piskorz, P.:

time. Koméaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill,
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