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The bimolecular rate coefficients and ion products for the reactions;0f tind HO™ with the bromine-
containing molecules GBr, CFBr,;, CEBrCl, CFBr, CFBRCI, and CBrC} at 300 K are reported. With

the exception of the reactions og®&" with CF:Br and CRBrCl, the rate coefficients are near the collisional
values k~ 107° cm® molecule’* s71). The most efficient exit pathway for the majority of the®t reactions

is the formation of a trihalomethyl cation, together with water and a hydrogen halide as the neutral products.
In each case, more than one trihalomethyl cation can be formed. The branching ratios are largest for the
products resulting from the breaking of a-€ bond. This is attributed to the high bond strength of HF
relative to HCI and HBr. Similarly for CBrGJ the major product cation is C@8rt. The HO" reactions

are found to proceed predominantly via charge transfer. For the reactiogOdfwith CRBr there is clear
evidence for intimate reaction pathways in which bonds are broken and formed.

Introduction H3O™ ion requires an ioarmolecule complex to be first formed.

o ) . Charge transfer does not require such a complex and can occur
The monitoring of atmospheric concentrations of chlorofluo- by a long-range process.

rocarbons (CFCs) and their replacements, the perfluorocarbons “14 oy knowledge, of the ioAmolecule reactions reported
(PFCs), the hydrofluorocarbons (HFCs), and the hydrochloro- pere only one has been previously investigated and reported.
fluorocarbons (HCFCs) has in the past few years taken on greaty;4,ris et al® have studied the reaction of,&" with CFsBr,
importance. This is due to the adverse effects some of these;ng our results are in good agreement with their values of the
molecules have in the atmosphere. Depletion of the ozone layer o ction rate coefficient and branching ratios.
is intimately linked to increased atmospheric concentrations of
CFCs. The PFCs, HFCs, and HCFCs are significant greenhouseéExperimental Details
gases. Gaseous ions can be used as powerful probes for the This study was carried out using a selected ion flow tube
purposes of monitoring these halogenated compounds. This in(SIFT) apparatus. The SIFT technique and the analysis of the
part, together with growing interest in atmospheric ion chem- data to obtain product ion distributions and reaction rate
istry, has led to much attention being paid to thedomolecule  coefficients have been described in detail by Smith and Adams.
reactions of CFCs, PFCs, HFCs, and HCFCs with various Therefore, only a few points pertinent to the present study will
cations~> Little attention has been given to their brominated be mentioned here. lons were generated in an enclosed high-
equivalents, yet the presence of bromine in the stratosphere cangressure electron impact ion source,CHwas used to create
like chlorine, lead to the catalytic destruction of stratospheric poth the ions: HO™ via primary ionization and kD" via proton
ozone. Although bromine compounds are present in the transfer from HO" to H,O. The reactant ions were mass
atmosphere in much smaller quantities than their CFC equiva- selected by a quadrupole mass filter and then injected into a
lents, bromine (atom for atom) leads to a much higher fast flowing (~150 Torr L s') helium buffer gas (0.5 Torr)
destruction of ozone than chlorifé. where they were collisionally thermalized to 300 K. Measured
In this article we present the first results from a much larger quantities of the neutral reactant of interest were introduced into
study of the reactions of a series of cations with a large number the carrier gas/reactant ion flow downstream from the ion inlet.
of bromocarbons. Here, we concentrate on the reactions ofAll the reactant samples, GBr, CFBr;, CFBrCl, CFBr,
HsO" and HO™ with the bromomethanes @Br, CF:Br,, CF- CFBrCl, and CBrC4, were obtained commercially. GBr
BrCl, CFBr, CFBRCI, and CBrC4. The interest in the 0" and CFBgClI have stated purities of 97% and 90%, respectively.
and HO™ reactant ions is twofold. First, 40" and HO™ are CRsBr, CFBr, and CBrC} have stated purities of 99%. The
important atmospheric cations. Second, the reaction chemistrypurity of the sample of CIBrCl was not reported by the
involved will be very different for the two ions, and it was supplier. CEBr,, CFBr, CFBLCI, and CBrC} are liquids at

primarily for this reason that the study was undertakenOH room temperature and therefore prior to use were subjected to
can react by charge transfer nondissociatively(FH + BC — several freeze pump—thaw cycles to remove dissolved gases.
BC* + H,0) and/or dissociatively 0 + + BC— Bt + C + Parent and product ions enter a second quadrupole mass filter

H,0). H;O" cannot react via either of these processes becausewhere they are detected by a channeltron electron multiplier.
its recombination energy is far below the ionization potentials The product ion distribution and reaction rate coefficient are
of any of the neutral reagents. Therefore, a reaction with an obtained by relating the neutral flow rate to the product ion
and reactant ion count rates, respectively. The accuracy of the
* Corresponding author. E-mail: R.A.Kennedy@bham.ac.uk. Fax: 0121 measured reaction rate coefficients #20%. The mass

414 3722. discrimination of the detection system was taken into account
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TABLE 1: Total Reaction Rate Coefficients, the Product lons, and the Branching Percentages for the Reactions of;&8* and
H,O* with CF3Br, CF2.Br,, CF,BrCl, CFBr 3, CFBr,Cl, and CBrCl; at 300 K

CRsBr CFRBr; CRBrCl CFBr; CFBr.Cl CBrCl;
(IP = 11.40% (IP=11.07} (IP=11.21y° (IP=10.67} (IP=10.87}¢ (IP=10.60}
Reaction of HO™
kexpd 1.23 0.254 1.78 1.64 1.84
kde 1.72 1.90 1.99
product ion§ CFBr* (73) CFBrCI (55) CBit (90) CBrCI* (96) CCLBr* (70)
CFBr™-H,0 (23) CFBrCr-H,0 (42) CFBg' (10) CFBk" (4) CCk* (30)
CRBrt-H,0 (4) CRBrCI-H3;0" (3)
Reaction of HO™
kexpd 1.56 1.69 1.72 1.78 1.74 2.06
kde 1.76 1.95 2.05
product ion§ CR' (71) CRBrt (100) CRCI* (86) CFBg" (100) CFBrCt (97) CCk* (76)
CRBrt (16) CFBrCI (8) CFBi' (3) CChLBrt (24)
CRBr+ (8) CRBr* (6)
CROH* (5)

a|onization potentials of the neutral molecules are in BVhe value for the ionization potential of GBrCl has been taken from the paper by
Wang and Lerot? ¢ The ionization potential for CFBCI was estimated from that of CFB{10.67 eV). Replacing Br by Cl increases the ionization
potential by~0.20 eV, a value obtained by comparing the ionization potentials of the pairs of moleculBs,/CF,BrCl (0.23 eV), CHBro/
CH,BrCI (0.27 eV), and CHBYCHBI,CI (0.11 eV).9 The reaction rate coefficients (both calculated and experimental) are given in unitsof 10
cm?® molecule® s™1. The measured rate coefficients and the product ion distributions are considered to be accu2@%1t6The calculated 300
K collisional reaction rate coefficient is given for those molecules with known polarizabilities and dipole moh&matsching percentages are in
parentheses.

was possible for 6D but not for HO™. Significant quantities suggesting that the proton affinities of the molecules are all less
of H3O™ were produced under the best ion source conditions than that of HO (697 kJ mott). Thermodynamic data are
for H,O" production, and the injection quadrupole mass available for only one of the protonated molect€=BrH™,
resolution was not sufficient to reject all the®". A smaller and for CEBr the proton-transfer reaction is endothermic:
additional contribution to the ¥O* concentration in the flow

tube resulted from the reaction ob@&* with trace water in the |-|30Jr + CF,Br— CF3BrH+ + H,0

helium buffer gas. This was minimized by passing the helium
gas through agliquid nitrogen trap. In pra)::t?ce, wﬁen tuned to AH = +112 kJ mol'* )
inject O™, a mixture of 70% HO* and 30% HO™ was
recorded using the second quadrupole mass filter and channel-
tron electron multiplier. By use of the SIFT results for the n +
reactions of HO™, the ion products of the reactions ob®i" H;O"+M—M" +H+H,0
were extracted from the data.

(ii) Charge Transfer

The recombination energy of@* (+ e — H,O + H, 615 kJ
Results and Discussion mol~! = 6.37 eV) is much less than the ionization potential of
any of the reactant molecules of this study, and therefore, charge
transfer is impossible.
d (iii) Attack of H;O' on a Halogen Atom Followed by the
Release of Water and the Formation of a Hydrogen Halide

The measured rate coefficients,), the product ions, and
their branching ratios for all the reactions included in this study
are summarized in Table 1. The reactant molecules are liste
at the top of the table in order of decreasing fluorination£CF
Br — CBrCl;), and their ionization potentials are given in
brackets below each molecule. Also included in the table are
the collisional rate coefficient&d) when calculable. These have o
been determined using the trajectory metfdt is clear from This is the only pathway observed for CEBCFBLCI, and
Table 1 that, with the exception of the reactions @O with CBrCl; and is the predominant pathway for {&F, and Ck-
CFsBr and CEBICI, the measured rate coefficients are close BrCl. Only CRBr is found to be unreactive with 4®*. In
to the expected collisional values. Table 2 we list all the channels of this type, together with the

For the ana|ysis of the reaction pathwaysy thermochemical reaction enthalpies. Two very different values for the enthalpy
data have been taken from Lias etlhland Lidel? unless of formation of CEBr have been reported. A photoionization
indicated otherwise in the text. Enthalpies of formation of some Mass spectrometric (PIMS) study of {& by Clay et ak?
of the observed ion products have not been reported. TheYielded a value ofAH(CFBr*) = 640 kJ mof* at 0 K, while
observation of a reaction pathway to one of these ions implies PIMS studies by Wang and Leroi lead to an upper limit of
that the enthalpy of the reaction is less than 0, and so this allowsAH(CRBr*) = 544 kJ mot1.* There is no obvious explana-
the determination of an upper limit to its enthalpy of formation. tion for the large difference between these values. The table
These upper limits can then be used to place bounds on thecontains entries derived from both values. In the construction

H,0" + M —[M—X]" + HX + H,0

enthalpies of other reactions. of Table 2 an estimate for the heat of formation of CEBr
For simplicity, in the following discussion “M” will be used (=181 10 kJ mof™) has been taken from an earlier study of
to indicate the halogenated methane molecule. ours?®
Reactions with HO*+. Four reaction pathways need to be ~ With the exception of the formation of CBr from CFBg,
considered. the existing thermodynamic data are consistent with our
(i) Proton Transfer observations. The enthalpy of formation of GBreported by
Lias et al.,A{H(CBrs*) = 1000 kJ mot?!, appears to be too
H30Jr +M—MH"+ H,O high. Our results requird¢H(CBrs™) < 869 kJ mof. This

and other bounds established from the identification of the
This was not observed with any of the molecules of this study, product ions are collected in Table 3.
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TABLE 2: Ion and Neutral Products and Enthalpies for the Reaction of H;O™ with the Bromomethanes Presented in This

Study
ion products
bromomethane products AH/kJ mol? observed?
CRBr; CFBr* + H,O + HF AH(CFBR') —726 yes
CRBr* + H,O + HBr 150 or=< 54 no
CRBrClI CFBrCH + H,O + HF AH(CFBrCI") — 667 yes
CFEBr* + H,0 + HCI 153 or=< 57 no
CRCIT + H,O + HBr <75 no
CFBr; CBr;* + H,O + HF AH(CBrs")P — 869 yes
CFBr* + H,O + HBr AH(CFBR') — 633 yes
CFBrClI CBr.CI*t + H,0 + HF AH(CBr,CI*) — 924 yes
CFBr,* + H,0 + HCI AH(CFBr') — 744 yes
CFBrCI* + H,O + HBr AH(CFBrCI) — 688 no
CBrCls CBrChL* + H,0 + HCI AH(CBrCl,*) — 882 yes
CCls* ¢+ H,O + HBr 5+7 yes

a AiH(CR,CI') < 506 kJ mot?, taken from Morris et aB,is used in the calculatio®.CBrs* is observed with a large branching ratio. This is only
possible if the heat of formation of CBrreported by Lias et &t (AH(CBr;™) = 1000 kJ mot?) is incorrect (and it should be noted that the heat
reported by Lias et al. has been estimatéd)e heat of formation of CGt reported by Lias et &t (AH(CCl:*) ~ 831 kJ mot?) is between 824
and 837 kJ mot* owing to the experimental observation of GCirom the reaction O™ + CFCk (— CCls* + H,0 + HF) and the nonobservation
of the reactiorsecCzH;" + CFCk (— CClz™ + CsH7F). The observation of Cgt from the reaction of HO* + CClsBr would seem to indicate
that A(H(CCls") lies closer to 824 kJ mot than to 837 kJ mot.

TABLE 3: Thermodynamic Upper Limits Established from + .
the Thermochemistry of the Reported Reactions by and from HO™ + CBrCly

Requiring That for Any Observed Reaction AH < 0 AH(CBrCl,") < 882 kJ mol*

species AH(300 K)/kJ mot? ] N )

CBrs* ~869 The lnequalltles_ can also be expressed in terms of bond
CFBL* 633 strengths. Consider, for example, the reaction betweitH
CFBICI <667 and CFBg:

CBrCI* <924

CCLBr* <882 H,O" + CFBr,— CBr," + H,0 + HF (4a)

The failure of HO™ to react with CEBr is seen to be due to
the endothermicity of the dissociative pathways leading to both
CRBrt and CR*. For example,

— CFBr,” + H,0 + HBr
(4b)

AH(4b) — AH(4a)= D(CBr, —Br) +

H,O" + CF;Br— CF,Br" + H,0 + HF
D(H—F) — D(CBr, —F) — D(H—Br)

AH = +185 or=< 89 k mol* (2)

is the least endothermic dissociative pathway. The reactionsChannel 4a will be preferred if

of H;O* with CR:Br,, CFBr, CFBRLCI, and CBrC} have rate

coefficients close to the collisional values, so for these systems D(H—F) — D(H—Br) > D(CBr,"—F) — D(CBr,"—Br)

there is evidently no significant potential barrier on the exit

pathway to the trihalomethyl cations. The rate coefficient for The difference between the HF and HBr bond strengths is 204

HsO™ reacting with CEBrCl is at least a factor of 5 below any ~ kJ mol~l. Our observation that channel 4a is preferred implies

reasonable estimate of the collisional rate coefficient; in this that

case there must be some barrier to the exothermic pathway:

D(CBr, —F) — D(CBr," —Br) < 204 kJ moT*
H,O" + CF,BrCl — CFBrCI" + H,O + HF it th i A e HE and HEr bond
and that the greater difference between the an r bon

AH = AfH(CFBrCW) — 667 kJmol* (3) strengths compared to the CF and CBr bonds inEB=and

. . . CBrst, respectively, is the enthalpic driving force that distin-
Only one trihalomethyl cation product is observed from,CF guishes the two channels.

Br, (CFBr,") and CRBrCl (CFBrCI'), and this is in accord The same analysis can be applied to the product branching
wlth the avallable thermochemlcal data. Where more than one iio< for the reaction of O+ with CEBrLCI and with CBrC4,
trihalomethyl cation product is observed, the pathways to the giving

different trihalomethyl cations will be similar. On this basis,
we suggest that the branching ratios will correlate with the D(CBr +—F) — D(CBr. +—CI) <139 kJ mor™
relative exothermicities of the channels. This cannot be tested 2 2
with the available thermochemical data. However, if this
assertion is correct, then the following inequalities can be
obtained from our observations.

D(CBrCI"—F) — D(CBrCI*—Br) < 204 kJ mol*

D(CFBr"—Cl) — D(CFBr"—Br) < 65 kJ mol *
from H;O" + CFBr;:
AH(CFBr,") > AH(CBr,") — 236 kJ mol*

and
D(CCl,"—Cl) — D(CCl,"—Br) < 65 kJ mol'*

from H,O" + CFBr,Cl: . N
4 n 1 (iv) Other Pathways.Two additional products are observed
AH(CFBr,") > AH(CBr,Cl") — 180 kJ mol from the reaction of KOt with CRBr»:
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H,O" + CF,Br,— CFBr, *H,0 + HF (5a)

— CF,Br*-H,0 + HBr (5b)

The observation of these ion products supports the proposal tha
the reactions of kD' with the bromomethanes proceed via an

ion—molecule complex. In the bimolecular pathways, reactions
5a and 5b, the pOD is not released as the reaction proceeds

from the initially formed ion-molecule complex to the products.
The binding between the cation and the(Hincreases the
exothermicity of the reactions:

AH(5a)=
AH(CFBr,") — D(CFBr,"H,0) — 726 kJ mol*
AH(5b) = —D(CF,Br"+H,0) + (150 or < 54) kJ morl *
The observation of GBr+-H,0 is particularly interesting, since
bare CEBr is not a product of the reaction 08" with CF,-
Br,. The binding of the product GBr™ with H,O releases

sufficient energy to make the pathway to BF"-H,O exo-
thermic, while the pathway to GBr* is endothermic:

D(CF,Br'+H,0) > AH(CF,Br") — 490 kJ mol*

Using the two PIMS values fansH(CF:Br*) gives either

AH(CF,Br") — 490= 150 kJ mol*
or

AH(CF,Br) — 490 < 54 kJ morl'*
The binding between ¥ and CEBr is unlikely to be greater
than 150 kJ molt. Thus, the detection of GBr-H,O indicates
that the best value fakH(CFBr*) is the upper bound reported
by Wang and Lerot*

AH(CF,Br") < 544 kI mol*

This is confirmed by our studies of the reactions ¢ with

CFsBr (see later) and is in accord with the bound reported by

Morris et al., <566 kJ mot1.3
In the case of the reaction of;8" with CF,BrCl, there are
in addition to CFBrCt two other ion products. One is due to
a bimolecular reaction
H,O" + CF,BrCl — CFBrCI"*H,0 + HF
AH = AH(CFBrCI") — D(CFBrCI"+H,0) — 667 kJ mol*
(6)

The other is due to a three-body associative process:

He
H,O" + CF,BrCl — CF,BrCl-H,0" 7)

Based on our thermochemical analysis for the formation of CF
Brt-H,0 from the reaction of D" with CF:Br,, the pathway

(8)

is likely to be exothermic, but GBr*-H,O was not observed.
The overall reaction betweens@" and CEBrCl is relatively

H,0" + CF,BrCl — CF,Br*-H,0 + HCI

slow. There is some barrier to reactive breakup of the

Thomas et al.

the helium buffer gas. The resulting association product CF
BrCl-H3;O" is a minor product, and no attempt was made to
investigate the dependence of the association rate on the helium
pressure. With C§Br no bimolecular products were observed,

nd attempts to detect gB-HsO™ were unsuccessful. Both
inetic and thermodynamic reasons can be advanced to explain
the failure to observe GBr-HzO*. A kinetic argument is that
the initially formed collision complex may break up to §BF
and HO™ at a rate much faster than it can be stabilized by
collisions with He at 0.5 Torr. Thermodynamically, although
the formation of CEBr-HsO" from CRBr and HO" is
exothermic, the process will be opposed by the large decrease
in entropy accompanying the association reaction. As a result,
the equilibrium (maximum) concentration of ¢&+-H;O" may
be too small to be detectable. However, it is curious that
association was observed betweenBEIl and HO™, but under
the same conditions GBr is not observed to associate with
H3O™.

Reactions with H,O™. All the molecules reacted withJ@+
with rate coefficients at or close to the collisional values. The
recombination energy of #0* (1217 kJ mot! = 12.61 eV) is
far higher than that of kD™ and considerably exceeds the
ionization potential of each of the molecules in this study. As
a consequence, the major reaction products can all be identified
as resulting from processes initiated by charge transfer. A
detailed mechanistic scheme has been proposed by Morris et
al. from their results for the reaction ob&" with various CEX
molecules’

Three reaction pathways need to be considered.

(i) Nondissociatie Charge Transfer

M+ H,0"—M"+H,0

This channel is exothermic for all the molecules. If sufficient
excess energy remains in the iort Mragmentation of the parent
ion may occur. Nondissociative charge transfer is thus most
likely to be seen for CgBr, which has the highest ionization
potential of the molecules investigated in this study. But even
for CRsBr it is observed to be a relatively minor channel:

CF;Br + H,0" — CFBr' + H,O AH=—-117kJ mog)

A further requirement for the formation of the parent cation is
the existence of an adequate energy range over which the cation
is stable to fragmentation. The recent threshold photoeleetron
photoion coincidence (TPEPICO) study of £ and CRBrl6
shows that a clear region of stability exists for 8F", and
included in this region is the energy corresponding to the
recombination energy of #D*, but such a region does not exist
for CRCI*. This correlates with the observations of Morris et
al.; CRCIT is not formed in the reaction of GEI with H,O™,
but CRBrt is a product of the reaction of GBr with H,O™.
TPEPICO results have not been reported for the other molecules
of this study, and the question of an adequate region of stability
remains open.

(ii) Dissociative Charge Transfer.From the list of observed
ion products (Table 1), Mis evidently formed with energy in
excess of one or more dissociative ionization limits:

M+ H,0" — (M")* + H,0

(MH* — [M—=X]" + X

intermediate iorr-molecule complex. This causes the complex
lifetime to be much longer than for the other systems, and a In Table 4 are collected the enthalpies for all the dissociative
small fraction of the complexes are stabilized by collisions with charge-transfer pathways of the type above, that is, for
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TABLE 4: Enthalpies for All the Dissociative Charge-Transfer Pathways of the Type M+ H, Ot — (M*)* + H,O0 — [M —X]*
+ X + H;0 and for All the Pathways M + H,O0t — [M —=X]* + HX + OH?

AH/kJ mol? AH/kJ mol?
M + H,O" M + H,O" [M—=X]+
M X —[M=X]*+HO0+ X — [M—=X]* +HX + OH observed?

CRsBr Br —47 77 yes (71)

F <57 <-15 yes (16)
CF:Br; Br <-182 <-49 yes (100)

F <-125 <-197 no
CFBrCl Br <—161° <—28P yes (86)

Cl <-114 <—46 yes (6)

F <-32 <-104 yes (8)
CFBr3 Br <—236 <-103 yes (100)

F <-32 <-104 no
CFBrCI Br <—-257 <—124 yes (97)

Cl <-282 <-214 yes (3)

F <—-32 <—104 no
CBrCl; Br —-231 —-98 yes (76)

cl <-171 <—104 yes (24)

2 Note that the heat of formation taken for BF* is that reported by Wang and LerfdiOther inequalities are a result of the heat of formation
of the product ion being taken as the upper limit derived from tg®*Hstudy (Table 3). The numbers in parentheses are the branching ratios to
the observed [M-X]* products? A{H(CF.CI") < 506 kJ mot?, reported by Morris et ab s used in the calculation.

M + H,0" — [M=X]" + H,0 + X (10)  HO™
The bounds of Table 3 were used to calculate many of the entriesCF;Br + H20+ - C':zOH+ + HF+ Br
in Table 4. With the possible exception of AH = —267 kJ moT* (14)
CF,Br+ H,0" — CFBr" + H,O+F This is the most exothermic pathway to £FH*. Its observa-

AH = 153 or<57 kJ mor* (12) _tion again suggests _that th_e (eaction o&mﬁl\(ith HZQ, at Ieas_t
in part, proceeds via an intimate mechanism within an-ion
these fragmentation pathways to the trihalomethyl cations are molecule complex. The product is assumed to be protonated
all exothermic. For most of the molecules there are other carbonic difluoride rather than the difluoromethoxy cation
exothermic pathways to the trihalomethyl cations of the form CHFO", since a comparison of the enthalpies of formation of
CH,OHT (703 kJ mot?l) and CHO™ (842 kJ mot?) leads to
M+ H,0" —[M—X]" + HX + OH (12) the conclusion that GBH* will be the lower energy isomer.
Protonated carbonic dihalides are not observed as products
and the enthalpies of these pathways are also given in Table 4.0f any of the other reactions, although there are exothermic
For pathway 10 the exothermicities increase in the order X pathways to CFOH' production for both CEBr, and
= Br < CI < F, reflecting the relative strengths of the-& CRBrCI:
bonds in the trihalomethyl cations. For pathway 12 the overall
thermochemistries are the result of the balance betweed C  CF,Br,+ H O+ — CF, OH' + HBr + Br
and H—X_ bond strengths, and these pathways are most AH = —301 kJ moT™ (15)
exothermic for X= F.
There is a strong correlation between the exothermicity for CF,BrCl + H O+ — CFy OH" + HCl + Br
the simple dissociative charge-transfer mechanism 10 and the
observed branching ratios, indicating that mechanism 10 is the AH = —298 kJ mol* (16)
preferred pathway by which the trihalomethyl cations are
formed. There is one definite exception, the formation of-CF
Br* from CRBr, for which the most exothermic pathway is

There are no thermochemical data for the other protonated
carbonic dihalides. The proton affinities of carbonic difluoride
and methanal are quite similar, 672 and 718 kJ Tthol

CF.Br + H20+—> CFzBr+ +HF+ OH respectively. This suggests that the proton affinity may be
1 regarded as a transferable property of the carbonyl gretdpQ
AH =82 or=—-15kJmol"~ (13) kJ molY). This value was used to make reasonable estimates

of the enthalpies of formation of C&)H* (610 kJ mot?) and
CBrROH* (717 kJ mot?). The following pathways are likely
to be exothermic:

The observation of GBr+ as a product of the reaction between
CFRsBr and HO is only consistent with the second of these
two values forAH. This value is derived from Wang and
Leroi's upper limit to A(H(CFRBr*) (=544 kJ mot?1).14 The
value of AiH(CF:Br+) = 640 kJ mot! obtained by Clay et al.
from a PIMS study of CEBr appears to be much too highlt

has thus been rejected in the construction of Table 4, and Wang
and Leroi's bound for the heat of formation of 8" has been

CF,Br, + H,0" — CBr,OH" + HF + F

CFBr, + H,0" — CBr,OH" + HF + Br

used. CFBr,Cl + H,0" — CBr,OH" + HF + Cl
The formation of CEBr* from CRBr indicates the occurrence
of reaction within an ior-molecule complex, while the other CBrCl, + H,0" — CCLOH" + HCI +Br

reactions could result from long-range charge transfer. The

significance of this observation is discussed further below.  None of these pathways were observed. Similarly, by use of
(iii) Formation of Protonated Carbonic DihalidesCR,OH* values of the heats of formations of CFBro377 kJ mot?),15

is one of the products observed from the reaction ofBCkvith CBrCIO (=167 kJ mot?),> and CFCIO €430 kJ mot?),17
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CF3Br + HoO%

l @

[ CF3Br+ Hy0t |

l ®) ———— CF3Brt + H70
CF3Br* + Hp0 | ——|
l(d) l(d') [ 3br 20 ]
[ CF3*+Br+Hy0 | [ CFgBr++F+H0 | — [CF3Br*]"+H0
l(h) l(h')
® (-]
CF3*+Br+Hj0 CF2Brt + F + H0
(endothermic) CF3*+Br+HyO  CF2Brt +F +Hy0

(endothermic)

[ ) l © [ D) j ®

[ CFBrOH* +HF +F] [ CFOH* +HF + Br | [ CF3*+HBr+OH ] [ CF,Br*+HF +OH ]
I ) 6) l @ l ®
CFBrOH* + HF + F CF,OH* + HF + Br CF3* + HBr + OH CFBrt + HF + OH

(not observed) (endothermic)

Figure 1. Mechanistic scheme for the reaction of®t with CFBr (adapted from ref 3).

estimates of the heats of formation of CFBro@53 kJ mot), RE(H20%)
CBrCIOH" (664 kJ mot?), and CFCIOH (400 kJ mot?) have
been determined. These estimated heats of formation indicate
that there are exothermic reaction pathways leading to proto-
nated carbonic dihalides for all the molecules of this study.
Mechanisms of the Reactions of HO* with the Bro-
momethanes The results show that the reaction of®f with
CRsBr is different from the reactions of 40* with the other
fully halogenated bromomethanes of this study. The parent
cation product CEBr+ is observed. Two of the other products
CFBr* and CRLOH* are indicative of intimate reactions within
an ion—molecule complextheir formation requires the making
and breaking of bonds, together with charge transfer. On the /\J
basis of the reactions of the other bromomethanes, the only ™
product to be expected from @Bt is CR*. The general 12 14 16 18 20
mechanistic scheme proposed by Morris e# akovides a Tonisation Energy /eV
framework within which to examine these observations. For rigure 2. Photoelectron spectrum of G in the ionization energy
the specific case of the reaction of §8F with H,O", an adapted  range 11.5-20.5 eV (adapted from ref 21). The vertical dashed line is
version of the scheme of Morris et al. is illustrated in Figure 1. drawn at the recombination energy (RE) of thgl ion, 12.61 eV.
The steps in this scheme are (a) the initial formation of ar-ion
molecule complex and (b) charge transfer within this complex. indicated in the mechanism. Step b is exothermic. The energy
The efficiency of charge transfer at long range can be assessedeleased is partitioned between internal energy of the catign CF
by combining the separate Frane€ondon factors for the  Br*, internal energy of the D, and relative motion of GF
recombination of the ion (here, .B™ + e — H,0) and Brt and HO. There are a number of possible fates of the
ionization of the molecul@&18-20 Energy conservation requires complex indicated by steps—d. Step c is the breakup of the
that the energy released by recombination is equal to thatcomplex to release the parent cation. If the parent cation
supplied to ionize the molecule. The geometry of the ground contains sufficient internal energy, it may fragment (step g).
state of HO™ differs little from that of HO, and the largest Step c is in competition with step d, dissociation of the cation
Franck-Condon (F-C) factor starting from KO in its zero- within the complex, and steps e and f, which are reactions within
point level is to HO in its zero-point level. The energy released the complex.
is 12.61 eV (the adiabatic and vertical ionization potential of = Steps d&f lead to steps kj, respectively; i.e., each of the
H.0). The relative FC factor for ionization of the molecule  complexes formed by reactions within the initially generated
at this energy can be judged by inspection of the photoelectronion—molecule complex will break up to release the respective
spectrum of the molecule in which relative intensities are usually product cations.
set by F-C factors for ionization. For the case of charge To observe the parent cation, step ¢ must compete against
transfer to HO™, this is only likely to be efficient if there is a  steps d-f and the parent cation must not break up after release
peak in the photoelectron spectrum of the molecule with an from the complex (step g). Step b is least exothermic fos-CF
ionization energy close to 12.61 eV. An inspection of the Br, and CREBrt is known to have a fairly wide energy range
photoelectron spectra of GBr,2! reproduced in Figure 2, shows  over which it is stable to dissociation. The formation of stable

Intensity /Arbitrary Units

no peak at 12.61 eV. When the match is poor, as fg#H-+ parent cations is most likely for GBr and was only observed
CRsBr, a large distortion of the potential energy surface of the for CF;Br.
neutral would be required to obtain good € factors. Charge Steps e and f are intimate reactions within the-amlecule

transfer must then occur within an iemolecule complex, as  complex, involving the making and breaking of bonds. Com-
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pared to charge transfer, these are relatively slow processescomplex, the first reaction step is attack of the acidicikithe
which will only compete with steps ¢ and d if the complex H3;O" ion on a halogen in the neutral. Preferentially, an HF is
lifetime is long and the parent cation does not rapidly dissociate. ejected together with # from the complex for the fluorine-
The energy released within the complex by the initial charge containing molecules, and HCI anc®l are ejected from the

transfer, step b, will determine the lifetime of the {emolecule complex for the reaction involving CBrgl Such a reaction
complex between the parent cation andOH The charge  pathway is endothermic for the reaction of®t with CFsBr,
transfer is least exothermic for g, and it is only for CEBr and this explains the lack of an observable reaction with this

that a product corresponding to steps e and i is observed. SteP$nolecule. In the case of GBr, and CRBrCl, it is observed

fand j are the route to GBr for CRBr. that the HO may bind to the trihalomethyl cation as the ion
For completeness, illustrated in Figure 1 are the pathways molecule complex breaks up

ending in steps 'h ¢, and |, all of which are overall

endothermic, and the pathway ending in stephich although H,O™ reacts predominantly via dissociative charge transfer,

overall exothermic, is not observed. which probably takes place at short range, since the Franck
Considering the other molecules of this study, an inspection Condon factors connecting the ground state of the bromine-

of the photoelectron spectra of ¢B¥Cl?2 CFBr,? and containing molecule to any ionic state are small at the vertical

CBrCl24 shows that for these molecules there are reCF recombination energy of #0*. Clear evidence of this has been
accessible ionic states at the vertical recombination energy offound from the reaction of 0+ with CFsBr, for which other
H,O". There is a partial match for GBr,.22 Charge transfer ~ ion products that can only result from intimate reactions
must again occur within an iermolecule complex, and reaction  occurring within an ior-molecule complex are observed in
is initiated by steps a and b of the mechanism. The very addition to charge transfer.

different pattern of products, exclusive formation of trihalo-
methyl cations, observed from ¢it,, CRBrCl, CFBr, CFBI,-

Cl, and CBrC§, when compared to GBr, indicates a change .
in the dynamics of the complex [+ H,0] so that the only Porton Down, U.K., is gratefully acknowledged. One of the

significant steps are step ¢ followed by step g and/or step d authors (R.D.T.) espeually thanks Professor G. C. Morrison,
followed by step h. For CBr, CRBrCl, CFBR, CFBRLCI, Head of the School of Physics and Space Research, for a School
and CBrC} more energy is released by charge transfer during Studentship.

step b. This energy will appear both in the internal energy of
the cation, leading to its dissociation (steps d and g), and in the
relative motion of the molecules within the complex, accelerat- (1) Fehsenfeld, F. C.; Crutzen, P. J.; Schmeltekopf, A. L.; Howard, C.
ing its destruction (steps ¢ and h). The net effects are a short%je':'fg;tg”éf- o erauson. E.E Davidson, J. A.; Schiff, HlIGeophys.
complex lifetime and the exclusive production of trihalomethyl (2) Raksit, A. B.Int. J. Mass Spectrom. lon Processk286 69, 45.
cations, for which the branching ratios will parallel the exo- (3) Morris, R. A.; Viggiano, A. A.; Van Doren, J. M.; Paulson, J. F.
thermicities of the competing dissociative charge-transfer reac-J: Phys. Chemi1992 96, 3051. . . _
tions. Whether the route is via steps ¢ and g or via steps d andLieéé)am%fr'é’J_RF;heg_ \gﬁgﬂgéﬁégfggg?o'd’ S. T Paulson, J. F;
h will depend on the relative rates for dissociation of the parent  (5) Jarvis, G. K.; Mayhew, C. A.; Tuckett, R. B. Phys. Cheml996
cation and breakup of the iermolecule complex. 100, 17166.

To conclude, the observed branching ratios for the reaction 198é6£2'\10$g8y' M. B.; Salawitch, R. J.; Wofsy, S. C.; Logan, J.Mature
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