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In light of the recent controversy surrounding its heat of formation,(CWas reexamined by
photoionization mass spectrometry. In particular, the"@@gment ion yield curve from CJ© was
interpreted in terms of a retarded C®F, process, and a more facile two-step fragmentation to
CO"+2F. The former process produces a weak, slowly growing tail region without a clear onset,
while the latter occurs at higher energy and causes a pronounced growth with a conspicuous onset,
which was found to occur a&£20.877%%9_, , eV at 0 K by fitting with a model curve that
incorporates “fluctuations” associated with second-generation fragments. This onset leads to
AH; 54 CF,0) = —149.1"*% _, ; kcal/mol, and indicates that the older experimental values for
this quantity are too low by at least 3—4 kcal/mol. While the dfimination is retarded by
competition with lower energy processes, the two-step process derives its strength from the FCO
fragment, which assumes the role of a pseudoparent. Thus, the onset af2EQs expected to
appear reasonably close to the thermochemical threshold. Such an interpretation indicates that
recently calculatecb initio values of —145.3+1.7 kcal/mol and—145.6-1.0 kcal/mol are very

likely too high by 3—4 kcal/mol. In addition, the adiabatic ionization potential ofwas refined

to 13.024-0.004 eV, while tle 0 K appearance potential of the FE@agment was found by fitting

to be<14.752+0.005 eV. Together with the suggested vaIueﬁH;(CFZO), these two onsets lead

t0 AH; 50 CF,O") = 151.2714_,, kcal/mol and AH; 5, FCO') = 173.5'14_ kcal/mol.

© 1996 American Institute of Physids$0021-960606)00846-X

I. INTRODUCTION CF,00CF;. To reiterate briefly, Bat and WalSkite a num-

, ber of experimental results which can be consolidated into
The apparently well-established JANAF valuer the AH: ,0(2) = 46.8+ 0.5 kcal/mol andAH: so(3) = 21.7

heat of formation of CFO, AH{ 50 CF,0) = —152.7= 0.4 - g g kcal/mol for the following reactions:
kcal/mol, (—152.0+0.4 kcal/mol at 0 K has recently been

challenged byab initio calculations, which claim that the
tabulated value is too low by at least 6, and perhaps as much CR00CR—2CRO, @
as 8 kcal/mol. Using the isodesmic reaction

CF,0—CF,0+F. 3
CF,0+ CH,—CH,0+CH,F,. (1)

Montgomeryet al? obtainedAH; o(CF,0) = —143.7 kcal/  Introducing the JANAF value for AH; 504 CF,0)
mol from G2 theory and —144.8 kcal/mol from =—152.70.4 kcal/mol leads tA\H; o CF;0)=—155.4
CBS-QCI/APNO* With the addition of an error bar of1  * 1.0 and AHy 59 CF;00Ck) = —357.6- 1.1 kcal/mol.
kcal/mol, and after correction to 298 K, the latter result be-The valueAH; ,of CF;0)= —149.2+ 2.0 kcal/mol recom-
comes thefr suggested new heat of formation of £F mended on the basis of calculatibris about 6 kcal/mol
—145.6 kcal/mol, higher by 7.2 kcal/mol than the JANAF higher than the experimentally derived value. This discrep-
value. Following up on this rather surprising result, ancy seems to be very similar to that observed fos@Hhe
Schneider and WallingtGrperformed additional calculations theoretical “estimate® for AH; 208 CFsO0CK;)) = —342.8
using an approach closely resembling thg!@22) method® + 2.7 kcal/mol, later quotedas —346.9 kcal/mol, is not re-
They reexamined reactiofl) and obtained an even higher ally based on an independent calculation. Rather, it is de-
value of —143.6 kcal/mol for the heat of formation of @&  rived by combining one or the other of the calculated values
at 298 K. However, after taking into account the resultsfor AH;(CFQ,O) with the experimentaAH:(Z) given above.
based on two additional isogyric reaction schemes and thl is thus not surprising that it differs from the purely experi-
previous results by Montgomenret al,> Schneider and mental value by roughly twice the discrepancy encountered
Wallingtor? end up selectind\H; ,o CF,0)=—145.3+1.7  for CF,0 or CFR0. However, instead of using the JANAF
kcal/mol. This is, apart from the error bar, practically iden-value forAH; o4 CF,0), Schneider and Wallingt8rlerive
tical to the value suggested by Montgomeityal 2 pseudoexperimental quantities by combinikl; ,4¢(2) and

As further evidence that their inference is correct,AH; 20¢(3) with their suggested theoretical value 6f145.3
Schneider and Wallingtrshow that the introduction of this +1.7 kcal/mol, which is 7.4 kcal/mol higher than the JANAF
new higher value for the heat of formation of {Fappears value. With this approach they obtaiAH; ,qd CF;0)
to partly reconcile discrepancies between the calculated and —148.0-1.9  kcal/mol  and AH; 296 CF;O0CF)
experimentally derived heats of formation of LLF and =-—342.8+2.7 kcal/mol. These values are, of course, higher
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than the straightforward experimental values by exactly 7.4  (a) The experimental determinations &H(CF,0) are
and 14.8 kcal/mol, which brings them into significantly bet-wrong Each of the experimental determinations considered
ter agreement with theoretical values. by the tabulation's'? has some weak point. For example, the
Given the deservedly good reputation of G2 and similathydrolysis measuremehtan be relatively easily criticized
theories, the theoretical inferences by Montgometyal?  on the grounds that the final state is uncertain. The determi-
and by Schneider and Wallingtonvould seem to provide nations by explosion in a spherical botband by
strong evidence that the JANARalue for the heat of for- calorimetry* are subject to a similar, albeit milder criticism.
mation of CRO is indeed too low by 7 to 8 kcal/mol. The The gas phase equilibrium experiméfits originally con-
tabulated value is essentially based on measurements by veained low-temperature points which had to be excluded
Wartenberg and Riterfswho determined the enthalpy of from the analysis because equilibrium was not reached
hydrolysis of CEO and reported—26.7+0.2 kcal/mol for  within the time frame of the experimett!? This severely
the reaction restricts the investigated temperature range, and, together
with the scatter in the points, makes Second Law determina-
CFR0O(9) + H0(1) — CO,(g) + 2HF-300H,0. @ tions very uncertain? Third Law analysis, on the other hand,
When combined with JANAF's own values for Puts stricter demands on absolute values of equilibrium con-
AH; 504CO,)=—94.052-0.011 kcal/mol and Stants. Additionally, there have been some questions whether

AH; o HF-300H,0) = —76.84 kcallmol, this yields the se- a complete equilibrium has been reached even at the higher

IectedAH; 2o CF,0)=—152.7+0.4 kcalimol. As support- temperature$? However, in spite of all the individual criti-

: ; isms, it does not seem very likely that all measurements are
mgloewdence, JANAF also quotes the .r_es.ults by Ruff ancfn error by a similar amount. Thus, when taken together, the
Li,~” who measured the gas-phase equilibrium

experimental determinations considered by the tabulations
2CF,0=C0,+CF, (5) appear to constitute a nontriyial body of evidence suggesting
that the correct value foAH; ,0dCF,0) is between—152
in the temperature range 573-1473 K. Subsequently, thesind —154 kcal/mol.
data were very carefully analyzed by Statlal,!* who ex- (b) The calculated heats of formation are in error and/or
cluded the three points at lower temperatufaken with a  their quoted error bars are too smallthough G2 and simi-
nickel catalyst on the grounds that true equilibrium may not lar theories have demonstrated a very good track record for
have been reached, and who then used an average of the fismall organic compounds, it is not clear at all how accurate
higher-temperature pointsaken with a Pt catalysto derive  they are for fluorine-containing molecules. In fact, until
AH; ,0¢(5)=—12+3 kcal/mol from a Third Law approach. proven otherwise, one can speculate that the calculated heats
With JANAF's AH; 208(CF,)=—223.0t0.3 kcal/mol, this of formation can deviate significantly, and perhaps even sys-
leads toAH; ,95 CF,0)=—152.5+3.3 kcal/mol, in excellent tematically, when several fluorine atoms are present in the
agreement with the hydrolysis result, albeit with a larger ersame molecule. The fact that the calculated values are higher
ror bar. than the experimental values by similar amounts for both

The compilation of Gurvictet al*? provides a more ex- AH;(CFZO) andAH;(CFao) may be interpreted as an indi-
haustive analysis of experimental determinations ofcation of a systematic error. The hypothesis of systematic
AH; 208(CF,0). These authors present a table with an assorteeviation for compounds rich in fluorine is currently being
ment of reinterpreted values that “coincide within the uncer-tested by Curtiset al® The rationale for this supposition
tainty limits.” In particular, they obtain—153.0+1.2 kcal/ lies in the fact that G2 and similab initio theories are best
mol from the hydrolysis experimeftand—152.5+1.4 kcal/  suited for describing molecules with predominantly covalent
mol from the Third Law analysis of the five high- bonds. Fluorine, with its extreme electronegativity, hardly
temperature points of Ruff and £f. They also list the new fits such a description. However, even if no evidence for
equilibrium study by Amphletet al,*® which yields—153.7  systematic deviation is found, one can rather safely state that
+2.4 kcal/mol by Third Law analysis, a calorimetric mea- the error bars quoted by Montgomeey al? (=1 kcal/mo)
surement by Dud$ giving —153 kcal/mol, and a Russian and Schneider and Wallingtdri+=1.7 kcal/mo) are on the
measurement by the explosion method in a spherical bomb, optimistic side. Such tight uncertainties have been tradition-
reinterpreted to yield—155+2 kcal/mol. For the sake of ally quoted for simple organic compounds with two
completeness, Gurvicket al? also list the Second Law “heavy” (i.e., nonhydrogenatoms. For these types of mol-
analysis of the equilibrium measurements, which unfortu-ecules it has been found empirically that the calculated and
nately produces only very coarse values-e£60+25 and experimental values usually agree within 1 kcal/mol. How-
—175+12 kcal/mol. These are, however, ignored in the finalever, this level of accuracy has yet to be demonstrated for
analysis, and Gurvickt al!? settle for an average value of highly fluorinated compounds, and a simple transfer of error
AH; 20d(CF,0)=—153.0+1.2 kcal/mol, which coincides bars from nonfluorinated compounds seems unwarranted at
with their interpretation of the hydrolysis result. this point.

At this point, it seems to be rather clear that the experi-  (c) The accepted heats of formation for most fluorinated
mental and calculated heats of formation of,OFdiffer by = compounds are too low by several kcal/nidtis is really the
roughly 7 kcal/mol and that the discrepancy is not easilyinitial part of argumentb) in reverse and is a nightmare to
reconciled. Several scenarios are possible: compilers of thermodynamic tables. In a nutshell, thermody-
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namic tables are collections of evaluated cross links betweethermochemically significant threshold. The CT@agment
heats of formation of interrelated compounds. In particularpresents, at least in principle, a possibility, if one could work
the heats of formation for most fluorinated compounds areround the pitfalls usually associated with higher energy
pegged to other fluorinated compounds and are thus interd&agments. As we shall show in this paper, it is possible to do
pendent. One glimpse of these intricacies has been giveso in the case of GI©, and, propitiously, the approach leads
earlier in this section, when it became apparent that botto a reasonable result.

AH;(CF;0) and AH;(CF;00CF;) depend onAH;(CF0). Il EXPERIMENTAL ARRANGEMENT

One can easily imagine a situation where the relative values’ S - o ]

of heats of formation are more or less correctly established, Th€ photoionization apparatus utilized in this study is a
but an error in one of the key values propagates throughod_pconstructlon of an earlier r_nachme, and it co_n3|_sts essen-
the table and causes the absolute values of a whole group Bflly of & 3 mvacuum-ultraviole{VUV) normal-incidence
related compounds to be systematically off. However, thignenochromator(McPherson mated to an experimental
source of error can be dismissed in the case ofhamber which accommodates an ionization region, ion op-
AH;(CF,0). Most experiments considered by the tabulationgiCS; @ guadrupole mass spectrometer, and a light detector.
peg CRO either to aqueous HFhydrolysi§ or to CF, (gas Thg experiments described here utllllzed the. He light source,
phase equilibria and the explosion methodilthough which generatgs a smooth Hopfield continuum covering
JANAF! uses the supersed@d’ value forAH;(HF,g), the roughly the region between 600 and 1000 A. The nominal
discrepancy0.18 kcal/mal is too small to be relevant in this Photon resolution was kept at 0.82 (RWHM) throughout _
discussion. The suggested JANAF  vdlue for the expenments. The wavelength_sgale was accurately c_all-
AH; 10d CF)=—223.0:0.3 kcal/mol is produced by a si- brated by internal standards consisting of sparse atomic im-

multaneous least-squares fit of 23 observations interrelatingUMty lines belonging to Ne N 11, and Hi and appearing in
the heats of formation of seven fluorinated compounds, in®Ur light spectrum. The mass-selected ions were pulse
cluding HRg) and HRagq). However, as JANAF points out, counted, while the _Ilght intensity was concomltantly_ re-
this value is identical to that obtained directly by Greenbergcorded by monitoring the fluorescence of a sodium-
and Hubbard® who performed a very accurate study of the sallcylate-coqted window by an external photqmultlpher.
combustion of graphite in fluorine and obtained23.04 Several different samples of carbonyl fluoride were used

+0.18 kcal/mol. The latter value is also selected by Gurvich" these experiments. A commercial product, declared to be
et al,'2 who list a number of individual experiments that Of technical purity(85% min), was obtained from PCR and

arrive at the same value. Therefore, one can conclude th¥{@s found to contain large amounts of £@nd Ch. This
AH;(CF,) is firmly established, and that it rigidly anchors SamPple was used only to produce the overview scans of the
the thermodynamic scale for other fluorinated compounds. Parent CEO™ ion and the FCO fragment. Most of the other
Thus, of the three scenarios presented, dalyand/or measurem_ents were performed using homemadg samples of
(b) seem likely. Obviously, additional and independent ex-CF0, which contalngd no detegtable impurities. These
perimental verifications of\H;(CF,0) are needed at this Samples were synthesized by passing pure CO through a col-
point. In this paper we try to shed more light on the issue by"Mn ©f AgF; attached to a metal vacuum lif€The result-
applying photoionization mass spectrometry techniques, witi'9 €F0 product was trapped in a U-tube cooled with liquid
the aim of finding additional support either for the theoretical"trogen and transferred to a Monel pressure vessel fo_r stor-
“high” or experimental “low” value for AH;(CFZO). age. These homemade £F samples were introduced into

CF,0 has been recently examined by photoionization b>}he instrument fror_n an acetone/dry ice bath, which suitably
Buckley et al1® However, these researchers were intereste(ﬁeduced the container pressure and allowed the sample flow

only in the threshold regions of the parent OF and frag-  © be controlled by a simple in-line needle valve. In order to

ment FCO ion, and they did not attempt to determine increase sensitivity and avoid interference from background
o ’ + ; _ 1 + :

AH;(CF,0) independently. In fact, Bucklegt al. use the Nz - Which appears at the sam#e=28 as “CO’, the final

caIcuIatedAH;(CFZO) as a starting point to derive other measurements of the COfragment were performed with

13 : : :
thermodynamic quantities. In the conclusion of their paper, <20 Samples, which were synthesized frdfe0 in the

they cautiously qualify their choice by stating that “the cal- SM€ manner as the samples of normal isotopic composition.
culated value forAH; ,9g(CF,0) was used because of defi- The CO,™CO, and Agh; used in the synthesis were of com-

ciencies in reported experimental values; however, thénerCIaI origin(Aldrich).
‘high,’ calculated results clearly needs to be verified by ex-|||. RESULTS
perimental measurement.”

The general approach in obtaining heats of formation byA
photoionization mass spectrometry is through measurements The mass spectrum of GB observed at the Hereso-
of fragment appearance potentiglsPs). CF,0 is a very nance line(584.33 A=21.218 eV is listed in Table I. Al-
small molecule, and it has very few fragments. The two mosthough the relative intensities are somewhat distorted by the
obvious fragments, FCOand CE, are not very useful for inherent mass discrimination function of the quadrupole
our purpose, because their heats of formation are either notass spectrometer, the tabulation provides a good guide to
known independently or are not known accurately enoughthe relative importance of various fragmentation channels.
Furthermore, as we shall demonstrate ;@foes not have a As one can readily see, the FCGragment is the dominant

. Overview and parent ionization
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TABLE I. Photoionization mass spectrum of gFat 584.3 A=21.218 eV. small autoionizing peaks_ In the first approximatiom the un-
The intensities are not corrected for the quadrupole mass discriminatio?jerlying step structure should closely resemble an integral

function. The listedm/e ratios are those corresponding to a sample with . . .
natural isotopic composition, although some massesh as CO) were ~ OVer the vibrational peaks in a photoelectron spectrum. In

obtained from &3CF,0 sample.

their acclaimed paper on perfluoro effect in photoelectron
spectroscopy, Brundlet al? studied,inter alia, CF,0. In

me Species Relative intensity their analysis of the high resolution spectrum of the first
66 CRO" 35.2 band, they conclude that the transition “is very nonvertical
50 CR 29 and displays a long vibrational progressitat least five
47 FCO' 100.0 1 .

31 CF “01 member$ of 1550 cm ™ built upon the origin and upon a
28 co' 5.2 single quantum of 530 cnt.” They assign the 1550 citt

progression tay; (C—O stretch, and the 530 cm'® “possi-
bly” to v; (F-C—Fbend.

species at 21 eV, nearly three times more abundant than tf{e Although slightly confused by the presence of small in-

: ruding autoionizing peak¢e.g., at 950.6:0.5, 946.9-0.5,
parent. The 'next most intense fragment,*C'@ apout 1/7th 944.8-0.5, 940.5-0.5, 938.4-0.5, 935.6-0.5. 933.2-0.5,
the parent intensity, followed by GF which is weaker

roughly by another factor of 2. 930.8£0.5, 928.70.5, 926.8-0.5, 924.7#0.5, 921.8:0.5

Figure 1 shows an overview of the photoion yield curvesf&’ gtc), the pOSItIOI‘IS. of t.he midrises of steps in the. photo-
ionization spectrum in Fig. 2 correlate very well with the

of the parent CFO™ and its fragments and covers the region' ) ) )
between the ionization threshold -aB50 A and the shortest vibrational peaks of the first band in the photoelectron spec-

explored wavelength-580 A. The relative intensities of the trum of Brundleet al. Thus the main progression in can be

ion yield curves are meaningful, apart from the quadrupolé®Pserved at 952:60.3, 937.8:0.5, 924.5-0.5, 911.20.7,
discrimination factors. As one can see, between the ioniza@nd 891 A, which, with a hint of anharmonicity, results in
tion threshold and~740 A, the parent CJo* is the domi- @n average spacing fof of 154050 cm *. The position of
nant ion. In contrast to the analogous £Hand CHS?2+?2  the steps of the secondary progressionvin which is dis-
both of which display an abrupt ionization onset followed by placed from the origin by one quantum »f, are even more

a long plateau, the threshold region of OFis conspicu- confused by the superimposed autoionization. Nominally,
ously rounded, clearly indicating an extended Franck-they appear to be centered at 947005, 932.4:0.5, 918.9
Condon envelope. Upon further magnificatitfig. 2), one  *0.7, and 906.61.2 A. The structural features of the
clearly sees a series of rounded steps with superimposdtireshold region reported here agree reasonably well with the

1.2
g |7 n ﬁf? CF,0*
2 ] ,
5 0.8
5 081
s - f
k=) r cot o® ).
g Rewo .l
g 1 . o °o
50448 o7
-.5 % 00 ©
r 4
_‘{Q CF,'
13 (x10)
0_0 -‘m‘! T ) T T T T T T T T T T T T T
580 660 740 820 900 980
Wavelength / A

FIG. 1. An overview of the photoion yield curves of §F, FCO", CF; , and CO between 580 A and the ionization threshold. The relative abundances of
all species are correctly depicted in the figure, apart from quadrupole transmission factors.
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Beyond the threshold region, the parent ion yield curve
S displays prominent autoionizing structure corresponding to
_ N several Rydberg states converging to one of the excited elec-
E CF.0 tronic states of CFO*. As can be seen in Fig. 1, the structure
Y appears as three broad peaks, with a series of superimposed
0.05 ~ % smaller peaks. The vertical transitions of the two features at
, % lower energy are at about 845-850 an@00 A, respec-
] % b) tively. The third feature is suggestive of at least two overlap-
i % ping states, one of lower intensity at775 A, and one of
higher intensity at~765 A. Essentially, there are only two
. possible candidates for convergence limits of these Rydberg
0 e ey states: one is the second excited state ofGCF whose ver-
930 940 950 960 tical IP was found® to be 16.6 eV; the other is the next
f feature in the photoelectron spectréfgorresponding to a

0.3 0®& composite of several states, but with an apparently well-
CF,0" defined vertical IP of 17.2 eV. In the photoelectron spectrum,

%N both features have the general shape of a broad peak with

Photoion Yield / arb. units

partly resolved vibrational substructure near the apex. Al-
though the three features in the £LF yield curve are most
probably a superposition of various Rydberg states converg-
ing to both limits, the interpretation in terms of the 17.2 eV
limit is particularly facile. Such a choice would suggest that
the first feature is a3 Rydberg, on the grounds of its quan-
tum defects~0.70, which is characteristic of an atomip™
0.0 A —— quantum defect for oxyge(®.710 and/or fluorine(0.752.2°
900 920 940 960 The second feature is then a Rydberg, with6~1.17, very
Wavelength / A close to the expected value for an atomig’‘guantum de-
fect in oxygen(1.142 and/or fluorine(1.207).%° The vertical
FIG. 2. The expanded threshold region of the,GF curve from CRO, transitions of the subsequent memberg, ahd 5, can be

covering(a) 900 to 970 A andb) 930 to 965 A. The photoion yield curve extrapolated by increasing té values by 1, which leads to
displays a series of rounded steps with superimposed autoionizing peaks. ’

The underlying step structure reflects the Franck—Condon factors for dire(:’tv77l"-> and~7_60 A'_ respeCt'Ve_ly* and explams the Ol’lgln of
ionization and correlates very well with the vibrational peaks of the firstthe “composite” third feature in the spectrum. There is also

band in the photoelectron spectrum of Ref. 23. The midrise of the first stepg hint of structure at~753 and~746 A, which would cor-

zétF9052.Ot0.3 A=13.024-0.004 eV, corresponds to the adiabatic IP of respond to the 5 and & members. This assignment parallels
2 the findings in CHO,?* for which several vibrational mem-

bers ofns andnp Rydberg states converging to the first and

findings of Buckleyet al.*® with the exception that in their Second excited states of the ion were identified and carried

case the autoionizing features seem to be curiously less préuantum defects of-1.1 and~0.8, characteristic of oxygen.

nounced, in spite of the fact that their reported nominal spec-

tral resolution(0.7 A) is similar to ours(0.8 A).

Of particular interest is the midrise of the first step,
which occurs at 952:60.3 A=13.024+0.004 eV and repre- The first fragment in the photoionization spectrum of
sents the adiabatic IFionization potentigl of CF,O. The CF,0 is FCO". A reflection of the autoionizing structure
precise determination of this value has to take into accourdiscussed above is clearly discernible in the FG@gment
the fact that there is a small autoionizing pe@lt about yield curve. The appearance of autoionizing structure in a
950.1 A situated close to the top of the underlying step thatffragment yield curve is not an extremely common phenom-
corresponds to direct ionization. The adiabatic IP derivedznon, and it qualitatively signifies that the fragmentation pro-
here is in excellent agreement with the results of Brundlecess in question is very competitive. In fact, as the energy
et al,?® who reported 13.020.01 eV, and is in reasonable increases, the partial cross section shifts so rapidly from the
agreement with the photoelectron study by Thomas angarent to the fragment that FCObecomes the dominant
Thompsort* who reported 13.04 eV. It is also in apparent species beyond-740 A.
agreement with the compilation of Liaat al,?® who list The threshold region of FCQ Fig. 3a), is manifestly
13.03 eV without stating the source; their value is presumnon-linear and displays a series of steplike features, which
ably the arithmetic average of values reported by Brundleassume a normal peaklike shape at higher energy. The first
et al?® and by Thomas and Thompséhrather than an in- three features are centerece841.3+0.5,~837.9+0.5, and
dependent determination. Our value is also in good agree-834.2+0.5 A. They are really autoionization peaks that
ment with the previous photoionization stutfywhich re-  appear as steps because they are superimposed upon the un-
ported 13.03%0.020 eV. derlying direct ionization, which exhibits a very sloping be-

0.2

0.1

B. FCO™ and CFJ fragments
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0.7 ' o
{2 . CF20+ 8 5:@%
2 05 ‘
© + &,
5 :%DQ’Q’ 0.05 %ﬁs’% c)
2 1 T FCO' | 3
> 0.10 A 2
c 1 ] o
Rl . ;
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o] i
& 0.05 -
: a) Energy }“é?/ e
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FIG. 3. (a) The threshold region of the FCQzurve from CEO. The shape of the fragmentation onset is influenced by vibrational autoionization structure,
spaced~500+50 cm *. The structure manifests a steplike shape on the ascending portion of the curve and becomes peaklike at highéy) &rrergy.
corresponding region of the @B* curve from CEO shows the same autoionization structure. The vibrational progression seems to shift its intensity from
the parent ionization channel to the fragmentation char{aglA fit to the lowest-energy steplike feature of the threshold region of the F&@ve from

CF,0. The fit yields ABg(FCO'/CF,0)<14.701-0.005 eV.

havior near threshold. One should thus not be tempted tdata, the kernel position and shape were allowed to change,
correlate these features with the vibrational levels of the firstvhile the internal energy function was kept fixed in its initial
excited state of CJO™, which can be seen in the photoelec- form, as determined by the Haarhoff expression. In a sepa-
tron spectrum as a well developed progression of 1450'cm rate set of fits, the shape of the internal energy function was
(v,), with one quantum of “either 970 or ca. 500 chi’?®  also allowed to change. The initial and the fitted forms of the
The spacing between these features-B0050 cmi * and  internal energy function differed only slightly, and produced
correlates very well with the vibrational structure of the very similar threshold fits. The ARy threshold values ob-
Rydberg state centered at845-850 A in the parent curve tained by the two approaches differed only b2 meV.
[Fig. 3(b)]. In fact, a comparison of Figs(& and 3b) sug-  Thus the fit of the experimental data does not yield only the
gests that the vibrational progression of the Rydberg statmherent appearance potential of FEut it can also pro-
simply shifts its intensity from the parent to the FE®ag-  duce an “experimentally optimized” internal energy distri-
ment in the neighborhood of the fragmentation threshold. bution function. The plausibility of the internal energy func-
Figure 3c) shows a fit to the lowest-energy steplike fea-tions can be checked by calculating the implied average
ture of the threshold region. The general model and the apnternal energy. Thus the “experimentally” derived internal
proach are rather similar to those used previo@Slut the  energy function implies 2.KIT of available internal energy.
expressions utilized here are slightly more gené¢seke the For comparison, the normalized Haarhoff function, when nu-
AppendiX. In order to capture the curvature of the first step-merically integrated, produces 2Kb while standard
like feature, the fit uses a curving kernel of the form method$?>*°yield 1.9%T (all at 298 K).
{1-exd —B(hv—Eq)]}, wherehv is the photon energy and The threshold value derived from the best fit is
E+ is the fragmentation threshold. The kernel is convolutedAP,qg FCO"/CF,0)<14.701+0.005 eV. Buckleyet al® ob-
with a function of the formE” exp(— dE), whereE is en-  tain a higher numbe(14.736-0.012 eV} for this threshold.
ergy, which is a mathematically convenient two-parameteHowever, their value is based on a linear extrapolation of
representation of the distribution of the internal energy that isvhat was rather arbitrarily selected to represent a short qua-
available for fragmentation. The initial form of this broaden- silinear section near the threshold. In addition, their FCO
ing function was obtained by fitting the HaarhSfapproxi-  fragment spectrum suffers from a sharply sloping spurious
mate expression for the density of states, which was calcusackground, which further confuses their interpretation of
lated numerically in the range of interest by using knownthe threshold.
frequencies for C§0.1%° During the fits to the experimental Looking back at Fig. 1, one can see that the next frag-
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FIG. 4. The CE fragment yield curve from CJ©. The whole curve can be fitted by a simple exponential function, demonstrating that it is impossible to
distinguish clearly between the exponential thermal “tail” and the onset of this process. The process is heavily retarded by competition from phase space with
the FCO' fragmentation, which has-4 eV advantage.

ment(in energy is CF; , corresponding to the process CF,0—FCO"+F, (CE)
CF,0—CF; +0. (6) FCO"CO" +E. (9b)

Compared to formation of FCQ the process is very weak

and manifests itself as a long and very rounded tail, with nol Nis two-step process does not have to compete for phase

clear onset. It is a classical example of an ill-behaved threstsPace with either FCOor CF; . Rather, FCO, which is the

old, suggestive of a process that suffers a significant retardglominant fragment beyone-740 A, acts as a pseudoparent

tion due to a kinetic shift. That is not very surprising, sincein the second step. Thus compared to thelfmination(and

(in QET terms this channel has to compete with the well- &/s0 to the CE fragmentatio, the CO’ +2F channel can be

developed phase space of the FCfbagmentation process, expected to have a much more abrupt and better defined

which is the first fragmentation process and has about 4 ethreshold. Another very significant consequence is that the

of advantage. This retards the onset so much that it becomé&gset of the two-step fragmentation may then be expected to

impossible to distinguish between the post-threshold growtccur reasonably close to the thermochemical threshold.

of the fragment ion yield and the pre-threshold exponential At this point it is rather instructive to compare the simi-
thermal tail. In fact, as can be seen in Fig. 4, the wholg CF larities and differences between the fragmentation ofGCF

fragment ion yield curve can be fitted with a simple expo-and the analogous GB. In CRO, the CE +0 asymptote
nential function of the formA exp(8 E). Of course, such an lies about 0.72 eV lower than the C@F, asymptote” and

exponential fit has no direct physical meaning. Rather, i@Pout 4 eV higher than FCO-F. As we have seen in Fig. 4,
clearly demonstrates that this fragment does not produce € 4 eV advantage in phase space of FGfauses a very

thermodynamically relevant threshold. shallow, exponentially tailing threshold for the £FO
channel, which stretches out over several eV and displays no

N clear onset. The CO+F, channel, nominally another 0.7
C. CO™ fragment eV higher in energy, will then be suppressed not only by the

In contrast to the behavior of the ¢Hragment, the FCO' channel, but also by the fledgling €FO channel,
CO" fragment, which appears at a higher energy, displays #hich probably siphons away all the new phase space that
conspicuous and relatively well defined threshold. At firstbecomes available. In the G& case, the CH+O asymp-
sight, this seems extremely peculiar, since one would expedte lies 4.2 eVhigher than the CO +H, asymptote. Thus

that the process the CO +H, asymptote corresponds to the second rather
N than to the third fragmentation process and is located only
CRO—-CO™+F, () about 1.99 eV above the HCG-H channel. At that point

has to compete not only with the formation of FCBut also ~ parent ionization is still the dominant proc&ssand is
with CF; , and thus it should have even more difficulty than roughly two to three times stronger than the HCfeagment.
CF; to gain significant cross section. In fact, as we shall sedhese features translate into significantly less severe phase
more clearly later, the process responsible for the promineripace competition than in the &F case. In fact, photoion-
growth in the CO fragment channel can be associated withization spectrd show a somewhat rounded threshold for
the higher energy fragmentation CO"+H,, apparently retarded by about 0.2 éhd compli-

" cated by the presence of autoionization strugturat show-

CRO—-CO™+2F ®) ing a relatively reasonable growth past the onset. The two-

which could be viewed as a consecutive process step CO +2H channel occurs another 4.4 eV higher in
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FIG. 5. Thel>CO" fragment yield curve front*CF,0. The curve is characterized by two distinct regions, which merge smoothly. The lower energy region
displays a very long exponential tail that can be attributed to thé -€&) fragmentation channel. This channel has to compete for phase space with the
FCO"+F and CE +0 channels and is heavily retarded. The higher energy region displays a pronounced growth that can be attributed to the two-step process
CF,0—FCO"+F—CO"+F+F. This channel does not have to compete for phase space with lower-energy processes. Rather! fihegF@@t, which is

dominant in this region, acts as a pseudoparent.

energy. However, at that energy the underlying 'G®, to the true value. Substituting the “experimental” internal
channel is already fully developed and amounts to almosgnergy distribution function with the one obtained by direct
10% of the total ion yield. Thus it becomes rather difficult to fitting of the Haarhoff expression does not change signifi-
observe the CO+2H onset clearly. Nevertheless, a close cantly either the quality of the fit or the threshold value, nor
scrutiny of the fragment ion yield curve of Cdrom CH,O  does inserting the curved kerng@ls was done for the FCO
does show a moderate increge¢ about 10% at the posi- threshold instead of the linear one.
tion appropriate for the CO+2H procesg! The relative im- The tail region missed by this simple fit has at least two
portance(and thus intensityof the two processes producing possible contributions. One arises from the underlying F
CO" depends on a fine interplay of several energy gaps. lelimination process. Although it is not clear how to exactly
the case of CjO , the playing field happens to be tilted apportion intensity to this process, a simple extrapolation of
slightly in favor of the CO+2F process. Compared to the long exponential tail observed at lower energy suggests
CH,0, the much larger energy gap between ‘G, and that this is a relatively minor contribution. The bulk of the
FCO'+F and the intervening GF+O asymptote signifi- roundness in the tail missed by the fit in Figapcan be
cantly diminish the intensity and retard the appearance of thattributed to “fluctuations.” This phenomenon is well
CO* fragment originating from the lower-energy €limina-  known in unimolecular rate modeling of consecutive
tion process. Coupled to this retardation, the smaller gapeactions:? and arises from the fact that in a two-step frag-
between the CO+F, and CO +2F asymptotes, correspond- mentation process energy can be partitioned in a number of
ing toDy(F,) = 1.602 eV3! enhances the relative intensity of ways between the two first-generation fragments. In mass
the 2F elimination. spectrometry, “fluctuations” lead to rounded thresholds that
Figure 5 shows the fragment photoion yield curve ofare extremely difficult, if not impossible, to treat correctly by
Bco* from ¥CF,0 in greater detail. The photoion yield graphical methods, and have been hereto believed to be es-
curve is characterized by two distinct regions that mergesentially useless for thermodynamic purpo¥&$ However,
rather smoothly. The higher energy regi6xi590 A) dis-  we have developed a method of properly treating this kind of
plays a pronounced growth, while the lower energy regiorthreshold with our fitting approach. As we show in the Ap-
consists of a very long exponential tail, which drags out forpendix, “fluctuations” yield an inherently rounded kernel.
about 1.5 eV. The shape of the tail is very reminiscent of theConvolution with the internal energy function leads to an
CF; fragment curve. It has no obvious onset, and it mustanalytical expression, which can be readily used for least
correspond to the CO+F, channel. squares fitting of the experimental data. One of the fitting
Figure 6 shows two different fits to the high energy re-parametersp, relates to the “roundness” of the threshold,
gion. The fit in Fig. §a) uses a linear kernel convoluted with which is in turn associated with the energy gap between the
the internal energy distribution function that was obtained bythresholds for the first and second step of the fragmentation.
fitting the FCO™ fragment. While the fit follows reasonably The result of a fit which includes “fluctuation” is shown
well the upper portion of the fragment yield curve, it is un-in Fig. 6b). The internal energy distribution function used
able to reproduce the curvature in the tail region. Thus théiere was the one obtained by fitting the FC®agment,
resulting 298 K appearance potential of 21:@05 eV, while the underlying exponential “background” associated
which is very similar to the value one would obtain by tra- with the F, elimination has been separately determined by
ditional graphical extrapolation, is only a coarse upper limitfitting the tail region between 650 and 610 A, and then fixed.
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“background” has become a mathematical artifact that is
. trying to absorb the inaccuracies of the fit. Taking into ac-
0.04 t CO count all these possibilities, we select the 298 K appearance
potential for the two-step fragmentation of £Fto CO" to

be 20.82%%%_, ,; eV, where the asymmetric error bar re-
flects the fact that the fit in Fig.(B) slightly underestimates
the roundness in the tail. Although technically this is still an
upper limit, we believe that this value is relatively close to
the true thermochemical threshold for this process, especially
in view of the asymmetric error bar quoted.

o0

0.02

IV. DISCUSSION
A. Consequences for A H;(CF,0)

After correction for the available internal energy of
CF,0M? (0.051 eV at 298 K, the strict upper limit
to the appearance potential for the CE2F
channel, ABy(CO* +2F/CF,0)<21.010.05 eV
becomes ARCO'+2F/CR0)<21.06-0.05 eV, and
a) leads to AH; o(CF,0)>—154.2t12 kcallmol or
AH; 54 CF,0)>-153.5-1.2 kcal/mol. Although this
seems tantalizingly close to the tabulated values, it provides
only a coarse lower limit to the heat of formation, and the
0.00 - true value is higher. The more precise appearance potential
21.2 21.0 20.8 20.6 20.4 20.2 20.0 for CO" obtained from the fit that includes Otglse effect
of “fluctuations”, AP,qCO"+2F/CF0)<20.82"%%_ o,
Energy / eV eV (<2087%% ,,, ev at 0 K, implies

AH; 504 CF,0)=—149.1"4_ kcal/mol or
FIG. 6. Two different fits to the high-energy region of the C®agment. f 298( 2 ) 14 07 .
(@) A fit with a linear kernel convoluted by the internal energy distribution AH¢ o(CF,0)=—148.4""9_,; kcal/mol. This result very

function derived by fitting the FCOthreshold. This fit underestimates the strongly suggests that the tabulated 298 K valdeof
“tail” contributions, because it cannot accommodate the “fluctuations” —152.7+0.4 kcal/mol or—153.0+1.2 kcal/mol are too low,
present in a two- step process. The resultlng appearance potentlab
AP, CO" +2F/CR,0)<21.01-0.05 eV, is similar to that which would be D€cause they fall below our lower limit. On the other hand,
obtained by traditional graphical extrapolation methods. The quality of thethe theoretical value recommended by Montgome‘ryalz
fit, however, clearly shows that this is just a coarse upper Iii)tA fit with and by Schneider and Walllngtan AH: 298(CF20)_
a curved kernelsee the textwhich properly accounts for the effect of the —145.3+1.7 keal/mol ms slightlv t ' hifh It would im
“fluctuations.” The resulting appearance potential is significantly lower, : - xcalimol, seems shightly 1o hign. ou h
AP, CO" +2FICF0)=20.82%% . eV, and likely to be close to the Ply 20.66+0.07 eV for the CO+2F threshold at 298 K,
true value. which is rather far in the tail region of the spectrum and does
not seem very likely.

Since appearance potential measurements technically
The resulting 298 K appearance potential is 20.83 eV. Ayield only upper limits, the direction of the uncertainty is
one can immediately see, the fit is substantially better thasuch that our findings cannot absolutely rule out the calcu-
that in Fig. &a). The bulk of the roundness in the tail is lated value forAH; ,odCF,0). However, if our interpreta-
correctly reproduced, with only a very small portion of the tion of the origin of the CO fragment ion yield curve is
tail unaccounted for. In an attempt to improve the fit evencorrect, then our upper limit for this appearance potential
further, we have tried to vary the components which wereshould be reasonably close to the true value, and
held fixed during the fit shown in Fig.(6). However, most —149.17%_, ; kcal/mol is likely to be the correct value for
changes had only a very small impact on the quality of the fidH; ((CF,0).
and the resulting appearance potential. One way to obtain a Curiously, the value foAH; ,ogCF,0) proposed here is
significantly better fit of the experimental data was to “in- almost exactly midway between the tabuldt®dand the
flate” the exponential “background” describing the, F calculated® values(see Table I\. Thus, of the original dis-
elimination beyond the point that seems clearly justifiablecrepancy of 6—8 kcal/mol between the tabulated and calcu-
from the extrapolation of the long wavelength region. Whilelated values foAH;(CF,O), about half can be blamed on the
it is quite possible that a simple extrapolation underestimatetabulated values, which are too low by 3—4 kcal/mol, and
the relative cross section for this underlying process, thénalf on the calculated values, which appear to be too high by
other possibility is that such an “inflated” exponential a similar amount.

Photoion Yield / arb. units

0.02

L 0t I e
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TABLE II. lonization potentials, appearance potentials, and heats of formation relevant to present work. The
currently recommended values are underlined.

Quantity This work Literature values
IP(CF,0) 13.024+0.004 eV 13.02+0.01 e\*
- 13.04 eV
13.037:0.020 eV
AP,(FCO'/CF,0) <14.752+0.005 eV 14.787:0.012 eV
AP,(CO" +2F/CR0) <20.87°9%%_ eV 21.04+0.05 eV
<21.06:0.05 eV 21.0%0.02 eV
20.72+0.04 eV
20.70+0.07 e\
IP(FCO) 9.2.+0.1 eV’ 9.30+0.10 eV
8.76+0.32 eV
AHy 204 CF,0) >-149.1"*4 _, , keal/mol ~153.0+1.2 kcal/mol
>—153.5-1.1 kcal/mol —152.7+0.4 kcal/mof

—145.6+1.0 kcal/mol
—145.3+1.7 kcal/mal"

AHy 24 CR,0") 151.2"4_, ; keal/mol 147 kcal/mot

AH; 64(FCO") 173.5 %_, ; keal/mol 160 kcal/mat
178.1+2.3 kcal/mot

AHy 204 FCO) —43:+10 kcal/mol

—41+15 kcal/mof
—43.72.3 kcal/mo?
—36.4+2.7 kcal/mof
AHy 564(CF;0) —-151.8"%7/_; ; kcal/moP
—149.2+2.0 kcal/mof

“Reference 23.

PReference 24.

‘Reference 19.

dIndirectly, by usingAH{(CF,0) from Ref. 12 and other standard thermochemical values from Refs. 1, 12, and
25.

€Indirectly, by usingAH;(CFZO) from Ref. 1 and other standard thermochemical values from Refs. 1, 12, and
25.

findirectly, by usingAH;(CFZO) from Ref. 2 and other standard thermochemical values from Refs. 1, 12, and
25.

9Yndirectly, by usingAH;(CFZO) from Ref. 5 and other standard thermochemical values from Refs. 1, 12, and
25.

_hlndirectly, by using our AFFCO"/CF,0), and data from Refs. 35 and 36.

'Reference 33.

IReference 12.

“Reference 1.

'Reference 2.

"Reference 5.

"Reference 25.

°Indirectly, by using data from Refs. 35 and 36.

PIndirectly, by using data from Ref. 7 and the currently recommended valu&HQtCF,0O).

9Reference 8.

B. Other consequences presently not known very well. Dyket al>3 have examined

In Sec. A we have obtained FCO by photoelectron spectroscopy and concluded that it is
IP(CF,0)=13.024+0.004 eV. With our suggested value for extremely (_jiffi_cult_to Qetermine the adiab_atic IP direqu, be-
AH{(CF,0), this leads toAH; o(CF,0")=151.9"1%_,, cause the ionization involves a bent-to-linear transition that
kcal/mol (or 151.2"%%_ , kcal/mol at 289 K. produces an extremely broad Frank—Condon envelope. This

In Sec. 1B we have determined AR situation is quite parallel to that found for the analogous
(FCO'/CF,0)<14.701-0.005 eV, which becomes 14.752 HCO and HCS radicaf$:** After performing a Franck—
+0.005 eV &4 0 K and leads to AH; o(FCO") Condon analysis, Dyket al3® bravely concluded that the
<173.3"%_, ; kcal/mol (173.5" 14 _, ; kcal/mol at 298 K.  adiabatic IP was 8.760.32 eV, which is 21 vibrational

If IP(FCO) were accurately known, one could easily de-quanta lower than the lowest experimentally observed fea-
rive AH;(FCO) and Dy(F-CFQ. Unfortunately, that IP is ture(10.47+0.01 e\j. Their error bar reflects an uncertainty
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of +4 quanta. Bucklet al!® have recently examined FCO V. CONCLUSION
by photoionization and have been able to establish directly

gggsﬁ?];spepzzrg ,t-soi)gt% (i)rl;lt99.273ee\/\) F;?]gba:,?:rloafg r(;uplz;]g téower limit to the heat of formation of carbonyl fluoride,
' : H; 20 CF,0)=—149.1"14_, ; kcal/mol, which is midway

recalibrate the theoretical result by comparisons with knowr‘be,[Ween the older experimental valbi& of

IPs of HCO and CF, they eventually select 23010 eV. If o _ -~
the latter is correct, it would mean that the Franck—Condor%Ahz|f i?égrfﬁ;))_F)rot)?)zs'e%d:o:[ﬁeo(;retligjof/;éekg?l/ Tﬂlg and
f 298

analysis of_Dykeet alis in error.by abOUt.7. wbrayonal (CF,0)=-145.3+1.7 kcal/mol. Based on our interpretation
guanta, which is perhaps not entirely surprising, given theand fitting of the CO fragment ion yield curve from GB
amount of extrapolation that was necessary in their case, g g {Jé%a . '
Using our AR(FCO'/CF,0) and IRFC0O)=9.3+0.1 eV We conclude that the tabulated val re indeed too low

fom Buckiey o gves (F-CFO- 12672 keal 228013 4 kealmal Ao e ntur of o s
mol (127.1+2.3 kcal/mol at 298 K while y prop

IP(FCO)=8.76+0.32 eV from Dyke etall® vyields cannot be ruled out with absolute certainty, it does appear

Do(F—CFO=138.2+7.4 kcal/mol (139.6-7.4 kcalimol at that these are too high by 3—4 kcal/mol. Obviously, addi-

289 K). The former value for the C—F bond energy inOF tional experimental determinations and calculations of this
seems. to be more in line with conventional chemicalquamity are needed in order to tighten the error bar and

wisdom. For example, the JANAF valie for perhaps fine tune the value. It would be, for example, very

AH; o FCO)=—41+15 kcal/mol is essentially derived by interesting to. repgat the original gas p_hase equilibrium
taking Do F—~CFO~128+15 kcalimol, which comes and/or cazlonmetnc measurements whlch_ led to the
29 -~ ’ tabulated? low value for the heat of formation of GB,

from partitioning the two successive C—F bond energies . . . :
in CEO in a 41 ratio. Gurvich etal’? select and see if they can be brought into conformity with our

AH: o(FCO)=—43+10 kcalimol, relying primarily on the suggested value fatH;(CFZO). On the theoretical front, it_ _
worfk by MacNeil and Thynné \’/vho determined the onset appears rather pressing to probe how much truth there is in

. L the suggestion thatb initio calculations can run into prob-
of the dissociative electron attachment process . .
lems when trying to reproduce the heats of formation of

heavily fluorinated compounds. Conducting a thorough and
conclusive investigation of this kind is a nontrivial task,
since, as it now begins to appear, the number of well estab-
lished experimental heats of formation for this class of com-
pounds may be quite limited.

Note added in proofReference 16 has now taken the
shape of a formal publicatiofL. A. Curtiss, K. Raghava-
chari, C. P. Redfern, and J. A. Pople, J. Chem. Pliys.
pres$]. Using the genuine G2 procedure, Curgé$sl. obtain
AH; ,0d CF,0)=—148.6 kcal/mol, in excellent agreement
with our current result, but-3 kcal/mol lower than previous
ab initio values, which utilized isogyric and/or isodesmic
scheme$: Curtisset al. also find that, in general, the largest
deviations between experiment and G2 theory tend to occur
for compounds with multiple fluorine atoms.

The present photoionization measurements produce a

CF,0+e —FCO+F~ (10)

to be 2.1-0.1 eV at 0 K. When combined with the
well-knowr® electron affinity EAF)=3.401 19G-0.000 004
eV, this yields Do(F-CFOQ=126.9+2.3 kcal/mol (128.2
+2.3 kcal/mol at 298 K Combining this value oD with
our AP, (FCO'/CF,0)=14.752+0.005 eV  vyields
IP(FCO=9.2+0.1 eV, close to the value calculated by
Buckley et al,'° although perhaps one vibrational quantum
lower. This IP obviously need further experimental verifica-
tion.

Finally, use of the suggested value frmH;(CFZO),
along with AH; ,6¢(3)=21.7+0.9 kcal/mol inferred from
Batt and WalsH, leads toAH; 59 CF,0)=—151.8"17_, ;
kcal/mol, almost 5 kcal/mol higher than their original
valug®" of —156.7 kcal/mol, but still 2.6 kcal/mol lower
than —149.2+2.0 kcal/mol, which was recommendedn =~ ACKNOWLEDGMENTS
the basis of theoretical results. It is interesting to note that  one of us (B.R) would like to thank Dr. Joseph

the theoretically ~determined valdds for AH; .5  Berkowitz for careful reading of the manuscript and subse-
(CF0)=-145.3t1.7 kcal/mol and AH; »dCF0)  quent helpful comments. This work was supported by the
=—149.2:2.0 kcal/mol produce AH; 543)=22.9+2.6  U.S. Department of Energy, Office of Basic Energy Sci-

kcal/mol, in very good agreement with the experimentallyences, under Contract No. W-31-109-ENG-38.
deduced 21.7+0.9 kcal/mol. Thus experiment and theory

seem to agree rather well on the relative relationship o
AH{(CF,0) and AH{(CF,0); it is the absolute scale that
differs by several kcal/mol. Schneider and WallingtBsug- Traditionally, the appearance potentials for fragmenta-
gested that the culprit are the older experimental values dion processes have been extracted from the ion yield curves
AH;(CFZO), which are too low by~7 kcal/mol. Our find- by performing a linear extrapolation. Essentially, one tries to
ings indicate that the tabulated heat of formation ofCks  locate a linear or quasilinear region of ascent in the immedi-
indeed too low, but probably only by about 3—4 kcal/mol, ate vicinity of the threshold, and extrapolate it to the back-
while the balance of the discrepancy in all likelihood origi- ground level. The intersection of the extrapolated line with
nates in the calculation. the background level then becomes the fragment appearance

fAPPENDIX
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potential at the temperature of the experiment, and it gets

subsequently corrected t0 K by taking into account the

initial internal energy of the parent that is available for frag- C)
mentation. If the fragment yield curve displays a conspicu-

ous linear section near the threshold, it is very easy to dis-

tinguish between the fragmentation onset and the

exponentially shaped tail region that occurs below the

threshold and arises from thermally excited molecules. Thus,

in straightforward cases, the traditional method gives satis-

factory and reliable results. However, very often the linear

section is relatively briefor even nonexistejjtand the se-
lection of a threshold relies to a high degree on subjective b)
judgment, which can be influenced by a number of factors,

such as experience, instrumental sensitivity, the aspect ratio
of the spectrum, the magnification of the threshold region,
etc. In these cases it matters very little whether the extrapo-
lation is performed graphically or by a least-squares fit of a
straight line. Furthermore, the extrapolation method inher-
ently rejects the information that is contained in the tail re-
gion.

Recently?” we have begun using a fitting procedure that
has a substantially higher degree of objectivity. Basically,
this approach produces appearance potentials by a least-
squares fit of the threshold region with a model function. As
outlined below, the model function is obtained by convolut-
ing a kernel functior(the idealizel 0 K fragment yield with
the internal energy distribution function. Previousfywe
have shown the analytical forms of selected model functions,
such as those applicable to systems that are adequately de-
scribed by 4-rotor internal energy distribution function. Here,
we try to explicitly give the analytical form of model func-
tions that use a more general internal energy distribution 8-6-4-202 46 810

function. (hV-ET)/kT

1. The approximate form of the internal energy
distribution function

Y(hv) or I(hv)

FIG. 7. Examples of three different kinds of kerne¥(hv), and their
Generally, if the density of StatQiE) is known, then  convolutions,I(hv). The kernel(thin line) is the idealized shape of the

the internal energy distribution functidﬁ( E) is given as fragmentation ion yield curve at 0 K. The convoluted foftimnick line) takes
into account the effect of the internal thermal energy of the paxén,

P(E)=Npp(E)exp(—E/KT), which is available for fragmentation. For the purpose of illustration,
(E)=2KkT. The kernelY (hv) intersects the baseline at the thermodynamical
where E is the (interna) energy,Np is the normalization thresholdEy. I(hv) is shifted toward lower energy b{E), and has a
constantk is the Boltzmann constant, afdis the tempera- rounded, slowly decaying tail regiorfa) Linear kernel,Y,(hv) and its

. . . convoluted forml;(hv). (b) Exponentially curving kerneY (hv) and its
ture. An approximate expression fpr) that is reasonably convoluted forml (hv). This kernel accommodates rather easily the fre-

flexible and still convenient for subsequently convolution guently observed tendency of the fragment yield curve to level off at higher

can be presented in generic form as energy, while maintaining an essentially linear behavior near the threshold.
(c) Rounded kernel(hv) and its convoluted form(hv). This kernel
p(E)xE” exp(—dE). incorporates “fluctuations,” which are present in the threshold region of
. second-generation fragments. For the purpose of illustration, the parameter
This leads to B, which defines the extent of “roundness” of the kernel, has been chosen

such that 18 = 6kT. The most prominent feature of this kernel is its qua-
dratic behavior near threshold. The convolution adds even more curvature in
the threshold region.

P(E)=NpE” exp(—aE),

where
a=d+ 1KkT,
Np=a” YT (5p+1) The average internal energy associated () is then
andT'(r) is the gamma function o, (E)=a(n+1)kT,
% where
I’(r)zf e 41 dt.
0 a=1/(akT).
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Note that fora=1 (i.e.,d=0), and5=0, 3, 1,3, ... ,P(E) Clearly, the leading term, which is linear, will tend to domi-
becomes a correct representation of the internal energy disrate whenhv is sufficiently close toE; and/or whenB is
tribution of ag-dimensional rotor, wherg = g/2 — 1. The  small.

best initial values for the continuously adjustable parameters
n»anda (or @) in P(E) can be found by fitting an indepen-
dently calculated internal energy distribution function base
on a density of state function that is believed to represer?i
reasonably well the molecule under scrutiny. Although there
are various ways of deriving or calculating the density of  If Y(hv) is the kernel function, an&(E) is the internal

states, we have found very useful the expressionpfé) energy distribution function, then the experimental fragment
given by Haarhoff® ion yield curve recorded at a temperatdrean be modeled

by I (hv), which can be obtained from the following convo-
lution integral:

. Convolution of the kernel function with the internal
nergy function

2. The approximate form of the kernel function ®
) ) ) I(hv)=f Y(e)P(e—hv)de,
The kernel functionY(hv) is the inherent shape of the €

fragmentation thresholdt® K as afunction of photon en-

ergy hv. This function is nonzero only above the threshold, WNere€o = Er if hv < Erandep = hv if hv > Er. The
solutions to this integral are given below.

ie., :
(1.1 Linearkernel(hv) = A;(hv — Ey), pre-threshold
Y(hv)=0, hv<Es, region hv<Eg
Y(h»)=0, hv=Er, 1(hw)=Ny{[a(Er—h)]7"* exif —a(Er—hw)]
whereE is the 0 K fragmentation threshold. The core shape +la(hv—Eq)+ n+1]I[n+1a(Er
of the kernel function relates to the integral over the energy —h) VT (p+1),

deposition function, which in turn depends on the internal

states of the parent ion in the region of interest. This shape ighere N, = A;/a, andI'(r,s) is the incomplete gamma

further modified by the energy-dependent relationship of thgunction ofr,

fragmentation rate to the rates of other possible processes.

Therefore, kernel functions can display very complicated be-

haviors, and there is no fundamental reason to expect a linear

behavior of the fragmentation threshold, in spite of occa-

sional claims to the contrary. However, it has been found in  (1.2) Linear kernelY,(hv) = A;(hv — E;), post-

practice that the fragment yield curve often displays a lineathreshold regiohv > E

or quasilinear behavior in the vicinity of the threshold re-

gion, which is really equivalent to saying that in those cases

the energy deposition function is not changing too rapidly inwhereNl = A,/a, asin(L.D).

the local region of interest. . (2.1 Exponential kerneY (hv) = Al — exd — B(hv
So far, we have found emp|r|caﬂ§/t\_/vo forms of Fh_e —Ep)]}, pre-threshold regionhy < Eg

kernel function that have proven useful in threshold fitting

F(r,s)=f e 't dt.
S

l1(hv)=Nj[athv—E7)+5+1],

le(hv)=NJT'[n+1a(Et—hv)]—exd —ba(hv
—Ep N[ n+1a(l+b)(Et—hv)]/(1

+b)7t1y,

Y,(hv)=A.(hv—Ey)
and

Ye(hv)=Af{1- exd —B(hv—Ep)]},
whereN. = A./T'(7 + 1), andb = B/a.
whereA andB are adjustable parametg¢eee also Figs.(d) (2.2 Exponential kerneYo(hv) = A1 — exd — B(hw
and 7b)]. Of course Y¢(hv) is more flexible because of the _ g )] post-threshold regiomy > E
additional “curvature” parameteB. Past experience sug-
gests®’ that this form of the kernel can accommodate rather  I4(hv)=N{I'(7+1)—exd —bathv—E)]T'(7
easily the frequently observed tendency of the fragment yield g1
curve to level off at higher energy, while maintaining an +1)/(1+b)7,
essentially linear behavior in the immediate vicinity of the whereN, = A,/T'(5 + 1), andb = B/a, as in(2.1).
threshold. The latter point can be easily demonstrated by goin kernels and their convolutions WifA(E) are de-
series expansion of the exponential function, which yields picted graphically in Figs.(® and 7b). As one can readily
~ _ _ _ 2 see, the main effect of the convolution is a shift toward lower
Ye(h)=Ael[B(hv—Er) ]~ [B(hy=Ep /2! +[B(hv energies by(E) and the appearance of a rounded, slowly
—EpPB— ... decaying tail region.
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4. Treatment of fluctuations in consecutive hoff's expression for density of staté§can be very well
fragmentation processes represented@with a relative error of about 2% or lgsisy the

When a two-step fragmentation is considered, then th@PProximate function

“fluctuation” (i.e., partition of energy among the fragments
of the first step has to be taken into accotfrithe probabil-
ity ®(hv) that the ionic fragment of the first generation will
have internal energi = E, can be givei?® as

T2 pa(€)pp(hv—Eny— e)de

o pa(€)pp(hv—Ery—e)de’

®'(hv)=1—exg — B(hv—E)].

The parametep determines the “spread” of the fluc-
tuations and is roughly linearly dependent on the selected
value forDo(F-CO")= E, — Ey;. It also depends on the
particular selection of FCO frequencies used as input for
whereE+; and Ey, are the threshold energies for the first the numerical calculation ofb(hv). However, the exact
and the second step, respectively, whilg¢e) andp,(€) are  value of 8 is inconsequential at this point. The approximate
the densities of states of the two first-generation fragmentsanalytical expressiorb’(hv) is very convenient, because
The underlying assumption is that the fragmentation rate athe inherent kernel obtained by integratidg (hv) has the
energies even only slightly above threshold is sufficientlyform
high when compared to the ion flight time in the mass spec-
trometer. Although it is clear that contorted transition states
will result in a more complicated behavior, the original as-Y¢(hv)/A;=(hv—Eq;) = (1/8){1—-exd — B(hv—Eq,)]},
sumption seems to be valid in most ca¥eBurthermore, if

the neutral counter-fragment in the first step is an atom, then -
®(hv) simplifies into where B8 can now be a fitting parameter and can thus be

determined by the shape of the experimental ion yield curve,
ETL) (e)de rather than by a model. Formally, the functidf(hv) is a
T2 superposition of a linear and exponential kernel

Iy Epa(e)de’

d(hy)=

®(hv)=

wherep,(€) is the density of states of the polyatomic first- Ye(hv)/ Ai=Y(hv)/A;— (1IB)Y(hv)/Aq,
generation fragment ion.

The probability® (hv) is 0 athv < Er, and eventually
becomes 1 ahv— . The rate at whichb(hv) grows and  with the provision that the original parametrin the ex-
approaches the full value of 1 depends on the energy gapression forYq(hv) is substituted with3. However, it is
betweenEr, andErq, i.e., on the dissociation ener@, of  important to note that, as opposed to both(hv) and
the first-generation ion. The smaller the value§, the Y (hv), which behave linearly near the threshold, the essen-
sharper the transition ab(hv) from 0 to 1. Ultimately, as tial behavior of Y¢(hv) in the immediate vicinity of the
Er — Er1—0, the two-step process approaches a single-stefireshold is that of a quadratic function, as can be easily
event, and®(hv) becomes a step function, switching shown by series expansion
abruptly the probability from O to 1 at threshold. However,
large gaps betweeB; and Et, will cause®(hv) to grow
very slowly and over extended ranges of energy. Assuming Yi(hv)/Ai~B(hv—Eq,)%2! — B2(hv—Eq1,)3/31 + -+ .
that the energy deposition function is not changing substan-
tially in the region of interest, the integral df(hv) defines

the inherent shape of the kernel function near threshold The solutions of the convolution integral ¥(E) with

the internal energy distribution functid®d(E) can be easily
hv obtained from previous solutions fdr(hv) and I .(hv).
Y(hV):AL D(e)de. This leads to the expressions listed below.
T (1.1) Pre-threshold regiohy < E+,
Thus whenE, = E1; and ®(hv) is a step function, i.e.,
when there are no fluctuationg(h») becomes a linear ker-
nelY,(hv). In all other casesy(hv) represents a kernel that I1(hv)/N¢=(1/a){a(Ey,—hv)]""" exd —a(Er,
is rounded near thresholgiide infra), with the amount of
curvature related to the rate at whidi{hv) attains the full —hv)J+[a(hv—Eg)+ 7+ 1] 7
value of 1. +1a(Eto—hv) [} —(UBN{I'[n+1a(Eq,
The probability function®(hv) can be estimated nu-
merically in the region of interest either by exact counting of —hv)]—exd —p(hv—Er) I 7+ 1a(1
states or by using some approximate expressiop(fey, and +Bla)(Eqp,—hv)|/(1+ Bla)™* 1},
subsequently fitted with a convenient analytical function. In
the case of CJFO—FCO" +F followed by FCO —CO" +F,
the probability®(hv), calculated numerically using Haar- where N¢=A;/T'(n+ 1).
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(1.2) Post-threshold regiomy > E+,
Is(hv)/A;=(1l/a)[a(hv—Etp)+ p+1]—(1/B){1

—exd — B(hv—Ep)]/(1+ Bla)”1}.
Both Y:(E) and|(hv) are depicted in Fig. (¢). As

with Y{(E) andY.(E), the main effect of the convolution is

to shift the curve toward lower energies {f), and to add a
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