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Abstract

A long-standing mystery in gas phase ion chemistry is: why are smaller fragments preferentially lost at low energies ar
larger fragments at higher energies in competingeavages? This is addressed here by studies of dissociations of ethanol,
2-propanol, 2-butanol, 2-methylpropane and 2-butanone radical cations. The onsets and energy dependencies of the reac
were obtained by photoionization mass spectrometry. Stationary point geometries, critical energies and vibrational frequenc
were generated by B3LYP/6-31G(d) and B3LYP/6-311G(d,p) theory (DFT). Dependencies of reaction rates on internal ener
were calculated by Rice—Ramsperger—Kassel-Marcus (RRKM) theory. Results obtained establish the generality of a previc
finding that loss of Mis slower than competing losses of polyatomic fragments. This is attributable to substantial lowering of
the frequencies of the vibrations that are converted to rotations and translations in the transition states for the latter reactio
but not in transition states for*Hosses. It is concluded that lower dissociation thresholds produce preferred losses of smalle
alkyl fragments at low energies and that looser transition states favor losses of larger fragments at higher energies. DFT res
and abundances of parallel alkane eliminations (two step processes also initiated by simple CC bond cleavage) indicate 1
cleavage of the CC bond to the larger alkyl fragment is most frequent even below the threshold for complete dissociatic
(energies at which ion-induced dipole alkyl complexes are formed), i.e., at all energies of bond cleavage, even if not reflect
in simple cleavage abundances near threshold. Obtaining realistic rates by RRKM theory required increasing the lowe
transition state vibrational frequencies (for modes that become rotations and translations) to well above those obtained
DFT for alkyl losses, further evidence that the rates of those reactions are controlled by minimum entropy transition stat
occurring earlier than the single imaginary frequency transition states found by DFT. In addition, comparison of DFT critica
energies, photoionization critical energies and critical energies that give the best RRKM rates support relaxation of the grou
states to lower energy species with long CC bonds following ionization. Preferred losses of larger alkanes at low energie
dominantlosses of larger alkyl groups at high energies and formation of long CC bonds to the larger alkyl in the ground state i
all appear to have a common origin. (Int J Mass Spectrom 217 (2002) 23—-44) © 2002 Elsevier Science B.V. All rights reserve
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1. Introduction

This work is dedicated to the memory of Pierre
Longevialle and his many fine contributions to our
understanding of gas phase ion chemistry. Of partic-
ular note is his discovery that fragments from one
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“looseness” (values of frequencies for transition state
vibrations and the number of internal rotations). This
predicts that in the absence of other factors the lower
threshold processes, i.e., the loss of the smaller alkyl,
should be favored at all energies [15], in contrast to
the actual patterns. One explanation proposed for the

end of an ionized steroid can move many angstroms inversion of the relative abundances efcleavage

to the other end and react there [1,2] and his later

extensions of those results to other systems [3,4]. Fol-

lowing up on Pierre’'s seminal contributions, much

products on going from low to high energy is that
abundances of the larget-cleavage products are
reduced by further dissociation at high energies [11].

work over the past two decades has shown that CC However, this hypothesis clearly does not always

bonds in ions in the gas phase can break to form
electrostatically bound ion—-neutral complexes below
the threshold for complete dissociation [5-9]. We will
miss him in gas phase ion chemistry. Present work
reveals that the preference for loss of larger alkyl
groups from a given radical cation at high energies
is related to effects of fragment size investigated by
Longevialle [4].
Early work demonstrated that in thecleavages of

radical cations in the gas phase, larger alkyl groups

apply [12,15]. Other suggested explanations are that
rearrangements only at low internal energies or reac-
tions from excited electronic states cause the switch
[12]. However, while they occur, dissociations from

isolated electronic states of ions are unusual [16].
Prior rearrangements may influence some [17-21]
but not all of the dissociations studied. Thus, why

the losses of larger alkyls increase more rapidly in
rate with increasing internal energy than do those of
smaller ones has long been one of the mysteries of

are lost more abundantly than are hydrogen atoms andgas phase ion chemistry.

smaller alkyls [10]. However, closer scrutiny revealed
that, while larger fragments are preferentially lost at
high energies, smaller ones are preferentially lost from
the same molecular ion at low energies [11,12]. This
pattern holds in the dissociations of ionized straight

We recently combined ab initio transition state
energies and vibrational frequencies with RRKM
theory to elucidate why methane is lost much more
abundantly than Mfrom the propane ion [22], despite
the former process having a slightly higher critical

chain aliphatic ketones, Schiff bases, aliphatic ethers energy and expectations that its transition state would

(excluding losses of Cgt from the latter ions) [11],
ketals [12],y,y-dialkylallyl methyl ethers [13] and
secondary amines [4].

Maccoll demonstrated that losses of smaller alkyl

be much “tighter”. Substantial decreases in the values
of a number of vibrational frequencies in the transition

state for the rate-determining step in methane elimina-
tion, CC bond-breaking vs. no substantial changes in

fragments are favored near threshold because thosedransition state frequencies for the loss dfptoved to

processes have lower critical energies [14]. He fur-
ther noted that, starting from a value of about 1.0
for the 2-butanone ion, at 10eV ionizing electron
energy, the ratio (M—Ck)/(M-R) for methyl ketone

ions increases in proportion to the difference between

the appearance energies (AEs) of the fragments,

and AE(-R) increases with increasing size of R, the
larger alkyl lost. In Rice—Ramsperger—Kassel-Marcus
(RRKM) theory, rates at low energies are established
primarily by critical energies, and rates at high ener-
gies are determined by transition state “tightness” or

be the cause of this surprising pattern of increases in
rate with energy in these reactions. This suggested the
hypothesis investigated here—that greater decreases
in transition state frequencies also cause the rates
of loss of large alkyls to increase more rapidly than
those of small alkyls with increasing energy in the
dissociating ion. Other studies have attributed the
slower rates of 1 than alkyl losses to centrifugal
barriers [23], transition state switching and differ-
ences in the values of the rotational constants for
the transition states [24,25], effects of the rotational
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energy [26], and most recently, the occurrence of proportional to the first differential of the photoion-
minimum entropy transition states well below the ization efficiency (FDPI) curve at that energy [31,32].
actual dissociation thresholds [27]. Therefore, FDPI curves were recorded for each
To clarify the origins of the effect of neutral fragmentation studied to obtain the dependence of its
fragment size on the dependence of dissociation raterate on the internal energy of the dissociating ion.
on ion internal energy, we used RRKM theory to
explore what determines the dependence on internal2.1.1. CH3CH,OH*+
energy of the relative rates of*HCH3®* and GHs* The following dissociations of C{CH,OH*™
losses from appropriate ions. In this work, RRKM were examined (Scheme 1). AEs in Table 1 place the
calculations were carried out using combinations threshold for CH® loss from CHCHyOH®*
of photoionization appearance energies (PIAEs), 45kJmot! above that for the loss of HDissociation
theoretical energies and vibrational frequencies and energies derived by subtracting the ionization energy
thresholds for ion—neutral complex formation based from the AEs are 10 and 14 kJmdl lower than
on the AEs for alkane eliminations. Low energy alkane corresponding differences between published 298 K
eliminations from such complexes are direct evidence heats of formation (Table 1). For simple cleavages,
that associated alkyl losses may have transition statesmost such differences throughout this work are sub-
below their dissociation thresholds. Consistent with stantially diminished (from an average of -3 6.6
this, entropy bottlenecks (points of minimum densities to 4.6 &+ 7.0 kJ mol1) by using the formulaA¢ H5gg
of states) below the threshold for full dissociation (A™) = AE(A1)298+ AtH3g5(AB) — At H5gg(B) +
on the reaction coordinate by simple bond cleav- AHcor [33] to correct for the thermal energy of the
ages can quickly become rate determining transition fragments at the non-equilibrium temperature at
states as the energy in a system rises beyond the diswhich they are formed at threshold upon photoion-
sociation threshold [25,28]. Vibrational frequencies, ization. The several differences that remain may
ground state energies and transition state energiesreflect effects of some excess energy stemming from
were obtained by hybrid functional B3LYP/6-31G(d) kinetic/competitive shifts on AEs. The generally quite
and B3LYP/6-311G(d,p) theories [29,30]. For conve- good agreement between corrected PI thresholds
nience, these theories will hereafter be referred to asand values predicted from published data (Table 1)
DFT. demonstrate the general accuracy of the PIAEs.
Despite its 45kJmol' higher onset, CkP loss is
about twice as abundant as i tbss in the 70eV
2. Results and discussion mass spectrum of ethanol (Table 1). The loss 6f H
necessarily dominates between its threshold and the
Rearrangements im-propyl, n-butyl and longer  threshold for the loss of C#1, as seen in the FDPI
chains can lead to loss of alkyl groups from the curves for the losses of *Hand CH® in Fig. 1.
ends of longer alkyl chains such that alkyl losses by However, the loss of Ckt becomes more abundant
other mechanisms compete witkcleavages [17-21].  than loss of M at just 10 kJmot! above the on-
Therefore, we confined our studies to the losses of set for the former fragmentation. As in the normal

H*, CHs* and GHs*® by unequivocak-cleavages. mass spectrum, G loss is about twice as abun-
dant as is the loss of Hin the high energy region of
2.1. Experimental observations the FDPI curves. Further dissociation did not affect

these relative abundances, as it requires more than
Fragmentation patterns, PIAEs and combined 240kJmot?! to dissociate CRCH=OH' [34], and
product heats of formation are given in Table 1. The even more energy to dissociate G#OH™ [35]. Thus,
extent of a given reaction at a particular energy is despite its having a substantially higher onset,zCH
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Table 1

Product abundances, thermochemical data and photoionization appearance energies

Compound Relative AgHP AAfHC Pl AEY APl AE AHcorr AHcorr

abundanc®  (kJmol?t) (kJmol1) ev) (kImol 1) (kImol 1) + API AE

Ethanol
CH=OH* + CHjz* 100 855 80 11.19 70 14.4 84
CH3CH=OH" + H* 49 814 39 10.73 25 13.2 38
CH3CH,OH*+ 23 775 0 10.47

2-Propanol
CH3CH=OH* + CH3* 100 742 38 10.32 19 17.4 36
CH=CHOH** + CHgy 3.0 696 -8 10.19 7 16.1 23
CH3C(=OH")CH3 + H*® 35 708 4 10.13 1 19.4 20
CH3CH(OH*T)CH3 0.3 704 0 10.12

2-Butanol
CH3CH=OH" + CyHs* 100 715 54 10.25 35 20.0 55
CH=CHOH** + CyHe 8.3 687 26 10.05 15 17.9 33
CH3CHCH=OH" + CHjz* 20 696 35 10.16 26 20.7 47
CH3CH=CHOH* 4 CHg4 0.6 602 -59 10.02 12 20.1 32
CH3C(=OH")CH,CHz + H°* 13 673 12 ~9.9 20.3
CH3CH(OH*T)CH,CH3 0.3 661 0 9.89

2-Methylpropane
CH3CHTCH3 + CHz® 100 948 63 11.01 43 19.7 62
CH3zCH=CH,** + CHq4 34 884 -1 10.79 22 18.5 40
(CHg)sC™ + H° 3.0 929 44 10.82 25 195 45
CH3CH(CHg)CH3** 2.8 885 0 10.56

2-Butanone
CH3CO' + CpHs® 100 775 88 10.40 84 18.8 103
CH3CH,CO' + CH3z® 6.1 764 83 10.20 64 194 83.4
CH3C(O*)CzHs 16 681 0 9.53

3From Stenhagen et al. [46]. At 70eV electron energy.

bBased on values given in Table 3.

€3 At H(products — A¢ H(molecular ion) from the preceding col
4This work.

®Value uncertain.

loss surpasses®Hoss at higher ion internal energies,
suiting the dissociations of the ethanol ion to this
study.

2.1.2. CH3CH(OH**)CH3
We examined the following dissociations of the
2-propanol ion (Scheme 2). Alkane eliminations from

CH;CH=OH™ + H
CH;CH,0OH"
CH,=OH' + CHjy
Scheme 1.

umn.

secondary alcohol ions give primarily enol products
[36,37], as depicted. As for GICH,OH* T, the loss
of H* has the lower measured onset—18 kJmol
below that for loss of CHP.

CoHsO™ is 33 times more abundant thant; Ot
in the 70 eV mass spectrum of 2-propanol (Table 1),
and above its onset the FDPI curve for the former rises
about 15 times more rapidly with increasing internal
energy than does that of the latter (Fig. 2). Further dis-
sociation of the product C¥C(=OH*)CH3 does not
influence its FDPI abundance, as at least 242 kJfnol
is required to dissociate that ion [38]. Thus, the loss
of H* from the 2-propanol ion is even less competi-
tive with loss of CH® than it is in the dissociations
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Fig. 1. FDPI curves for the losses of* Hnz 45) and CH® (m/z 31) from CHCH,OH**. These plots give the relative abundances of
the two processes as a function of ion internal energy, an energy which is coincident with the photon energy-axishminus the
ionization energy. Note that ‘Hooss has the lowest threshold, but that thes€hbss becomes dominant at higher energies.

of CH3CH,OH**. The smaller difference between

CH3CH,OH** does not undergo. (The tail for GM

the appearance energies of the products in compar-loss below its threshold reflects the thermal content of

ison to the corresponding difference for the ethanol
ion (18 kI mot? vs. 45kImot? for CH3CH,OH* )

is one factor that reduces the relative abundance®of H
loss. The lower threshold for loss of*Hhan for loss

of CH3* should compel the former process to be more
important than the latter below the threshold for the
latter. That it is not (Fig. 2) is attributable to suppres-
sion of H* loss by the competing loss of GHa process

OH"
CH3;CCH; + H
O|Ht /
CH;CHCH; ——> CH;CH=OH" + CHy
CH,=CHOH™ + CH4

Scheme 2.

2-propanol.) Even near threshold, methane is lost sev-
eral times as often as is*Hdespite the expectation
that the elimination would have a much more highly
ordered transition state. This adds another example of
an alkane elimination being faster than a competing
H* loss to that of the propane ion [22]. As we have
described previously, we attribute this to alkane elim-
inations being two step reactions (Scheme 3), the first
a fast, rate-determining bond cleavage [6,39].

According to this rationalization, even below the
threshold for simple dissociation of the complex, CC
bond cleavage to form an ion—neutral complex is much
faster than CH bond cleavage, thus, causing alkane
elimination to be more rapid thar’Hbss, in contrast to
what would be the case if the rate-determining transi-
tion state for methane elimination were highly ordered.
Furthermore, according to this model, the threshold
for alkane elimination is the upper limit for the onset
for complex formation.
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Fig. 2. FDPI curves for the losses of* Hm/z 59), CH;* (m/z 45) and CH (m/z 44) from CH;CH(OH®*)CHs. Note that there are only
H* and CH, losses near threshold, but that the ££Hobss rapidly becomes dominant with increasing energy.

2.1.3. CH3CH(OH®**)CyHs5 of the 2-butanol ion are within 0.00-0.05eV of ones
The 2-butanol ion loses fis*, CHz* and H measured previously by photoelectron—photoion coin-
(Scheme 4), providing a system for characterizing cidence measurements [40]. Rates of bond cleavage as
competition between losses of different sized alkyl a function of internal energy also increase in the order
groups as well as between alkyl fragments ard H —H®* < —-CHz®* < —C;Hs* (FDPI curves, Fig. 3). Thus,
loss. for simple cleavages, the threshold and the rapidity of
As expected, for the 2-butanol ion AEs, combined the increase in the dissociation rate with increasing
product heats of formation and the abundances of the internal energy both are highest for the loss of the
corresponding products in the 70eV mass spectrum largest neutral fragment. FurthermorepHz® loss
(Table 1) are in the order “H< —CHg®* < —CoH5°. is less abundant than GMloss very near threshold
Appearance energies measured here for dissociationgFig. 3a), so the rates of these dissociations display the

OH™
CH;CHCH; _— [CH;CH=0OH" CHj]

~

[CHy"---H---CH,CH=0H"]
CH,=CHOH" + CHs CH3;CH=OH" + CHy

Scheme 3.
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CH;CH,CH=OH" + CHjy

CH;CH=CHOH™ + CH,4

OH™ OH"

A\

CH3CHCH,CH;3 > CH;CCHCH3; + H

CH}CH=OH+ + C,Hy

/

CH,=CHOH™ + C,Hs

Scheme 4.

crossover in abundances of alkyl losses with increasing dipole attractions are stronger, covalent attractions
energy that we set out to address. Further dissociationwould be weaker and the transition state looser at
did not significantly influence the FDPI abundance the same total binding energy. Stronger non-covalent
of CoH5CH=0OHT, as it takes 167 kJ mot to disso- attraction between small ion—large neutral partners
ciate that ion [38]. Even more energy is required to in complexes has been proposed to explain a general
dissociate the other product ions (see above), sopreference for losses of larger alkanes in dissocia-
further dissociations did not significantly affect the Pl tions of small radical cations [41,42]. More substan-
results presented. tial ion-noncovalent attractions to larger R groups is

Methane is lost from the 2-butanol ion more also supported by the substantially lengthened CC
abundantly at low energies than i$.HHowever, ethane  distances to the longer alkyl groups in the ground
elimination strongly dominates both of these reactions state 2-butanol and 2-butanone ions in DFT theory
for about 100kJmoll above threshold (Fig. 3a). presented below. Thus “size effects” favoring elim-
These results together with those for dissociations inations of larger alkanes at low energies and loss
of CH3CH(OH*T)CH3 (above) and (Ch)sCH** of larger alkyls at high energies apparently have a
(below) establish that most alkane eliminations are common origin in looser bonds to larger alkyl groups.
faster than competing Hosses.

Assuming that, as described above, both alkyl and 2.1.4. (CHz)3CH®*™
corresponding alkane losses involve similar cleavage  FDPI curves (Fig. 4) were determined for the losses
of the same CC bond, comparing the summed sCH of CHz®, CH; and H from the 2-methylpropane ion
and —CH to the —GHs® plus —GHg curves (Fig. 3b) (Scheme 5). The losses of @Hand CH; from this
leads to the conclusion that cleavage of the CC bond ion were previously studied by photoionization [43],
to CoHs* is faster than cleavage of bonds to £&hd photoelectron—photoion coincidence [44] and ab initio
H down to below the thresholds for the complete dis- [45] methods.
sociations. Thus, even below the onset of separation Paralleling observations described above, the to-
of the fragments, bond cleavage in the 2-butanol ion is tal product heats of formation, the threshold, the
favored in the order C—£ts > C—-CHz > C—H. This FDPI abundance and the 70eV abundance o§*CH
probably reflects stronger ion-induced dipole attrac- loss were all appreciably higher than corresponding
tions between CEICH=OH* and GHs® than between values for H losses. Therefore, this system is yet an-
CoH5CH=OH™ and CH* because, if ion-induced other example of an alkyl loss being strongly favored
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Fig. 3. (a) FDPI curves for the losses of @Hm/z 59), CHy (m/z 58), GHs* (m/z 45) and GHe (m/z 44). Note the dominance of ethane
elimination at low energies, demonstrating that cleavage of the GEEkI bond is strongly preferred even very near threshold; (b) FDPI
curves for the losses of *H(m/z 73) and the combinations GM (m/z 59) plus CH (m/z 58) and GHs® (m/z 45) plus GHg (m/z 44)
from CH3CH(OH*+)CH,CHgs. Note the order of preferred bond cleavage implied by the data: GEEkI> C-CH; > C—H.



L.L. Griffin et al./International Journal of Mass Spectrometry 217 (2002) 23-44 31

——m/z 57
—e—m/z 43
—=—m/z 42

First Differential PIE

110 1.5 12.0 12.5
Photon Energy /eV

Fig. 4. FDPI curve for the losses of*Hm/z 57), CH® (m/z 43) and CH (m/z 42) from CH;CH(CHs)CHs**. Note that there is only
H* and CH loss near threshold, but that the @Hoss becomes most important at higher energies.

over H loss despite the latter being energetically is 17 times more abundantin the 70 eV mass spectrum
favored, establishing the generality of this pattern in (Table 1). In the FDPI curves, the loss ofld;* did
dissociations of radical cations. Even near its thresh- not surpass the loss of GHuntil ca. 200 kJ mot?!

old the relative abundance of the® Hbss was quite above threshold (Fig. 5), a point at which the abun-
low, undoubtedly due to strong competition from the dance of the product of C41 loss decreased sub-

elimination of methane in that energy region. stantially. This occurs at approximately the energy at
which dissociation of gHsCO" to C;Hs+ + CO be-
2.1.5. CH3C(=0**)C,Hs comes feasible (Fig. 5), suggesting that in this case,

The dissociations of the 2-butanone radical cation further dissociation influences the relative abundances
(Scheme 6) were characterized to compare the lossesof the primary products at high energies. An abundant
of two alkyl fragments of different size in the absence C,Hs* in the mass spectrum of 2-butanone is consis-
of competing H loss and alkane eliminations. tent with this. Nonetheless, the sum of the abundances

As for the 2-butanol ion, AE(—C4?) is lower than of CoHs' and GHsCO™ in the 70 eV mass spectrum
AE(-C;Hs*®), but the product of the latter dissociation of that substance is only 28% of that of @EO™ +

CHs™, so the upper limit to the —C#1/-C,Hs® ratio is

(CH;):C"  + H

CH3 B / O+' (:21-15(:O+ + CH3
| CH;CH'CH; + CHy I ——

-~
CH;CHCH3 CH3CC,H;

\

CH}CH=CH2+' + CHy CH:;CO+ + CHys

Scheme 5. Scheme 6.
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Fig. 5. FDPI curves for the losses of @H(nV/z 57) and GHs* (mVz 43) from the 2-butanone ion. Note that methyl loss dominates near
threshold, but that the ££i5* loss becomes more important at higher energies.

0.28. Thus, even if all alkyl ions were formed by two gas phase, in particular to try to establish whether
consecutive dissociations, adding their abundances tochanges in vibrational frequencies in the transition
the acyl abundances would still leave loss of the larger states cause losses of larger fragments to have faster
alkyl several fold favored at higher energies. Alkyl rates. B3LYP/6-31G(d) and B3LYP/6-311G(d,p) the-
ions may be formed from C4C(=0°T)CH,CHz in ories were used (Table 2) to obtain transition state
part by direct dissociation to those ions plus acyl rad- energies and dissociation thresholds; vibrational fre-
icals, pathways energetically favored over two con- quencies were obtained by B3LYP/6-31G(d) theory.
secutive dissociations to GH and GHs*. However, Relevant product heats of formation were obtained
dissociation of the 2-butanone ion directly to €H from the literature (Table 3). Theoretical studies of the
and GHs™* would violate the Stevenson—Audier rule, 2-methylpropane ion are not reported due to failure to
which states that ions dissociate such that the chargefind a transition state for Hloss from that ion, de-
goes to form the energetically favored set of prod- spite substantial effort to do so. However, calculating
ucts [47,48]. It is unclear whether such a violation oc- energies at different CH bond lengths for that reaction
curs in the formation of Ckf™ from the acetone ion  suggested an energy maximum, i.e., transition state,
[49], so the importance of direct dissociation to alkyl around 2.2 A. No search was made for a transition
ions in the dissociations of the 2-butanone ion is also state for CH® loss from the 2-methylpropane ion.
uncertain. One lengthened CC bond (Table 4) and associated
lowered energies relative to those of the ion at the
geometry of the neutral (Table 5) were observed for
3. DFT theory all molecular ions. Agreement (see following sec-
tions) between DFT results for ground state species
We used theory to seek insight into why bonds corrected for Franck—Condon effects and Pl dissoci-
to larger groups cleave preferentially in ions in the ation energies corrected to 0K [33] was better than
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Table 2

Hybrid functional theory energies for stationary points

Compound Fragments AAfH Ab initio (AAfH)P Ab initio (TS)¢

(kdmol1)2 (kImol1) (kImol 1)

Ethanol CH=0OH* + CHgs*® 80 109 96 83 72
CH3CH=OH" + H°* 39 67 64 65 63
CH3CH,OH*+ 0

2-Propanol CHCH=OH* + CH3* 38 49 37 44 33
CH3C(=OH")CH3 + H°* 4 38 36 50 48
CH3CH(OH**)CHs 0

2-Butanol CHCH=OH" + CyH5® 54 79 68 56 47
CH3CHpCH=OH* + CHg* 35 80 70 4 -
CH3C(=OH1)CH,CH3 + H°* 12 82 74
CH3CH(OH™)CH,CH;z 0

2-Butanone CHCO" + *CyHs 88 111 98 103 92
CH3CH,CO" + CHs* 83 110 98 108 oF
CH3C(O**)CyHs5 0

aDifference between product heat of formation and the heat of formation of the ionized molecule from values in Table 3.

bEnergies required according to theory to form the products; values in the first column were derived from B3LYP/6-31G(d) and
B3LYP/6-31G(d) theory, values in the second columns are from B3LYP/6-311G(d,p) and B3LYP/6-311G(d,p) theory.

CEnergies required to reach transition states: first column—by B3LYP/6-31G(d) and B3LYP/6-31G(d) theory; second column—by
B3LYP/6-311G(d,p) and B3LYP/6-311G(d,p) theory.

dOptimization at the B3LYP/6-311G(d,p) was not achieved for this transition state; the number is the B3LYP/6-311G(d,p) and
B3LYP/6-31G(d) value.

without such corrections for most reactions treated, motion was an angular movement of the methyl,
supporting the reasonableness of the energies andpresumably to form a [Ckt CH,OH™] complex,
geometries for stable species derived by DFT. How- rather than a CC extension. In being 24—26 kJThol
ever, it should be noted that photon ionization energies below its dissociation products, the DFT transition
are typically lower than vertical ionization energies, so state for CH® loss resembles the transition state ex-
the Franck—Condon corrections derived from theory pected for forming the ion—neutral complex [¢H

are probably overestimations. CH,=0OH™] [6,41,42] and the tight (early) transition
states postulated by transition state switching (TSST)
3.1. CH3CH,0OH** [25,50] and variational transition state theories [28].

As will be described, energies of transition states

At both levels of DFT, a transition state with motion located by DFT were below those of the dissociated
directed primarily along the CC bond was found for products for most of the other alkyl losses that we
CHs*® loss from CHCH,OH*+ at about 25 kJ mof* studied. However, RRKM calculations (see below)
below the combined DFT heats of formation of the indicate that tight TSST transition states and the DFT
separated products. However, this transition state transition states do not coincide.
might not really exist, as we were unable to find it The CC bond is elongated to 5.26 A at the DFT tran-
with QCISD/6-31G(d) theory starting the search from sition state for CH® loss (Table 4), a distance at which
the B3LYP/6-31G(d) transition state geometry, even the CC bond is effectively broken. The energy of this
though evidence was obtained by QCISD/6-31G(d) transition state is about 25kJmdl below the en-
theory for a transition state between a CC bond length ergy of the fully dissociated products. Location of the
of 5.0 and 5.1 A. However, this transition state differed transition state close to the threshold for dissociation
from the B3LYP transition state in that the primary of the fragments is supported by the marked lowering
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Table 3
Heats of formation (kJmoft) used for product heats of formation and thermochemical thresholds in Tables 1 and 2
CHp=OH* 709 CHg* 148
CH3CH=OH" 596° He 218
CH3CH,OH*+ 775 CH3CH,0H -239
CHp=CHOH*+ 771 CHy —7%
CH3C(=OH*)CHs 490 CoHe —84p
CH3CH(OH**)CHs 704 CH3CH(OH)CHs —27%
CH3CH,CH=0OH* 550 CHsCHy* 119
CH3CH=CHOH* 677P
CH3C(=OH)CHoCHz 4549
CH3CH(OH®1)CH,CHs 6614 CH3CH(OH)CH,CHs —293
CH3CH*CHjg 802
CH3CH=CH,** 959
(CHz)sC* 7122
CH3CH(CHg)CHz** 88y CH3CH(CHs)CHz —134
CHszCO* 656*
CH3CH,CO* 618"
CH3C(=0°*)CoHs 6814 CH3C(=0)CoHs —23%

aFrom [64].

bhttp://webbook.nist.gavFebruary 2000.

°From [65].

dBased on the corresponding P! ionization potential in Table 1/gtd(neutral) in this table.

€From [66].

fFrom [67].

9From [68].

hBased on AE(gH5CO™) from 2-butanone (Table 1, this work) ans H(2-butanone) in this table. Also see [69].

of five vibrational frequencies in the transition state A transition state was found for *Hooss at about
relative to their values in the ground state ion (Table 6). 1kJmol ! below the energy of the separated products
Transition states for formation of complexes occur be- with the CH bond stretched to about twice its nor-
low the energy required to completely separate the mal length (Table 4). This presumably reflects weaker
fragments as bonds become stretched sufficiently to noncovalent attractions in [JEH=0H* H*] than in
permit rotation of the fragments perpendicularly to the [CH3®* CH,=OH*]. A transition state for It loss was
breaking bond [51]. The energy of the DFT transition also located by QCISD/6-31G(d) theory 54.7 kJ mol
state, its lowered frequencies and the general tendencyabove the ground state of GEH,OH**, support-

to form complexes starting below the threshold for dis- ing the reality of that transition state. The vibrational
sociation by CC cleavage suggest that a transition statefrequencies in this transition state were quite similar
below the threshold for complete simple dissociation to those of the ground state ion.

controls the rate of Cgt loss from CHCH,OH*™. Both levels of DFT gave substantially greater differ-
It is important to note, however, that this may be a ences between the product and reactant energies than
minimum entropy transition state that need not coin- did the PI measurements. This is attributable to the
cide with the DFT transition state located based on stabilization of the DFT ground state ion upon length-
the one imaginary frequency criterion. RRKM calcu- ening of the CC bond from 1.536 A in the neutral to
lations presented in the next section do suggest that1.742 A in the ion. Photoionization would generate
the rate-determining transition states are earlier than the ion initially in the geometry of the neutral due to
the DFT transition states found for alkyl loss. the Franck—Condon effect. The long-bonded ground
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Table 4 state of CHCH,OH®*t was 34 kJmot! more stable
B3LYP/6-31G(d,p) bond lengths (A) at stationary points than was CHCH,OH** at the geometry of the neu-
ccC CH tral molecule. Gauld and Radom found an extended
Ethanol CC bond in CHCH,OH**t by B3LYP/6-31G(d)
Neutral 1.5363 1.1026, 1.0950 and 20 higher levels of theory [52], supporting its
lon 1.7422 1.0920, 1.0907  reality. Adding 34 kJmot! to the PI dissociation
Transition state 5.2627 2.1364 . . .
energies removes the difference between energies
Z'Z';’St?;o' L5230 L1030 derived by experiment and those obtained by theory
lon 1.8069 1.0963 (Table 5). Marked CC bond lengthening (Table 4) and
Transition state 5.8254 1.8746 the associated decrease in precursor ion energy nicely
2_Butanol account for the differences between experimental and
Neutral 1.5308, 1.5294 1.1048 theoretical threshold energies that occur throughout
lon 1.4936, 1.9562 1.0963 this work (Table 2), evidence that the long bonds
Transition state 5.26012 1.8718 X
observed by theory are the source of those discrep-
C—Chs C—CH,CHs : . . .
ancies. Consistent with present results, previous ab
2-Butanone initio studies revealing long-bonded ions have also
Neutral 1.5209 1.5256 : ; L - P
on 15149 15866 given theoretlcal. ionization potentials significantly
Transition state 8.3854 5.3354 lower than experlmental ones [53,54]
3C—Ch.
BC—CH,CHz. 3.2. CH3CH(OH*")CH3
A transition state for CC bond-breaking in GEH
(OH**)CHz was found by DFT theory 4-5kJ madl
Table 5
Effects of long-bond formation on ground state and dissociation energies
Compound AAE AHcor? AAE (0K) FCeorr® AAE + FCeorr ADFTSd
(kI mot1) (kImot1) (kI mott) (kImot1)
Ethanol
CH,=OH* + CHg* 70 75 78 34 112 109
CH3CH=OH* 4 H* 25 75 32 34 66 67
2-Propanol
CH3CH=OH* + CH3* 19 10.3 29 40 69 49
CH3C(=OH*)CHz + H* 1 10.3 11 40 51 38
2-Butanol
CH3CH=OH* + CyHs* 35 14.0 49 70 119 79
CH3CH,CH=OH* + CHs* 26 14.0 40 70 110 80
2-Butanone
CH3CO* + CoHs* 84 13.6 98 14 112 111
CoHsCO™ 4 CH3* 64 13.6 78 14 92 110

aThe correction used to convert the measured PIAEs to the values they would have if measured at 0 K. This is the enthalpy at 298 K-
the enthalpy at 0K minus 5RX. These enthalpy differences were obtained using the Gaussian programs [59]. This conversion is made
for comparing experiment and theory because theory gives 0K enthalpies.

bThe difference between the optimized DFT energy of the precursor ions and the DFT energy of the ions in the geometry of th
corresponding neutral molecules.

®The DFT energies required to dissociate each precursor ion to the indicated products.

dThese DFT dissociation energies are on averags 28.5kJmol! (+S.D.) higher than the 0 KAAEs and 11+ 19 kJ mot? lower
than theAAE + FCeor values. The former difference is significart « 0.001, pairedt-test), but the latter is not.
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Table 6
Values of the six lowest B3LYP/6-31G(d) and B3LYP/6-31G(d) frequeddes ground and transition states
CH3CH,0H*+
Ground state 224 285 386 509 826 853
CH3zCH=OH* + H°* 189 356 369 468 644 885
CH=OH* + CHg* 15 60 72 108 109 769
CH3zCHOH*TCHjs
Ground state 169 220 273 304 428 444
CH3C(=OH")CH3 + H* 162 198 362 431 480 497
CH3CH=OH" + CHjz* 15 21 25 95 99 139
CH3CHOH®TCH,CHjs
Ground state 85 186 197 215 247 300
CH3C(=OHT)CyHs + H*® 79 164 205 239 377 434
CzH5CH=OH*' + CHjz® - - - - - -
CH3CH=OH" + CyHs* 12 21 30 41 61 119
CH3C(=0**)CH,CHjs
Ground state 63 102 207 232 339 372 515 578
CyHsCO' + CH3® 9.6 15 25 72 75 178 190 388
CH3CO" + CoHs® 15 27 29 37 63 160 223 298

aThese frequencies were scaled by multiplication by 0.9806, the scaling factor for B3LYP/6-31G(d) and B3LYP/6-31G(d) theory. Scott
and Radom [63].

below the corresponding dissociation products DFT values of the vibrational frequencies for the
(Table 2). A transition state was found for loss of transition state for Mloss from CHCH(OH®*T)CH;3
H* by both levels of DFT 12kJmol above the changed little from those for the ground state ion
DFT energy of the corresponding products, some- (Table 6). Thus, as in the corresponding dissociation
what exceeding the corresponding PI difference of of CHz CH,OH®™, this transition state is much tighter
only 1kImot?, and a published\tH(products)— than that for CH® loss.
AtH(CH3CHOH®*+CHjz) of 4kJmot® (Table 1). The
critical energies derived by theory are again higher 3.3. CH3CH(OH®**T)CH,CH3
than ones obtained by PI, also attributable to a very
long CC bond at the B3LYP/6-311G(d,p) optimum A transition state for i loss from CHCH(OH*™)
geometry (Table 4). This configuration is 40 kJ mbl CH,CHs; was located by DFT 5kJmol below
more stable than C#CH(OH**)CHjs is at the opti- the energy of the products, and one fofHg® loss
mum geometry of the neutral. Although not as nicely was found 21-23 kJmot below the corresponding
as for CHCHyOH®", correcting the Pl dissocia- products. A transition state for the loss of €Hvas
tion energies for this Franck—Condon energy reduced not located by either B3LYP/6-31G(d) or B3LYP/6-
somewhat the discrepancy between experiment and311g(d,p) theory, despite substantial effort. As in other
DFT results. systems examined, there were only modest changes
Five of the ground state vibrational frequencies in DFT vibrational frequencies between the ground
were markedly lowered in the DFT transition state state and the transition state fof kbss, whereas six
for the loss of CH® from CH3CH(OH**)CHs. These of the frequencies in the transition state found for loss
modes correspond to rotations of partners in the of CoHs®* were markedly lowered from their values
intermediate complex and become translations andin the ground state (Table 6). GBH(OH®")CyHs
rotations of the partners upon complete separation. is 70kJmot? more stable at its optimum DFT ge-
Similarly to the loss of 14 from CH3CH,OH* ™", the ometry than it is at the DFT geometry of the neutral
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molecule. Correcting for this gives values that overes- B3LYP/6-31G(d) frequencies were used in all RRKM
timate the difference between experiment and theory calculations, except five or more DFT transition state
by an amount equal and opposite to the difference frequencies (usually ones that became rotations and
without correction. This suggests that the calculated translations upon alkyl loss) were tightened or treated
Franck—Condon corrections are excessive in this case.as free rotors in alkyl losses in some models because
of an inability to locate transition states for some of the
3.4. CH3C(=0"*")CoHs dissociations by DFT and doubts about whether the
transition states that were located by DFT are actually
DFT placed the transition state for GH loss rate determining. Thus, for RRKM calculations, we
0.4-2kJmot! below the energy of the correspond- used the frequencies of the dissociated partners and
ing products, and the transition state fosHg® loss typically represented the transitional modes by five
5-8 kJ mol below its products. The DFT onsets for additional frequencies adjusted to reproduce the be-
CHz* and GHs® losses are at essentially the same havior of the FDPI curves. These frequencies are the
energy, whereas AE(-GJ%) is 20kJmot?® below only parameters arbitrarily adjusted in these studies.
AE(-C;Hs*) (Table 1). The breaking CC bonds inthe The estimated frequencies were always higher than
DFT transition states for both alkyl losses from the the lowest frequencies in the DFT transition states
2-butanone ion were very long (Table 4). As in the (Table 6), so the adjusted frequencies gave tighter
systems characterized above, correcting the P critical transition states.
energy for the stabilization arising from post ion-
ization C—-CHCHz bond lengthening (14 kJ mot) 4.1. CH3CH,OH**
brought the PI and DFT dissociation energies much
closer together. Thus, post-ionization bond length- RRKM theory was used to calculate the rates of
ening again appears to be the largest source of theH*® and CH?* loss from CHCH,OH*" as a function
discrepancies between the DFT and PI dissociation of ion internal energy. In one set of calculations for
energies. Eight B3LYP/6-31G(d) frequencies of the methyl loss, the transition state energy was taken
2-butanone ion were lowered markedly in both tran- as AE(products) minus the ionization energy (IE)
sition states (Table 6). of ethanol, and the transition state frequencies were
taken to be those obtained by DFT for the separated
partners. The remaining five frequencies in this transi-
4. RRKM calculations tion state were treated as free rotors. This gave a rate
of CHzs*® loss about five orders of magnitude faster at
RRKM calculations were performed using assorted its threshold than Mloss at the same energy and an
models to determine the features required in the even greater discrepancy at higher energies, poorly
transition states to reproduce the higher energy experi- reproducing the similar rates of the two reactions.
mental results. Because DFT transition states were notA second calculation was carried out in which the
found for all reactions, we employed transition state transition state energies used in the first calculation
energies based on PIAE data in RRKM calculations were raised by the stabilization energy for long bond
throughout this work. Critical energies were corrected formation, and the transition state energy for loss of
for the effect of long bond formation observed by CHs® was lowered by the 12 kJ n1ot difference be-
DFT theory in ground state reactant ions in some tween the appearance energies for losses gf*Gid
calculations on every dissociation. Although other CH,4 from CH3CH(OH®**)CHjs. Five free rotors were
models were evaluated, correcting activation energies used in this transition state for GMHloss. In this cal-
for subthreshold bond-breaking and Franck—Condon culation, the rate of Ck? loss rose to several orders
effects seems most reasonable based on the foregoingof magnitude faster than that of*Hoss at higher
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energies, i.e., above threshold the rate of the former generally gave better agreement with the FDPI curves
rose more rapidly than that of the latter. Furthermore, than did omitting that correction. Markedly improved
k for CHs® loss rose above & 10%s~1, impossibly agreement between RRKM results and experiment

fast. was also obtained previously when ab initio energies
Tightening the methyl loss transition state by mak- for a long-bondecdh-propanol ion rather than exper-
ing the five lowest energy frequencies all 125¢nn imental dissociation energies were used in RRKM

addition to subtracting 12 kJ not energy to correct  calculations [55].

for bond cleavage below the dissociation threshold The tightening of the transition state frequencies
and adding 34 kJ mol for the lowered ground state  needed to obtain reasonable absolute and relative rates
energy due to long bond formation causedsChbss for the two dissociations of C}CH,OH** indicates

to surpass the loss of*Hat about 70 kJ moil above that the rate-controlling transition state for the loss of
the onset of the latter with the two rates staying within CHs® is significantly earlier (perhaps coinciding with

an order of magnitude at higher energies (Fig. 6). (See one close to that for ion—neutral complex formation)
the discussion for CECH(OH**)CHs that follows than the DFT transition state. Rate constants consid-
for justification of this estimation of the transition ering the combined effects of the two transition states
state energy.) This calculation reasonably reproducedwere calculated using the following formula [56].

the relative abundances of the FDPI curves (Fig. 1). u
Throughout this work, RRKM calculations assum- j — Rl %
ing transition states below the dissociation thresholds hp \ Ni + N
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Fig. 6. RRKM plots of log rate constank)(vs. ion internal energy for dissociations of @EH,OH**. The curves were obtained using

PI1 energies corrected for post-ionization stabilization of the ground state ion based on results of DFT theory and subthreshold cleavage of

the CC bond (see text). *Hloss transition state frequencies were those for the by DFT transition state. Transition state frequencies for
methyl loss were taken to be those of the separated products with the five additional frequencies*ftusSHTable 4) made 125 cth
to obtain reasonable agreement between the rates of the two reactions.
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where N;i is the sum of states for the tight transi- assuming the long-bonded DFT ground state and
tion state and\g;s is the sum of states for the loose the transition state taken to be at the threshold for
transition state. The early transition state very quickly methane elimination, and the five lowest transition
becomes rate determining for this dissociation becausestate frequencies for G§% loss were assigned values
calculating the rate of dissociation at 1 kJ mbabove of 150 cnt ! rather than the DFT frequencies or being
the dissociation threshold and considering the com- treated as free rotors (other frequencies were those of
bined effects of the two transition states (taken to be the dissociated partners).
the tight and DFT transition states) gave a dissociation  All of the RRKM models produced a more rapid in-
rate that is 100% of the rate obtained by considering crease in Ci* than H loss from CHCH(OH*T)CHs
only the tight transition state. The range of the cor- with increasing energy. This was again due to the low
responding percentagesal kJ mol! above thresh-  transition state frequencies or internal rotations used
old was 96—99% for the other alkyl losses studied. All in the methyl loss transition state in these models vs.
of these percentages increased with increasing energythe high DFT frequencies in the transition state for
Therefore, RRKM rate curves given considered only H® loss. In the first two models, G loss quickly
the tight TSs. became 2-3 orders of magnitude faster thanldss
The more rapid rise in the rate of GHloss than (Fig. 7), markedly exceeding the difference between
of H* loss with increasing energy can be attributed the FDPI curves. The rate for GMloss in the sec-
to marked decreases in frequencies of the five modesond model reached 10s™1, a physically unrealistic
that are becoming rotations and translations during the rate. This, together with the excessively high rates of
loss of CHs®, in conjunction with the small changes CHgs® loss relative to those for Hloss, suggests that
in the frequencies in the transition state for the loss of this DFT transition state for C#1 loss is “looser” than
H* from the corresponding ground state frequencies the actual transition state. Arbitrarily making the low-
(Table 6). The DFT transition state energies, frequen- est DFT frequencies in the RRKM calculations for the
cies and lengths of breaking bonds suggest that the CHrate of CH* loss 150 cm! gave reasonable absolute
bond is broken earlier and more abruptly thanis the CC and relative rates for this reaction (Fig. 7). The need
bond. This probably reflects the weaker ion-induced to substantially tighten the transition state for £H
dipole attractions between the separating fragments inloss relative to the B3LYP/6-31G(d) transition state

the former than in the latter dissociation. is evidence that the rate-limiting transition state oc-
curs before the partners begin to rotate relative to one
4.2. CH3CH(OH*T)CH3 another.

It is well established that alkane eliminations occur
Our first RRKM calculations of the rates of in two steps: (1) CC bond cleavage to form a com-
dissociation of CHCH(OH®*T)CHs as a function of plex followed by (2) H transfer between the partners
ion internal energy employed the PI thresholds for to complete the reaction [6,39]. Furthermore, once a
dissociation energies and the vibrational frequen- CC bond cleaves to form a complex, alkane elimi-
cies of the separated products. In that model, the nation appears to be much faster than reformation of
frequencies other than the reaction coordinate thatthe CC bond [32,57], making alkane elimination a
become rotations or translations upon dissociation measure of the rate of CC bond cleavage below the
were treated as free rotors in the transition states. In threshold for simple alkyl loss. The greater PI loss
the second model, the difference between the energiesof CHy than H at low energy supports the reality
of the molecular ion in its DFT optimum geome- of the faster RRKM rate of CC than of CH cleavage
try and in the geometry of the neutral was added to even below the threshold for complete dissociation
the dissociation energy for methane elimination. In to CHz®* + CH3CH=OH™ when the lowered transi-
a final calculation, the critical energy was corrected tion state energy for that process was used, consistent
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Fig. 7. RRKM plots of logk) vs. ion internal energy for dissociations of @EH(OH®*)CHj3. The curves were obtained using Pl energies
corrected for post-ionization stabilization of the ground state ion and subthreshold cleavage of the CC bond. Frequencies were obtained

as for CCH,OH** (legend for Fig. 6).

with the validity of this model. This implies more fre- CHs® loss 125 cm! gave a curve for CkP loss that
guent CC than CH bond cleavage at all energies abovecrossed over that for Hloss, becoming about one
the threshold for forming the [C}CH=OH™ CHj3*] order of magnitude faster when the internal energy
complex (Fig. 2), even those below the threshold for reached 200kJmot (Fig. 8). Using five 100 cm!

complete dissociation of the fragments. frequencies in the transition state for the £THH,®
loss to represent those being transformed to vibrations
4.3. CH3CH(OH**+)CzHs and rotations gave approximate agreement between

theory and experiment among the three FDPI curves.
As in the preceding systems, using transition states At higher energies the curve for,8s° loss obtained
containing free rotors and lack of correction of the with 100 cnt? frequencies crossed over that obtained
transition state energies for long-bond formation gave for CHz® loss using 125 cmt frequencies (Fig. 8), in
rates of alkyl losses much faster than did using the agreement with observations (Fig. 3). As for the pre-
corrected FDPI energies. Correcting critical energies ceding ions, it is likely that entropic bottlenecks rather
for stabilization of the DFT ground state and placing than saddle points such as those found by the DFT
transition state energies for alkyl losses at the thresh- calculations are rate determining. Since tightening the
olds for alkane eliminations gave rate curves in good low energy frequencies more for the losses of smaller
agreement with FDPI curves, and utilizing B3LYP alkyl groups was the only plausible way to obtain
frequencies for the separated partners except makingsimilar results between experiment and RRKM the-
the six lowest frequencies in the transition state for ory, the results imply that larger alkyl groups are lost
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Fig. 8. RRKM plots of logk) vs. ion internal energy for dissociations of @EH(OH**)CH,CHs. The critical energies were obtained
using Pl energies corrected for post-ionization stabilization of the ground state ion and subthreshold cleavage of the CC bond. The upj
curves for CH* and CH*® losses were obtained assuming five free rotors in the transition states. The lower curves were obtained by
making the six lowest frequencies in the transition state fogCldss 125 cm?! and the five lowest frequencies in the transition state for
CH3CHy* 100cnT . Other frequencies were obtained as described in the text.

preferentially at higher energies because their transi- 2-butanone ion are insignificant [58]. The RRKM log

tion states are looser. rate constant vs. energy curves were close to each
other in this model. However, the rates at higher
4.4, CH3C(=0°"1)CH,CH3 energies were unrealistically fast.

RRKM calculations utilizing five 175cmt

RRKM calculations that gave results for the frequencies as the lowest ones for thezClbss and
dissociations of the 2-butanone ion most like the FDPI five 100 cnt! frequencies for the CECH,* loss gave
curves employed frequencies for the B3LYP/6-31G(d) a rate of CHCH,* loss that reached and surpassed
transition state with transition state energies that were that of CH® loss at high energies (Fig. 9). This repro-
lowered from the experimental ones by the same duced the more rapid FDPI rise of the rate oHzg*
amounts as were those for the corresponding reactionsloss relative to that for Cgt loss with increasing en-
of the 2-butanol ion and raised by the addition of ergy (Fig. 8) and the favored loss 03Es5°® upon 70 eV
14kJmot?, the DFT difference between the stabil- electron impact. The RRKM results suggest that, as in
ity of the long-bonded ion and that of the ion in the the alcohol ions, the rate determining transition states
geometry of the neutral. Differences between thresh- for alkyl losses are earlier and tighter than those ob-
olds for alkyl losses and alkane eliminations from tained by DFT. Also as with CsCH(OH®")CH,CHj,
the 2-butanol ion were used to estimate corrections the requirement for a looser transition state for loss
for locating the transition states for the correspond- of CH3CH,* to reproduce dominance of that frag-
ing alkyl losses because alkane eliminations from the mentation at higher energies is evidence that looser
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Fig. 9. RRKM rates for the losses of GH(m/z 57) and GHs* (m/z 43) from the 2-butanone ion as a function of energy. The curves

were obtained using PI energies corrected for post-ionization stabilization of the ground state ion and subthreshold cleavage of the CC

bond (see text). The five lowest frequencies were made 17%dor CHs® for CH3® loss and 100 cm! for CHzCH,* loss. Note that
methyl loss dominates near threshold, but that thel4® loss becomes more important at higher energies.

transition states cause loss of larger alkyl groups to be DFT theory when CC bond lengthening is taken into
preferred at higher energies. Thus, looser transition account, supporting the accuracy of both. The only
states for losses of larger alkyl groups appear to be arbitrary adjustments used in the RRKM calculations
the general explanation for the more abundant losseswere the lowest frequencies in the transition states for
of larger alkyl groups at higher energies, despite the alkyl losses. Experimental breakdown diagrams were
higher onsets for those dissociations. much better reproduced by RRKM theory when the
Our experiments do not directly address the effect rate-determining transition states for alkyl losses were
of angular momentum. However, angular momentum placed below the actual dissociation thresholds. Thus,
is likely to have significant effects only when the it is likely that this is a feature of an accurate and re-
transition states are for the full dissociation of the alistic model. Improving the results would require an
partners [25], which is not the case for the reactions accuracy for both experiment and theory of the order
compared here. Except perhaps very close to thresh-of 1kJmol?, an accuracy that is difficult to achieve
old, our RRKM model adequately accounts for the in either the experimental or theoretical approaches
experimental branching ratios. currently available.
Present results establish the generalization titat H
losses from radical cations in the gas phase are slow
5. Summary and increase very slowly with increasing internal
energy. This is attributed to their vibrational frequen-
Present results display good agreement between en<cies changing little between the ground and transition
ergies obtained by experimental measurements andstates, causing the sum of states/density of states ratio
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in RRKM theory to increase slowly with increasing 6. Methods
E. In contrast, the vibrational frequencies in transition
states for alkyl losses that become rotations and trans- Photoionization efficiency curves, first differential
lations of fragments are substantially lowered in those curves derived from them and Pl appearance energies
transition states. The contrast between transition statewere obtained as described previously [33,59] on a
frequencies for H and alkyl losses is attributable to (1) mass spectrometer fitted with a photoionization source
the creation of three additional rotational degrees of [60]. Photoionization experiments were carried out at
freedom in the latter but not the former type of reac- room temperature. The PI signals were corrected for
tion, and (2) the greater long range attractions between variation in photon flux as a function of energy by mul-
alkyl fragments and ions. Therefore, alkyl losses in- tiplying by: (ion count rate— background ion count
crease more rapidly in rate with increasing energy than rate)/(photon count rate — background photon count
do those for M loss from ions in the gas phase. It is rate). First differential curves provided ion abundances
predicted from this that tighter transition states cause as a function of molecular ion internal energy [31,32].
all losses of atoms in the gas phase to be slow relative RRKM rates were calculated using the program of
to losses of larger fragments by simple cleavages. Zhu and Hase [61]. The GAUSSIAN 94 package [62]
However, establishing the validity of this generaliza- was used for B3LYP/6-31G(d), B3LYP/6-311G(d,p)
tion requires measurements on losses of atoms otherand QCISD levels of theory. Ground state geometries
than H and on dissociations of neutral molecules. were identified in all cases by having only real vibra-

Near threshold, losses of smaller alkyls are favored tional frequencies. All DFT transition states described
relative to losses of larger ones because the formerhad only one imaginary frequency, and all DFT vibra-
are energetically favored. However, the losses of tional frequencies were multiplied by 0.9614 for use
the larger alkyls increase more rapidly and become in RRKM calculations, and by 0.9806 when used for
dominant with increasing energy because they have zero point vibrational energy corrections [63].
looser transition states. This is supported by the for-
mation of long CC bonds to alkyl groups even in
the ground state; the bond is lengthened to the larger Acknowledgements
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