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AHP 55(HY) = 367.2 kcal mol™! together with¥ AH°5(cyclo-
hexanone) = —54.04 kcal mol™! leads to AH°,gs(cyclohexanone
enolate anion) = —55.2 + 3 kcal mol™. We have not been able
to find experimental heats of formation for 1-methoxycyclohexene
and 2-methylcyclohexanone. However, they can be estimated by
applying Benson’s method of group equivalents:*® AH®,g(1-
methoxycyclohexene) = -39.7 kcal mol™ and AH°5,(2-
methylcyclohexanone) = —56.6 kcal mol™. These are likely to
be reasonable estimates. The liquid phase heat of formation for
2-methylcyclohexanone is reported to be —68.8 kcal mol™. If
one assumes that the heat of vaporization® will be nearly the same
as that for the isomeric cycloheptanone (AH®,,, = 12.4 kcal mol™),
the estimated AH,°,05(2-methylcyclohexanone) is —56.4 kcal mol™.
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This is quite close to Benson’s estimate. Use of these heats of
formation directly leads to AH®,g5(4a) = —-26.9 £ 3 kcal mol™!
and AH®,5(4b) = —43.8 = 3 kcal mol™.

The methyl cation affinity (MCA) was calculated by using the
following relation: MCA(cyclohexanone enolate) = AH(° ;-
(cyclohexanone enolate anion) + AH(°5(CH;") — AH®595(1-
methoxycyclohexene). Adoption®® of AH°,55(CH;*) = 264 kcal
mol™ leads to MCA (cyclohexanone enolate) = 248 kcal mol™'.

The thermochemistry of reaction 5 is calculated by using the
heats of formation of the cyclohexanone enol radical, CH,Br,
1-methoxycyclohexene, and bromine atom. We use®® AH;°,45(Br)
= 26.74 kcal mol™!; the heat of formation of cyclohexanone enol
radical can be extracted from the EA. Zimmerman et al.* find
EA(cyclohexanone enol radical) = 35.8 £ 1.2 kcal mol™!; use of
AH®,gs(cyclohexanone enolate anion) yields AH°,45(cyclo-
hexanone enol radical) = —19.4 £ 3.2 kcal mol™!. The heat of
reaction 5 can then be calculated as +14.8 £ 3.2 kcal mol™.

Registry No. CH,Br, 74-83-9; cyclohexanone enolate, 55886-84-5;
hydroxide ion, 14280-30-9; cyclohexanone, 108-94-1.
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Abstract: Previously observed correlations of collisionally activated decomposition (CAD) fragment ion intensities of proton-bound
pairs of bases with product enthalpies are extended to competitive cleavages of aliphatic ketones to acyl ions. The ratio of
intensities of the acyl ions formed by CAD of the molecular ions of acetone, 2-butanone, 3-methyl-2-butanone, and 2-
methyl-3-pentanone has an excellent correlation (» = 0.997) with the difference between the heats of formation of the sets

of products.

Enthalpy differences can be predicted from fragment ion in-
tensities when an accelerated gaseous ion decomposes after ac-
tivation by collision with a thermal noble gas atom. For eq 1,
the ratio of intensities of B;H* and B,H™ in both the unimolecular
mass-analyzed ion kinetic energy (MIKE) spectrum and in the
collisionally activated decomposition (CAD) MIKE spectrum of
B,HB,* formed in a chemical ionization (CI) source correlates
with the difference between the proton affinities of B; and B,.

B,H* + B, < BHB,* — B, + B,H* 0))

Unknown proton affinities of other bases, B,, can, therefore, be
determined from the MIKE spectrum of the proton-bound base
pair B;HB,* when the proton affinity of B, is known.!”?

The slope of this kind of correlation of ion intensities has been
extended to reactions in which stronger, covalent bonds are broken
and to reactions in which the colliding ion has been formed by
electron ionization (EI).* That extension required a reformulation
of the supporting theory, which previously had used the concept
of equivalent temperature. Although for CI ions this concept is
certainly tenable,>¢ for EI ions it has much less physical meaning.
The correlation, which was observed for substituted ions related
to eq 2, was not nearly as satisfactory (» = 0.82) as thosc observed
in CI studies nor was the correlation of intensities of the same
ions produced by unimolecular decomposition.” One kind of

*On an R. J. Reynolds Industries leave from the University of North
Carolina at Chapel Hill.

C4(CeHy),* — CeH,C=CCH,* + C,H,C=CCH; (2)

qualitative correlation of EI ions might have been expected, for
CAD spectra often resemble EI spectra, and correlations of EI
fragment ion intensities from substituted aromatic compounds
with, for example, Hammett o constants have long been known.®?

On the other hand, little has been done to correlate the in-
tensities of aliphatic fragment ions produced in an EI source.!°
Further, the proposed requirement* that k(E) functions for com-
petitive decompositions be sufficiently parallel that the ratio of
rates does not vary significantly over the energy range of colli-
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Figure 1. CAD products of nominal m/z 43 from the molecular ion of
3-methyl-2-butanone at resolution 5500.

sionally activated precursors sampled—Ilikely a broad range—is,
a priori, restrictive. Hence, correlations of CAD fragment ion
intensities with product enthalpies may not be widespread in the
aliphatic series. This study seeks a correlation of the logarithm
of the ratio of the intensities of the two acyl ions formed by
collisional activation of 7-kV aliphatic ketone molecular ions on
helium, eq 3, with the thermochemistry of products. Ineq 3 Rg

RSCO+ + RL ha RSCORL+° - Rs+ RLCO+ (3)

and Ry are the smaller and larger alkyl substituents on the car-
bonyl group, respectively.

Experimental Section

Ketones were commercial samples of the highest purity obtainable.
Their mass spectra were consistent with undetectable amounts of im-
purities.

The mass spectrum of 3-methyl-2-butanone contains an m/z 43 cur-
rent that is a mixture of C,H;0" and C,H;*, and it was assumed that
the intensity of the C,H;0™ pro8uct after collisional activation could not
be obtained from the intensity of the unresolved m/z 43 current recorded
on a conventional MIKE (reversed Nier—Johnson) spectrometer. Specific
isotopic labeling of the ketone would solve this problem but would in-
troduce another one, the isotope effect on fragment ion intensity, which
sometimes is quite large. We, therefore, addressed the problem by high
resolution of the CAD products. The instrument used was a four-sector
tandem mass spectrometer of BEEB geometry, the ZAB-4F (VG Ana-
lytical Ltd., Manchester, UK.).!! Collisions with He occurred in a cell
located in the field-free region between the two electric sectors, and the
last two sectors provided high resolution of the CAD products. Molecular
ions of the ketones (produced by 70-eV electrons in a 200 °K source)
were accelerated to 7000 V, mass-selected, and transmitted to the col-
lision cell. Figure 1 shows the resolution of the C;H,* and C,H,O"
product ions formed by collision of 3-methyl-2-butanone molecular ions
with He. (The resolution of CAD products was about 5500 in this study.)
Under these conditions none of the other ketone molecular ions reported
showed interferences at the mass of either acyl ion.

Thermochemical data were taken from a standard compilation.!?

Results and Discussion

There are several restrictions on the number of aliphatic ketones
studied. First, insufficient data were available in the literature

(11) Hass, J. R.; Green, B. N.; Bateman, R. H.; Bott, P. A., unpublished
results.

(12) Rosenstock, H. M.; Draxl, K.; Steiner, B. W.; Herron, J. T. J. Phys.
Chem. Ref. Data, Suppl. 1977, 6, No. 1.
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Figure 2. Correlation of the logarithm of the ratios of intensities of acyl
ions produced by CAD of the molecular ions of 2-butanone, acetone,
3-methyl-2-butanone, and 2-methyl-3-pentanone with differences between
product enthalpies.

to produce a value of AH° for the pivaloyl ion, (CH,),CO*;
therefore tert-butyl ketones were excluded from the study. Second,
ketones with a B-alkyl substituent (in the n series, 2-pentanone
and larger, for example) are expected from prior studies'? to lose
alkyl groups competitively from the carbonyl group and the alkyl
chain, for example, as in eq 4 and 5. The major contributing

CH3COCH2CH2CH3+' - CH3' + COCH2CH2CH3+ (4)
CH3COCH2CH2CH3+' - CH3COCH2CH2+ + CH3' (5)

isomer in larger ions, the ion formed by loss of the terminal alkyl
group from the aliphatic chain, is not observed in the compounds
actually reported in this study because the RCOCH,* structure
is unstable; when R = H, it does not exist in an energy well.!#
However, ketones containing n-propyl groups and larger must be
excluded from the correlation. (Again, labeled compounds solve
the problem of the origin of the CHj lost but introduce the problem
of unknown, possibly large, isotope effects.) Third, there is
previous documentation of deviations from linearity both when
hydrogen bonds® and when covalent bonds* break; these deviations
have been ascribed to effects of increasing the degrees of freedom
of the active ion* and to entropic effects.>*

Accordingly, paucity of thermochemical data, complications
in the fragmentation process, and degrees of freedom and entropic
considerations reduced the number of alkyl substituents that can
be safely studied to only methyl, ethyl, and iso-propyl. The entire
series of usable compounds giving distinguishable points encom-
passes only four examples: acetone, 2-butanone, 3-methyl-2-bu-
tanone, and 2-methyl-3-pentanone. The logarithm of the intensity
ratio J(R CO*)/I(RgCO™") is plotted against the quantity
[AH°(RsCO™) + AH°(Ry) - AH° (R .CO*) - AH°(Rg)], the
difference between the enthalpies of the two sets of products of
eq 3, in Figure 2. The correlation is astonishingly good in light
of the quality of previous correlations®’ of CAD product intensities
of EI ions and in light of our previous doubts about the constancy
of the k(E) ratios for the competitive processes, as noted above.
The latter point may be reconciled with the actual result by noting
that the ions are relatively small. The k(E) curves for their simple
dissociations should, therefore, rise sharply to limiting values.
Population of energy states where the k(E) values are near their
limits—that is, where the k(E) curves are flat and parallel—is
probable.

In passing, the old rule of thumb!3 that loss of the larger alkyl
group Ry is more important than loss of the smaller Rg alkyl group
in the EI spectrum of RgCOR; can in principle be put on a
quantitative basis now. The expection to this rule predicted by
thermochemistry, 2-butanone, also is an exception experimentally
under CAD conditions, for the point, with a negative abscissa,
still falls on the correlation line. (The EI spectrum of 2-butanone
actually follows the rule and violates the simple thermochemical
argument; that is the n/z 43 peak is actually bigger than the m/z
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57 peak in the conventional EI spectrum, and consecutive processes
could occur.) In general, the quantitative basis for correlation
of ion intensities with product stabilities appears to lie in the
accessibility of the asympotitic portion of the k(E) curve for the
competitive processes studied by collisional activation. This would
generally be the case for small ions; we have seen it here for ions
with up to 42 degrees of freedom, and our previous studies*’ have
shown a poorer correlation for 142-154 degrees of freedom.

Correlations of high quality between CAD product ion inten-
sities and product enthalpies are more general than previously
supposed. Their usefulness for establishing the thermochemistry
of novel small ions, radicals, and molecules, produced by the
fragmentation of ions generated by EI, should be exploited.

Registry No. CH,COCH,, 67-64-1; CH;COCH,CH,, 78-93-3;
CH,COCH(CH,),, 563-80-4; CH,CH,COCH(CHj),, 565-69-5.
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Abstract: In order to elucidate what determines the degree of charge transfer from donor to acceptor in charge-transfer solids,
we have calculated the crystalline electrostatic Madelung energy, Ey, for tetrathiafulvalene (TTF) chloranil as a function
of pressure and temperature. At 300 K between 1 bar and 11 kbar, where there is a transition between Neutral and Ionic
ground states, £y becomes more negative by ~0.10 eV. This increase in binding energy suggests that the pressure dependence
of the Madelung energy may be sufficiently large to drive the Neutral-Ionic phase transition at high pressures. The magnitude
of Eyy = —3.8 €V at 11 kbar is used to show that the calculated energies of the Neutral and Ionic states become approximately
equal at this pressure. On the other hand, at 1 bar between 300 and 50 K, where another transition between Neutral and
Ionic ground states has been found, Ey; becomes more negative by only ~0.05 eV, or half as much as for the transition at
high pressure. This suggests that there is an additional driving force for the Neutral-Tonic transition at low temperature (which
we believe is the dimerization of the stacks). Better quantitative agreement for the transition and for the charge-transfer band
energy is obtained by formally including partial charge transfer in the ground state.

Mulliken charge-transfer (CT) crystals of organic w-electron
donors (D) and m-electron acceptors (A) usually form compounds
with mixed stacks, in which planar donor molecules alternate with
acceptors along the stack.!” For this reason, these materials do
not exhibit the high electrical conductivity often found in com-
pounds which have segregated (or separate) donor stacks and
acceptor stacks. For the case of mixed-stack materials, the amount
of charge transferred from D to A has been calculated in the
Hartree approximation by McConnell et al.* This simple model
predicts that these compounds will be either completely neutral
or completely ionic, with a sharp neutral-ionic boundary defined
by

(Up=Au) + Ex =0 (1)

Here I, is the ionization potential, or energy cost of ionizing the
donor, A, is the electron affinity of the acceptor, and E\, is the
electrostatic Madelung energy’ of the ionic lattice. Thus, a poor
donor/acceptor combination (with large I, — 4,) is predicted to
form a neutral solid, whereas an excellent D/A pair should form
a solid with cations and anions. This simple model has been
extended by Soos et al.5'° to include the effects of the Mulliken
transfer integral 4 between D and A along the stack. 4 is usually
taken to be proportional to the intermolecular overlap S. The
overlap S hybridizes D and A, such that compounds previously
expected to be completely neutral are only nominally neutral
(henceforth called “Neutral”). Similarly, the ionic compounds
are not fully ionic, but contain nominally ionic (or “Ionic”)
molecules. Nevertheless, there is still a sharp and well-defined
boundary between Neutral and Ionic compounds. A tantalizing
question has been to probe the interface or boundary between

! University of Mississippi.
*IBM Research Laboratory.

Neutral and Ionic crystals, i.e., the region where eq 1 is almost
satisfied.

In a recent experimental investigation, a large number of these
compounds were systematically studied.!'! The Neutral-Ionic
(N-I) boundary was identified in optical measurements of the
charge-transfer band energy Avcy: it was shown how compounds
range from being near this boundary to being far from it. For
10 of the Neutral compounds near this boundary, it was discov-
ered!? that applying pressure above a certain threshold causes a
distinct change in the color of the crystals. This reversible change
was interpreted as a phase transition from a Neutral to an Ionic
solid. In one of these materials that lies particularly close to the
boundary, tetrathiafulvalene (TTF) chloranil, a similar transition
could also be induced at low temperatures.!> Most of the sub-
sequent experimental work has focused on TTF chloranil.
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