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Denoting by 

(/(/•)) = 4 x £°° f(r)p(r,t)rMr 

one finds now by multiplying eq Al by r and r2 and integrating 
by parts that 

^=>'» + <> (A2) 

essentially similar relations to our previous linear (one-di
mensional) Smoluchowski equation results (3 and 4). The term 
2D(\/r) prevents loss of particles to a necessary singularity 
at the origin. To see the similarity of the predictions of these 
equations to those of eq 3 and 4 consider the special case when 
eq A2 can be exactly integrated, say when F(r) = -yr. For 
mathematical simplicity we set Ro ~ ô ~ 0 and compare with 
eq 8. From eq A2 we have 

The reactions of enolate anions are of major importance 
in synthetic organic chemistry as well as in the study of organic 
reaction mechanisms. An understanding of their thermo-
chemical and spectroscopic properties is useful both in devising 
synthetic schemes employing enolate anions and in mechanistic 
studies of reactions involving enolate anions. The thermody
namic stability of an enolate anion is reflected in the acidity 
of its parent carbonyl compound. Since the acidity is strongly 
dependent on the relative solvation of the anion and the neutral 
compound, it is often difficult to evaluate the intrinsic effects 
of small changes in molecular structure on the stabilities of 
anions in solution. It is not unusual that small changes in the 
stabilities of anions in solution may be completely dominated 
by large variations in the degree of their solvation. For exam
ple, the acidity order observed in solution is reversed from that 
observed in the gas phase for aliphatic alcohols.2 Although the 
acidities of some simple carbonyl compounds have been mea
sured in solution,3'4 in most cases it is difficult to determine to 

Thus 

V(T5T = KO = V — [ l - e-™y*ikT] (A3) 
y 

which differs only by the factor Vl from eq 8. In view of the 
many approximations inherent in our starting formula such 
a numerical factor is negligible. 
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what extent acidity changes are the result of solvation ef
fects. 

Recent measurements by Kebarle and co-workers5 of the 
acidities of some carbonyl compounds in the gas phase have 
been used to note substituent effects on the stabilities of enolate 
anions. While the application of these acidity measurements 
to simple carbonyl compounds was limited to acetone, aceto-
phenone, and trifluoroacetone, they clearly showed the po
tential of the technique for investigating the intrinsic ther
modynamic stabilities of these compounds. Grunwell and 
Sebastian6 have made a CNDO/2 study of the relative sta
bilities of the two possible enolate anions derived from 2-bu-
tanone, finding the most highly substituted anion to be ener
getically more stable by 11.0 kcal/mol. However, it is not clear 
that CNDO is capable of accurately predicting small changes 
in stability, especially when variations from "standard" 
geometries are not considered. 

The object of this work was to investigate the stabilities of 
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simple enolate anions in the gas phase through measurement 
of the energy requirements for photodetachment of an elec
tron. 

Y O O 

\ - Il \ . Il 
C—C—Z -I- hv — - C—C—Z + e- (1) 

Y Y 
If the enolate anion is in its ground state, the minimum 

photon energy required for this process corresponds to the 
electron affinity of the enolate radical. The electron affinity 
is thus a measure of the energetic stability of the enolate anion 
relative to the radical. The acidity of the parent carbonyl 
compound (the enolate anion is formed from the parent car
bonyl compound by removal of a proton on the a-carbon atom), 
however, is a measure of the stability of the enolate anion rel
ative to that of the parent carbonyl. These two measures of 
stability are closely related, the acidity (AH0) of the parent 
carbonyl compound being the difference between the a C - H 
bond dissociation energy and the electron affinity of the enolate 
radical, plus the ionization potential of hydrogen: DH°(aC-H) 
— EA(radical) + 313.6 kcal/mol. Measurements of electron 
affinities may therefore either give stabilities of enolate anions 
with respect to loss of an electron, or, if the « C - H bond dis
sociation energy is known, give the acidities of the parent 
carbonyl compounds. This provides the alternative possibility 
of combining gas phase acidity measurements with electron 
affinities to obtain bond dissociation energies.7b 

The intimate relationship between electron affinities, bond 
dissociation energies, and acidities suggests that substituent 
effects on each of these quantities should be an important 
source of information concerning electronic structure and 
bonding. We may look at several types of substituent effects 
which are important in determining the stability of anions and 
neutrals. The first and largest effect is caused by changing the 
electron-attracting nature of the center on which the electron 
resides in the anion.7a Increasing the electron-attracting nature, 
as in the series CH4 , NH 3 , H2O, HF, causes a large increase 
in electron affinity, a smaller increase in bond energy, and thus 
a net increase in acidity. A second effect corresponds to sub
stitution of a dipolar group such as CF3 . The resultant induc
tive effect will greatly increase the electron affinity without 
appreciably affecting the bond strength, thereby increasing 
the acidity. Here the increase in electron affinity is determined 
by the magnitude and direction of the group dipole.2 A third 
effect arises when a large alkyl group is substituted for a small 
one.2,7b Here, due to polarizability or derealization, the 
electron affinity increases. Since the bond energy remains es
sentially constant, the acidity increases. Finally, when hy
drogen is replaced by methyl on an unsaturated carbon, the EA 
typically decreases. The bond strength may be lowered by this 
substitution as well, so that the overall acidity may be only 
slightly affected as in the case of 5-methylcyclopentadi-
ene.7c 

In this paper we report the relative photodetachment cross 
sections as a function of photon wavelength for several repre
sentative enolate anions. The photodetachment threshold 
wavelengths are determined, and from them we have obtained 
the electron affinities of the corresponding enolate radicals. 
The effects of vibrational hot bands are evaluated in some 
model systems by observing how changes in the internal energy 
of the anions affect the photodetachment thresholds. Finally, 
we note and discuss the effects of substituents on electron af
finities and stabilities in the gas phase, and compare these ef
fects with those observed in solution. 

Experimental Section 

Instrumentation. A Varian V-5900 ion cyclotron resonance spec
trometer with a modified square cell design8 was used to form and trap 

the enolate anions. Cell conditions were chosen to maximize trapping 
times; typically high trapping potentials (1.80-3.00 eV), moderate 
source drift potentials (0.10-1.00 eV), and low analyzer drift poten
tials (<0.2 eV) were used. With neutral gas pressures of about 1 X 
10-6 Torr, trapping times of 0.5-1.0 s were typically observed for these 
ions. 

For all the results reported here the enolate anions were formed by 
proton transfer from the parent carbonyl compounds to F - . The F -

was produced by electron impact from either NF3 at an electron en
ergy of 1.7 eV, or SO2F2 at an electron energy of 4.0 eV (electron 
energy minus trapping). The use of F - as a precursor to the enolate 
anions is particularly convenient since the photodetachment threshold 
of F - is at about 350 nm.9 Therefore no decreases in enolate ion 
concentration in the visible region of the spectrum are observed due 
to detachment of F - . Ion ejection103 and double resonancelob exper
iments showed that the observed photodestruction of enolate anions 
did not arise from photodetachment of any other precursor ions. 

The light source was a 1000-W xenon arc lamp used in conjunction 
with a grating monochromator. The data points above 400 nm have 
a spectral resolution (fwhm) of 23.8 nm while those below 400 nm 
have a resolution of 14.1 nm. Our estimate of the maximum error in 
the monochromator readings is ±3 nm. Maximum photodecreases 
in anion signals ranged from 7 to 10% for all the anions except ace-
tophenone enolate (16%). Detailed explanations of the data collection 
and analysis have been previously reported.7 

Materials. The following parent carbonyl compounds were used 
after vacuum distillation to generate the enoiate anions: acetaldehyde, 
propionaldehyde, butyraldehyde, 3-pentanone, pinacolone, methyl 
acetate, acetophenone, 4-heptanone (all MCB), 1,1,1-trifluoroacetone, 
diisopropyl ketone, phenylacetaldehyde (all Aldrich), acetyl fluoride 
(PCR), acetone (Baker), 3,3-dimethyibutanal, and 2-butanone-i,5-rf2-
3,3-Dimethylbutanal was synthesized by reaction of Na2Fe(CO)4-1.5 
dioxane with neopentyl bromide in a solution of triphenylphosphine 
in l-methyl-2-pyrrolidinone.11 After acidification with acetic acid, 
the aldehyde was codistilled with dioxane from the reaction mixture. 
The distillate contained only 3,3-dimethylbutanal and dioxane by 
GLC. Dioxane produces no negative ions under our experimental 
conditions, and no attempt was made to purify the aldehyde further. 
Since there afe two different a-carbon positions in 2-butanone, proton 
abstraction may result in two chemically distinct enolate anions of the 
same mass. Selective deuteration to form 2-butanone-J,5-rf2 allows 
mass differentiation between these two enolate anions. The deuterated 
2-butanone was synthesized from 3,3-dibromo-2-butanone using a 
zinc-copper couple.12 The 3,3-dibromo-2-butanone was prepared by 
the reaction of 2-butanone with iV-bromosuccinimide.13 The deu
terated ketone was 90% isotopically pure (by mass spectroscopy). The 
photodetachment spectra of the two chemically distinct enolate anions 
from the deuterated ketone corresponding to m/e 72 (internal enolate 
anion) and 73 (external enolate anion) were measured. The rates of 
proton transfer reactions involving these ions and 2-butanone are slow 
enough (~0.2 X 10_ ' ' cm3 molecule-1 s_l) so that at 10~6 Torr little 
coupling between the two enolate anions will occur.14 

Results 

The photodestruction cross sections for the enolate anions 
from acetaldehyde, acetone, and propionaldehyde are shown 
in Figures 1-3, respectively. Each of these anions was formed 
using F - from two different sources, N F 3 and SO2F2 , as in
dicated. The cross section thresholds for these anions appear 
to shift slightly to higher energy when SO 2F 2 is used as the 
source of F - . Similar cross sections were measured for enolate 
anions from pinacolone, 2-butanone-3,3-tf2 (m/e 72 and 73), 
3-pentanone, 3,3-dimethylbutanal, butyraldehyde, 4-hepta
none, diisopropyl ketone, methyl acetate, acetyl fluoride, and 
1,1,1-trifluoroacetone. Figure 4 shows the photodestruction 
cross section for the phenylacetaldehyde enolate anion. Similar 
results were obtained for the enolate anion from acetophe
none. 

The photodestruction of enolate anions as a function of 
photon wavelength was also investigated with the xenon arc 
lamp used in conjunction with long-pass interference filters. 
Using the high photon flux available with filters, the threshold 
wavelengths were estimated within ±25 nm. In all cases 

Journal of the American Chemical Society / 99:22 / October 26, 1977 



7205 

350 450 550 650 
WAVELENGTH (nm) 

750 

Figure 1. Relative photodetachment cross sections for acetaldehyde enolate 
anion ( • ) generated using F - from NF3, and (O) generated using F - from 
SO2F2. 
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Figure 3. Relative photodetachment cross sections for propionaldehyde 
enolate anion ( • ) generated using F - from NF3, and (O) generated using 
F - from SO2F2. 
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Figure 2. Relative photodetachment cross sections for acetone enolate 
anion ( • ) generated using F - from NF3, and (O) generated using F - from 
SO2F2. 
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Figure 4. Relative photodetachment cross section for phenylacetaldehyde 
enolate anion formed using F - from NF3. The data from 430 nm to 
threshold (O) are shown multipled by ten. 

threshold wavelengths measured with the monochromator were 
consistent with those estimated with long-pass filters. When 
the enolate anions were irradiated with light above 300 nm in 
wavelength no new ions appeared in the mass spectrum, indi
cating that photodissociation does not occur at these wave
lengths. When CCU was used to scavenge detached electrons15 

from acetone and acetophenone enolate anions, the cross sec
tion for Cl - production was identical with that for enolate 
anion destruction above 350 nm. This is evidence that the 
photodestruction cross sections reported here correspond to 
the photodetachment cross sections of the enolate anions. 

The photodetachment thresholds for the anions studied are 
given in the first column of Table I. These thresholds corre
spond to estimates of the zero intercept for each cross section, 
and typically have an uncertainty of ±5 to ±7 nm depending 
on signal to noise near threshold. Since each threshold includes 
instrumental broadening, the spectral bandwidth (24 nm) was 
subtracted from each observed threshold. The corrected 
threshold corresponds to the electron affinity of the enolate 
radical within the bandwidth of the monochromator, unless 
appreciable hot bands are present. In column 2 of Table I the 
energies corresponding to the corrected thresholds are tabu
lated, the error limits corresponding to ±24 nm. The thresholds 
obtained when the anions were generated with F - from SChF2 
are in parentheses in each column. Only selected ions were 
generated using F - from SO2F2 since ion signals were much 
poorer, and maximum fractional signal decreases were about 

half those obtained when the ions were formed using F - from 
NF3. 

Discussion 

Each of the photodetachment cross sections we have mea
sured is a superposition of rotational,16 vibrational,17 and 
electronic18 transitions between the enolate anion and the 
radical. The rotational transitions will not be considered since 
they are very closely spaced in these molecules and, therefore, 
will only broaden each vibrational transition slightly. This 
broadening will have little effect with our low spectral reso
lution. The relative intensities of the vibrational transitions are 
governed by the overlap between the anion and radical vibra
tional wave functions (Franck-Condon factors), as well as the 
energy distribution among the vibrational levels of the anion. 
Before we examine the factors which lead to off-diagonal 
Franck-Condon transitions and vibrational hot bands, it is 
worthwhile to examine from a theoretical point of view the 
dependence on photon energy of a single isolated photode
tachment transition cross section. 

Threshold Shapes. The photodetachment cross section at 
threshold may be written as a power series in E - EQ where E 
is the photon energy and E0 is the threshold energy.19 

°(E) = f A1(E - £0) /+1 /2[l + 0(E - E0)] (2) 
/=o 

Here h is the angular momentum of the detached electron and 
resultant neutral relative to their common center of mass, and 
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Figure 5. Calculated photodetachment cross sections for acetaldehyde 
enolate anion (—) and propionaldehyde enolate anion (- - -). The photon 
energies at zero photoelectron energy are 1.81 and 1.69 eV, respective-
iy. 

the Ai are constants. This expansion is general at threshold 
assuming20 that the interactions between the detached electron 
and the resultant radical fall off faster than r~2. The electronic 
transition moment for a single vibrational rotational photo-
detachment transition is given to first order by the square of 
the dipole matrix element of the wave function of the HOMO 
of the anion and a free electron wave function. For any anion 
with Cs or lower symmetry the initial state of the anion always 
transforms as a px, py, or pz basis function. Thus the dipole 
selection rule A/ = ±1 indicates that the lowest allowed an
gular momentum of the detached electron must be zero, cor
responding to an s wave (/ = 0). Therefore the photodetach
ment cross section for any anion of Cs or lower symmetry will 
be discontinuous and proportional to (E - EQ)1/1 at threshold. 
All of the enolate anions studied here fall into this symmetry 
category. 

It is instructive to compare the threshold behavior of enolate 
anions with that of allyl anion.21 Because of the Cu- symmetry 
of allyl anion, the lowest allowed angular momentum of the 
detached electron is 1, giving a slowly rising cross section 
proportional to (E - E0^l2 at threshold. This means that A0 
in eq 2 is identically zero for symmetry reasons. If the sym
metry of allyl anion is then slightly perturbed from Cjv sym
metry, A0 is no longer identically zero and the cross section 
suddenly becomes discontinuous at threshold. But if the per
turbation is small the discontinuity at threshold will be small 
in magnitude (because A0 is small) and will be followed at 
higher energy by a much more intense, slowly rising cross 
section. The highest occupied molecular orbital (HOMO) of 
an enolate anion is qualitatively similar to that of allyl anion 
except that greater electron density exists on oxygen than on 
the a carbon, and the nodal plane is shifted slightly toward 
oxygen in the enolate anion. If any enolate anion is regarded 
as a perturbed allyl system, we can predict from symmetry 
alone that the photodetachment cross section will continue 
rising slowly with increasing energy after an initial, discon
tinuous rise at threshold. 

We may calculate the photodetachment cross section as a 
function of energy by actually evaluating the dipole matrix 
element of the transition.19 To make this calculation tractable 
for large systems we assume that photodetachment is a simple 
one-electron transition from the ground electronic state of the 
anion to the ground electronic state of the neutral and free 
electron. These assumptions employ the Born-Oppenheimer 
separation of electronic from nuclear coordinates and neglect 
the short-range interactions which exist between the detached 
electron and the resultant neutral. The implicit assumption is 
made that no orbital reorganization occurs in the transition 

Table I. Photodetachment Thresholds for Substituted Enolate 
Anions" 

)C—C-Z 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 

X 

H 
H 
H 
H 
H 
H 
H 
H 
D 
H 
H 
H 
H 
H 
H 
CH3 

Y 

H 
H 
H 
H 
H 
H 
H 
H 
CH3 

CH3 

CH2CH3 

CH3 

CH2CH3 

r-Bu 
C6H5 

CH3 

Z 

H 
CH3 

CD2CH3 

f-Bu 
OCH3 

CF3 

F 
C6H5 

CH3 

CH2CHg 
CH2CH2CH3 

H 
H 
H 
H 
CH(CH3), 

detachment 
threshold, 

nm 

710(700) 
728 (718) 
733 
697 (682) 
714 
505 
583 
625 
765 
762 (760) 
745 
760(760) 
768 
705 
614 
870 

E0, kcal/mol 

41.7 (42.3) ± 1 
40.6 (41.2) ± 1 
40.4 ± 1.3 
42.5 (43.3) ± 1 
41.5 ± 1.4 
59.5 ± 2.9 
51.2 ± 2.1 
47.6 ± 1.8 
38.6 ± 1.2 
38.8 (38.9) ± 1 
39.7 ± 1.3 
38.9 (38.9) ± 1 
38.5 ± 1.2 
42.0 ± 1.4 
48.5 ± 1.9 
33.8 ± 1.0 

a Enolates generated via F - from NF3. Data in parentheses for 
enolates generated via F - from SO2F2. 

from anion to neutral. For the initial state one-electron wave 
function we use the HOMO of the anion obtained from a 
CNDO/2 calculation.22 The Slater type orbital exponents are 
modified to better characterize the diffuse outermost orbital 
of the negative ion. The modified orbital exponents were de
termined by fitting the experimental atomic photodetachment 
cross sections19 of H - , C - , and O - , and are H = 0.32 au -1, 
C = 0.56 au -1, and O = 0.68 au -1 . The wave function which 
we use for the free electron is a plane wave orthogonalized to 
the HOMO of the anion. The details involved in calculating 
the dipole matrix element have been previously described.19 

We have calculated photodetachment cross sections as a 
function of energy for the enolate anions from acetaldehyde, 
acetone, and propionaldehyde. Figure 5 shows the cross sec
tions as a function of E - E0 for acetaldehyde and propion
aldehyde enolates. That for acetone enolate was essentially 
identical with the cross section for acetaldehyde enolate. The 
HOMO coefficients were calculated using CNDO/2 and 
standard geometries for the anions. Optimizing the geometry 
of acetaldehyde enolate anion had little effect on the form of 
its HOMO; thus we conclude that geometry optimization will 
have little effect on the overall cross section shapes. Both of the 
cross sections in Figure 5 show sharp thresholds followed by 
a more slowly rising cross section as expected from the pre
ceding symmetry considerations. The sharp threshold, as ex
pected on the basis of symmetry, is caused by a substantial s 
wave cross section, while the gradual rise above threshold re
sults from the more slowly rising p wave cross section. In ace
tone enolate the methyl group is on the carbonyl carbon near 
the nodal plane in the HOMO. Thus little electron density in 
the HOMO is delocalized into the methyl group, and the cross 
section is practically identical with that for acetaldehyde en
olate anion. In propionaldehyde enolate anion a methyl group 
is substituted at the a carbon which carries a high electron 
density in the HOMO. Thus significant electron density is 
delocalized onto the methyl group hydrogens. This results in 
some p wave (/ = 1) contribution to the cross section and a 
small decrease in the s wave contribution by slightly shifting 
the charge distribution. The overall result, however, is that only 
the absolute magnitude of the cross section for propional
dehyde enolate is significantly different from that for acetal
dehyde enolate; the relative cross sections are almost identical. 
This behavior is in marked contrast to that observed for alkoxyl 
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anions17b where a methyl group exerts a fairly large pertur
bation above threshold on the relative cross section of O - . For 
enolate anions the methyl group exerts a perturbation on an 
admixture of s and p wave cross sections which is strongly 
energy dependent even far above threshold. However, for the 
methoxyl anion the perturbation is exerted on an s wave cross 
section which is almost energy independent even far above 
threshold. Therefore in interpreting experimental photode
tachment cross sections of enolate anions we would not expect 
any large changes in the intrinsic energy dependence of a 
photodetachment threshold upon substitution, particularly 
upon substitution at the carbonyl carbon. 

In calculating the energy dependence of the cross section we 
have neglected the effects due to the interaction of the detached 
electron with the dipole moment of the resultant radical. This 
is a charge-dipole potential and will depend on r - 2 , thus being 
comparable in range to the angular momentum barrier. Cal
culations have shown that inclusion of an additional r~2 in
teraction potential will modify the threshold law for photo
detachment from atomic anions such that the cross section at 
threshold will rise more sharply with energy.23 We are pres
ently engaged in measuring high-resolution thresholds for some 
enolate anions. These measurements may give an indication 
of how important additional charge-dipole interactions are in 
their effects on threshold shapes. 

Analysis of Threshold Transitions. On the basis of the cal
culated cross section shapes, the differences between the 
photodetachment cross sections of acetaldehyde, acetone, and 
propionaldehyde enolates (Figure 1-3) seem likely to be due 
to differing degrees of off-diagonal Franck-Condon transitions 
and hot bands. To have large off-diagonal Franck-Condon 
factors it is necessary that the geometry of the anion be sub
stantially different from that of the radical. The experimental 
evidence in Figures 1-3 indicates the Franck-Condon factors 
becoming more off-diagonal as one proceeds from acetalde
hyde to acetone to propionaldehyde enolate anions. The result 
is increasingly slowly rising cross sections for this series of 
anions owing to the transition intensities being spread over a 
wider manifold of vibronic transitions. We also note that 
propionaldehyde enolate anion has one of the most shallowly 
rising cross sections of all the enolate anions investigated here, 
and thus may have severe geometry changes between anion and 
radical. 

To obtain a rough idea of the geometry changes involved we 
have calculated energy optimized geometries of acetaldehyde 
enolate anion and radical using CNDO. The results of these 
calculations are presented in Table II. The only large geometry 
change is in the C-C-O angle, angle d, which is about 9° 
greater in the anion than in the radical. Calculation of the 
Franck-Condon factors for a photodetachment transition re
quires a detailed knowledge of the normal coordinates as well 
as the force fields for nuclear motion in both the anion and 
radical. We have not attempted this calculation, and may 
therefore only conclude that the Franck-Condon factors could 
indeed be quite off-diagonal for any normal modes which in
volve distortion of angle d. Acetone and propionaldehyde en
olates might analogously be expected to exhibit large geometry 
changes in bending modes, and therefore experimentally show 
an even more slowly rising cross section than does acetaldehyde 
enolate anion. 

The presence of large off-diagonal Franck-Condon factors 
coupled with appreciable populations in excited vibrational 
states would result in significant hot band contributions to the 
photodetachment cross sections. At our typical operating 
pressure of 1O-6 Torr an enolate anion will undergo only about 
20-25 collisions in a lifetime of 500 ms.24 If the anions are 
formed with excess internal energy they will have only modest 
opportunity to undergo collisional relaxation. An important 
problem in using F - from NF3 to generate anions is that it 

Table II. Results of CNDO/2 Geometry Optimizations for 
Acetaldehyde Enolate Anion and Radical 

/1CN /*-}\ 

ameter 

^ i 
ro. 
r3 
r< 
r5 
a 
b 
C 

d 

Anion 

1.115A 
1.115A 
1.311 A 
1.142 A 
1.354 A 
110.6° 
125.5° 
114.5° 
131.7° 

Radical 

1.110A 
1.113A 
1.336 A 
1.119 A 
1.333 A 
112.9° 
123.5° 
114.0° 
123.0° 

possesses approximately 9 kcal/mol of translational energy.25 

Depending on the dynamics of proton transfer it is conceivable 
that this translational energy may be partially converted to 
internal energy in the product anion. To investigate the im
portance of hot bands at the photodetachment thresholds we 
generated some enolate anions using F - generated from 
SO2F2. There is evidence26 that F - from SO2F2 possesses 
significantly less translational energy than that from NF3. The 
thresholds using F - from SO2F2 (in parentheses in Table I) 
seem to be shifted to shorter wavelength for the acetaldehyde, 
acetone, and pinacolone enolates. Since signal to noise is much 
poorer when SO2F2 rather than NF3 is used as the F - source, 
pinacolone enolate is the only anion for which this shift is 
outside experimental uncertainty. The apparent threshold 
shifts for acetaldehyde and acetone enolates could be due to 
poor signal to noise. However, even if the ions formed from 
NF3 are hot, the true thresholds still appear to be within the 
experimental uncertainty, >and we conclude that hot bands are 
not important in determining the electron affinties. 

Electron Affinities. The observed thresholds which are 
presented in the first column of Table I are necessarily lower 
limits to the electron affinities of the enolate radicals. This 
conclusion is drawn because the calculated geometry changes 
in the acetaldehyde enolate system are not so extreme that the 
0 - 0 vibrational transition will be too weak to observe. The 
relatively sharp nature of the threshold for acetaldehyde en
olate anion indicates that in fact the 0 - 0 transition has quite 
large intensity. The other enolate anions show reasonable 
trends for substituent shifts in their thresholds, so while their 
Franck-Condon factors are presumably worse than those for 
acetaldehyde enolate, the 0 - 0 transition still has significant 
intensity. In addition if bond strengths of 98.0 ± 2.0 kcal/mol 
for a primary C-H bond strength27 and 92.3 ± 1.4 kcal/mol 
for a secondary C-H bond strength28 are used, with the known 
acidity of HF (DH°(H-F) - EA(F-) = 57.3 kcal/mol)29 a 
lower limit may be set on the electron affinities of the enolate 
radicals. This limit is independent of the photodetachment 
results, and is obtained by noting that AC?0 is negative for 
proton abstraction from the parent carbonyl by F - . Neglecting 
entropy changes (which should decrease this lower limit by 1 -2 
kcal/mol) the lower limit is 40.7 ± 3.3 kcal/mol for the enolate 
radicals from methyl carbonyl compounds, and 35.0 ± 2.6 
kcal/mol for those from carbonyl compounds which form 
secondary enolate radicals. The threshold energies corrected 
for the instrumental bandwidth, £0 in Table I, are in consistent 
agreement with these lower limits. 

The corrected thresholds are then identified as the electron 
affinities of the enolate radicals. This identification assumes 
relatively small contributions from hot bands at threshold. 
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Since small threshold shifts are observed when the energy 
available to the anions is varied, additional uncertainty in the 
electron affinities as a result of the hot bands will result. We 
have therefore not attempted to assign any electron affinities 
more accurately than the instrumental bandwidth, ±24 nm, 
although each threshold determination has greater accura
cy. 

Acidities. The acidities of carbonyl compounds may be 
calculated by combining the electron affinities of enolate 
radicals with known C-H bond strengths in the parent car
bonyl compounds. The C-H bond strength in acetone is 98.0 
± 2.0 kcal/mol,27 and the secondary C-H bond strength in 
2-butanone is 92.3 ± 1.4 kcal/mol.28 These bond strengths give 
AH° for the acidity of acetone and 2-butanone as 371.0 ± 3.3 
and 367.3 ± 2.6 kcal/mol, respectively. There is reasonable 
agreement between this value for the acidity of acetone and 
the AH° measured by Kebarle and co-workers of 369.2 ± 0.4 
kcal/mol.30 If the aC-H bond strengths in acetophenone and 
pinacolone are assumed to be the same as in acetone, the 
electron affinities of the enolate radicals give an acidity order 
in the gas phase of acetone < pinacolone < acetophenone. 
Acidity measurements in polyether solutions with diarylamides 
give the ordering pinacolone < acetone < acetophenone.3 The 
low acidity of pinacolone relative to acetone in solution may 
be the result of steric hindrance to the solvation of pinacolone 
enolate anion. The reversal of these acidities in the gas phase 
indicates that solvent effects may play an important role in 
determining the relative acidities of ketones in solution. 

Electronic Excitations. A feature of particular interest ap
pears in the photodetachment cross sections of phenylacetal-
dehyde (Figure 4) and acetophenone enolate anions. In each 
of these cross sections an intense peak is observed, with a 
maximum at about 420 nm for acetophenone enolate and at 
about 340 nm for phenylacetaldehyde enolate. For acetalde-
hyde, acetone, and propionaldehyde enolate anions the cross 
section begins to rise sharply at about 400 nm, suggesting that 
a similar peak may exist further into the UV for these anions. 
It seems reasonable to identify these peaks with transitions to 
excited electronic states of the enolate anions followed by au-
todetachment. Features similar to these have been previously 
observed in the photodetachment cross sections of negative 
ions.31 These observations suggest the important application 
of photodetachment spectroscopy as a sensitive probe of the 
higher electronic states of negative ions. We are presently 
engaged in more detailed studies of this type of excitation. 

Substituent Effects. If we can understand the relationship 
of structure and electron affinity (EA), we can couple this with 
our knowledge of structure and stability in neutrals to under
stand the acidities of carbonyl compounds. This is possible 
because the acidity is simply related to the difference between 
the C-H bond energy in the carbonyl compound and the EA 
of the enolate radical. As we shall see, the results we have ob
tained are more or less consistent with previously held gener
alizations. The usual key to understanding bond energies, 
electron affinities, and acidities is that enolate radicals look 
like simple localized carbon radicals, relatively unaffected by 
the adjacent carbonyl group, while enolate anions are best 
described as vinyl alkoxides. That is, the predominant reso
nance forms are a and b for the radical and anion, respectively. 
The evidence of this for the radical is the lack of appreciable 
resonance energy in these radicals.27'28 The results obtained 
in this work suggest that enolate anions are better described 
as highly delocalized. The evidence is of two types: the shape 
of the thresholds described above and the substituent effects 

K2C _-c—R' R 2 C=C-R ' 
a b 

described below. 
The substituent effects studied here can be divided into 

classes as described in the introduction: polar substituents not 
at the charged center, large vs. small substituents, and sub
stitution at the charged center. The enolate ions are a partic
ularly attractive group to examine because the carbonyl carbon 
is roughly at the nodal plane of the HOMO, while the a carbon 
has appreciable electron density in the HOMO. Because the 
parent compounds appear to follow group additivity rules and 
therefore have minimal resonance stabilization, it is useful to 
couch the discussion of substituent effects in terms of the sta
bilities of the enolate radicals and anions. 

Not surprisingly, substitution of polar groups at the carbonyl 
carbon causes predictable changes in the EA's. Thus in the 
series "CHiCOZ, substitution for H of Z = CF3, F, phenyl 
increases the EA by 17.8,9.5, and 5.9 kcal/mol, respectively. 
When Z = CH3 the EA decreases slightly, consistent with the 
electron-donating effect of alkyls bonded to unsaturated car
bon.32 When Z is a x-donating substituent such as F or OCH3 
the electronic description as a simple enolate is less appropriate, 
and indeed these substituents appear to be less stabilizing than 
expected on an inductive basis. Because we expect the nonin-
teracting substituents to have little effect on DH0 in the parent 
compound, the acidities should parallel the EA's. 

Substitution of a large alkyl group for a small one at a po
sition away from the charged center should tend to increase 
the EA slightly through increased polarizability.2 This is ob
served in the series "CH2COR, R = Me, Et, 7-Bu. In all cases 
Me and Et are almost the same and r-Bu is stabilizing. The 
effects are slightly larger at the a as opposed to the carbonyl 
carbon, consistent with a polarizability model and substantial 
charge at the a carbon. In each of these series substitution 
should have little effect on AH0, so that again we predict a 
correlation of acidity with EA, as observed.14 

Finally, we may make substitutions for H directly at the a 
carbon. Substitution of phenyl should cause an increase in EA 
and a lowering of DH°, thus dramatically increasing the 
acidity. Replacing H with CH3 causes an EA decrease in al
dehydes, methyl ketones, and ethyl ketones. This is the same 
kind of dipolar destabilization we observed in substituting CH3 
for H at the carbonyl carbon, but the effect is larger in this 
case: —2.8 kcal/mol for acetaldehyde vs. propionaldehyde; 
— 1.1 kcal/mol for acetaldehyde vs. acetone. This result implies 
substantial negative charge on the a carbon. The bond energy 
lowering associated with this type of substitution is27-28 about 
6 kcal/mol, so that the overall effect of the substitution on 
acidity is a slight increase as discussed above. In this situation 
much of the bond weakening effect due to substitution in the 
parent carbonyl arises from the often observed hybridization 
effect, C-C sp2-sp3 bonds being more stable than C-H sp2-s 
bonds relative to the saturated systems. This effect is worth 2-3 
kcal/mol and is about the same size as the inductive destabi
lizing effect of the methyl group.70'33 Thus, it is difficult to 
predict a priori whether substitution of this type will increase 
or decrease acidity since the acidity trend is controlled by the 
relatively small differences between EA and DH0. 

It is known that, in solution, substitution increases the acidity 
of ketones. For example, 1-methylcyclopentanone preferen
tially gives the more highly substituted enolate,34 This effect 
is consistent with a view of enolates as vinyl alkoxides, a view 
reinforced by rapid protonation of these anions on oxygen.34'35 

Our results suggest that these ions are quite delocalized, but 
the effects are intrinsic and not solution artifacts. 

Conclusions 
Photodetachment spectroscopy has been applied to a num

ber of enolate anions. Electron affinities of the corresponding 
radicals have been determined from the thresholds. Substituent 
effects on these EA's have been determined and shown to agree 
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well with previously held generalizations and with solution 
behavior. The threshold shapes have been analyzed. 
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molecules were quenched with decreasing pH, without the 
concomitant appearance of the fluorescences of the cations. 
The fluorescences of the cations appeared, to a significant 
extent, only in moderately concentrated mineral acid solutions 
where the fluorescences of the neutral molecules were unob-
servable. Moreover, the absorption spectra of the cations did 
not change appreciably in this region of Hammett acidity. It 
was hypothesized that quenching,2 possibly due to the for
mation of hydrated exciplexes of the naphthylammonium ions3 

was responsible for this unusual fluorometric titration be
havior. 

In order to further elucidate the nature of the anomalous 
fluorometric pH titration behavior of the naphthylamines and 
the naphthylammonium ions, the present reinvestigation of the 
pH and Hammett acidity dependences of their fluorescence 
spectra was undertaken. 
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Abstract: The lack of reciprocity between the fluorometric pH titration curves of the naphthylamines and their conjugate acids 
is shown to be the result of static quenching of the cation emissions, resulting from hydration of the cations in the ground elec
tronic state. The excited hydrated cations are shown to undergo protolytic dissociation, their extremely short-lived lowest excit
ed singlet states notwithstanding. 
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