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Vertical Ionization Potentials of Alkoxides in Solution

Kanna SAKAI, Iwao WATANABE,* and Yu YOKOYAMA
Department of Chemistry, Faculty of Science, Osaka University, Toyonaka, Osaka 560
(Received August 26, 1993)

The photoelectron-emission threshold energies were determined for aqueous and alcoholic solutions of potas-
sium hydroxide and potassium metal. The energies correspond to the vertical ionization potentials of the solutes.
The results are in accord with the fact that in alcohol-rich solutions the hydroxide ion reacts with alcohol to
produce the alkoxide ion. The threshold energy for the alkoxide ion reflects the ionization potential of the
alkoxide ion in a vacuum and the solvation effect. The difference in the ionization potential in a vacuum and in
a solution, which is due to the solvation effect, was found to correlate with the acceptor number of the solvent.

It has recently been shown that the vertical ioniza-
tion potential of nucleophile in solution is related to
its Sn2 reactivity, i.e. the activation energy of the reac-
tion correlates with the vertical ionization potential.?)
The importance of the ionization potential of solvated
species has also been recognized by Pearson; he has es-
timated the values for many molecules and ions from
thermochemical data.? However, the ionization poten-
tial in solution could not have been determined experi-
mentally until photoelectron emission spectroscopy for
solution (PEES) appeared.®

In the present study, the vertical ionization potentials
of alkoxide anions, which are important nucleophiles,
were determined in alcohols by PEES as the photoelec-
tron emission threshold energy (E;). The F; value for
an anion is defined as

X~ (solv) — X(solv) 4+ e~ (vac) E. (1)

Since X%(solv) in Eq. 1 is the product of an optical
process (Franck—Condon transition), X°(solv) has a ge-
ometrical structure which is exactly the same as that of
X~ (solv). Thus, the F; value is of the vertical ioniza-
tion potential. Since the E; value reflects not only the
ionization potential of X~ in the gas-phase, but also the
stabilization energy of its negative charge by solvation,
the important part of the solvation energy of an anion
can be obtained from the E; value. The solvent effects
on the E; values of alkoxide ions in the corresponding
alcohols are compared with those for halide ions.

Experimental

Materials. The potassium hydroxide (assay; 85%,
for semiconductor use) and the potassium metal used for
preparing the solutions were of guaranteed reagent grade
from Nacalai Tesque, Inc., Osaka and were used without
further purification. The water was distilled, deionized, and
purified further by using a Millipore system. Methanol, eth-
anol, 1-propanol, and 1-butanol of spectra-grade were frac-
tionally distilled from CaHo.

Sample Preparation. Sample solutions were prepared
just before the measurements. Aqueous OH™ solutions were
prepared by using KOH or K metal. The preparations of
aqueous solutions with K metal were carefully carried out
under a nitrogen atmosphere. For preparing alcoholic solu-

tions, the solvents were deaerated before adding KOH or K
metal, and every process was carried out under a nitrogen
atmosphere. Because of the slow dissolution rates of KOH
in 1-propanol and 1-butanol, powdered KOH was added.

The concentrations of the bases were determined by pH
titration with sulfuric acid. The alcoholic solutions were
diluted with water before titration.

The water contents in the alcoholic solutions used in this
study were determined by Karl-Fischer titration analysis.
The contents varied with the amounts of KOH used, and
were independent of the amounts of K metal. The molar
ratios of water to KOH were between 1.0—1.5, and those to
K metal were between 0.3—0.7.

Photoelectron Emission Spectra. The spectrom-
eter and the experimental methods have been described
elsewhere.*® The PEE spectra were obtained at +1 °C for
aqueous and at —30 °C for alcoholic solutions. The mea-
surements were repeated several times at different base con-
centrations of 0.05—0.3 moldm 3.

Results

The E; values obtained for solutions of KOH or K
metal in water and alcohols are given in Table 1. Both
solutions prepared from KOH and K metal gave the
same FE; values within the experimental error. The E}
values were found not to vary with the water contents
in the present study. In each solvent system, the pho-
toelectron emission yield was proportional to the con-
centration of the base in the 0.05—0.3 moldm ™2 range,
and the E; values were found not to depend on the con-
centration.

Discussion

For OH™ in alcohols, the following equilibrium is
known:

OH™ + ROH 2 H.0 + RO~ (2)

_ [H:0][RO7] (3)

[OH"][ROH]

The values of equilibrium constant (K) have been de-
termined by several methods.®—® The K value of 1343
was determined for a 1-butanol solution by 'HNMR
spectroscopy.”) This value predicts the molar ratio,
[OH"]/[RO™]=0.1—0.3, for the present study. Etha-
nol solution was studied by means of indicator color
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Table 1. Gas-Phase Ionization Potentials I,, Threshold Energies E; (Solution-Phase
Vertical Ionization Potentials), and Charge-Solvent Electrostatic Interaction En-
ergies AE™ for Bases in Solvents

361

Solvent An® Base I,/eV [Ip/eV]f) E./eV —AE™ [eV
H:0O 54.8 OH~ 1.83% [0.88] 8.26+£0.05  6.43+0.05
Br~ 3.36 7.798) 4.43
- 3.06") 7.058) 3.99
Methanol 413  CH;0~ 1579 (1.31] 7.534£0.04  5.96+0.04
Br~ 3.36) 7.61%) 4.25
I~ 3.06 6.802) 3.74
Ethanol 371  CyHs0~  1.73% [1.34] 7.34+0.03  5.61+0.03
Br~ 3.362 7.329) 3.96
I- 3.06" 6.618) 3.55
1-Propanol  31.0  CsH,0™  1.799 (1.40] 7.13£0.03  5.3440.03
Br~ 3.36) 7.368) 4.00
I~ 3.06® 6.61% 3.55
1-Butanol 300 C4HoO~  1.79% [1.40] 6.96+£0.03  5.17+0.03
a) From Ref. 13. b) From Ref. 14. ¢) From Ref. 15. d) From Ref. 16. ) Calcu-

lated by PM3-MO method and correted.
Ref. 12.

changes;” it was found that 96% of the total base is of
the form of ethoxide ion in a 0.1 moldm~2 KOH eth-
anol solution. The K values were also calculated for
several alcohols by comparing the concentrations of the
reaction products of parallel reactions® or by using the
Gibbs energy of transfer;*!? it was found that almost
all of the anions were of the form of alkoxide ions in
alcohol-rich co-solvents. In this work it was confirmed
that all of the E; values for (KOH+alcohol) solutions
were the same as those for (K metal+alcohol) solutions.
This indicates that alkoxide ions are predominant, even
if about a 50% excess amount of water to that of OH™
is present. Thus, we conclude that photoelectrons from
alcoholic solutions are from alkoxide ions.

The obtained FE; values reflect both the ionization
potentials of the ions in a vacuum and the solvation
effects. The ionization potential of an anion in a vacuum
(Ip) is the electron affinity (Ea) of the corresponding
neutral species:

X~ (vac) — X°(vac) 4 e~ (vac)
I, (= Ea for neutral species) (4)

Thus, combining Eqgs. 1 and 4 and the following solva-
tion processes relates E; to Ip:

X7 (vac) = X7 (solv) AGL,, (5)
X°(vac) — X°(solv) AGY, (6)
and
Ey = Ip - AG;O]V + AGgolvy (7)
where AG |, and AGY,,, are the solvation energies for

the anion and the neutral species, respectively. The

f) Calculated by PM3-MO method. g) From

photoionization of X~ makes the electronic polariza-
tion of the solvent molecules disappear. Therefore, we
regard here the solvation energy for an anion as com-
prising AGY,, and the electrostatic interaction energy
(AE™) between the negative charge of the anion and the
dipole moments of the surrounding solvent molecules,
which are enhanced by the polarization effect.

AGL,, = AGL), + AE™ (8)

solv

Combining Egs. 7 and 8, thus, extracts AE™ from E;:

E.—I, = —-AE~ (9)

If the AE~ value does not vary much, one would ex-
pect the presence of a linear correlation between E; and
I,, which, in fact, was observed for some systems with
organic molecules.>!V However, the E; values for alk-
oxide ions vary in reverse of the I, change (Table 1),
indicating a significant solvent effect on AE™ in the
present system.

Our study concerning the E; values of the iodide ion
in various solvents showed a correlation'? of E; with the
Mayer-Gutmann’s acceptor number (Ax)*® of the sol-
vent. The same correlation was also found for bromide.
The An value has been considered to be a measure of
the electrophilic ability of the solvent. A larger An
value solvent stabilizes more the negative charge on the
anion through the electron donor—acceptor or the hy-
drogen-bonding interaction; it therefore gives a larger
E. value for the anion. Thus, the E; value for the an-
ion is a solvent parameter having a similar character to
that of An.

The plot of E; for the alkoxides against Ax in the
present study is found to give an even better linear rela-
tionship than that for iodide or bromide. For the halide
cases, since the I, values in Eq. 9 are constants, the
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Fig. 1. Charge-solvent electrostatic interaction ener-
gies —AE™ vs. the acceptor number An for hydroxide
or alkoxide (®), bromide (0J), and iodide (A).

variation in AE~ directly appears in F;. In this study,
however, water contains OH~, methanol CH30 ™, etha-
nol C2Hs07, and so on; thus, the I, value of the anion
varies with the choice of solvent. Therefore, in order to
extract only the solvent effect on E; for OH™ or alkoxide
ions, the I, values must be known.

Some of the I, values in the gas phase for hydrox-
ide!® or alkoxide ions!®'®) have been known. However,
since the value for the butoxide ion is not known, it
was estimated by using a MNDO-PM3'” (Parametric
Method 3) molecular-orbital calculation.!® The MO
calculations were performed on the anion and the corre-
sponding neutral radical, taking the same geometry as
that of the anion which had been geometry-optimized.
The I, value was obtained from the difference in the to-
tal energies. Since the MO method predicted I, values
for CoH;0~ and C3H;O™ that are constantly smaller
by 0.39 eV than their experimental ones, the I, value
for the butoxide ion was estimated by correcting the
calculated value by the same amount.

The AE™ values obtained by Eq. 9 are plotted against
Ay in Fig. 1, including the plots for iodide and bromide
ions; the following points are definite:

(1) The AE~ correlates almost linearly with Ay.

(2) The change in AE~ for OH™ and alkoxide ions with
Ay is greater than those for the halide ions.

(3) The alkoxide ions larger in size than the halide ions
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have greater A E~ values than do the halide ions.

The prediction of a greater charge stabilization en-
ergy for a smaller ion due to the electrostatic interac-
tion is consistent with the variation of the AE~ values
for I7, Br~, and OH™ in water and for I~ and Br~ in
alcohols. Fact (3) implies, however, that the solvation
mechanism for the alkoxide ion is different from that
for the halide ion. Strong hydrogen-bonding must be
formed between the oxygen in the alkoxide ion and the
solvent alcohol compared to that between the halide ion
and the solvent. This may simply be due to the smaller
distance of hydrogen-bonding for the alkoxide ion. Sol-
vent molecules come closer to the center of the negative
charge in RO™---HOR than in Br~---HOR or I---HOR,
depending on their ionic radii.

This work was supported by Mitsubishi Foundation.

References

1) S. S. Shaik, Acta Chem. Scand., 44, 205 (1990); E.
Buncel, S. S. Shaik, I. H. Um, and S. Wolfe, J. Am. Chem.
Soc., 110, 1275 (1988).

2) R.G. Pearson, J. Am. Chem. Soc., 108, 6109 (1986).

3) P. Delahay, “Electron Spectroscopy: Theory, Tech-
niques and Applications,” ed by C. R. Brundle and A. D.
Baker, Academic Press, London (1984); P. Delahay, Acc.
Chem. Res., 15, 40 (1982).

4) 1. Watanabe, J. B. Flanagan, and P. Delahay, J.
Chem. Phys., 73, 2057 (1980).

5) I Watanabe, K. Maya, Y. Yabuhara, and S. Ikeda,
Bull. Chem. Soc. Jpn., 59, 907 (1986).

6) I. Ya. Slonim and V. I. Lyubomilov, Zh. Fiz. Khim.,
48, 842 (1974).

7) E.F.Caldin and G. Long, J. Chem. Soc., 1954, 3737.

8) J. Murto, Acta Chem. Scand., 18, 1029 (1964).

9) C. H. Rochester, J. Chem. Soc., Dalton Trans., 1972,
5.

10) J. Mollin and E. Karaskova, Collect. Czech. Chem.
Commaun., 56, 269 (1991).

11) T. Nakayama, . Watanabe, and S. Ikeda, Bull. Chem.
Soc. Jpn., 61, 673 (1988).

12) I. Watanabe, H. Tanida, K. Maya, S. Ikeda, and Y.
Yokoyama, Bull. Chem. Soc. Jpn., 67, 39 (1994).

13) V. Gutmann, “The Donor—Acceptor Approach to
Molecular Interactions,” Plenum Press, New York (1978);
Y. Marcus, “Introduction to Liquid State Chemistry,” John
Wiley & Sons, London (1977), p. 110.

14) R. S. Berry, Chem. Rev., 69, 533 (1969).

15) P. C. Engelking, G. B. Ellison, and W. C. Lineberger,
J. Chem. Phys., 69, 1826 (1978).

16) G. B. Ellison, P. C. Engelking, and W. C. Lineberger,
J. Phys. Chem., 86, 4873 (1982).

17) J.J. P. Stewart, J. Comput. Chem., 10, 209 (1989).

18) MOPAC Ver. 6.00 (QCPE #455, VAXversion), J. J.
P. Stewart, received as Ver 6.01 (JCPE P049) for UNIX-
Sun SPARCstation version by Kazuhiro Nishida.




