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The question of why carboxylic acids and phenols are stronger

acids than alcohols has been investigated experimentally and theoreti-

cally. The experimental approach involves comparison of gas-phase

acidities and core-ionization energies. The theoretical treatment uses

calculated point potentials and acidities.

The ease of proton removal is related to two factors known as

initial- and final-state effects. Initial-state factors influence the

process in neutral molecules; anything that makes the potential near

the acidic hydrogen more positive will make the molecule more acidic.

Final-state effects influence the process during and after proton

removal. As the proton is removed, the electrons and protons redistri-

bute to better accommodate the negative charge. Anything that can help

accommodate the negative charge and stabilize the anion will make the

molecule more acidic.

Both the experimental and theoretical results of this study

indicate that initial-state effects are the dominant factors in deter-

mining the relative acidities of alcohols, phenols, and carboxylic

acids. Final-state differences were found to contribute negligibly to

the relative acidity. These results are in conflict with the currently

accepted resonance-delocalization theory, in which resonance delocali-

zation of the negative charge in the anions of unsaturated molecules

(a final-state effect) is considered to be the major contributor to

the overall acidity difference between carboxylic acids and alcohols



and between phenols and alcohols.

Linear correlations have been found between experimental and

theoretical gas-phase acidities, and between experimental oxygen is

ionization energies of hydroxyl-containing molecules and the corres-

ponding methoxy- and ethoxy-containing molecules. These correlations

make it possible to predict accurate acidities and oxygen is core-

ionization energies of compounds for which measurements would be

difficult or impossible.

The series of molecules, isopropyl alcohol, isopropenyl alcohol,

and acetic acid is discussed. Isopropenyl alcohol is a transient

molecule; its acidity and oxygen is ionization energy were determined

from the linear correlations discussed above. Initial- and final-state

differences are discussed with respect to isopropyl alcohol and acetic

acid.
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EXPERIMENTAL AND THEORETICAL INVESTIGATION OF THE

ABILITY OF OXYGEN-CONTAINING MOLECULES TO ACCEPT CHARGE

I. INTRODUCTION

Ten years ago, while studying general organic chemistry, I

learned that carboxylic acids and phenols were more acidic than

saturated alcohols because of the large resonance stabilization of the

anions. The reason given for the higher acidity of carboxylic acids

and phenols relative to saturated alcohols is outlined below.

According to our textl, two or more equivalent resonance

and phenoxide (IV)

can each be

structures can be drawn for the carboxylate (II)

ions, while alcohols (V) and alkoxide

Oe

ions (VI)
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satisfactorily represented by a single structure. For neutral

carboxylic acids, the only reasonable resonance structure that can be

drawn involves a separation of charge (I). For neutral phenols, five

reasonable resonance structures can be drawn (III); three invoke

charge separation. This is to be compared with phenoxide (IV), in

which five resonance structures can be drawn, all of which involve no

separation of charge. Although all resonance structures contribute to

the structure and stability of the overall molecule, equivalent

structures involving no separation of charge are generally considered

to be much more important than structures possessing a charge separa-

tion. Ten years ago, I read in the third edition of Morrison and Boyd,

"... we know that resonance is much more important between the exactly

equivalent structures than between non-equivalent structures. As a

result, although both acid and anion are thought to be stabilized by

resonance, stabilization is far greater for the anion than for the

acid. Equilibrium is shifted in the direction of increased ionization,

and K
a

is increased". The emphasis is on the resonance delocalization

following proton removal. The driving force for the relative ease of

removal of the acidic proton in carboxylic acids and phenols is the

resonance delocalization of the resulting charge among the equivalent

resonance structures once the proton has been removed. In saturated

alcohols, no such resonance structures can be drawn, and the charge

remains localized on the oxygen.

In general chemistry courses, students learn many over-simplifi-

cations and general purpose theories. It sometimes seems that those of

us who choose to continue studying chemistry as a career spend the

rest of our lives relearning general chemistry, discovering in the

process the twisty little paths that nature tends to take. The theory

of resonance delocalization following ionization, presented above, is

such a theory. It is still taught in general organic chemistry today,
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and is presented in almost all organic textbooks. For the past three

years, I have been studying the acidity of carboxylic acids, phenols,

and alcohols as well continuing studies on the vinyl and ethyl halides

and the halobenzenes and cyclohexylhalides begun by Leif Swthre and

Gary Nolan. The results of the theoretical and experimental studies do

not support this long accepted picture of resonance delocalization

following ionization.

While resonance delocalization in the anion probably does contri-

bute to the overall acidity of carboxylic acids and phenols, it does

not appear that it is the dominant contributing factor causing these

substances to be more acidic than similar alcohols. Some other factor

must be present in alcohols that stabilizes the anions of alcohols to

the same extent as the extra resonance
delocalization stabilizes the

carboxylate and phenoxide ions. And therefore, some other factor must

be responsible for the higher acidity of carboxylic acids and phenols

compared with alcohols.

A. Initial- and Final-State Effects: an Intuitive Feeling

This work deals with differences between corresponding saturated

and unsaturated hydroxyl containing molecules, and therefore, with

differences in pairs of molecules. The concept of initial- and final-

state effects will be introduced in this section in order to gain an

intuitive feeling for their nature. The following discussion has been

written from a standard general organic text point of view.

Initial-state effects or differences are those factors that are

present in the neutral molecules. Consider some of the factors that

contribute to the initial-state differences between acetic acid and

isopropyl alcohol. In comparing the two neutral molecules, the glaring

difference is the replacement of a methyl group in isopropyl alcohol

by a carbonyl oxygen in acetic acid. It is well known that carbonyl

groups are more electron withdrawing than are methyl groups. At least

three factors contribute to this. Consider first the nature of the

substituent. Oxygen atoms are more electronegative tWan are methyl
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groups, and hence, the carbonyl oxygen will tend to pull more electron

density toward it than will the methyl group in isopropyl alcohol. The

effect of the substitution will be to make the hydroxyl oxygen in

acetic acid more positive than the hydroxyl oxygen in isopropyl alco-

hol. Secondly, in acetic acid, the carbon atom to which the hydroxyl

group is attached is sp2 hybridized, whereas in isopropyl alcohol it

is sp3 hybridized. Since sp2 centers are more electron withdrawing

than sp 3 centers, they will further withdraw electron density from

the hydroxyl oxygen. Lastly, is the possibility of contributing reson-

ance structures in the unsaturated compounds that are not possible in

the saturated systems. The overall effect of substituting a carbonyl

oxygen for a methyl group is, therefore, to make the hydroxyl oxygen

more positive, and hence more repulsive to the acidic hydrogen.

Final-state effects account for the response of the molecules to

the removal of the proton. In the classical picture, resonance delo-

calization of negative charge following ionization is a final-state

effect. It is, however only one. Even in saturated molecules, there is

extensive charge flow upon ionization even though no resonance is

possible. Final-state effects account for the response of the atoms

and electrons to the removal of the proton.

Now, all that is needed is a method to measure these two

effects, or more important the difference in these effects between

systems of interest. Fortunately, this can be done. The basic theory

can be described classically or can be derived quantum mechanically.

The basic forces holding atoms and molecules together are

electrostatic in nature. To remove a hydroxyl proton from a molecule,

the electrostatic forces between the hydroxyl proton and the rest of

the molecule must be overcome. The amount of energy required to

separate the hydroxyl proton from the rest of the molecule is con-

trolled by the positions of the nuclei in the molecule and the

distribution of the electrons. It can be shown that this energy is

affected by two factors: an initial-state potential energy and a

final-state relaxation energy. Initial-state effects account for the

distribution of the nuclei and electrons in the neutral molecule,

whereas final-state relaxation effects account for the rearrangement
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of the nuclei and electrons in response to the removal of the acidic

proton.

The problem to which this thesis is dedicated is the determin-

ation of the initial- and final-state differences between unsaturated

and saturated hydroxyl containing molecules, and the application of

these effects towards understanding why carboxylic acids and phenols

are more acidic than their corresponding saturated analogs. Along the

road many interesting side studies were done and are presented herein.

B. Background

Core-level x-ray electron spectroscopy can be used to probe a

molecule at specific sites, providing information on the initial-state

charge distribution and the final-state charge relaxation.

In the early seventies many articles were published, which

showed relationships between core-ionization energies and familiar

chemical properties. For example, in 1970, Thomas
2 reported a linear

increase in the carbon and halogen binding energies with the number of

halogens for a series of halomethanes. A linear correlation was found

between the measured binding energies and the sum of differences

between the electronegativities of the ligands and that of hydrogen.

In 1974, Davis and Shirley3 proposed a potential model for the

calculation of core-level ionization energy shifts in which the relax-

ation energy was also determined. This model, based on a procedure

suggested by Hedin and Johansson4 is used in this study.

About six months later, Martin and Shirley5 and Davis and

Rabalais6 noted the similarity between relative basicity and rela-

tive core-ionization energies for oxygen-containing molecules. The

overall effect in the vicinity of the oxygen is nearly the same for

the two processes. Basicity is the gaining of a proton, and core-

ionization is the loss of a core-electron. These processes are roughly

equivalent to the gaining of an extra positive charge on the atom.

These workers emphasized the role of relaxation, or final-state

effects, on both core-ionization energies and basicities.
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Martin and Shirley5 used potential model calculations to show

that the observed trend in gas-phase oxygen is ionization energy

shifts (HOH > Me0H > EtOH > iPrOH > t-BuOH) was due to relaxation, or

final-state effects, in the molecular ion (polarization) rather than

to inductive, or initial-state effects. These trends are consistent

with the observations of Brauman and Blair7 on the inverted acidity

order between gas-phase and solution-phase measurements for simple

aliphatic alcohols. Extramolecular polarization in the final-state of

the solution-phase ion was proposed to be the reason for the inverted

order of solution-phase acidities relative to gas-phase acidities.

In 1976, Davis and Shirley8 proposed a theoretical potential

model to calculate gas-phase acidities and basicities that separated

the inductive and polarization energies. Inductive effects are

initial-state effects. Polarization energies were assumed to be

final-state effects in this paper.

Prior to 1978, almost all studies of correlations between proton

affinities and core-ionization energies were done on systems for which

relaxation effects dominated. These studies involved molecules for

which a hydrogen was replaced by a methyl group, and methyl groups by

larger alkyl groups. In 1978, Smith and Thomas9 published studies on

molecules for which inductive effects were dominant. They measured the

core-ionization energies for a series of halogenated carboxylic acids.

Correlations found between gas-phase acidities, core-ionization

energies, and proton affinities were used to determined the relative

importance of initial- and final-state effects. Their results were in

agreement with the theoretical results of Davis and Shirley8.

In 1980, Aitken et al." investigated the initial- and final-

state effects on the electronegativity of chlorine-containing mole-

cules. Final-state relaxation effects (substituent polarizability)

were found to increase as H-F < CH
3
-C1 < Br. Initial-state effects

(the ability of substituents to create a positive potential at a

nearby site) were found to increase as CH3 < H < Br... These results

suggest that alkyl groups can disperse charge in the final state and

can be either electron withdrawing or donating as the environment

demands.
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In 1985, Nolan et al.11 investigated the ability of aliphatic

and aromatic rings to accommodate added charge at a non-carbon atom

that is either in the ring or attached to the ring. In keeping with

the traditional views of organic chemistry, their results show that

aromatic rings are more electron withdrawing than the corresponding

saturated aliphatic ring. However, in opposition to the traditional

organic views, they have found that the final-state relaxation

energies for the two corresponding systems are nearly the same. They

have attributed the lack of difference in final-state effects to a

cancellation of the effect of polarizability of the r-system in the

aromatic ring by the greater number of electrons in the corresponding

aliphatic system.

C. A Classical Model for Separating Initial- and Final-State Effects

using Gas-Phase Acidities and Oxygen is Ionization Potentials

Initial- and final-state effects can be directly determined from

gas-phase acidities and oxygen is ionization potentials9' 12. In this

study, all molecules of interest contain a hydroxyl group, the atoms

of which will be used as probes. Gas-phase acidities represent the

energy required for the following reaction

R-O-H ---4 R-0
e

+ H
e VII

The acidity is the energy required to break the oxygen-hydrogen bond

in a heterolytic manner. This is equivalent to removing a unit of

positive charge, or adding a unit of negative charge at the hydroxyl

hydrogen. Similarly, oxygen core-ionization potentials represent the

energy required to remove the oxygen is electron. This corresponds to

the following reaction

R-0 -H ---4 R-O-H + e
O VIII

where R-O-* H is an excited state ion with a core-hole on the hydroxyl
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oxygen. This is equivalent to removing one unit of negative charge, or

adding one unit of positive charge at the position of the hydroxyl

oxygen is electron. Since the oxygen is electron is localized about

the oxygen nucleus, the change in charge due to core-ionization can be

approximated by a change in charge at the oxygen nucleus.

Removing or adding localized charge will cause the rest of the

molecule to respond. This final-state effect will be reflected in the

redistribution of the electrons and nuclei, and is related to the

polarizability of the molecule. Therefore, gas-phase acidity and

oxygen core-ionization are equivalent to the addition of one unit of

negative or positive charge to the hydroxyl hydrogen or oxygen, re-

spectively.

To understand the energetics of these processes, it is conven-

ient to view the molecule as a polarizable medium composed of the

nuclei and electrons of the neutral molecule. At some atom of interest

in the molecule, X, the electrostatic potential, I(X), will be given

by

I(X) = t.(X) a'qxe (1)

where qx is the charge of atom X, and a' is related to the polariza-

bility of the medium or molecule. The term t.(X) represents the

potential at X that would exist if the charge, qx, were zero. In

this case (qx=0) the medium would not be polarized by atom X. The

second term, a'qxe, reflects the change of the potential at X caused

by the polarization of the surroundings by the charge of atom X.

The energy change associated with the addition of a small

charge, edqx, to atom X will be given by

dE = t(X)edqx = [ I.(X) a'qxe J edqx (2)

The gas-phase acidity, A, will be given by integrating equation 2

between q and q-I at the position of the acidic hydrogen. (Acidity

corresponds to the addition of a unit of negative charge, which de-

creases the hydroxyl hydrogen charge by one.) Therefore,
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A

A

=

=

A f

q 1

1(H)edq
Hq

/ 1.(H)eq -
la,e2q2 t

H 2 H f

-.{ /o (H) a'qHe} e

2

A = I(H)e ce e
2

qH1
q
H

I cx' e2

(3)

(4)

(5)

(6)

Similarly, the energy required to remove a hydroxyl oxygen

core-electron, I, will be given by integrating equation 2 between q

and q+1 at the hydroxyl oxygen.

I = fq4.11(0)edq
o

1 2 2 c1041.

I = §.(0)eq
0

- -a'e q
o q0

I = a'q
o
e} e

1 2

I = 1(0)e -
1

-a'e
2

(7)

(8)

(9)

(10)

Replacing fa'e2 with R, for relaxation, in equations 6 and 10,

1(H)e by V(H) in equation 6 and 1(0)e by V(0) in equation 10 gives

A = -V(H) R

V(0) - R (12)

The energy associated with each process, acidity and oxygen core-

ionization, can be equated to an initial-state energy, V, and a final-

state relaxation energy, R. Gas-phase acidities and oxygen core-ioni-

zation energies can be directly measured.

Since this study is concerned with the comparison of correspond-

ing saturated and unsaturated systems with respect to their ability to

accept localized charge, we will not be concerned with the absolute



10

values of I and A, but rather with differences in these quantities

between systems of interest. Converting equations 11 and 12 to

differences gives

AA = -AV(H) AR (13)

AI = AV(0) AR (14)

Subtracting equation 13 from 14 gives an equation in terms of the

measured parameters, I and A, and initial-state potential differences.

AI AA = AV(H) + AV(0) (15)

The actual potentials, V(0) and V(H) differ in sign and magnitude.

They should, however, change in a similar way when a remote substitu-

ent on the molecule is changed. Therefore, AV(H) + AV(0) will be set

to 2AV in equation 15, which, following rearrangement gives

AV = AI AA
2

(16)

From the arguments given above, AV(0) is assumed to be about the same

as AV(H). Adding equations 13 and 14, gives the corresponding expres-

sion for the final-state relaxation differences.

AR =
2

AI + AA (17)

From these classical arguments, initial- and final-state differ-

ences can be directly determined from experimentally measured gas-

phase acidities and hydroxyl oxygen core-ionization energies. From a

theoretical point of view, initial- and final-state differences can be

determined from the electrostatic potentials at the atomic centers

(probes) given by electronic structure calculations. In this study,

the hydroxyl oxygen and hydrogen were used. The initial-state differ-

ences between two hydroxyl containing molecules will be the difference

in electrostatic potentials at the hydroxyl oxygen atoms or acidic
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protons. Final-state relaxation differences have been theoretically

determined using the electrostatic potentials as given by the

calculation for the neutral molecules and for the ions. The potential

at the hydroxyl oxygen following core-ionization will be given by

f(0 ) = 1.(0) - a'(q0+1)e

1(0*) = { 1.(0) a'qoe } - a'e

1(0 ) = 1(0) a'e

Multiplying equation 20 by e, and substituting gives

V(0 ) = V(0) 2R (21)

which upon rearrangement gives

R = V(0) - V(0*) (22)

Final-state relaxation differences for core-ionization are given by

OR =
1

AV(0) AV(0*) (23)

where V(0) and V(0 ) are directly obtained from theoretical calcula-

tions. This procedure was developed by Hedin and Johansson4 in 1969

and gives core-ionization energy shifts in accord with experimental

values3'8.

In a similar manner, AR for proton removal can be determined

from electrostatic potentials at the hydroxyl hydrogen atom as

follows:

t(-1.14.) = t.(H) a'(qH-1)e (24)

T(-e) = { .(H) a'qe } + a'e (25)
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I(-H+) = I(H) + a'e (26)

where I(-H+) is the electrostatic potential at the position formerly

occupied by the acidic proton. Multiplying equation 26 by e, and

substituting gives

V(-H+) = V(H) + 2R (27)

which upon rearrangement gives

R =
2

V(-H+) V(H) }

Final-state relaxation differences for proton removal are given by

1

AR =
2
- AV(-H+) - AV(H)

(28)

(29)

Thus, the initial- and final-state differences can be determined in a

straightforward manner both experimentally (equations 16 and 17) and

theoretically (equations 28 and 29 for final-state effects and direct

calculation of initial-state effects).

D. Quantum Mechanical Separation of Initial- and Final-State Effects

using Gas-Phase Acidities and Oxygen is Ionization Potentials

A quantum mechanical derivation of the relationship between

acidity and initial- and final-state properties (equation 11) is given

in the appendix of reference 12. The quantum mechanical derivation of

equation 12, expressing the effect of initial-state and final-state

Properties on ionization potentials is given in reference 3.

E. General Scope of Thesis

The main focus of this work was toward the understanding of how
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and why molecules accept localized charge. Such basic chemical proper-

ties as acidity, basicity, ionization energy, rates of acid- and base

catalyzed reactions, and hydrogen bonding all depend upon this phenom-

ena. Specifically, this study seeks to determine the initial- and

final-state differences between systems for which resonance-delocali-

zation of added charge has been thought to be important for one and

not the other. Two sets of molecules were chosen for extensive study;

these were phenol and cyclohexanol, and acetic acid and isopropyl

alcohol. The two molecules in each set were compared.

It was desired to compare an unsaturated system with the corre-

sponding saturated analog. For the phenol-cyclohexanol comparison,

this was possible. For the acetic acid-isopropyl alcohol comparison,

this was not strictly possible. The desired unsaturated analog of

isopropyl alcohol is isopropenyl alcohol. This molecule does not exist

as such, but tautomerizes to its keto-form. It was therefore desired

to find a way to accurately determine the initial- and final-state

differences between acetic acid, isopropenyl alcohol, and isopropyl

alcohol. In this series, a step-wise analysis can be made of the

effects of unsaturation alone (isopropyl alcohol and isopropenyl

alcohol) and the effects of substituting an oxygen atom for a CH2

group (isopropehyl alcohol and acetic acid).

For the phenol-cyclohexanol and acetic acid-isopropyl alcohol

comparisons, the determination of initial- and final-state differences

was straightforward both experimentally and theoretically. The ioni-

zation potentials were measured and used with published gas-phase

acidities to determine the experimental AV's and AR's. Theoretically,

the problem reduced to calculating the electrostatic potentials at the

hydroxyl oxygen and hydrogen in the neutral molecules, at the position

formerly occupied by the hydroxyl hydrogen in the anions, and at the

hydroxyl oxygen in the core-ionized ions. Extensive theoretical quan-

tum mechanical studies were performed on acetic acid and isopropyl

alcohol in order to determine the best way to accomplish the desired

end. At the ab initio level, effects of geometry, basis set, and

correlation energy corrections were studied.

The determination of AV and OR for the isopropenyl alcohol
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system with respect to isopropyl alcohol and acetic acid lead to some

interesting discoveries and thoughts. The ionization potentials of the

methyl ethers of isopropyl alcohol and isopropenyl alcohol and the

methyl ester of acetic acid were measured. In trying to justify a

linear interpolation of the ionization potential of isopropenyl

alcohol based on isopropyl alcohol and acetic acid and the methoxy-

compound named above, it was discovered that a linear correlation

exists between the ionization potentials of alcohols and carboxylic

acids and the ionization potentials of their respective methyl ethers

and esters. A linear correlation also exists for the ethyl ethers and

esters. In an attempt to theoretically reproduce experimental gas-

phase acidities by increasing the sophistication of the ab initio

method, linear correlations were found between the experimental

acidities and the theoretical acidities. The correlations for core-

ionization and for acidity were very good (correlation coefficients of

better than 0.996). These correlations can be used to predict experi-

mental acidities for molecules for which measurements cannot be

readily made.
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II. EXPERIMENTAL METHODS, RESULTS, AND DISCUSSION

A. The OSU Spectrometer

1. Cylindrical Mirror Electrostatic Analyzer

All experimental ionization energies were measured on the Oregon

State University cylindrical mirror electrostatic analyzer
13

. A cross

sectional view of the analyzer is shown in Figure 1. The system con-

sists of three main components: the excitation source, the inner and

outer cylinders, and the detection system.

The cylindrical mirror analyzer (CMA) operates on the following

basic principle. A gaseous sample is introduced into the gas cell

through the gas manifold just above the x-ray tube. The sample mole-

cules are ionized by the x-rays, and the ejected electrons that are

traveling at the proper angle with respect to the center axis of the

inner cylinder pass though openings in the lower portion of the inner

cylinder. The electrons are repelled away from the negatively biased

outer cylinder. Only those electrons having a kinetic energy matched

to the voltage applied to the outer cylinder will be focused back

through an aperture in the top of the inner cylinder and through a

small circular collimator to the channel multiplier where the elec-

trons are multiplied and counted. Electrons are prevented from

traveling up the inner cylinder and reaching the detector without

passing through the analyzer by a plug inserted into the inner

cylinder.

To eliminate fringe effects, the analyzer is equipped with a

series of concentric copper rings at the top and bottom of the spec-

trometer. These are connected to one another, and to the inner and

outer cylinders by resistors that form a voltage divider. A voltage

gradient at the ends of the cylinders is established that is nearly

identical to the gradient for infinitely long cylinders.

The spectrometer is evacuated through two six-inch diffusion

pumps, which can be isolated from the spectrometer by gate valves. A

safety system closes the two main gate valves to the diffusion pumps
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Figure 1. Cross section of the Oregon State University cylindrical

mirror electrostatic analyzer (modified from reference 13).
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if the system should suddenly lose vacuum.

The analyzer is enclosed in a mu metal shield and surrounded by

Helmholtz coils to eliminate external magnetic fields.

A complete description of the analyzer is given in reference 13,

and a description of the safety system is given in reference 14.

2. X-ray Tube

In the determination of the experimental ionization energies the

samples were ionized with either aluminum Ka or magnesium Ka x-rays.

The hollow anode x-ray tube, designed and built by Bomben14, is shown

in Figure 2. The anodes were machined from solid pieces of metal; the

aluminum anode was solid aluminum, while the magnesium anode was made

by plating a copper anode. A tripod x-ray stop was placed to block the

line of sight between the x-ray tube and the gas cell collimator. The

effectiveness of this device is discussed in Appendix A. A 1.5-micron

thick aluminum window was used to isolate the x-ray tube from the gas

cell. The anode was held at about 10 kilovolts, and the emission cur-

rent was of the order of 45 milliampere.

The x-ray generation system is also tied into the safety sensor

system. Before high voltage can be applied to the anode, five criteria

must be met: the cooling ring and x-ray anode cooling water must be

turned on, the spectrometer must have adequate vacuum, the lid on the

box containing the high-voltage safety relay must be closed, and the

door leading to the chamber under the spectrometer where the high vol-

tage leads are connected to the x-ray tube must also be closed. The

first four safety requirements protect the spectrometer; the last one

protects the workers. Should any of the above criteria fail to be met,

the high voltage is immediately cut off from the x-ray anode at the

relay box, and the connections to the spectrometer are grounded. The

safety sensor system is discussed in further detail in reference 14.
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3. Spectrometer Operation

The spectrometer is controlled by a Digital MINC-11 minicompu-

ter. The program responsible for running the spectrometer is PESCAN.

The spectroscopist can scan up to 1000 channels at a time, dividing

these channels into as many as 8 scan regions as required. For each

scan region, the low voltage setting, total number of channels in the

particular region, voltage increment (volts/channel), and time per

channel per scan are specified. The ratio of applied voltage to the

kinetic energy of the transmitted electrons, the spectrometer con-

stant, is about 0.803.

In order to obtain accurate core-ionization energies, neon was

mixed with the sample gas in the gas manifold for calibration. (The

ionization energies of the neon is and 2s electrons are accurately

known
15

.)

For this study, a typical run included three regions; oxygen ls,

neon ls, and neon 2s. A typical run proceeded as follows. The neon is

region was first scanned with the system counting for about 10 milli-

seconds in each of the 60 channels. Next the oxygen is region was

scanned with the system counting for 20-50 milliseconds in each of the

60-200 channels. Last in the cycle was the neon 2s region, where the

system spent about 200 milliseconds in each of the 120 channels. This

sequence was repeated many thousand times, until at least 10,000

counts were recorded in the total area of each peak of interest.

At the end of each run, the PESCAN program produces output data

files for each region scanned. These are written to a floppy disk. In

addition to the data provided by the PESCAN program, which includes

the number of counts accumulated in each channel and the time and date

the files were created, PESCAN also allows the user to obtain and

include in the data file other information that is used in the data

work up. For each scan region, the scan voltages at four different

channels are obtained. Two of these correspond to the first and last

channels in the scan. The other two are selected by the spectrosco-

pist. The voltages are measured on a Fluke 8502A digital multimeter,

and are accurate to about +0.01 volts.
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B. Photoelectron Spectra

The spectra were obtained over three different time periods. The

first set of data was obtained on anisole and methyl cyclohexyl ether

in June and July of 1984. The next set included phenol, cyclohexanol,

3,3- dimethyl- 2- butanol, and isopropyl alcohol in June of 1985. The

last set was obtained around January of 1986 and included 2-methoxy-

propane, methyl acetate, and 2-methoxypropene. Immediately following

the first data collection period, the spectrometer was disassembled

and cleaned in order to improve the resolution.

1. Oxygen is Background Region

Typical base pressures in the analyzer portion of the spectro-

meter were 2 to 5x10-6 torr with diffusion pumping alone. The pres-

sure was reduced by a factor of about 10 when the cold finger on top

of the spectrometer was filled with liquid nitrogen. Often, at least

part of this base pressure was due to the presence of water and mole-

cular oxygen. The molecular oxygen may come from the air through a

leak. The water may also come from the air through a leak, be slowly

desorbed from the walls of the spectrometer, or may be from a direct

water leak from the cooling ring. Because of this persistent problem,

it was necessary to monitor the oxygen is background region. This was

accomplished by scanning the three regions (0-1s, Ne-ls, and Ne-2s)

with only neon flowing into the gas cell. These background data were

collected after every three to four sample runs. Three basic types of

background spectra were observed; these correspond to the three dif-

ferent time periods in which the data were obtained.

In mid-1984, the spectra were totally free of any background

oxygen is peaks. A typical background spectrum for this time period

consisted of only randomly scattered points, as shown in Figure 3(a).

During the second time period, a water peak was present in the back-

ground spectrum, and by the third time period, oxygen is peaks from

both water and oxygen were present in the background:Typical back-
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ground spectra for these time periods are shown in Figures 3(b) and

(c). For the oxygen is spectra obtained during the latter two time

periods, the background contaminant peaks were included in the data

work up.

Oxygen is background spectra taken during the second and third

time periods were fit using the LSMV16 computer program. The LSMV

program fits the data by non-linear least squares fitting of up to six

convoluted Gaussian-Lorentzian line shapes (Voigt functions) and a

linear background. This fitting procedure gave the peak positions

(centroids), peak areas, as well as width parameters describing the

relative contributions of Gaussian and Lorentzian shapes to the over-

all peak shape and the total width of the peak. Oxygen is spectra

taken during the second series of runs were fit with a single Voigt

peak, and those taken during the last series of runs were fit with two

independent peaks. All neon is and 2s calibration peaks were fit with

a single peak and a linear background.

The kinetic energies of the background oxygen is peaks were de-

termined by the NECAL17 computer program. This program calculates

the kinetic energies and ionization potentials based on the positions

of the centroids for the peaks of interest, the positions of the cen-

troids for the calibration peaks, the known ionization energies of the

calibration peaks, the calibration voltages for two channel numbers,

and the molecular weights of the molecules from which the electrons

originated. Linear interpolation is used to determine the kinetic

energies after accounting for relativistic and recoil effects.

2. Phenol, Cyclohexanol, 3,3- Dimethyl- 2-butanol, 2-Methoxypro-

pane, Isopropyl Alcohol, and 2-Methoxypropene

The compounds used in this study came from a variety of sources.

'Baker Analyzed' reagent grade liquefied phenol (89%) was purified by

repeated freeze-thaw cycles. After the first cycle, the phenol sample

was solid; it was therefore necessary to warm the sample during the

freeze-thaw cycle. No further characterization was done on the phenol
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sample. Isopropyl alcohol was of unknown origin; it was dried, dis-

tilled and checked for purity using gas chromatography by Lorenz

Siggel. The 2-methoxypropane was synthesized by Lorenz Siggel. The gas

chromatogram of 2-methoxypropane showed the presence of an impurity

peak, which was identified as methyl iodide by nuclear magnetic reson-

ance (nmr). Because only oxygen is electrons were being measured, the

methyl iodide did not pose any problems in the experimental measure-

ments since it does not contain any oxygen atoms. Purchased directly

from Aldrich, and used without further purification or characteriza-

tion was ±3,3- dimethyl -2- butanol (97%). Also from Aldrich, but donated

by the OSU organic synthesis group, was 2-methoxypropene, which was

used without further purification or characterization.

The oxygen is photoelectron spectra of these compounds all con-

tained contributions from background contaminant peaks, as previously

discussed. The contaminant peaks were included in the least-squares

fitting of the sample peaks. The width parameters of the background

peaks were held constant at the values given in the background fits.

The positions of the background peaks were held constant at a value

such that the kinetic energy of the background peaks lined up with the

same kinetic energy in the sample spectrum. This alignment was accom-

plished by first using the NECAL calibration program to determine the

kinetic energy of two of the calibration points in the oxygen is

sample spectrum. The positions of the background peaks were determined

by linear interpolation from the calibration points and corresponding

kinetic energies. The sample spectra were then fit with an appropriate

number of Voigt-function line shapes. All sample-peak parameters

(position, height, and width components), background peak heights, and

the linear slope and intercept were allowed to vary independently. A

typical spectrum for each molecule is shown in Figure 4; the curves as

determined in the non-linear least-squares fits to the data are also

shown.
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Figure 4. Oxygen is photoelectron spectra of (a) methyl cyclohexyl

ether, (b) 2-methoxypropane, (c) cyclohexanol, (d) 3,3-di-

methy1-2-butanol, (e) isopropyl alcohol, (f) anisole,

(g) 2-methoxypropene, and (h) methyl acetate.
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3. Anisole and Methyl Cyclohexyl Ether

Anisole, (Matheson, Coleman & Bell) donated by the Professor

P.K. Freeman's physical organic group at OSU, was dried, distilled and

characterized by nmr. Methyl cyclohexyl ether was synthesized and

characterized by nmr. These two samples were prepared by Lorenz

Siggel.

The oxygen is spectra of anisole and methyl cyclohexyl ether

were free of background contaminant peaks, and were fit with a single-

peak Voigt function and a linear background. Sample spectra are

included in Figure 4.

Comparison of these spectra with those of the last section shows

the peaks to be broadened. This peak broadening increased as the

kinetic energy of the ejected electrons increased. This is illustrated

in Figures 5 and 6, where the neon is peak for these runs had a full

width at half height of about 1.7 eV (Figure 5a), whereas it should

have been about 1.4 eV (Figure 5b) or less. A neon 2s peak from this

series of runs is shown to have a full width at half height of about

3.6 eV (Figure 6a), whereas it should have been about 1.9 eV (Figure

6b). In this series of runs the neon is peaks were broadened by about

35%, and the neon 2s peaks by about 95%.

The spectrometer resolution should have little or no effect on

the final ionization energies because of the methods used to determine

this energy. Furthermore since this study is primarily concerned with

the difference in the oxygen is ionization energies of anisole and

methyl cyclohexyl ether, any unforeseen errors should cancel. It

should also be noted that these spectra were obtained just prior to

cleaning the spectrometer and changing the resistors on the copper

rings. (After the spectrometer overhaul, the peak widths returned to

normal.)

C. Measured Core-Ionization Energies

The ionization energies of the ejected oxygen rs electrons were
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determined in the same manner as the kinetic energies of the back-

ground peaks using the NECAL calibration program. For each molecule,

several independent sets of data were obtained. The reported ioniza-

tion energies are an average of all independent runs. These are

summarized in Table 1. Also included in this table are oxygen is ion-

ization potentials (measured by others) for other molecular systems

that will be subsequently discussed.

D. Correlation of Core-Ionization Energies of Carboxylic Acids and

Alcohols with Core-Ionization Energies of the Corresponding Methyl

and Ethyl Esters and Ethers

One of the goals of this study has been to investigate the

effect on the core-ionization energy of substituting a methyl or ethyl

group for the acidic hydrogen in carboxylic acids and alcohols. Apart

from being an interesting exercise in itself, the motivation for this

study was that a core-ionization energy for isopropenyl alcohol was

desired, but could not be measured experimentally.

Smith and Thomas
9 have measured the core-ionization energies

of some carboxylic acids and their corresponding methyl and ethyl

esters. They approximated the oxygen core-ionization energy of mono-

fluoroacetic acid from a linear interpolation based on the measured

core-ionization energies of difluoroacetic acid, acetic acid, and the

ethyl esters of difluoroacetic acid, monofluoroacetic acid, and acetic

acid. The resulting expression was given as

I(CFH2COO*H) = 1.22 x I(CFH2C00*Et) 117.73 (30)

They, therefore, assumed a linear correlation between oxygen is core-

ionization energies of carboxylic acids and their respective ethyl

esters. In this study core-ionization energies reported by Smith and

Thomas 9 and Mills, Martin, and Shirley
18 together with those

measured in this study have been used to verify this correlation.

To facilitate the following discussion, the molecules in the
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Table 1. Experimental Oxygen is Ionization Energies (eV) of Alcohols,

Methyl Ethers, Methyl Esters, Ethyl Ethers, and Ethyl Esters

R
alcohols and

carboxylic acids

R-O-H

methyl ethers

and esters

R-0 -CH
3

ethyl ethers

and esters

R-O-C H
2 5

I(0) ref I(0) ref I(0) ref

C1)--
538.35(5) * 537.89(6) * - -

CH
3

(H3C)3CCH-- 538.36(3) * - - -

(H3C)2CH-- 538.51(3) * 538.09(6) * - -

(H3C)2cH-._ 538.60(3) 18

H
3
CCH

2
-- 538.82(3) 18 - - 538.11(3) 18

H3C 539.13(3) 18 538.61(3) 18 - -

O539.23(5) * 538.70(5) *

0
%

H
3
CC-- 540.09(3) 9 539.46(3) 9 539.20(3) 9

539.52(3) * -

0
%

HC-- 540.65(3) 9 539.88(3) 9 539.59(3) 9

0
%

F
2
HCC-- 540.99(3) 9 - - 539.91(3) 9

0
/

F
3
CC-- 541.28(3) 9 540.48(3) 9 540.15(3) 9

**
HCOCHCH 539.71(3) 19 539.79(3) 19

CH
2%H3CC - 538.84(3) * -

* Indicates that the ionization energy was determined in this study.

** Point excluded from linear least squares fit (see text & Figure 7).
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section title will be designated as R-O-R', where R-0- is the carboxy-

late or alkoxide portion, and R' is H for carboxylic acids and

alcohols, CH3 for methyl esters and ethers, and C2H5 for ethyl esters

and ethers.

The linear correlation between oxygen Is core-ionization ener-

gies for -OH containing molecules (R'=H) and for those molecules

obtained by substituting a methyl or ethyl group for the acidic

hydrogen (R'=CH3 or C2H5) is shown in Figure 7. The solid and dashed

lines represent linear least squares fits through the two sets of data

points; the light dotted line is for reference and has unit slope and

zero intercept. This is the line along which the points would lie if

the substituting methyl and ethyl groups had the same effect on hy-

droxyl oxygen core-ionization as does the acidic hydrogen. Correlation

coefficients of better than 0.999 were obtained for both sets of data.

Inspection of the linear fits with respect to the error bars in Figure

7 shows the line to pass within the experimental uncertainty of all

numbers.

The point corresponding to an R- of OHCCHCH- falls well off the

line observed for the other methoxy containing-molecules, and has been

omitted from the linear least squares fit. This is justified because

the most stable molecular conformations or structures of the alcohol

and methyl ether are probably different. The most stable molecular

conformation of the alcohol should be one in which the carbon, oxygen,

and hydroxyl atoms form a six member ring as shown in IX. This places

H H H H

\ / \ /
C==C C C
/ \ / N

H C 0 < X> H C 0

N / \
0 --if 0 H

IX

the carbonyl oxygen and the hydroxyl hydrogen in a favorable position

for hydrogen bonding. Two equivalent resonance structures can be drawn

with this conformation. The photoelectron spectra contains two

inequivalent oxygen is ionization peaks19, and therefore, the mole-

cule does not exhibit the same type of resonance found in phenol,
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I(RO H) = 1.2133

I(RO H) = 1.1512

I(RO H) = I(RO

reference line

R- = OHCCHCH-

(point excluded from

linear correlation,

see text)

I(RO Et) 114.09

I(RO Me) 80.93

1

539.0 540.0 541.0

oxygen core-ionization energies of alcohols and carboxylic acids (eV)

Figure 7. Linear correlation of oxygen is core-ionization energies of

alcohols and carboxylic acids with the corresponding methyl

and ethyl ethers and esters.
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since this would equilibrate the two oxygen atoms. The molecule may

flip back and forth between the two equivalent structures spending

most of its time in one or the other conformation, or it may just

remain in an intramolecular hydrogen-bonded state. In either case, the

resulting molecule should be stabilized by intramolecular hydrogen-

bonding. In further support of this structure consider the well known

tautomeric equilibrium of C5H802 shown below. In methanol, a polar

solvent, X is favored by a ratio of 3 to 1, but in the nonpolar

H CH,

C==C
/ \

CH3--C 0
/

0-H

X

...11

HH CH3

C--C
/

CH
2
==C

\ /
0 H

XI

solvent, carbon tetrachloride, X is favored by about 14 to 1
20

. Mole-

cules in the gas-phase behave much like molecules in non-polar sol-

vents, and therefore, the form on the left would be predicted to pre-

dominate in the gas phase.

The predicted geometry of the lowest energy conformation of the

methyl ether is shown in XII. The methoxy-group is probably too large

H 0--CH3
\ /
C =C
/ \

H C

0

XII

to fit in the position occupied by the hydroxyl hydrogen in the alco-

hol discussed above. For the other molecules represented in Figure 7,

the geometry of the lowest energy conformations of the pairs of

molecules is expected to be the same within each pair. None of these

other systems are expected to exhibit different stabilizing and

destabilizing effects within the pairs of molecules.

From Figure 7 it can be seen that the core-ionization energies

do not remain constant as the R' group is changed, bu't decrease as R'
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is changed from H (light dotted line) to CH3 (solid line) to C2H5

(dashed line). A decrease in core-ionization energy implies that it is

becoming easier to remove an oxygen is electron. This trend can be

explained on the basis of the polarizability of the groups attached to

the oxygen atom under discussion. For given pairs of molecules (ROH

and ROMe or ROH and ROEt), the conformation of the R- portion is the

same. The basic differences are in the polarizability of the substitu-

ent, which increases with size. The more polarizable substituents will

be more readily polarized towards the oxygen, lowering the potential

at the oxygen in the initial state, and will be more readily polarized

towards the core hole, increasing the relaxation energy. Both effects

lead to a lowering of the ionization energy by the polarizable substi-

tuents. As the substituent attached to the oxygen atom increases in

size, the oxygen has a larger pool of electrons from which to attract

negative charge. This increased availability of electrons affects both

initial- and final-state contributions to the ionization energy.

The observed linear relationship between the core-ionization

energies of RO-H and RO-Me or -Et molecules, can' be expressed in terms

of initial- and final-state differences. Using equation 14, the slope

can be written as

AV(-0Me or -OEt) AR( -OMe or -OEt)

AV( -OH) - AR(-0H)

constant (31)

which suggests that AV(-0Me or -0Et) and AR(-0Me or -0Et) change by a

common factor when R- is changed from H to CH3 or C2H5. In equation

31, nothing is implied about the magnitude of AV and AR, only that

they scale as R' changes. The points in Figure 7 include the two

extreme cases as well as the intermediate case: those that are domin-

ated by AV [(CH3)2CHOH versus CH3COOH]12, those that are dominated by

AR [(CH3)2CHOH versus CH3011]5, and those in which both effects are of

comparable importance (HCOOH versus CH3COOH)9. That all of these

points fall on the same straight line indicates that AV and AR must

scale proportionally.

Lastly, consider the slopes of the three lines. As the R' group
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increases in polarizability from H to CH3 to C2H5, the slope decrea-

ses, which implies that AI(RO-R') decreases as R' increases in polari-

zability. To intuitively understand this trend consider the two

extreme experimental points for the R'=H versus CH3 line. For R=

cyclohexyl, at the lower left, the ionization potential decreases by

0.46 eV as R' is changed from H to CH3. For R=trifluoroacyl, at the

upper right, the corresponding ionization potential decreases by 0.80

eV. From an initial-state point of view, the potential at the oxygen

atom in cyclohexanol is more negative than in trifluoroacetic acid. It

seems reasonable, that the more negative the potential, the less the

center will be able to attract additional negative charge. Thus, since

the oxygen atom in cyclohexanol is more negative than the oxygen atom

in trifluoroacetic acid, the effect on the potential at the oxygen of

substituting a methyl group for the acidic hydrogen will be greater in

trifluoroacetic acid than in cyclohexanol. The arguments for the

final-state point of view are similar, and are again based on the

assumption that the oxygen atom in cyclohexanol is more negative than

in trifluoroacetic acid. It seems reasonable, that the more negative

the oxygen atom is before core-ionization, the less it will be able to

attract additional negative charge. Thus, since the oxygen atom in

cyclohexanol is more negative than the oxygen atom in trifluoroacetic

acid before core-ionization, the electronegativity of the oxygen atom

in cyclohexanol will have a smaller effect on the substitution of a

methyl group for an acidic hydrogen than will the oxygen atom in

trifluoroacetic acid.

E. Initial-State and Final-State Relaxation Effects based on Core-

Ionization Energies and Gas-Phase Acidities

The aim of this study is to compare unsaturated systems with

their corresponding saturated analogs with respect to the ability of

these systems to accept charge. Two pairs of systems have been chosen

for extensive study: these include the comparison of acetic acid and

isopropyl alcohol and the comparison of phenol and cyclohexanol.
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1. Core-Ionization Potential Differences

The oxygen core-ionization energies of acetic acid9, isopropyl

alcohol 18
, and phenol 21 had been measured by other workers before

the beginning of this study; only an oxygen core-ionization energy of

cyclohexanol was needed.

The oxygen core-ionization potentials of the methyl ethers of

phenol (anisole) and cyclohexanol (methyl cyclohexyl ether) were first

measured instead of the alcohols because of the low volatility of the

alcohols. Later, the alcohols were also measured, as were the methyl

ester of acetic acid (methyl acetate) and ether of isopropyl alcohol

(2-methoxypropane). These energies are given in Table 2 along with the

corresponding oxygen is ionization potential differences, AI(0).

In section II.D. it was'shown that the oxygen core-ionization

potentials for alcohols, I(-0-H), are linearly related to the core-ion

ization potentials for the corresponding methyl ethers, I(-0-CH3), by

the equation

I(-0-H) = 1.1512 x I(-0-CH3) 80.93 (32)

The difference in oxygen core-ionization potentials between an unsatu-

rated -OH containing molecule and the corresponding saturated molecule

will be directly related to the difference in oxygen core-ionization

potentials between an unsaturated -OCH3 containing molecule and the

corresponding saturated molecule as follows

I(-0-H)u - I(-0-H)5 = 1.1512 x [I(-0-CH3)u I(-0-CH3)5] (33)

AI(-0-H) = 1.1512 x AI(-0-CH3) (34)

The subscripts u and s indicate unsaturated and saturated, respective-

ly. Using the above relationship, and the values of AI(0) in Table 2

for the methyl ethers and esters, a AI(0) of 1.53 is predicted for the

acetic acid-isopropyl alcohol comparison, and a value of 0.93 for the

phenol-cyclohexanol comparison. The predicted value fOr acetic acid-
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Table 2. Experimental Oxygen is Ionization Energies (eV) and

Ionization Energy Differences (eV)

molecule I(0) AI(0)

acetic acid 540.099
1.5518

isopropyl alcohol 538.54*

acetic acid 540.099 1.58

isopropyl alcohol 538.51

methyl acetate 539.42 1.33

2-methoxy propane 538.09

phenol 539.23 0.88

cyclohexanol 538.35

anisole 538.70 0.81

methyl cyclohexyl ether 537.89

3,3-dimethy1-2-butanol 538.36

* Determined from acetic acid I(0)
9 and acetic acid-isopropyl

alcohol AI(0)18.
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isopropyl alcohol is close to the two experimental AI(0) values given

in Table 2. The predicted AI(0) for phenol-cyclohexanol is slightly

higher (0.05 eV) than the experimental value.

2. Experimental Gas-Phase Acidity Differences

Experimental gas-phase acidities have been reported for acetic

acid", isopropyl alcohol23, and pheno123. No experimental gas-phase

acidity could be found for cyclohexanol. However, the acidities of

many saturated aliphatic alcohols have been determined
23

.

In carefully looking at the experimental acidities of the satur-

ated alcohols23, it was found that as the number of carbon atoms

increased above five, the corresponding acidity increased by about

0.05 eV for each carbon atom added. Furthermore, this increase seems

to be fairly insensitive to the position of the added methyl group.

For example, sec-butyl alcohol and tert-butyl alcohol differ by the

position of one methyl group; their acidities, however, are the same.

It is therefore assumed that the gas-phase acidity of cyclohexanol is

approximately the same as that of the six-carbon alcohol 3,3-dimeth-

y1-2-butano123. In further support of this assumption, the oxygen

core-ionization energies of both cyclohexanol and 3,3-dimethyl-2-bu-

tanol have been measured. Their oxygen core-ionization energies differ

by a negligible 0.01 eV (Table 2).

The gas-phase acidity differences for acetic acid and isopropyl

alcohol and for phenol and cyclohexanol are given in Table 3.

3. Experimental Initial-State and Final-State Relaxation Effects

Given experimental core-ionization energy differences (Table 2)

and experimental gas-phase acidity differences (Table 3), the initial-

and final-state relaxation differences can be readily determined (see

AV = i(AI-AA) (35)
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Table 3. Experimental Gas-Phase Acidities (eV) and Acidity

Differences (eV)

molecule A AA

acetic acid

isopropyl alcohol

phenol

cyclohexanol

15.1122

16.2223

15.24 23

*
16.08

-1.11

-0.84

* Based on the acidity of 3,3- dimethyl -2-butanol23 (see text).

Table 4. Initial- and Final-State Differences (eV) for Acetic Acid-

Isopropyl Alcohol and Phenol-Cyclohexanol

molecule AI AA AV AR

acetic acid-

isopropyl alcohol

phenol-

cyclohexanol

1.55

0.88

-1.11

-0.84
*

1.33

0.86

-0.22

-0.02

* Based on the acidity of 3,3- dimethyl -2-butanol23 (see text).
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AR = -f(AI+AA) (36)

section I.C). These differences are given in Table 4.

Recall the physical meaning of AV and AR. The difference in the

potentials at the hydroxyl oxygen or acidic proton in the two neutral

molecular systems in their ground states is AV, the initial-state

effect. The differential change between the two systems at the hydrox-

yl oxygen upon the removal of the acidic hydrogen is AR; this is the

final-state relaxation effect, and is a measure of the difference in

responses between the two systems for proton removal. From Table 4 it

can be seen that the experimental AV's are much larger than the AR's.

This is in direct opposition to the standard resonance delocalization

picture taught to first year organic students. If the standard picture

is correct, then the differences in the initial-state effects (AV)

should be much smaller than the differences in the final-state effects

(AR). This result would be expected if "The acidity of a carboxylic

acid" (acetic acid) "is due to the powerful resonance stabilization of

its anion "1 relative to saturated alcohols.

The experimental AV's and AR's indicate that the relative acidi-

ties of acetic acid and isopropyl alcohol are due to a potential at

the hydroxyl oxygen in acetic acid that is relatively more positive,

and hence, more repulsive, than in isopropyl alcohol. This potential

difference is present in the neutral molecules. As the hydroxyl proton

is removed, the two molecules respond to accommodate the excess nega-

tive charge by roughly the same amount.

Does this then mean that resonance plays no part at all in the

acidity of acetic acid? The answer is that resonance probably does

indeed play a part. Perhaps, one might think that the equivalent

resonance structures that can be drawn for the carboxylate ion are

partially established in neutral carboxylic acids. Such a conclusion,

however, is not supported by consideration of the bond lengths and

angles of acetic acid (see Tables 5 and 7). To understand these AV and

AR results, consider neutral acetic acid and isopropyl alcohol. In

this comparison, the methyl group in isopropyl alcohol has been

replaced by a carbonyl oxygen in acetic acid. The carbonyl oxygen is
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more electronegative than the methyl group it replaces, and therefore

will tend to pull electron density away from the hydroxyl oxygen in

acetic acid, thus making the hydroxyl oxygen in acetic acid more

positive than in isopropyl alcohol. Further contributing to the loss

of electron density around the hydroxyl oxygen in acetic acid,

relative to isopropyl alcohol, is the sp
2-hybridized carbonyl carbon

(and accompanying double bond) compared to the sp
3 -hybridized

a-carbon (with only single bonds) in isopropyl alcohol. In acetic

acid, the contribution of resonance structures may also contribute to

the relative potential difference between acetic acid and isopropyl

alcohol. In the neutral molecules, then, the hydroxyl oxygen is more

positive, and hence more repulsive, in acetic acid than in isopropyl

alcohol. Considering final-state effects, when the acidic proton is

removed from acetic acid and isopropyl alcohol, the two systems

apparently respond to excess negative charge to roughly the same

extent. Any stability in acetic acid gained through resonance

delocalization in the common sense is apparently balanced by a

different stabilizing effect in isopropyl alcohol. This may be the

.
ability of the two extra sigma bonds in isopropyl alcohol to each

accommodate charge. This view is supported by experimental and theore-

tical studies of aliphatic and aromatic rings in which AV was also

determined to be the dominant factor in the rings ability to accommo-

date charge. The lack of difference in charge rearrangement (final-

state effects) was found (by charge distribution differences as given

in the CNDO/2 results) to result "from a cancellation of the effect of

polarizability of the ir- system in the aromatic ring by the effect of

the greater number of electrons in the aliphatic system
"11.

The experimental AV's and AR's for phenol and cyclohexanol

indicate the same trend as was found for acetic acid and isopropyl

alcohol. The potential at the hydroxyl oxygen in phenol is relatively

more positive, and hence, more repulsive, than in cyclohexanol. This

potential difference is, again, present in the neutral molecules, and

does not further develop as the hydroxyl proton is removed. As the

hydroxyl proton is removed, the two molecules are able to respond to

accommodate the excess negative charge to roughly the same amount.
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III. THEORETICAL RESULTS AND DISCUSSION

Acidities and electrostatic potentials have been theoretically

determined from calculations on neutral molecules, the anions result-

ing from the removal of the most acidic proton, and oxygen core-ion-

ized ions. It is desired to perform the calculations on the most

energetically favorable form of the neutral molecules and anions.

Calculations on the core-ionized ion use the geometry of the neutral

molecule.

Conformations represent different spatial orientations of the

atoms in a molecule that can be converted into each other by rotations

about single bonds. For some of the molecules studied, the lowest

energy conformations were known; others were theoretically determined.

In the geometry optimization step, the bond lengths and angles of the

lowest energy conformation of each molecule and ion were optimized to

minimize the total energy. The term standard geometry denotes a set of

geometrical parameters that have not been optimized by a theoretical

method.

A. Standard Methods and Job Types

1. Semiempirical

The CNDO/2 (complete neglect of differential overlap, version 2)

semiempirical method was developed by Pople and coworkers
24,25 as an

alternative to the time consuming ab initio methods. In the CNDO/2

method, the correct molecular Hamiltonian is used, and approximations

are utilized to reduce the computational time required. In the ab

initio methods, the evaluation of the many electron repulsion inte-

grals is the time-consuming part. Electron repulsion terms involving

differential overlap and overlap integrals involving different atomic

orbitals are nearly zero; in the CNDO/2 method, these are set to zero.

In the CNDO/2 method, Coulomb integrals are reduced to an average
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electrostatic repulsion energy for each atom or pair of atoms that

depends only on the atoms involved, and not on the atomic orbitals.

Only valence electrons are treated explicitly; the nuclear potential

is modified to include the inner shells as part of the rigid core.

Molecular orbitals are expressed as linear combinations of a

minimal basis set of Slater-type atomic orbitals with fixed atomic

orbital exponents. A Slater-type atomic orbital has the general form:

n-1 -ar m
Nr e Y

1
(e

'
,P) (37)

The parameters, n, 1, and m are integers. The orbital exponent, a, is

a positive optimized real number. Each non-hydrogen atom has s, p, and

d (where appropriate) atomic orbitals; hydrogen, has only one s orbit-

al. The core-Hamiltonian integrals are approximated using experimental

data and optimized semiempirical parameters
26

.

The input data file contains information on the type of calcu-

lation to be done as well as the polar coordinates of each atom. The

options utilized and specified included closed shell CNDO and identi-

fication of the nuclear centers for which point potentials are desir-

ed. In the CNDO/2 program, potentials can be determined for any non-

hydrogen atom. The point potentials for the hydrogen atoms can be

determined from the atomic charges and the distance matrix given in

the standard output file using the point-charge model
27 or ground-

state potential mode18.

2. Ab Initio

The Gaussian 82 program28 performs ab initio molecular orbital

calculations. The correct Hamiltonian, is used, and a solution that

minimizes the total energy, as given by Wil\kdr, is attempted with-

out the use of simplifications or experimental data. Molecular orbit-

als are expressed as linear combinations of Gaussian-type-orbitals

with fixed orbital exponents. A single Gaussian basis orbital is

composed of one or more primitive gaussian functions Of the form:
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(38)

The exponent, a, and the scale factor, f, are predetermined and held

constant for each specific gaussian function; N is the normalization

constant. The basic calculations utilize the Hartree-Fock method,

which determines the antisymmetrized product of one-electron wave

functions, \II, that minimizes the total energy.

a. Input Data File

The input data files utilized in this study can be divided into

five sections: job-type, job title, molecular specification, basis

specification, and alteration of configuration. The last two sections

are optional.

The job-type contains keywords and options that control the

specific course of the calculation. The quantum mechanical procedure

keywords used in this study were RHF, which requests a restricted

Hartree-Fock calculation, and MP4, which requests a Hartree-Fock

calculation followed by a fourth order Willer-Plesset correlation

energy calculation. The default suboption, FC was used in the MP4

calculations; this excludes the inner-shells from the correlation

energy calculation.

The basis set keyword is used to specify either a standard basis

set that is stored internally in the program or a non-standard basis

set that is included in the input data file in the basis specification

section. The two main basis sets used in this study were the standard

3-21G and the non-standard 3-21+G; these are requested by the basis

set keywords, 3-21G and GEN, for general, respectively. The 6-31+G

standard basis set was also used; it was requested by basis set key

word 6-31+G. A 3-21G basis representation on a first row element

consists of three shells. The first shell is a sum of three primitive

s-type gaussian functions. The second shell is composed of two primi-

tive sp-shells. Each sp shell contains four basis functions with
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common gaussian exponents. The third shell is a single sp-function.

The exponents, contraction coefficients, and scale factors are inter-

nally stored for each atom. The 3-21+G basis set is a 3-21G basis set

to which a single diffuse sp shell has been added to all non-hydrogen

atoms.

The job title is used for identification purposes only, and is

not interpreted by the Gaussian 82 program. It is read in as a string

and appears in the output.

The molecular specification input section contains the net

electric charge, spin multiplicity, and the relative positions and

identities of the nuclei. The positions of the nuclei can be given in

Cartesian coordinates or Z-matrix format. The default structural

length unit is the angstrom and the default angle unit is the degree.

In the Z-matrix format, each center is specified by seven parameters:

element, N1, length, N2, alpha, N3, and beta. The element is designa-

ted by the chemical symbol. Dummy centers, which are geometrical

reference points and have no nuclear charge or electron orbitals, are

specified by an X. An arbitrary center, N, is placed relative to three

previously defined centers, N1, N2, and N3 such that the distance

between center N and N1 is the length, the internuclear angle defined

by N-N1-N2 is alpha, and the internuclear dihedral angle defined by

N-N1-N2-N3 is beta. The dihedral angle is the angle between a plane

containing centers N, N1 and N2 and a plane containing centers N1, N2,

and N3. For the first center, only the element is specified, and for

the second center only the element, N1, and the length are given. For

the third center, the first five parameters are given, and for the

rest of the centers, all seven parameters are required.

If a non-standard basis set has been specified by the basis set

keyword, GEN, then the basis set description must be provided as input

in this section. In this study, the 3-21+G general, or non-standard,

basis set was used. This basis set is composed of the standard 3-21G

basis set to which has been added an sp diffuse orbital on each

non-hydrogen atom. The exponents, scale factors, and contraction

coefficients of the diffuse orbitals were optimized by Clark et al.

for anions
29

.
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The alteration of configuration section is used if the job-type

contains the keyword, MASSAGE. This command has been used to change

nuclear charges by one charge unit.

Sample input data files are given in Appendix B.

B. Molecular Conformations

The most stable conformations of many molecules have been exper-

imentally determined. For the systems under consideration for which

these data are not readily available, a reasonable educated guess

based on other similar known systems was made. In some cases, standard

lengths30 and angles were used. This method has been shown to predict

the most stable conformations in agreement with experimental data
30,31

For some of the molecules and ions, the lowest energy conformation was

determined theoretically from a series of single point'ab initio

calculations at the RHF/3-21G level. For systems with two conforma-

tions of similar energy, the ab initio predictions are not always

accurate at determining the relative position of these correctly.

1. Acetic Acid and Acetate Ion

The conformation of acetic acid used in this study is shown in

Figure 8a. All atoms, except for two of the methyl protons [H(6) and

H(7)1, lie in a plane; the acidic hydrogen, H(8), is on the same side

of the molecule as the carbonyl oxygen, 0(3). This structure is con-

sistent with the one determined by gas electron diffraction32 except

for the conformation of the methyl group. Derissen32 determined that

the in-plane methyl hydrogen was eclipsed with the carbonyl oxygen in

the equilibrium conformation of the monomer (shown in Figure 8b), but

also noted that the internal rotation barrier was too low to be accur-

ately determined. It was assumed that the rotational conformation of

the methyl group would be of no consequence at the level of this study

due to the small rotation barrier.
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(c)

OH

OH

Figure 8 Conformations and numbering schemes used in ab initio and

semi-empirical studies of acetic acid: eclipsed forms (a)

in-plane methyl hydrogen with hydroxyl oxygen and (b) in-

plane methyl hydrogen with carbonyl oxygen, and (c)

staggered form.
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Two conformations of acetate ion were used; these are shown in

Figures 8a and c but missing the hydroxyl hydrogen, H(8).

2. Isopropyl Alcohol and Isopropoxide Ion

The two staggered conformations of isopropyl alcohol shown in

Figure 9 were used in this study. The majority of the theoretical

calculations were done using the anti conformation (shown in Figure

9a) in which the hydroxyl proton, H(12), is placed anti with respect

to the tertiary hydrogen, H(5). In the gauche conformation, (Figure

9b) the hydroxyl proton, H(12), is place anti with respect to one of

the methyl groups. The choice of the anti over the gauche form was

based on the most stable conformation of ethanol. Experimentally, both

anti and gauche forms are observed in the microwave spectrum of iso-

propyl alcohol
33

. On the basis of relative intensity measurements,

the gauche form has been found to be 0.012 eV more stable than the

anti form. Theoretically, ab initio calculations using the 4-31G

extended Gaussian basis set predict the gauche form to be more stable

than the trans form by 0.030 eV31.

Isopropoxide ion was assumed to be in the staggered conformation

shown in Figure 9(a or b), but missing the hydroxyl hydrogen H(12).

3. Phenol and Phenoxide Ion

Microwave studies of phenol have found the gas phase molecule to

be planar in its equilibrium conformation
34

'

35 (see Figure 10a). This

conformation allows conjugation between a lone pair on the oxygen and

the aromatic r electrons. The hydroxyl group atoms, 0(7) and H(13) are

on either side of a line that passes through C(1) and C(4); center X

is placed on this line.

The internal rotational barrier for the hydroxyl group with

respect to the ring has been determined to be 0.150 eV from microwave

measurements of gas phase pheno135. Theoretically, this barrier has
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Figure 9. Conformations and numbering schemes used in ab initio and

semi-empirical studies of isopropyl alcohol (a) anti form

and (b) gauche form.
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Figure 10. Conformations and atomic numbering schemes used in ab

initio and semi-empirical studies of (a) phenol and

(b) cyclohexanol.

X
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been determined to be 0.192 eV at the STO-3G level using molecular

geometries for which the hydroxyl group and C(1) parameters were

optimized for the two conformers36.

The conformation of phenoxide ion was assumed to be the same as

phenol shown in Figure 10a, but missing the hydroxyl hydrogen H(13)

and positioning the oxygen atom along the x-line.

4. Cyclohexanol and Cyclohexoxide Ion

The equatorial conformation of cyclohexanol was chosen on the

basis of solution phase measurements. For the axial-equatorial equili-

brium of cyclohexanol, AG° is -0.023 eV for aprotic solvents and -0.38

eV for protic solvents
37

. From 13 C nmr measurements, the equatorial

conformation was determined to be more stable than the axial conforma-

tion by 0.044 eV38. It has been assumed that the equatorial confor-

mation is also preferred in the gas phase. The hydroxyl hydrogen was

placed in a gauche conformation as shown in Figure 10b.

The conformation of cyclohexoxide ion was assumed to be the same

as cyclohexanol shown in Figure 10b, but missing the hydroxyl hydrogen

H(8).

5. Other Molecular Systems of Interest

a. Formic Acid, Formate Ion, Methanol, Methoxide Ion,

Ethanol, and Ethoxide Ion

The conformations of formic acid, methanol, and ethanol used in

the ab initio studies are shown in Figure 11. Gas-phase formic acid is

flat, with the carboxyl hydrogen, H(5), on the same side of the

molecule as the carbonyl oxygen 0(3)39 (Figure 11a). Formate ion is

assumed to be the same as formic acid missing the hydroxyl hydrogen

H(5), and equilibrating the two oxygen atoms so that the ion possesses

C
2v

symmetry.
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(a)

(c)

-X2

Figure 11. Conformations and atomic numbering schemes used in ab

initio studies of (a) formic acid, (b) methanol, and

(c) ethanol.
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The structure of methanol has been determined by microwave

spectroscopy
40 All atoms lie in a plane except two of the methyl

hydrogens, H(5) and H(6) (see Figure lib). The hydroxyl group is bent

back toward the in-plane methyl hydrogen, H(4) by the methyl tilt

angle, X(2)-C(1)-0(3). Methoxide ion is assumed to have C3v symmetry

(the angle X(2)-C(1)-0(3) is therefore, zero).

The structure of ethanol and the barrier to internal rotation of

the methyl group have been determined from the microwave spectrum. The

most stable form of ethanol has the hydroxyl oxygen in a staggered

conformation with respect to the methyl group, and the hydroxyl hydro-

gen in an anti position with respect to the methyl group41. This

conformation is shown in Figure llc. Atoms C(1), C(3), 0(2), and H(9)

lie in a plane, which is the plane of symmetry. The rotational barrier

of the methyl group has been determined to be 0.144 eV41. Ethoxide

ion is assumed to have the same conformation as ethanol, except that

the hydroxyl hydrogen, H(9), is missing.

b. Monofluoroacetic Acid and Monofluoroacetate Ion

To determine the most stable conformation of monofluoroacetic

acid and monofluoroacetate ion, single point Gaussian 82 calculations

were performed on various conformational isomers at the 3-21G level.

Standard lengths and angles were used; these are given in Table 12.

The total energy as a function of rotational conformation is shown in

Figure 12 for monofluoroacetic acid. The lowest energy conformations

occur when an oxygen atom eclipses a fluorine atom. These two low

energy conformations differ by the hydroxyl hydrogen position. The

lowest energy conformation places the acidic hydrogen on the same side

of the C-0 bond as the carbonyl oxygen. The second lowest energy

conformation (by only 0.005 eV) places the acidic hydrogen on the same

side of the C-0 bond as the fluorine. In both cases, the acidic

hydrogen is placed close to an electronegative element such that some

degree of intramolecular hydrogen bonding can occur. The actual lowest

energy conformation cannot be determined from these results given the



-8838.8

Energy

(eV)

-8839.0

-8839.2

52

0 120 240 360

OCCF dihedral angle

HOF HOH HOH HOF

H4'H H'4F F4H H4'H
0 0 0 0

HO HO HO

HO FO HO

Figure 12. Total energies as given by ab initio calculations

(RHF/3-21G) for conformations of monofluoroacetic acid.
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small theoretical energy difference, and the use of non-optimized bond

lengths and angles. For monofluoroacetate ion, the total energy as a

function of rotational conformation is shown in Figure 13. The lowest

energy conformation occurs when the fluorine eclipses one of the two

equivalent oxygen atoms.

The theoretical lowest energy conformation of monofluoroacetic

acid shown in Figure 14 has been used in the ab initio studies. For

monofluoroacetate ion, the conformation used is the same as for

monofluoroacetic acid, but missing the hydroxyl hydrogen, H(8).

c. 2,2-Difluoroethanol and 2,2-Difluoroethoxide Ion

To determine the most stable conformation of 2,2-difluoroethanol

and 2,2-difluoroethoxide ion, the procedure described for monofluoro-

acetic acid and monofluoroacetate ion was used with the standard

lengths and angles given in Table 13. Figure 15 summarizes the confor-

mational energy results for 2,2-difluoroethanol and Figure 16 summar-

izes the results for 2,2-difluoroethoxide ion. In the lowest energy

conformation of both the neutral molecule and the anion, the hydroxyl

oxygen is in a gauche position between a fluorine and hydrogen. As

shown in Figures 15 and 17, the minima occur when the acidic hydrogen

in the neutral molecule is placed close to a fluorine.

A more sophisticated ab initio study at the RHF/4-31G level

using the Gaussian 76 program has been done in which semirigid

torsional energy curves were determined using energies of confor-

mers for which the geometrical parameters had first been optimized42.

The curves produced were qualitatively the same as those determined in

this study.

Two strong interactions are occurring during the intramolecular

rotation that cause the difference in total energy between the lowest

and highest energy conformations to be large. The intramolecular

attractive interaction between the hydroxyl hydrogen and the methyl

fluorine stabilizes those conformations where it can occur, while the

repulsive interaction between the lone pair electrons On fluorine and
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Figure 13. Total energies as given by ab initio calculations

(RHF/3-21G) for conformations of monofluoroacetate ion.
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Figure 14. Conformation and atomic numbering scheme used in ab

initio studies of monofluoroacetic acid.
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Figure 15. Total energies as given by ab initio calculations

(RHF/3-21G) for conformations resulting from rotation

about the C-0 bond of 2,2-difluoroethanol%
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Figure 16. Total energies as given by ab initio calculations

(RHF/3-21G) for conformations of 2,2- difluoroethoxide.
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Figure 17. Conformation and atomic numbering scheme used in ab initio

studies of 2,2-difluoroethanol.
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oxygen are probably responsible for the higher energy conformations.

From the microwave spectrum of 2,2-difluroethanol, the lowest

energy conformation has been determined to have the hydroxyl group

gauche with one of the fluorine atoms43. This conformation has been

determined to be more stable than the other hydrogen-bonded conforma-

tion (where the hydroxyl group is staggered between the two fluorine

atoms) by at least 0.26 eV, and is present in concentrations exceeding

95%
43

. In the microwave study, a partial structural determination

has also been done; the results are given in Table 13. Both theoreti-

cal studies (ref. 42 and this study) are in agreement with experimen-

tal results.

d. Methane, Methide Ion, Ethene, Ethenide Ion, Ethane, and

Ethide Ion

The structure of methane has been determined using infrared44,

electron diffraction
45 and Raman46 spectroscopy. The standard parame-

ters used in this study were from reference 44. Methane is tetrahe-

dral, with all C-H bond lengths and H-C-H bond angles equivalent. The

structure of methide ion was assumed to be trigonal-pyramidal with

C3v symmetry. (Similar to methane missing one hydrogen.)

Ethene is a flat molecule having D2h symmetry
47 (see Figure

18a). It was assumed that the overall structure of the ethenide ion

was the same as ethene missing one of the hydrogen atoms. In this

conformation, all the atoms in ethenide ion are inequivalent.

The structure of ethane has been studied by electron diffraction

and by infrared, Raman, and microwave spectroscop
y48. The molecule

in its ground state is in a staggered conformation. All C-H bond

lengths are equal, as are all C-C-H bond angles. Ethane belongs to the

D
3d

point group. It was assumed that the conformation of the ethide

ion was the same as ethane missing one of the hydrogen atoms. In this

conformation, ethide ion possesses a plane of symmetry, which contains

the two carbon atoms, and one methyl hydrogen (see Figure 18b).
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(a)

(b)

H5

H8

Figure 18. Conformations and atomic numbering schemes used in ab

initio studies of (a) ethene and (b) ethane.
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C. Ab Initio Geometrical Optimizations

Geometry optimizations are quoted
49 to be "Gaussian 82's great-

est strength". While standard molecular geometries (either experimen-

tally determined or average lengths and angles for specific types of

atomic centers) may be adequate in many types of ab initio studies, it

is often necessary to use optimized geometries. For molecules in which

good quality experimental parameters are available, it has been shown

that most of the results of the Gaussian 82 optimizations fall within

the experimental uncertainty. Good quality experimental geometrical

parameters were not available for all systems of interest in this

study. Therefore, to be consistent, geometry optimizations were car-

ried out on all systems of interest. The geometries of most of these

systems were fully optimized (all independent geometrical parameters

were optimized). Some of the systems were partially optimized (part of

the parameters were optimized, while others were held constant). The

results of these optimizations are given in the following pages, and

are compared with experimental values and other geometrical studies.

1. Ab Initio Optimization Procedure

In this study, default optimization options were used. The input

data file contained the job-type, followed by the molecular specifica-

tion section in Z-matrix coordinates. The important key words used in

the job-type section include the quantum mechanical procedure keyword,

HF, which specifies a restricted Hartree-Fock type calculation for

systems of singlet spin multiplicity; all of the molecules and ions

for which optimized geometries were calculated, were singlets. The

basis set is specified by the basis keyword, 3-21G, or GEN, for

3-21+G, as previously discussed. The optimization was designated by

the keyword OPT. The default sub-option for a restricted Hartree-Fock

type geometry optimization is GRAD, which utilizes analytic gradients

in the minimization methods. See Appendix B for a sample geometry

optimization input file.



62

The following three sections deal with Gaussian 82 geometry

optimizations for the neutral molecules acetic acid and isopropyl

alcohol, their respective anions, generated by the removal of the

hydroxyl hydrogen, and the other molecular systems of interest in this

study. The optimized parameters determined by the two basis sets,

3-21G and 3 -21 +G are given and discussed. The number of steps required

to reach a stationary point is also reported. Each step is essentially

a single point calculation plus the calculation of the Cartesian

forces and the corresponding derivatives with respect to the internal

coordinates from which a new set of variables is projected.

2. Neutral Molecules

a. Acetic Acid

To describe the geometry of acetic acid, eighteen parameters are

required. Using the conformation of acetic acid discussed in section

III.B.I. and shown in Figure 8, reduces the number of independent

parameters to twelve (restricting six atoms to the plane of symmetry

reduces the independent parameters by three, and requiring the two

out-of-plane methyl hydrogen atoms to be equivalent further reduces

the count by three). The lengths of all methyl carbon-hydrogen bonds

were held constant at 1.102A, and the H-C-H methyl angles were held

constant at 109.4424 degrees (by fixing the H(methyl)-C(2)-C(1) angle

at 109.5 and the H(methyl)-C(2)-C(1)-()(4) dihedral angle at zero and

+120 degrees). In total, seven parameters were optimized.

The standard geometry and the molecular input parameters for the

optimization utilizing the 3-21G basis set were based on experimental

gas-phase electron diffraction32 data, and are given in the second

column of Table 5. The optimized lengths and angles resulting from the

3-21G basis calculation are given in the third column of Table 5.

These optimized lengths and angles were then used as the input

parameters for the 3-21+G optimization (results given in the fourth

column of Table 5).



Table 5. Calculated Bond Lengths (A) and Angles (degrees) of Acetic

Acid

1, 1,

standard optimization
*

bond or angle geometry

(32) 3-21G 3-21+G

C(1)-C(2) 1.520 1.5018 1.4980

C(1)=0(3) 1.214 1.2026 1.2129

C(1)-0(4) 1.364 1.3582 1.3644

0(4)-H(8) 0.97 0.9688 0.9695

C(2)-H(5-7) 1.102 [1.102j [1.102]

0(3)=C(1)-C(2) 126.6 126.68 126.38

0(4)-C(1)-C(2) 110.6 111.37 112.34

H(8)-0(4)-C(1) 107.0 111.64 113.40

H(5-7)-C(2)-C(1) 109.5 [109.5] [109.5]

***
geometry label s a a+

steps to optimize 7 6

* Atom numbers refer to Figure 8.

* *

* * *

Numbers in square brackets indicate a constant, non-optimized

parameter.

The geometry code is used throughout the text to identify each

set of geometrical parameters.
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The results of these two optimizations will now be discussed

with respect to the experimentally measured data. The two 3-21+G

optimized C-0 bond lengths are within the experimental uncertainty of

0.003A; however, the corresponding 3-21G bond lengths were within four

times and two times the experimental uncertainty for C(1)=0(3) and

C(1)-0(4), respectively. The C-C bond shortened to a length four and a

half uncertainty units from its measured value; this shortening,

however, represents only about 1.5% of the measured bond length. The

0(4)-H(8) bond length was not determined in the gas electron-diffrac-

tion study32 , but, rather was assumed. The corresponding lengths

calculated in this study, both round off to the assumed value.

The calculated 0(3)=C(1)-C(2) angles both fell within the

experimental uncertainty of 0.6 degrees; however, the 0(4)-C(1)-C(2)

3-21+G calculated angle differed from the experimental value by three

times the experimental uncertainty. As in the previous case, this

deviation in the theoretical value represents only about 1.6% of the

experimental angle. The large differences in the H(8)-0(4)-C(1) bond

angle between the measured and 3-21+G calculated results is probably

not significant since the angle was not experimentally determined32,

but was assumed to be the same as in formic acid.

The ability of the Gaussian 82 program to optimize geometries

has just been demonstrated. Even with the the relatively small basis

set that has been used, the agreement between theory and experiment is

remarkably good.

b. Isopropyl Alcohol

Using the conformation and numbering scheme of isopropyl alcohol

shown in Figure 8, two different optimizations were performed. The

assumed standard geometry and optimization results are given in Table

6. Standard bond lengths were based on experimental measurements of

similar molecules. The variation in the C-C-0, C-C-C, H-C-H, and H-O-C

standard bond angles from the ideal tetrahedral angle of 109.45 are

fortuitous, as are the deviations of the C-C-C-0 and H-C-C-0 standard
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Table 6. Calculated Bond Lengths (A) and Angles (degrees) of

Isopropyl Alcohol

*
bond or angle standard

geometry

**
optimization

3-21G 3-21+G

C(1)-0(2) 1.45 1.4422 1.4567

C(1)-C(3-4) 1.54 1.5384 1.5374

C(1)-H(5) 1.09 1.0792 1.0831

C(3)-H(9-11) 1.09 [1.09] 1.0831

C(4)-H(6-8) 1.09 [1.09] 1.0831

0(2)-H(12) 0.958 [0.958] 0.9667

C(3)-C(1)-0(2) 109.94 110.93 110.66

C(4)-C(1)-C(3) 109.94 110.93 110.66

H(5)-C(1)-C(3) 109.0 [109.0] 111.39

H-C(3-4)-H (methyl) 109.5 [109.5] 109.05

H(12)-0(2)-C(1) 109.0 [109.0] 112.26

C(4)-C(1)-C(3)-0(2) -121.16 -121.80 [-120.0]

H(5)-C(1)-C(3)-0(2) 119.42 [119.42] [120.0]

H(12)-0(2)-C(1)-C(3) -60.58 [-60.58] -57.56

***
geometry label s a b+

steps to optimize 4 9

* Atom numbers refer to Figure 8.

** Numbers in square brackets indicate a constant, non-optimized

parameter. Dots placed between vertical pairs of numbers indicate

the two numbers were forced to have the same optimized value.

*** The geometry code is used throughout the test to identify each

set of geometrical parameters.
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dihedral angles from +120 degrees and of the H-O-C-C dihedral angle

from -60 degrees. These were the angles that resulted from the trans-

formation of the spherical polar CNDO coordinates to Z-matrix format.

(In otherwords, I'm trying to cover up for the fact that the CNDO

input was a pain in the ass, and this was as close as I could get it

to what it should have been.) (It was desired to make a direct compar-

ison of some of the CNDO and Gaussian 82 results using the exact same

molecular geometry.)

Five independent parameters were optimized at the RHF/3-21G

level and nine at the RHF/3-21+G level. The results of the optimiza-

tion do not vary significantly from the corresponding standard values.

3. Anions

a. Acetate Ion

Two conformations of acetate ion were used. Eclipsed acetate ion

was in the same conformation and used the same numbering scheme as

acetic acid shown in Figure 8a or b, but missing the hydroxyl hydro-

gen, H(8). The only symmetry element eclipsed acetate ion possesses is

a plane containing all carbon and oxygen atoms and hydrogen (5). Stag-

gered acetate ion, shown in Figure 8c, possesses a plane of symmetry

perpendicular to the plane of the molecule that contains the two

carbon atoms and hydrogen (5).

The eclipsed ion optimizations used the standard geometry of

acetic acid as the starting point, and independently optimized five

parameters (see Table 7). Qualitatively the results followed the

expected trends. The carbonyl carbon-oxygen bond, C(1)=0(3), length-

ened in the ion relative to the neutral molecule while the hydroxyl

carbon-oxygen bond, C(1)-0(4), shortened until the two bond lengths

were nearly equal. Correspondingly, the 0(3)=C(1)-C(2) bond angle

decreased while the 0(4)-C(1)-C(2) bond angle increased. Classically,

these trends can be explained on the basis of the two equivalent

resonance structures
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Table 7. Calculated Bond Lengths (A) and Angles (degrees) of Acetate

Ion

*
bond or angle

standard

geometry

acetic

acid

(32)

**
optimization

eclipsed staggered

3-21G 3-21+G 3-21G 3-21G 3-21+G

- -

C(1)-C(2) 1.520 1.5772 1.5477 1.5764 1.5765 1.5471

C(1)=0(3) 1.214 1.2507 1.2687 1.2496 1.2496 1.2678

C(1)-0(4) 1.364 1.2481 1.2664 1.2496 1.2496 1.2678

C(1)-H(5) 1.102 [1.102] [1.102] 1.0849 1.0877 1.0864

C(2)-H(6-7) 1.102 [1.102] [1.102] 1.0849 1.0835 1.0833

0(3)=C(1)-C(2) 126.6 114.48 115.51 115.11 115.12 116.09

0(4)-C(1)-C(2) 110.6 115.69 116.62 115.11 115.12 116.09

H(5)-C(2)-C(1) 109.5 [109.5] [109.5] 109.66 110.17 109.42

H(6-7)-C(2)-C(1) 109.5 [109.5] [109.5] 109.66 109.41 109.87

***
geometry label s a a+ b c c+

steps to optimize 7 9 7 7 6

* Atom numbers refer to Figure 8.

** Numbers in square brackets indicate a constant, non-optimized

parameter. Dots placed between vertical pairs of numbers indicate

the two numbers were forced to have the same optimized value.

*** The geometry code is used throughout the text to identify each

set of geometrical parameters.
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XIII

The lengthening of the carbon-carbon bond, C(1)-C(2), has been ob-

served experimentally in crystalline lithium acetate dihydrate,

H3C-CO2Li 2H20 where the carbon-carbon bond length has been determined

to be 1.55A50.

The staggered ion optimizations constrained the carbon-oxygen

bond lengths, C(1)=0(3) and C(1)-0(4), to be the same and the carbon-

carbon-oxygen bond angles, 0(3)=C(1)-C(2) and 0(4)-C(1)-C(2), to be

equivalent. Imposing the additional requirements that atoms C(1),

C(2), 0(3), and 0(4) be restricted to a plane, forcing appropriate

pairs of atoms to be equivalent, and fixing the three methyl-hydrogen-

(5-7)-carbon(2)-carbon(1)-oxygen(4) dihedral angles at 90°, -150°, and

-30° leaves seven independent geometrical parameters. The starting

geometries for the staggered ion used averages of the standard lengths

and angles for the C-0 and C-C-0 parameters. Optimization b (see Table

7) constrained all carbon-hydrogen bond lengths to be equivalent and

all carbon-carbon-hydrogen bond angles to be equivalent. Optimizations

c and c+ constrained only C2v symmetrically equivalent parameters to

be the same.

The three sets of optimized geometrical parameters calculated

using the 3-21G basis set are all fairly close to one another, but

differ from the two sets of parameters calculated using the 3-21+G

basis set.

b. Isopropoxide Ion

The conformation and numbering scheme of isopropoxide ion is the

same as the one given for isopropyl alcohol in Figure 9 but missing

the hydroxyl hydrogen, H(12). Table 8 shows the standard geometry and

the results of two optimization schemes.

Comparing the optimized geometrical parameters obtained at the
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Table 8. Calculated Bond Lengths (A) and Angles (degrees) of

Isopropoxide Ion

*
bond or angle standard

geometry

**
optimization

3-21G 3-21+G 3-21+G

C(1)-0(2) 1.45 1.3675 1.4060 1.4178

C(1)-C(3-4) 1.54 1.5661 1.5529 1.5493

C(1)-H(5) 1.09 1.1189 1.1056 1.0898

C(3)-H(9-11) 1.09 [1.09] [1.09] 1.0898

C(4)-H(6-8) 1.09 [1.09] [1.09] 1.0898

C(3)-C(1)-0(2) 109.94 108.94 110.09 109.49

C(4)-C(1)-C(3) 109.94 108.94 110.09 109.49

H(5)-C(1)-C(3) 109.0 [109.0] 106.21 107.79

H-C(3-4)-H (methyl) 109.5 [109.5] [109.5] 108.50

C(4)-C(1)-C(3)-0(2) -121.16 -126.14 -123.86 [-120.0]

H(5)-C(1)-C(3)-0(2) 119.42 [119.42] 121.84 [120.0]

***
geometry label s c d+ b+

steps to optimize 6 6 5

* Atom numbers refer to Figure 8.

** Numbers in square brackets indicate a constant, non-optimized

parameter. Dots placed between vertical pairs of numbers indicate

the two numbers were forced to have the same optimized value.

*** The geometry code is used throughout the text to identify each

set of geometrical parameters.
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3-21+G level for isopropyl alcohol (Table 6.b+) and isopropoxide ion

(Table 8.d+), it can be seen that the carbon-oxygen and carbon-carbon

bonds lengthen by 0.05A and 0.02A, respectively, upon removal of the

acidic hydrogen. This can be compared with the trend observed for

acetic acid, where the carbon-oxygen bond lengthens by 0.11A and the

carbon-carbon bond lengthen by 0.08A upon removal of the acidic

hydrogen.

4. Other Molecular Systems of Interest

Optimized geometries at the RHF/3-21+G level were determined for

several other molecular systems of interest. For each system, optimi-

zations were done on both the neutral molecule and the anion created

by the removal of the hydroxyl hydrogen.

a. Formic Acid, Formate Ion, Methanol, Methoxide Ion,

Ethanol, and Ethoxide Ion

The results for formic acid and formate ion are shown in Table

9. The optimized bond lengths and bond angles are fairly close to the

experimental (standard) parameters. As the acidic hydrogen is removed,

the change in the geometrical parameters follows the same trend as

previously discussed for acetic acid.

The results of the geometrical optimizations for methanol and

methoxide ion are given in Table 10. The optimized parameters for

methanol are close to the experimental
40 values. Removal of the

hydroxyl hydrogen resulted in the carbon-oxygen bond shortening, the

carbon-hydrogen bonds lengthening, and the H-C-H angle decreasing. The

decrease in the carbon-oxygen bond length of 0.04A has been seen pre-

viously for isopropyl alcohol.

The results of the geometrical optimizations for ethanol and

ethoxide ion follow the same basic trend as discussed previously for

isopropyl alcohol-isopropanoate ion and methanol-methOxide ion; these
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Table 9. Calculated Bond Lengths (A) and Angles (degrees) of Formic

Acid and Formate Ion

*

bond or angle

standard

geometry

(39)

optimization

formic acid formate ion

C(1)=0(3) 1.22 1.2070 1.2655

C(1)-0(4) 1.37 1.3562 1.2655

C(1)-H(2) 1.09 1.0731 1.1029

0(4)-H(5) 0.97 0.9703

0(3)=C(1)-H(2) 118.8 125.55 115.18

0(4)-C(1)-H(2) 117.3 110.23 115.18

C(1)-0(4)-H(5) 106.0 114.74 -

steps to optimize 7

* Atom numbers refer to Figure 11.

** Dots placed between vertical pairs of numbers indicate the two

numbers were forced to have the same optimized value.



72

Table 10. Calculated Bond Lengths (A) and Angles (degrees) of

Methanol and Methoxide Ion

*
bond or angle

standard

geometry

(40)

**
optimization

methanol methoxide

C(1)-0(3) 1.4246 1.4542 1.4126

C(1)-H(4) 1.0936 1.0771 1.1075

C(1)-H(5-6) 1.0936 1.0831 1.1075

0(3)-H(7) 0.9451 0.9647

X(2)-C(1)-0(3) 3.3 3.78 [0.0]

X(2)-C(1)-H(4) 110.33 109.23 113.47

x(2)-C(1)-H(5-6) 110.33 109.17 113.47

C(1)-0(3)-H(7) 108.5 113.31 -

steps to optimize 7 5

* Atom numbers refer to Figure 11.

** Numbers in square brackets indicate a constant, non-optimized

parameter. Dots placed between vertical pairs of numbers indicate

the two numbers were forced to have the same value optimized value.
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results are given in Table 11. Upon proton removal, the carbon-oxygen

bond shortens by about 0.05A, and the H(4)-C(1)-H(5) bond angle

decreases. As in isopropyl alcohol, the carbon-carbon bond length also

increases upon proton removal.

b. Monofluoroacetic Acid and Monofluoroacetate Ion

The geometrical parameters for monofluoroacetic acid and mono-

fluoroacetate ion are given in Table 12. The standard geometry given

in the table has not been experimentally determined for monofluoro-

acetic acid, but represents average bond lengths and angles for given

types of centers and bonds30. The change in geometrical bond lengths

and angles follows the same general trends as acetic acid for proton

removal. The carbon-carbon bond lengthens, and the carbonyl bond

lengths and angles are approximately the same in acetate ion and mono-

fluoroacetate ion.

c. 2,2-Difluoroethanol and 2,2-Difluoroethoxide Ion

The geometrical parameters for 2,2-difluoroethanol and 2,2-di-

fluoroethoxide ion are given in Table 13. The initial starting geome-

try used in the optimization is given in the second column of the

table, which has been labeled standard geometry. These parameters are

based on experimentally determined bond lengths from similar bond

types and theoretical bond angles. Complete geometrical optimizations

of all parameters for both 2,2-difluoroethanol and 2,2-difluoroethox-

ide ion were performed. These results are given in the last two

columns of the table.

A partial structural determination based on the microwave

spectrum of 2,2-difluoroethanol has been reported
43

. In this study,

only two dihedral angles, F(6)-C(2)-C(1)-0(4) and H(10)-0(4)-C(1)-

C(2), were fit. These angles were determined to be 61(2) degrees and

60(4) degrees respectively. All the other bond lengths and angles were
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Table 11. Calculated Bond Lengths (A) and Angles (degrees) of

Ethanol and Ethoxide Ion

*
bond or angle

standard

geometry

(41)

optimization

ethanol ethoxide ion

C(1)-0(2) 1.4310 1.4586 1.4040

C(1)-C(3) 1.5115 1.5208 1.5575

C(1)-H(4-5) 1.0980 1.0836 1.1055

C(3)-H(6) 1.0878 1.0852 1.0939

C(3)-H(7-8) 1.0908 1.0823 1.0862

0(2)-H(9) 0.9710 0.9648

C(3)-C(1)-0(2) 107.77 106.31 112.47

C(3)-C(1)-H(4-5) 110.72 110.97 106.43

C(1)-C(3)-H(6) 110.49 110.43 112.23

C(1)-C(3)-H(7-8) 110.13 109.98 109.09

H(4)-C(1)-H(5) 107.97 109.07 105.20

H(7)-C(3)-H(8) 108.45 108.45 108.01

C(1)-0(2)-H(9) 105.43 113.57 -

steps to optimize 7 6

* Atom numbers refer to Figure 12.
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Table 12. Calculated Bond Lengths (A) and Angles (degrees) of

Monofluoroacetic Acid and Monofluoroacetate Ion

*

bond or angle standard

geometry

(30)

**
optimization

monofluoro-

acetic acid

monofluoro-

acetate ion

C(1)-C(2) 1.51 1.5053 1.5449

C(1)=0(3) 1.21 1.2122 1.2590

C(1)-0(4) 1.37 1.3416 1.2590

C(2)-F(5) 1.41 1.4103 1.4325

C(2)-H(6-7) 1.08 1.0788 1.0805

0(4)-H(8) 0.96 0.9696 -

C(2)-C(1)=0(3) 120.0 121.34 115.04

C(2)-C(1)-0(4) 120.0 114.94 115.04

C(1)-C(2)-F(5) 109.5 111.96 114.40

C(1)-C(2)-H(6-7) 109.5 109.19 109.84

C(1)-0(4)-H(8) 109.5 114.05

steps to optimize 9 8

* Atom numbers refer to Figure 11.

** Dots placed between vertical pairs of numbers indicate the two

numbers were forced to have the same value in the optimization.
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Table 13. Calculated Bond Lengths (A) and Angles (degrees) of

2,2-Difluoroethanol and 2,2-Difluoroethoxide Ion

*
bond or angle standard

geometry

(30)

difluoro

ethanol

(43)

optimization

difluoro-

ethanol

difluoro-

ethoxide

C(1)-C(2) 1.53 1.520 1.5071 1.5176

C(1)-0(4) 1.43 1.415 1.4401 1.4046

C(2)-F(5) 1.38 1.350 1.3970 1.4340

C(2)-F(6) 1.38 1.350 1.4033 1.4139

C(2)-H(7) 1.08 1.093 1.0713 1.0711

C(1)-H(8) 1.08 1.093 1.0765 1.0979

C(1)-H(9) 1.08 1.093 1.0811 1.0961

0(4)-H(10) 0.96 0.950 0.9667 -

0(4)- C(1) -C(2) 109.5 112.5 109.08 109.53

F(5)-C(2)-C(1) 109.5 109.0 108.81 112.02

F(6)-C(2)-C(1) 109.5 109.0 108.85 112.91

H(7)-C(2)-C(1) 109.5 109.48 115.46 113.74

H(8)-C(1)-C(2) 109.5 109.48 109.86 105.14

H(9)-C(1)-C(2) 109.5 109.48 109.43 106.65

H(10)-0(4)-C(1) 109.5 not given 113.47 -

F(5)- C(2)- C(1) -0(4) 180.0 not given 182.51 197.03

F(6)-C(2)-C(1)-0(4) 60.0 61. 67.02 81.44

H(7)-C(2)-C(1)-0(4) -60.0 not given -54.55 -41.26

H(8)-C(1)-C(2)-0(4) 120.0 not given 116.22 122.40

H(9)-C(1)-C(2)-0(4) -120.0 not given -123.16 -124.56

H(10)-0(4)-C(1)-C(2) 60.0 60.0 75.93 -

steps to optimize 16 13

* Atom numbers refer to Figure 18.
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kept constant in the fit and were chosen from accurate studies of

related compounds. The reported geometrical parameters are shown in

the third column of Table 13. Comparison of the microwave study

(column 3) with the theoretically optimized values (column 4) shows

the experimental assumed values to be in good agreement with the

Gaussian 82 optimized values. The average of the absolute values of

the percent deviations is 1.83% (maximum of 5.46% for the H(7)-C(2)-

C(1) bond angle and minimum of 0.05% for the H(9)-C(1)-C(2) bond

angle). The two dihedral angles that were fit to the experimental data

were not in such good agreement with the corresponding optimized

parameters. The F(6)-C(2)-C(1)-0(4) dihedral angle was predicted by

the Gaussian 82 optimization to be 9.87% larger than the experimental

number; the H(10)-0(4)-C(1)-C(2) dihedral angle was predicted to be

26.55% larger than the experimental number. No further investigation

of these discrepancies was done.

In the microwave study
43

, the C(6)H(10) distance was deter-

mined to be 2.479A, which is slightly shorter than the sum of the

correspOnding van der Waals radii
51 (2.55 A). In the theoretical

optimization this distance was determined to be 2.7018A or 5.6% longer

than the sum of the corresponding van der Waals radii. The van der

Waals radii represent average covalent and ionic bond distances mea-

sured in many compounds. Intuitively, it seems that hydrogen bond

distances should be longer than covalent or ionic bond distances since

the attractive forces or bond strengths are much less for hydrogen

bonds than covalent or ionic bonds. This assumption holds for the

water dimer, in which the 0H distance was determined to be 2.02A

from the microwave spectrum
52,53

, and the corresponding van der Waals

radii sum is 1.60101. The experimental hydrogen bond distance is,

therefore, 21% longer than the sum of the corresponding van der Waal

radii. The Gaussian 82 optimized parameters seem to be more in keeping

with traditional views of hydrogen bonding than do the experimentally

determined parameters.
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d. Methane, Methide Ion, Ethene, Ethenide Ion, Ethane, and

Ethide Ion

The structure of methane is well known
1,44,45,46. The molecule

is tetrahedral. The carbon-hydrogen bond lengths have been determined

to be 1.094A by microwave spectroscopy. The Gaussian 82 geometry opti-

mization at the RHF/3-21+G level gave a slightly shorter bond length

of 1.0831, and perfect tetrahedral angles even though a lower symmetry

was imposed. The optimized parameters of the methide ion gave a

slightly longer carbon-hydrogen bond length, and an increased lone-

pair carbon-hydrogen bond angle. This is in keeping with the tradi-

tional view that lone electron pairs occupy more space than do bound

hydrogen atoms. These geometrical parameters are summarized in Table

14.

The structure of ethene has been determined from infrared spec-

tra
47 to be planar as discussed in section III.B.5.d. In the geome-

try optimization of ethene, all atoms were constrained to lie in a

plane and to have D2h symmetry. The optimized parameters of ethene

are very close to the experimentally determined values (see Table 15).

In the geometry optimization of ethenide ion, all atoms were con-

strained to lie in a plane; no other constraints were imposed. Removal

of a proton from ethene results in longer bonds in ethenide ion than

in the neutral molecule, and in a substantial decrease in the C(1)-

C(2)-H(5) angle. Presumably, this angle decrease is due to the lone

electron pair which requires more room than an electron pair between a

carbon and a hydrogen atom.

The ab initio geometry optimization of ethane gave results con-

sistent with the measured values (see Table 16). The corresponding

results for the anion created by the removal of a proton gave the

familiar lengthened carbon-carbon bond but did not significantly re-

duce the C(1)-C(2)-H(7-8) angles to accommodate the lone electron

pair. Instead, the C(2)-C(1)-H(3) bond angle increased significantly.



Table 14. Calculated Bond Lengths (A) and Angles (degrees) of

Methane and Methide Ion at the RHF/3-21+G Level

*
bond or angle

standard

geometry

(44)

**
optimization

methane methide ion

C(1)-H(3-5) 1.0940 1.0834 1.0907

C(1)-H(2) 1.0940 1.0834 -

H(3)-C(1)-H(4-5) 109.47 109.47 112.95

H(4)-C(1)-H(5) 109.47 109.47 112.95

H(2)-C(1)-H(3) 109.47 109.47 -

steps to optimize 3 5

* In both methane and methide ion, H(3), H(4), and H(5) form an

equilateral triangle; C3v symmetry was imposed on both systems

for the optimizations.

Dots placed between vertical pairs of numbers indicate the two

numbers were forced to have the same optimized value.

* *
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Table 15. Calculated Bond Lengths (A) and Angles (degrees) of

Ethene and Ethenide Ion at the RHF/3-21+G Level

*

bond or angle

standard

geometry

(47)

**
optimization

ethene ethenide ion

C(1)-C(2) 1.337 1.3204 1.3579

C(1)-H(3) 1.086 1.0744 1.0937

C(1) -H(4) 1.086 1.0744 1.0827

C(2)-H(5) 1.086 1.0744 1.1089

C(2)-H(6) 1.086 1.0744

C(2)-C(1)-H(3) 121.35 121.84 125.26

C(2)-C(1)-H(4) 121.35 121.84 121.54

C(1)-C(2)-H(5) 121.35 121.84 110.54

C(1)-C(2)-H(6) 121.35 121.84

steps to optimize 7 5

* For both ethene and ethenide ionion, all atoms were restricted to a

plane, with hydrogen atoms 3 and 5 cis (and hydrogen atoms 4 and 5

trans) with respect to the double bond; D2h symmetry was imposed

on ethene.

** Dots placed between vertical pairs of numbers indicate the two

numbers were forced to have the same optimized value.
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Table 16. Calculated Bond Lengths (A) and Angles (degrees) of

Ethane and Ethide Ion at the RHF/3-21+G Level

*
bond or angle

standard

geometry

(48)

**
optimization

ethane ethyl anion

C(1)-C(2) 1.5326 1.5419 1.5569

C(1)-H(3) 1.1108 1.0845 1.1057

C(1)-H(4-5) 1.1108 1.0845
......

1.0908

C(2)-H(6) 1.1108 1.0845 -

C(2)-H(7-8) 1.1108 1.0845 1.0982

C(2)-C(1)-H(3) 109.50 110.85 116.73

C(2)-C(1)-H(4-5) 109.50 110.85 110.29

C(1)-C(2)-H(6) 109.50 110.85 -

C(1)-C(2)-H(7-8) 109.50 110.85 110.69

H(7)-C(2)-H(8) 109.50 108.06 108.48

H(4-5)-C(1)-C(2)-H(3) +120.00 [+120.00] +121.40

H(7-8)-C(2)-C(1)-H(3) +60.00 [+60.00] +60.16

H(6)-C(2)-C(1)-H(3) +180.00 [180.00]

steps to optimize 4 7

* Atom numbers refer to Figure 19.

** Numbers in square brackets indicate a constant, non-optimized

parameter. Dots placed between vertical pairs of numbers indicate

the two numbers were forced to have the same value optimized value.
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D. Point Potential Differences in Neutral Molecules

The difference in the electrostatic potential energies at the

hydroxyl oxygen or hydrogen between two molecules of interest is the

initial-state potential energy difference, AV. Electrostatic

potentials can be directly obtained from the results of the

theoretical calculations. The next two sections will look at the

theoretically determined potential differences as a function of

computational level in neutral molecules. The semiempirical CNDO/2

method and the ab initio Gaussian 82 results are compared with the

experimentally determined initial-state differences.

The electrostatic potentials given by the CNDO/2 method are much

less negative than the corresponding results given by the Gaussian 82

method. In the CNDO/2 method the nuclear potential is modified to

include the inner shells as part of the rigid core; the electrostatic

potential at a nuclear center does not include these core electrons,

and therefore, will be much more positive in this approximation. The

Gaussian 82 ab initio method, on the other hand, treats all electrons

explicitly so the electrostatic potential at a nuclear center will be

correct within the limits of the computational level. Since the

difference in electrostatic potentials is of interest, and not the

absolute electrostatic potentials, differences arising from the choice

of theoretical method should cancel.

1. Hydroxyl Oxygen Potential Differences

The electrostatic potentials at the hydroxyl oxygen determined

using the semiempirical CNDO/2 method and the ab initio Gaussian 82

series of programs are given in Table 17. For the acetic acid-isopro-

pyl alcohol comparison, the electrostatic potentials at six levels of

computational theory were computed. The first two lines of Table 17a

give the results from the CNDO and G82(3-21G) levels using standard

geometrical parameters. As previously discussed, the electrostatic

potentials given by the CNDO/2 method are much more positive than are



Table 17. Theoretical Potential Differences (eV) at the Hydroxyl

Oxygen in (a) Acetic Acid-Isopropyl Alcohol, (b) Phenol-

Cyclohexanol, and (c) Anisole-Methyl Cyclohexyl Ether

(a)

(b)

(c)
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acetic acid isopropyl alcohol

method SV(0)

geometry
*

V(0) geometry
*

V(0)

CNDO/2 T.5.s -189.49 T.6.s -190.59 1.11

G82(3-21G) T.5.s -602.56 T.6.s -604.47 1.91

G82(3-21G) T.5.a -602.70 T.6.a -604.47 1.77

G82(3-21+G) T.5.s -601.37 T.6.s -603.30 1.93

G82(3-21+G) T.5.a+ -601.49 T.6.b+ -603.36 1.87

G82(6-31+G) T.5.a+ -605.79 T.6.b+ -607.60 1.80

phenol cyclohexanol

method AV(0)

geometry
*

V(0) geometry
*

V(0)

CNDO/2 T.34.s -189.43 T.35.s -190.60 1.17

G82(3-21G) T.34.s -603.21 T.35.s -604.56 1.35

method

anisole

methyl

cyclohexyl ether

AV(0)

.

geometry
*

V(0) geometry
*

V(0)

G82(3-21G) T.36.s

,

-603.08 T.37.s -604.38 1.30

* The geometry code breaks down into two parts; T(able).#. denotes the

table in which the geometry is given, and the remaining characters

refer to a specific column of geometrical parameters in the table.
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those given by the Gaussian 82 method.

The third line in Table 17a was calculated at the RHF/3-21G

level using geometries that were optimized at the same (3-21G) level.

Comparing lines two and three for isopropyl alcohol, the potential did

not change within the reported five significant figures. This is not

too surprising since the standard geometry is very close to the

optimized geometry at, the 3-21G level (see Table 17). The same compar-

ison for acetic acid shows the electrostatic potential to decrease by

0.14 eV when using the optimized geometry instead of the standard

geometry. Referring to Table 5, it can be seen that the geometrical

parameters changed much more so than did the corresponding geometrical

parameters for isopropyl alcohol (Table 6).

The fourth and fifth lines of Table 17 have been computed at the

RHF/3-21+G level in a manner analogous to lines two and three. Compar-

ison of lines four and five shows roughly the same trend as found for

lines two and three. The electrostatic potentials (at the hydroxyl

oxygen) decreased by 0.06 eV for isopropyl alcohol and 0.12 eV for

acetic acid when the geometries were optimized at the 3-21+G level.

The last line in Table 17a gives the electrostatic potentials at

the hydroxyl oxygen computed at the RHF/6-31+G level of ab initio

theory using geometries optimized at the 3-21+G level. These poten-

tials are more negative than are the potentials calculated at the

RHF/3-21G or RHF/3-21+G levels.

The differences in the electrostatic potentials at the hydroxyl

oxygen for the six levels of theory are given in the last column of

Table 17. These numbers are to be compared with the experimentally

determined AV of 1.33 eV. The CNDO/2 method gave a AV that is too low

(by 0.22 eV), while the ab initio method gave AV's that are too high

(by an average of 0.53 eV).

Qualitatively, the theoretical methods all predict the electro-

static potential at the hydroxyl oxygen to be more positive in acetic

acid than in isopropyl alcohol, which is consistent with experiment

and intuition.

For the phenol-cyclohexanol comparison, two levels of theory

were used to determine the electrostatic potentials at the hydroxyl
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oxygen. These results together with the corresponding AV's are given

in Table 17b. Both levels of theory give AV's that are larger than the

experimentally determined value of 0.86 eV. Qualitatively, all methods

predict the oxygen in phenol to be more positive than the oxygen in

cyclohexanol.

The electrostatic potentials at the hydroxyl oxygen in the

methyl ethers of phenol and cyclohexanol (anisole and methyl cyclo-

hexyl ether) at the RHF/3-21G level (standard geometries) have also

been determined (see Table 17c). The oxygen is ionization potentials

in the methyl ethers are slightly more positive than in the correspon-

ding hydroxyl-containing molecules; this result is in conflict with

the discussion in paragraph 7 of Section II.D. The potential differ-

ence between the methyl ethers is 0.05 eV less than the potential

difference in the hydroxyl-containing molecules.

2. Hydroxyl Hydrogen Potential Differences

The electrostatic potentials at the hydroxyl hydrogen determined

using the semiempirical CNDO/2 method and the ab initio Gaussian 82

series of programs are given in Table 18. For acetic acid and isopro-

pyl alcohol, these potentials were determined at the same six levels

of computation as were the potentials at the hydroxyl oxygen; for

phenol and cyclohexanol, the same two levels of computation are given.

The trends previously discussed in Section D.1 for the potentials and

potential differences as a function of computational level at the

hydroxyl oxygen in neutral molecules hold also for the hydroxyl hydro-

gen. The relative potential differences, AV, between acetic acid and

isopropyl alcohol and between phenol and cyclohexanol are positive

indicating that the acidic hydrogen is more positive in acetic acid

and phenol than in isopropyl alcohol and cyclohexanol.

In the classical model for the separation of initial- and final-

state effects (Section I.C), it was assumed that the potential differ-

ence between bound hydroxyl oxygen is electrons in two different mole-

cules, AV(0), (which is approximated by the potential' difference at



Table 18. Theoretical Potential Differences (eV) at the Hydroxyl

Hydrogen in (a) Acetic Acid-Isopropyl Alcohol and (b)

Phenol-Cyclohexanol

(a)

(b)
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acetic acid isopropyl alcohol

method AV(H) AV(0)-

geometry
*

V(H) geometry
*

V(H) AV(R)

,

CNDO /2 T.5.s -25.78

-

T.6.s -26.52 0.75 0.36

G82(3-21G) T.5.s -25.37 T.6.s -27.00 1.63 0.28

G82(3-21G) T.5.a -25.41 T.6.a -26.99 1.58 0.19

G82(3-21+G) T.5.s -24.63 T.6.s -26.35 1.72 0.21

082(3-21+G) T.5.a+ -24.64 T.6.b+ -26.36 1.72 0.15

G82(6-31+G) T.5.a+ -24.99 T.6.b+ -26.69 1.70 0.10

phenol cyclohexanol

method AV(H) AV(0)-

geometry
*

V(H) geometry
*

V(H) AV(R)

CNDO/2 T.34.s -25.68 T.35.s -26.62 0.94 0.23

082(3-21G) T.34.s -25.83 T.35.s -27.03 1.20 0.15

* The geometry code breaks down into two parts; T(able).#. denotes the

table in which the geometry is given, and the remaining characters

refer to a specific column of geometrical parameters in the table.
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the oxygen nuclei) will be approximately the same as the potential

difference at the hydroxyl hydrogen in the same two different mole-

cules, AV(H). This is equivalent to the simple statement, AV(0)=AV(H).

The validity of this assumption is demonstrated in the last column of

Tables 18a and b, where the quantity AV(0)-AV(R) has been calculated

for the various levels of computation. As the computational method

improves (from top to bottom in each table), the difference AV(0)-

AV(H) decreases.

E. Final-State Relaxation Potential Differences

1. At the Position of the Hydroxyl Oxygen

Core-ionization of the hydroxyl oxygen is electron was theoreti-

cally simulated using the equivalent-core approximation. In the equi-

valent-core approximation, the hydroxyl oxygen is assumed to be com-

posed of a core of localized is electrons and the outer delocalized 2s

and 2p electrons. The loss of an oxygen core-electron increases the

charge of the core from plus six (8 protons and 2 electrons) to plus

seven (8 protons and 1 electron), which corresponds to a neutral

fluorine core (9 protons and 2 electrons). Therefore, in practice, a

fluorine nucleus is used instead of an oxygen nucleus to simulate a

core-ionized atom.

In a core-ionized atom, the valence electrons are less shielded

from the nucleus than in the neutral molecule. This will cause the

electrons to be pulled in closer to the nucleus than in the neutral

molecule. A good approximation for an appropriate basis set would be

an oxygen is core with fluorine valence orbitals. The core-ionized

oxygen basis set would be expected to be somewhere between the oxygen

and fluorine basis sets. A simpler approximation would be to use a

pure oxygen or fluorine basis set. At each level of ab initio theory

reported in the previous two sections, the electrostatic potential at

the core-ionized oxygen nucleus has been determined using both the

oxygen and fluorine basis sets. Using equations 22 and 23 with the
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AV(0) values reported in Table 17 and the AV(0*) values reported in

Tables 19 and 20, R(0) and AR(0) were determined for the various

levels of computation and basis set choice. These results are given in

Tables 19 and 20.

Experimentally, AR was determined to be -0.22 for acetic acid

relative to isopropyl alcohol. In general, the AR's obtained from the

ab initio calculations become slightly more negative with increasing

computational level. All computational levels give AR's that are

negative, indicating that the amount of final-state relaxation is

greater in isopropyl alcohol than in acetic acid. The differences in

AR computed at the 3-21G level using standard geometries and optimized

geometries for a given core-ionized oxygen basis set are negligible

(lines 2 and 4 for the 0 basis and lines 3 and 5 for the F basis). The

AR's computed at the 3-21+G level are independent of the basis choice

on the core-ionized oxygen atom. The values determined at the most

sophisticated level (RHF/3-21+G with 3 -21 +G optimized geometry) are

close to the experimental number. In general, it appears that AR(0) is

independent of the basis choice for the core-ionized oxygen atom.

That AR is negative indicates that isopropyl alcohol relaxes

more than acetic acid upon core-ionization. This is not in agreement

with the standard resonance delocalization picture.

For the phenol-cyclohexanol comparison, AR was experimentally

determined to be -0.02 eV. At the CNDO/2 level, AR was calculated to

be +0.51 eV. At the G82(3-21G) level, AR was determined to be about

+0.07 eV (fairly independent of basis choice on the core-ionized

hydroxyl oxygen). Qualitatively, the theoretical AR's are all posi-

tive, indicating that phenol relaxes more than does cyclohexanol. This

is in keeping with the traditional resonance theory.

The theoretical AR for anisole-methyl cyclohexyl ether was

determined to be about 0.08 eV more positive than the AR for phenol-

cyclohexanol.
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Table 19. Theoretical Potential Energies (eV) at the Core-Ionized

Hydroxyl Oxygen in Acetic Acid and Isopropyl Alcohol and

Relaxation Energy Differences (eV)

method -basis

on

(0*)

acetic acid isopropyl alcohol

AR(0)

geore* V(0*) R(0) geomV` V(0*) R(0)

CNDO/2 T.5.s -235.80 23.16 T.6.s -237.41 23.41 -0.25

G82(3-21G) -0 T.5.s -649.94 23.69 T.6.s -652.06 23.80 -0.11

G82(3-21G) -0 T.5.a -650.01 23.66 T.6.a -652.01 23.77 -0.11

G82(3-21+G)-0 T.5.s -649.72 24.18 T.6.s -651.95 24.33 -0.15

G82(3-21+G)-0 T.5.a+ -649.84 24.18 T.6.b+ -652.07 24.36 -0.18

G82(3-21G) -F T.5.s -705.27 51.36 T.6.s -707.46 51.50 -0.14

G82(3-21G) -F T.5.a -705.34 51.32 T.6.a -707.40 51.47 -0.15

G82(3-21+G)-F T.5.s -704.68 51.66 T.6.s -706.91 51.81 -0.15

G82(3-21+G)-F T.5.a+ -704.79 51.65 T.6.b+ -707.04 51.84 -0.19

** The geometry code breaks down into two parts; T(able).#. denotes

the table in which the geometry is given, and the remaining

characters refer to a specific column of geometrical parameters in

the table.
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Table 20. Theoretical Potential Energies (eV) at the Core-Ionized

Hydroxyl Oxygen and Relaxation Energy Differences (eV) in

(a) Phenol and Cyclohexanol and (b) Anisole and Methyl

Cyclohexyl Ether

(a)

method -basis phenol cyclohexanol

on R(0)

(0*) geore* V(0*) R(0) geore* V(0*) R(0)

CNDO/2 -F T.34.s -237.52 24.05 T.35.s -237.67 23.54 +0.51

G82(3-21G) -0 T.34.s -651.28 24.04 T.35.s -652.32 23.98 +0.06

G82(3-21G) -F T.34.s -706.51 51.65 T.35.s -707.69 51.57 +0.08

(b)

methyl cyclohexyl

method -basis anisole ether

on R(0)

(0*) geore* V(0*) R(0) geofe* V(0*) R(0)

G82(3-21G) -0 T.36.s -652.64 24.78 T.37.s -653.63 24.63 0.15

** The geometry code breaks down into two parts; T(able).#. denotes

the table in which the geometry is given, and the remaining

characters refer to a specific column of geometrical parameters in

the table.
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2. At the Position of the Missing Hydroxyl Hydrogen

Electrostatic potentials were calculated at the position of the

missing hydrogen in the anions (see Table 21). For those calculations

in which standard geometries or neutral molecule optimized geometries

were used, the position of the missing hydrogen is clearly defined.

For those calculations involving geometrically relaxed anions, this

position becomes less clear since the atomic centers have moved from

their position in the neutral molecule. For the calculations involving

geometrically relaxed anions, the position of the missing hydrogen was

fixed by setting the 0-H bond length and C-0-H bond angle to the

values determined in the corresponding optimization of the neutral

molecule.

At the various levels of theory, the electrostatic potential at

the missing hydroxyl hydrogen was determined (see Table 21). For

acetic acid-isopropyl alcohol, the AR(H) values are all negative as

were the AR(0) values discussed in section III.E.1. The variation in

these values is very great compared to the AR(0) values in Table 19.

This probably reflects the uncertainty in where to compute the elec-

trostatic potential.

F. Theoretical Initial- and Final-State Effects

The theoretical initial-state potential differences, AV, for

acetic acid-isopropyl alcohol, were determined to be about 1.8 eV more

positive in acetic acid than in isopropyl alcohol; the theoretical

final-state relaxation differences, AR, were determined to be about

-0.15 eV at the hydroxyl oxygen, and between -0.14 and -0.46 eV at the

position of the missing hydroxyl hydrogen. The AV's and AR(0) values

are fairly insensitive to the ab initio computational level.

For acetic acid-isopropyl alcohol, AV is relatively large

(compared to the AR values) and positive. Again, this implies that the

potential at the hydroxyl oxygen or hydrogen is more positive in

acetic acid than in isopropyl alcohol. The negative A. values indicate
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Table 21. Theoretical Electrostatic Potentials at the Position of

the Missing Hydroxyl Hydrogen (eV) and Final-State

Relaxation Potential Differences (eV) for (a) Acetate and

Isopropoxide Ions and (b) Phenoxide and Cyclohexoxide Ions

(a)

method

acetate ion isopropoxide ion

AR(H)

geom.* V(-H+) R(H) geom.* V(-H+) R(H)

CNDO/2 T.7.s -10.83 7.48 T.8.s -11.26 7.63 -0.16

RHF(3-21G) T.7.s -10.05 7.66 T.8.s -10.91 8.05 -0.39

RHF(3-21G) T.5.a -10.12 7.65 T.6.a -10.94 8.03 -0.38

RHF(3-21G) T.7.a -9.08 7.78 T.8.a -10.67 8.16 -0.38

RHF(3-21+G) T.7.s -9.18 7.73 T.8.s -9.98 8.19 -0.46

RHF(3-21+G) T.7.a+ -8.42 8.11 T.8.d+ -9.86 8.25 -0.14

RHF(3-21+G) T.7.c+ -8.57 8.87 T.8.b+ -9.86 8.25 -0.21

RHF(6-31+G) T.7.c+ -8.53 8.23 T.8.d+ -9.81 8.41 -0.18

(b)

phenoxide ion cyclohexoxide ion

method
AR(H)

geom.* V(-H+) R(H) geom.* V(-H+) R(H)

CNDO/2 T.34.s -9.20 8.24 T.35.s -11.00 7.81 0.43

RHF(3-21G) T.34.s -9.16 8.34 T.35.s -10.78 8.13 0.21

* The geometry code breaks down into two parts; T(able).#. denotes

the table in which the geometry is given, and the remaining

characters refer to a specific column of geometrical parameters in

the table.
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that there is a greater charge flow away from the hydroxyl oxygen in

isopropyl alcohol upon proton removal than there is in acetic acid.

This is in direct conflict with the resonance delocalization upon

ionization theory.

For phenol-cyclohexanol, the AV's are also positive indicating

that the potential at the hydroxyl oxygen and hydrogen in phenol is

more positive than in cyclohexanol. The AR's are all positive, and

smaller than the AV's. A positive AR indicates that the greater charge

flow away from the hydroxyl oxygen upon proton removal occurs in

phenol. This is in keeping with the resonance theory. However, that AV

is much larger than AR indicates that initial-state effects dominate

over final-state relaxation effects. The same trend was observed for

anisole-cyclohexanol.

G. Acidities from Total Energies

In the next two sections, the theoretical acidities of acetic acid and

isopropyl alcohol are discussed with respect to the geometry, choice

of basis set, and calculation type. The theoretical acidities (total

energy of the anion minus total energy of the neutral molecule) are

compared with experimental gas-phase acidities.

The various geometries have been previously discussed in sec-

tions III.C.2 and 3. For each calculation, the geometry used is

specified by a code of the form T. #.letter( +). The T.# is used to

denote the table in which the geometrical parameters are given. The

letter(+) corresponds to the geometry label given in Table #, and is

used to specify a given set of geometrical parameters in the table.

The convention used for the letters in the geometry label is as fol-

lows: a small letter s is used to denote a standard non-optimized

geometry, and other small letters, beginning with a, are used to dis-

tinguish between the different optimization schemes. A small letter

(other than s) without a plus sign indicates that the optimization was

carried out using the 3-21G basis set. The addition of a plus sign to

the small letter indicates that the 3-21+G basis set Was used in the
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optimization. It should be noted that all geometry optimizations were

done at the RHF level; these geometries were used in the Miiller-

Plesset calculations.

Three basis sets were utilized; these were the 3-21G, 3-21+G and

6-31+G, and are listed in order of increasing size.. The basic types of

calculations include restricted Hartree-Fock, and second, third, and

fourth order M6Iler-Plesset correlation energy corrections. At the

fourth order Willer-Plesset level several other energies are also de-

termined; these are discussed later in the text.

1. Acetic Acid

The acidity of acetic acid has been experimentally measured to

be 15.11 * 0.09 eV from the equilibrium constant of gas-phase proton

transfer equilibria determined from high-pressure pulsed mass spectro-

metry 22
.

The lowest level of ab initio calculation was carried out at the

RHF/3-21G level using the same experimental standard geometry for both

neutral acetic acid and the deprotonated acetate ion. These results

are shown in the first line of Table 22. This frozen geometric model

does not allow for geometric relaxation of the anion following proton

removal, and therefore, the total energy of the anion should be too

high while the total energy of the neutral acid should be approximate-

ly correct. The resulting acidity should therefore, be too high. In

accord with this prediction, the geometrically frozen acidity was

determined to be 1.71 eV greater than the experimental acidity. The

second line gives the theoretical acidity obtained using a geometry

.

for both the neutral acid and the ion that was optimized at the 3-21G

level for neutral acetic acid. In this case, the energy of the neutral

acid has been lowered relative to the standard geometry by 0.04 eV,

but the energy of the anion has increased relative to the energy of

the anion in the standard geometry by 0.03 eV. The resulting acidity

increased by 0.07 eV.

The third through the fifth lines of Table 22 allow for geomet-
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Table 22. Calculated Acidities (eV) of Acetic Acid (see text for a

description of the assumptions involved in each

calculation)

Ab initio

Calculation Level/

Basis Set

Acetic Acid Acetate Ion

Acidity

Geometry Energy Geometry Energy

RHF/3-21G T.5.s -6164.26 T.7.s -6147.44 16.82

T.5.a -6164.30 T.5.a -6147.41 16.89

T.7.a -6147.98 16.32

T.7.b -6148.00 16.30

T.7.c -6148.00 16.30

RHF/3-21+G T.5.s -6165.41 T.7.s -6149.94 15.47

T.5.a+ -6165.46 T.7.a+ -6150.33 15.13

T.7.c+ -6150.34 15.12

/6-31+G T.5.a+ -6196.25 T.7.c+ -6180.98 15.27

MP2/3-21+G T.5.a+ -6177.50 T.7.c+ -6162.73 14.77

/6-31+G T.5.a+ -6208.18 T.7.c+ -6193.29 14.90

MP3/3-21+G T.5.a+ -6177.38 T.7.c+ -6162.37 15.01

MP4(DQ)/3-21+G T.5.a+ -6177.68 T.7.c+ -6162.70 14.98

MP4(SDQ)/3-21+G T.5.a+ -6177.94 T.7.c+ -6163.03 14.91

MP4(VAR1)/3-21+G T.5.a+ -6175.84 T.7.c+ -6160.71 15.13

CI(SD,4)/3-21+G T.5.a+ -6176.21 T.7.c+ -6161.10 15.11

* The geometry code breaks down into two parts; T(able).#. denotes

the table in which the geometry is given, and the remaining

characters refer to a specific column of geometrical parameters in

the table.
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ric relaxation of the anion, and utilize three different anion optimi-

zation schemes at the RHF/3-21G level, which have been discussed in

section III.3.C. The total energies calculated for the anions using

the three different schemes are essentially identical even though the

geometric optimization schemes varied. Comparison of these energies

with the optimized geometrical parameters reported in Table 7 for

acetate ion shows the total energy to be fairly insensitive to minor

changes in bond lengths and angles.

The next improvement in the computational method was to add

diffuse functions to the 3-21G basis set. It has been stated that

"proper description of absolute acid strength requires basis sets

which incorporate diffuse functions"54. The reason for this require-

ment is the low ionization potential of anions; the extra electron is

easily lost, and therefore, it is probably far out from the nucleus.

The diffuse functions are therefore required for an adequate descrip-

tion of the electronic structure. The results of adding diffuse

functions are shown in lines six through eight of Table 22. Comparison

of the results obtained at the RHF level using the same standard

geometry for both the neutral acid and the anion at the 3-21G level

(line 1) with the corresponding results obtained using the 3-21+G

basis set (line 6) shows the total energy 'of the neutral acid to have

decreased by 1.15 eV and the anion to have decreased by 2.50 eV with

the addition of diffuse functions to all non-hydrogenic centers. The

total acidity dropped by 1.35 eV. The corresponding results obtained

when the geometries were optimized at the 3-21+G level for the neutral

acid and anion are shown in lines seven and eight. The acidities thus

obtained are well within the experimental error of the measured

values.

Using the larger 6-31+G basis set and the geometry optimized

with the 3-2I+G basis set lowers the total energies of the neutral

acid and the anion by about 30 eV, but results in an acidity that is

slightly too high.

The next question to address, is, what happens if further re-

finements in the computational procedure are added. Will the acidity

remain the same, or will it deviate from the experimental value? The
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Hartree-Fock level does not adequately account for the correlation of

the motion of the electrons. Two different approaches in the computa-

tional refinement have been studied; M011er-Plesset perturbation

theory and limited configuration interaction. These methods both

represent improvements over the basic restricted Hartree-Fock method,

but each has its own set of advantages and disadvantages.

The energies determined by Kciller-Plesset perturbation theory do

not represent rigorous upper bounds to the true energy because the

calculations are not variational, but do have the property of size

consistency, which means that the relative errors increase in propor-

tion to the size of the molecule. Calculations utilizing the limited

configuration interaction method are variational, and therefore the

energies are upper bounds to the full configuration interaction energy

for a given basis set, but are not size consistent. The size consis-

tency of the method is important in comparing properties of molecules

of different sizes. In this study, comparisons are made of systems of

approximately the same size. Therefore, the size consistency criterion

may not be of much importance.

Miiller-Plesset correlation energy corrections at the second

(MP2), third (MP3), and fourth order (MP4), variational energies from

the first-order wave-function (VAR1), and configuration interaction

energies with all single and double substitutions from the Hartree-

Fock determinant at the fourth-order CI(SD,4) were computed using the

geometries optimized at the RHF/3-21+G level for both the neutral acid

and the anion. These results are given in the last seven lines of

Table 22.

At the MP2/3-21+G level, the calculated acidity is lower than

the measured acidity by 0.34 eV, and at the MP2/6-31+G level the

calculated acidity is lower than the measured acidity by 0.21 eV. At

the MP3 level, the calCulated acidity is essentially on the lower edge

of the uncertainty range of the experimental number, or 0.10 eV lower

than the experimental number.

At the RHF/MP4 level, two energies are computed; the MP4(DQ)

calculations use the space of only double and quadruple substitutions,

while the MP4(SDQ) calculations use the space of single, double and
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quadruple substitutions; the effects of triple substitutions are ig-

nored. Both of these methods gave acidities that are significantly

lower than the experimental value. Full MP4 computations use the space

of single, double, triple, and quadruple substitutions, MP4(SDTQ).

This study stopped at the MP4(SDQ) level.

2. Isopropyl Alcohol

The same series of calculations were performed on isopropyl

alcohol as have just been described for acetic acid. The RHF/3-21G

level, using either a standard, non-optimized geometry (line 1 of

Table 23) or the geometry optimized for the neutral alcohol (line 2 of

Table 23), gave theoretical acidities larger than the experimental

acidity of 16.22 + 0.09 eV23 by 2.05 eV. Using geometries that were

optimized at the 3-21G level for both the neutral alcohol and the

anion reduced the acidity by 0.11 eV. The best acidity calculated at

the RHF/3-21G level is higher than the experimental acidity by 1.94

eV.

Adding diffuse functions to the 3-21G basis set, and using the

same standard geometry for the neutral alcohol and the anion (line 4

of Table 23) brings the theoretical acidity down to within 0.57 eV of

the experimental number. Optimization of the anion at the RHF/3-21+G

level does not further lower the acidity. Increasing the basis fun-

ctions by using the 6-31+G basis set causes the theoretical acidity to

increase by about 0.11 eV, or to be larger than the experimental acid-

ity by 0.66 eV.

At the MP2/3-21+G level, the theoretical acidity is within the

experimental error of the measured acidity, and at the MP2/6-31+G

level the theoretical acidity is just barely within the upper limit of

the experimental uncertainty.

The last eight lines of Table 23 give the results of using theo-

retical methods more sophisticated than MP3. The MP4 results give

acidities that are further away from the measured value than the MP3

results. The variational and configuration interaction methods are
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Table 23. Calculated Acidities (eV) of Isopropyl Alcohol

Ab initio

Calculation Level/

Basis Set

isopropyl alcohol isopropoxide ion

Acidity
*

Geometry Energy
*

Geometry Energy

RHF/3-21G T.6.s -5225.90 T.8.s -5207.63 18.27

T.6.a -5225.91 T.6.a -5207.63 18.28

T.8.c -5207.75 18.16

/3-21+G T.6.s -5226.68 T.8.s -5209.89 16.79

T.6.b+ -5226.70 T.8.d+ -5209.93 16.77

T.8.b+ -5209.91 16.79

/6 -31 +G T.6.b+ -5252.94 T.8.b+ -5236.06 16.88

MP2/3-21+G T.6.b+ -5237.84 T.8.d+ -5221.63 16.21

T.8.b+ -5221.60 16.24

/6-31+G T.6.b+ -5264.02 T.8.b+ -5247.72 16.30

MP3/3-21+G T.6.b+ -5238.50 T.8.d+ -5222.02 16.48

T.8.b+ -5221.99 16.51

MP4(DQ)/3-21+G T.6.b+ -5238.77 T.8.d+ -5222.33 16.44

T.8.b+ -5222.30 16.47

MP4(SDQ)/3-21+G T.6.b+ -5238.89 T.8.d+ -5222.57 16.32

T.8.b+ -5222.54 16.35

MP4(VAR1)/3-21+G T.6.b+ -5237.04 T.8.d+ -5220.36 16.68

T.8.b+ -5220.33 16.71

CI(SD,4) /3 -21 +G T.6.b+ -5237.38 T.8.d+ -5220.76 16.62

T.8.b+ -5220.73 16.65

* The geometry code breaks down into two parts; T(able).#. denotes

the table in which the geometry is given, and the remaining

characters refer to a specific column of geometrical parameters in

the table.
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even further away than the MP4 numbers.

The effect of the optimization method used on the anion has

little effect on the overall acidities computed at any of the levels

considered.

3. Other Molecular Systems of Interest

At no point in the theoretical determination of the acidities of

acetic acid and isopropyl alcohol (discussed in the above two sec-

tions) did the theoretical acidities of both molecules match the

experimental gas-phase acidities at the same level of computation. It

would be useful to be able to theoretically determine gas-phase acidi-

ties accurately. However, these results indicate that there is no

simple theoretical prescription that will reliably give acidities that

are in agreement with experiment. In this section, it is shown that

there are linear correlations between theoretical acidities and exper-

imental gas-phase acidities that make it possible to predict experi-

mental acidities of compounds for which measurements are either

difficult or impossible.

Eight other molecules for which gas phase acidities have been

measured were chosen for further theoretical study. For each molecule

and respective anion, the geometry of the lowest energy conformation

was optimized at the RHF/3-2I+G level. (The results of these calcula-

tions have already been presented in section III.C.4. and their con-

formations discussed in section III.B.5.) Total molecular and ionic

energies, at seven different levels of molecular orbital theory, were

calculated using the optimized geometries. These energies are tabula-

ted in Tables 38 and 39 in Appendix D. From these total energies, the

theoretical acidities were calculated and are given in Tables 24 and

25. For comparison, the experimental gas-phase acidities are given in

Table 26.

Plots of the theoretical acidities at any of the seven levels of

computation as a function of the experimental gas-phase acidities were

all qualitatively the same, with the points falling on a straight
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Table 24. Acidities (eV) Calculated from Total Energy Differences at

the RHF, MP2, and MP3 Levels as given by Ab Initio Theory

using the 3-21+G Basis Set

Molecule A(RHF) A(2) A(3)

monofluoroacetic acid 14.58 14.18 14.44

formic acid 14.93 14.55 14.81

2,2-difluoroethanol 15.98 15.53 15.78

ethanol 16.88 16.36 16.62

methanol 16.94 16.48 16.72

ethene 18.35 18.13 18.26

methane 18.73 18.42 18.55

ethane 18.95 18.62 18.75

Table 25. Acidities (eV) Calculated from Total Energy Differences at

the MP4-DQ, -SDQ, -VAR1, and -CISD,4 Levels as given by

Ab Initio Theory using the 3-21+G Basis Set

Molecule A(4)DQ A(4)SDQ A(VAR1) A(CISD,4)

monofluoroacetic acid 14.40 14.32 14.61 14.60

formic acid 14.78 14.69 14.92 14.87

2,2-difluoroethanol 15.74 15.64 15.98 15.97

ethanol 16.57 16.47 16.78 16.69

methanol 16.67 16.60 16.83 16.74

ethene 18.27 18.22 18.33 18.32

methane 18.54 18.51 18.61 18.58

ethane 18.75 18.71 18.85 18.82
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Table 26. Experimental Gas-Phase Acidities (eV)

Molecule A(EXPTL) Ref.

monofluoroacetic acid 14.64 22

formic acid 14.93 22

2,2-difluoroethanol 15.91 23

ethanol 16.31 23

methanol 16.44 23

ethene 17.61 56

methane 18.07 56

ethane 18.17 56

Table 27. Acidities (eV) Calculated from Total Energy Differences at

the RHF and MP2 Levels as given by Ab Initio Theory using

the 6-31+G Basis Set

Molecule A(RHF) A(2)

formic acid 15.07 14.68

methanol 17.08 16.62

ethene 18.35 18.09

ethane 19.02 18.64
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line. This is illustrated in Figure 19 using the theoretically ob-

tained acidities at the RHF/3-21+G and CI(SD,4)/3-21+G levels of

computation; the corresponding points for acetic acid and isopropyl

alcohol have been included.

The results of linear least squares fits to the ten points at

the seven levels of theory are given in Table 28. If the theoretical

acidities matched the experimental gas-phase acidities, then a line of

slope one and y-intercept zero (the dotted line in the graph) would be

obtained. All levels of theory studied give lines of slope greater

than one, with correlation coefficients better than 0.996. The worst

fit (as judged from the correlation coefficient) was obtained at the

RHF level of computation. The largest improvement in the correlation

coefficient is realized in going from the RHF level of theory to the

MP2 level. The MP2, MP3, and MP4 levels of theory all give essentially

equivalent correlation coefficients. The best correlation coefficient

is obtained at the CISD,4 level.

The effect of increasing the size of the basis set was next

studied. Six of the ten molecules were chosen for this study. These

include acetic acid, isopropyl alcohol, formic acid, methanol, ethane,

and ethene. Gaussian 82 ab initio calculations were performed on these

molecules and their respective anions at the RHF and MP2 levels. Based

on the correlation results obtained using the 3-21+G basis set, it did

not seem necessary to perform these calculations at any higher level

of sophistication.

The total energies for the six neutral molecules and their

respective anions were calculated at the RHF/6-31+G and MP2/6-31+G

levels of computation. The total energies are given in Table 40 in

Appendix D, and the corresponding acidities are given in Table 27 for

formic acid, methanol, ethene, and ethane. The total energies and

acidities for acetic acid and isopropyl alcohol have been previously

given and discussed.

The relationship between the theoretical acidities determined at

the RHF and MP2 levels using the 6-31+G basis set and the experimental

gas phase acidities is linear, as shown in Figure 20. Also shown on

the same graph for reference purposes, are the corresponding points
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Figure 19. Linear correlation of experimental gas-phase acidities and

theoretical acidities using the 3-21+G basis set at the

RHF and CISD,4 levels
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Table 28. Results of Linear Least Squares Fit to Experimental versus

Theoretical Acidities using the 3-21+G Basis Set

computation

level

y-

intercept slope r

RHF -3.5828 1.2426 0.9964

MP2 -4.4983 1.2743 0.9975

MP3 -3.6057 1.2330 0.9973

MP4(DQ) -3.8149 1.2440 0.9973

MP4(SDQ) -4.1308 1.2588 0.9974

VAR1 -3.1153 1.2109 0.9972

CISD,4 -3.1532 1.2108 0.9977

Table 29. Results of Linear Least Squares Fits to Experimental versus

Theoretical Acidities at the RHF and MP2 Levels using the

3 -21 +G and 6-31+G Basis Sets on Six Selected Molecules

computation 51-

level intercept slope r

RHF/3-21+G -3.7432 1.2543 0.9980

MP2/3-21+G -4.6562 1.2865 0.9990

RHF/6-31+G -3.0635 1.2190 0.9977

MP2/6-31+G -3.8234 1.2406 0.9995

* The six selected molecules were formic acid, acetic acid, methanol,

isopropyl alcohol, ethene, and ethane.
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0 RHF/6-31+G level //
//

//1

O RHF /3 -21 +G level

A

reference line

MP2/6-31+G level 0

MP2/3-31+G level A
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experimental gas-phase acidity (eV)
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Figure 20. Linear correlation of experimental gas-phase acidities and

theoretical acidities using the 6-31+G basis and the

3-21+G basis sets at the RHF and MP2 levels.
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obtained at the RHF/3-21+G and MP2/3-21+G levels, and a dotted line

corresponding to a theoretical acidity equal to the experimental

value. In general, both levels of theory give higher acidities with

the 6-31+G basis set than with the 3-21+G basis set. For a given level

of computation, the two basis sets give similar results for weak

acids, and show a small deviation for the stronger acids.

The theoretical acidities determined with the 3-21+G basis set

are slightly closer to the experimental results than those determined

with the 6-31+G basis set. The same diffuse orbital exponents were

used on both basis sets; these were optimized for anions 29 using the

3-21G basis. The diffuse orbital exponents are fairly insensitive to

the choice of the underlying basis set55, and therefore, should be

appropriate for the 6-31G basis set also. The closer agreement between

experiment and theory when using the 3-21+G basis set as opposed to

the 6-31+G basis set might be due to the geometry of the molecules and

anions used (which were those optimized at the 3-21+G level).

Table 29 gives the results of linear least squares fits to the

six corresponding sets of data. At the RHF level, the results obtained

using the 3-21+G basis set gave a slightly better correlation coeffi-

cient; at the MP2 level, the reverse was true. The 6-31+G basis set

yields slopes that are closer to one than the 3-21+G basis set for

both levels of theory. All considered, the overall choice of ab initio

level and basis set for acidity calculations is MP2/3-21+G. The extra

time required for an MP2 calculation using the 6-31+G basis set is not

offset by the slight gain in correlation coefficient (see Appendix F).

In this section, excellent linear correlations have been found

between measured gas phase acidities and theoretical acidities. This

correlation will allow for the prediction of experimental acidities on

the basis of fairly inexpensive calculations. The use of such a proce-

dure is discussed in the next section.
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IV. ISOPROPENYL ALCOHOL

In section I.A. three initial-state differences between acetic

acid and isopropyl alcohol were discussed. These differences center

around the effects of substituting a carbonyl group in acetic acid for

a methyl group in isopropyl alcohol. In order to separate the contri-

butions due to the carbonyl oxygen and those due to the double bond,

the acidity and oxygen is core-ionization energy of isopropenyl alco-

hol are desired. Unfortunately, isopropenyl alcohol is a transient

molecule; it would be very difficult, if not impossible to experimen-

tally measure its acidity and oxygen core-ionization energy. The two

linear correlations obtained in Sections II.D and 111.0.4 have been

used to determine these energies.

The gas-phase acidity of isopropenyl alcohol was determined from

the theoretical acidity and the correlation of theoretical and experi-

mental acidities. The theoretical acidity was obtained by first deter-

mining the lowest energy conformations of neutral isopropenyl alcohol

and isopropenoxide ion, then optimizing these structures geometrical-

ly, and finally determining their energies.

The core-ionization energy of isopropenyl alcohol was determined

from the experimentally measured oxygen is ionization energy of 2-

methoxypropene (the methyl ether of isopropenyl alcohol) and the

correlation of hydroxyl and methoxy ionization potentials. The details

of these calculations are described in the following sections.

A. Conformations and Conformational Energies

The most stable conformations of isopropenyl alcohol and isopro-

penoxide ion were determined using single point Gaussian 82 calcula-

tions. In Figure 21, the total molecular energy of various conforma-

tions is shown as a function of H-O-C=C dihedral angle for three

different O-C-C-H rotamers. Standard bond lengths
30 and angles were

used for these calculations; the geometries were not optimized. The

lowest energy conformation is shown in Figure 22a. It is geometrically
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ion.



111

the same as the eclipsed form of acetic acid (see Figure 8a) in that

all atoms except for two methyl hydrogen atoms lie in a plane, and the

in plane methyl hydrogen is on the same side of the carbon-carbon

single bond as the hydroxyl oxygen, and the hydroxyl hydrogen is on

the same side of the carbon-oxygen single bond as the double bond.

In isopropenoxide ion, rotation about the carbon-carbon single

bond gives the only possible set of rotamers. Relative conformational

energies were calculated using the same standard bond lengths and

angles as were used for the isopropenyl alcohol. These energies are

plotted as a function of H-C-C=C dihedral angle in Figure 23. The

lowest energy conformation occurs when a methyl hydrogen eclipses the

methylene group (see Figures 22b and 23).

B. Molecular Structures

The molecular structures of isopropenyl alcohol and isopropenox-

ide ion were determined theoretically using the geometry optimization

option in the Gaussian 82 program. For both systems, a plane of

symmetry was utilized. Otherwise, full geometric optimizations were

performed at the RHF/3-21+G level. The results are given in Table 30.

For isopropenyl alcohol, the carbon-carbon double bond was

predicted to be the same as in ethene (see Table 15). The carbon-

carbon and carbon-oxygen single bonds were predicted to be about the

same as the corresponding single bonds in acetic acid (see Table 5).

The optimized parameters of isopropenoxide ion are also given in

Table 30. The change in the structure of isopropenyl alcohol following

ionization can be compared with the change in the structure of acetic

acid following ionization (Tables 5.a+ and 7.a+). In both systems, the

carbon-oxygen single bond shortens by about 0.095A, while the carbon-

carbon single bond lengthens by about 0.05A. The carbon-oxygen and

carbon-carbon double bonds also both lengthen by about 0.05A. These

changes in bond lengths of the carbon-oxygen single bond and the

double bond is indicative that resonance delocalization is occuring in

isopropenyl alcohol upon ionization. This is in keeping with the
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Table 30. Calculated Bond Lengths (A) and Angles (degrees) of

Isopropenyl Alcohol and Isopropenoxide Ion

*
bond or angle

standard

geometry

(30)

optimization

isopropenyl

alcohol

isopropen-

oxide ion

C(2)-0(1) 1.37 1.3962 1.3026

C(2)=C(3) 1.47 1.3202 1.3657

C(2)-C(4) 1.51 1.4971 1.5382

C(3)-H(5-6) 1.07 1.0726 1.0755

C(4)-H(7-9) 1.08 1.0830 1.0860

0(1)-H(10) 0.96 0.9650

0(1)-C(2)=C(3) 120. 123.49 127.37

0(l)-C(2)-C(4) 120. 109.80 115.04

C(2)=C(3)-H(5-6) 120. 121.46 121.00

C(2)-C(4)-H(7-9) 109.5 110.18 110.23

C(2)-0(1)-H(10) 105.4 114.72

steps to optimize 8 7

* Atom numbers refer to Figure 22.
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traditional organic view.

C. Acidity

In section III.G.4. linear correlations were found between

theoretical acidites at a given level of computation and experimental

gas-phase acidities. Using the optimized geometries given in Table 30,

the total energies of isopropenyl alcohol and isopropenoxide ion were

calculated at the seven different levels of molecular orbital theory

for which these correlations were established. Theoretical acidities

were determined as the difference in total energy between isopropenox-

ide ion and isopropenyl alcohol. The theoretical acidities were then

used with the linear relationships established in section III.G.4 (see

Table 31). The predicted experimental acidity of isopropenyl alcohol

is 15.69 (an average of all values, standard deviation among the

numbers is 0.02 eV).

D. Ionization Potential

The oxygen is core-ionization energy of isopropenyl alcohol was

determined using the linear relationship established in section II.D

(given in Figure 7) and the measured oxygen is core-ionization energy

of 2-methoxypropene to be 539.40 eV.

E. Initial- and Final-State Effects

The initial- and final-state potential differences for a series

of substituted C-OH type compounds were determined using equations 16

and 17 together with gas-phase acidities and oxygen is core-ionization

energies. These data are given Table 32.

The top three lines give AV and OR relative to isopropyl alcohol

for isopropenyl alcohol and acetic acid. The difference between lines



115

Table 31. Total Energies (eV) and Theoretical Acidities (eV)

Isopropenyl Alcohol as a Function of Ab Initio

Computational Level

method

total energies

theoretical
*

acidity

estimated

experimental
**

acidity

isopropenyl

alcohol

isopropen-

oxide ion

RHF -5194.65 -5178.76 15.89 15.67

MP2 -5205.54 -5190.10 15.44 15.65

MP3 -5206.02 -5190.27 15.75 15.70

MP4(DQ) -5206.26 -5190.54 15.72 15.70

MP4(SDQ) -5206.40 -5190.78 15.62 15.69

VAR1 -5204.59 -5188.69 15.90 15.70

CISD,4 -5204.92 -5189.06 15.86 15.70

* The theoretical acidity is the difference between the total energy

of isopropenoxide ion and isopropenyl alcohol.

** The estimated experimental acidities are corrected theoretical

acidities from use of the linear relationships given in Table 28.
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Table 32. Initial- and Final-State Differences (eV) for a Series of

C-OH Containing Molecules

molecule A I AA AI AV AR

H
3
C\

/
CH-OH 16.2223 538.51 0.0 0.0 0.0 0.0

H
3
C

H
2
C
A

C-OH 15.70 539.40 -0.52 0.89 0.71 -0.19

/
H

3
C

0

C-OH 15.11
22 540.09

9 -1.11 1.58 1.35 -0.24

/
H

3
C

0
%
C-OH 14.6457 540.569 -1.58 2.05 1.82 -0.24

/
FH

2
C

0
%C

-OH 14.31
57 540.99

9 -1.91 2.48 2.20 -0.29

/
F

2
HC

0

\C -OH 13.99
57 541.28

9 -2.23 2.77 2.50 -0.27

/
F
3
C
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1 and 2 gives the effect of adding a double bond. In the neutral mole-

cules, the oxygen atom is more postitive in isopropenyl alcohol by

0.71 eV. The effect of substituting an oxygen for a CH2 group is

given by the difference between lines 2 and 3. In the neutral mole-

cules, the hydroxyl oxygen in acetic acid becomes more positive than

the oxygen in isopropenyl alcohol by 0.64 eV. These data allow the

initial state effect between isopropyl alcohol and acetic acid to be

divided into a resonance and hybridization
effect (lines 1 and 2) and

a possible further resonance and electronegativity
effect (lines 2 and

3).

Lines 4-6 continue a trend toward
increasing ease of proton

removal and increasing oxygen is ionization energy, by successively

replacing the methyl hydrogen atoms by electronegative fluorine atoms.

The initial-state effect of replacing the -CH3 group with the -CF3

group is about as large as the effect of replacing the -CH3 group

with =0.

The increasing magnitude of AR suggests that final-state

relaxation becomes less important as you proceed down the table.
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V. CONCLUSIONS

Carboxylic acids and phenols are much stronger acids than are

aliphatic alcohols. The usual explanation for the higher acidity of

acids over alcohols emphasizes the rearrangement of the nuclei and

electrons in carboxylic acids and phenols following proton removal. In

this picture, the importance of resonance structures that involve no

charge separation is stressed. More of such resonance structures can

be drawn for the anions of carboxylic acids and phenols than can be

drawn for the neutral molecules or alcohol anions. These resonance

structures provide a means for the negative charge from the departing

proton to delocalize over the anion. Alcohols, in contrast, cannot

provide a resonance delocalization path for the dispersal of negative

charge in the anion. In this picture, it is assumed that the excess

negative charge remains localized on the oxygen atom in alcohols. In

this theory, not much is said about the neutral molecules, except to

point out that the only resonance structures
that can be drawn for

carboxylic acids involve a separation of charge and for neutral

phenols, of the five resonance
structures that can be drawn, three

involve charge separation.

The ease with which molecules accept charge can be related to

two factors: an initial-state potential effect and a final-state

relaxation effect.
Initial-state effects are those factors present in

the neutral molecule that affect the ability of the system to accept

charge. In the systems studied, the neutral hydroxyl-containing

molecules have an acidic hydrogen attached to an oxygen, which is

attached to the rest of the molecule.
Anything (in the rest of the

molecule) that makes the oxygen (to which the acidic proton is

attached) more positive, or less negative, will make the molecule more

acidic. Three initial-state differences between neutral acetic acid

and isopropyl alcohol can be immediately envisioned.
The first is the

substitution of a methyl group in isopropyl alcohol by a more electro-

negative oxygen atom in acetic acid. The second involves the nature of

the carbon atom to which the hydroxyl group is attached. In acetic
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acid, this carbon atom is sp2-hybridized and as such is doubly bond-

ed to the carbonyl oxygen. In isopropyl alcohol, the corresponding

carbon atom is sp
3 -hybridized, and forms only single bonds. Because

the ionization energy of s electrons is greater
than that of p elec-

trons, an sp 2 hybridized carbon is more electronegative than an

sp
3 hybridized carbon. The third factor is the possibility of

resonance (involving separation of charge) in acetic acid whereas no

resonance is possible in isopropyl alcohol. All three of these

initial-state effects withdraw electron density from the vicinity of

the hydroxyl oxygen in acetic acid and essentially do nothing to the

electron density at the hydroxyl oxygen in isopropyl alcohol. With-

drawing electron density from the hydroxyl oxygen in acetic acid makes

the hydroxyl oxygen less negative (more positive) and hence more

repulsive to the acidic proton in acetic acid relative to isopropyl

alcohol.

Final-state effects influence the process during and after

proton removal. For acidity, as the proton is removed, the electrons

and protons redistribute to better accommodate the negative charge.

Anything (in the rest of the molecule) that can help accommodate the

extra negative charge and stabilize the anion will make the molecule

more acidic. The anion resonance picture presented above in the first

paragraph is an example of a final-state effect.

The separation of initial-state effects and final-state relaxa-

tion effects can be given a clear theoretical definition and can be

determined directly from measured gas-phase acidities and core-ioniza-

tion energies. Initial-state differences and final-state relaxation

differences have been determined, both experimentally and theoretical-

ly, for acetic acid-isopropyl alcohol and for phenol-cyclohexanol. In

both comparisons, the initial-state differences are much greater than

the final-state relaxation
differences (which are nearly zero). This

is in direct contrast to the usual explanation for the relative

acidity difference. That the final-state
differences are nearly zero

implies that the two molecules respond to the added charge by about

the same amount. This conclusion does not, however, rule out the

resonance picture; rather, it merely shifts the emphasis from charge
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rearrangement during and following ionization to differences in the

initial neutral molecules. For the comparison of carboxylic acids or

phenols with alcohols, this initial-state difference can be accounted

for by placing more emphasis on the neutral molecule resonance

structures.

In the phenol-cyclohexanol comparison, an unsaturated molecule

is compared with its corresponding saturated analog. In the acetic

acid-isopropyl alcohol comparison, the carbonyl group is not the

unsaturated analog of the substituted ethyl group in isopropyl alco-

hol. The interesting unsaturated analog of isopropyl alcohol is the

transient, isopropenyl alcohol. In order to determine the initial- and

final-state differences between isopropyl alcohol and isopropenyl

alcohol, and therefore also between isopropenyl alcohol and acetic

acid, methods had to be developed to accurately determine the core-

ionization energy and gas-phase acidity of isopropenyl alcohol.

Linear correlations have been found between experimental oxygen

is ionization energies of hydroxyl-containing molecules (alcohols and

carboxylic acids) and the corresponding methoxy- and ethoxy-containing

molecules (ethers and esters of the alcohols and carboxylic acids).

The difference in ionization energies between two hydroxyl-containing

molecules is 1.15 times the ionization energy energy difference for

the corresponding methoxy compounds, and 1.21 times the difference for

corresponding ethoxy-containing molecules. Seven points were used for

the methoxy correlation with a correlation coefficient of better than

0.999. The core-ionization energy of isopropenyl alcohol was determin-

ed from the measured core-ionization energy of 2-methoxypropene and

the above relationship to be 539.40 eV.

Linear correlations have also been found between experimental

and theoretical gas-phase acidities at various levels of computation.

Using the Gaussian 82 series of programs with the 3-21+G basis set at

computational levels from RHF to MP4, (and geometries for all species

that were fully optimized at the 3-21+G level) ten points were fit to

straight lines by the least-squares method. Correlation coefficients

of better than 0.996 were obtained for all lines. Using the 6-31+G

basis set at the RHF and MP2 computational levels (and geometries
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optimized at the 3-21+G level) six points were fit to straight lines

by least-squares. Correlation coefficients of better than 0.997 were

obtained for both lines. The experimental gas-phase acidity of isopro-

penyl alcohol was determined using the above correlations and the

theoretically determined acidity to be 15.69 eV (with a standard

deviation of 0.02 between the eight levels of computation). The opti-

mized geometry of the anion (compared with the neutral molecule)

showed the same trends as acetic acid upon losing its proton. The

major geometrical changes are in the carbon-carbon double bond, which

lengthens, and the carbon-oxygen single bond, which shortens.

From the core-ionization energy and acidity of isopropenyl

alcohol, initial- and final-state differences have been determined

with respect to isopropyl alcohol and acetic acid. Isopropenyl alcohol

lies about midway between acetic acid and isopropyl alcohol in both

initial-state and final-state effects. These results are in keeping

with the earlier observation that it is the initial-state effects that

are the most important in determining the relative acidities of

unsaturated and saturated hydroxyl-containing acids.
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APPENDIX A. Tripod Efficiency Study

In March of 1984 the efficiency of the tripod on the x-ray tube

was investigated. (See Figure 2 and Section II.A.2. for details of the

x-ray tube.) The efficiency of the tripod was determined using two

different sets of collimators on the analyzer entrance and in the gas

cell. The dimensions of these collimators are given in the heading, or

first two lines of Table 33. The effective detection area (line 3 of

Table 33) was taken to be the product of the areas of the analyzer and

gas cell collimators.

In order to determine the efficiency of the tripod, a reference

condition or point was required. Zero percent efficiency of the tripod

was assumed to correspond to data obtained without the tripod on the

x-ray tube, and with the larger of the two sets of collimators.

All data for this study was obtained using the carbon is region

with only neon flowing into the spectrometer. The peak observed in the

carbon is region was due to an ever present background peak. For each

of the three spectrometer conditions, two independent scans were

obtained. The scanning conditions, experimental results and results of

least-squares fits of a Voigt function plus a linear background are

given in Table 33.

The efficiency of the tripod was determined in two ways. The

first (method A) used the ratio of peak to background areas and the

second (method B) used the ratio of peak to background counts at the

peak maximum position. These results are given in Table 34.

In method A, the peak areas were approximated as the product of

the maximum peak height and the full width at half the peak maximum

height (equation for the area of an isosceles triangle). The peak area

counting rates were determined from the peak areas and the time

required to obtain the spectra (standardized to 121 channels). The

peak area counting rate of the reference condition (without the tripod

using the large collimators) was set to 100%, and the percent of

counts blocked was set to zero. The tripod was found to block 95.4%

and 99.5% of the residual carbon is peak area counts using the large
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Table 33. Experimental Results used to Determine the Efficiency of

the Tripod on the X-ray Tube

collimator diameter

analyzer (mm)

gas cell (mm)

effective detection

area (mm2)

2.875

2.50

31.87

1.50

1.00

1.388

Tripod Installed no yes yes

Experimental Results and Scanning Conditions

number of channels 121. 121. 121. 101. 101. 101.

number of scans 65953. 169. 365. 228. 885. 2916.

msec/channel/scan 100. 100. 200. 200. 73. 35.

voltage inc./chan.

time required (min)

for num. chan.

0.10

84.30

0.10

34.08

0.10

147.22

0.10

76.76

0.10

108.75

0.10

171.80

for 121 chan. 84.30 34.08 147.22 91.96 130.29 205.82

Results of Least-Squares Fitting to Spectra

peak Voigt fit

height 15927. 8017. 933.6 718.4 116. 210.4

full wdth at i ht 23.69 24.28 26.91 31.78 23.48 21.52

channel position

background line fit

constant

58.63

66953.

58.36

27655.

58.87

684.9

69.06

394.1

60.20

64.29

61.31

95.35

slope -13.148 -9.682 -0.885 -1.618 -0.147 -0.163



130

Table 34. Efficiency of the Tripod on the X-ray Tube used on the

OSU CMA Spectrometer

collimator diameter

analyzer (mm)

gas cell (mm)

effective detection

area (mm2)

2.875

2.50

31.87

1.50

1.00

1.388

Tripod Installed no yes yes

Method A: (Peak area)/ (Background area for 121 channels)

peak

approx. peak area 377317. 194652. 25123. 22831. 2716. 4529.

peak area/minute 4476. 5711. 170.7 297.4 24.97 26.36

average area/min 5094. 234.0 25.66

counts detected 100% 4.59% 0.504%

counts blocked 0% 95 4% 99.5%

background

background area 6125353. 3275346. 76389. 35838. 6702. 10344.

bkgd area/min 72664. 96103. 518.9 389.7 51.45 50.26

average area/min 84384. 454.3 50.86

counts detected 100% 0.538% 0.0603%

counts blocked 0% 99.5% 99.9%

peak area/bkgd area 0.0616 0.0594 0.329 0.763 0.485 0.524

average 0.0650
6.05

0.546
6.05

0.505 =
6.05

=
100. 11.1 12.0

bkgd counts blocked 0.% 88.9% 88.0%

Method B: (Peak height ) /(Background height) at peak maximum channel

bkgd ht at peak max 66182. 27090. 633. 505. 55.4 85.4

peak ht/bkgd ht 0.241 0.296 1.47 1.42 2.09 2.46

average 0.269
26.9

1.45
26.9

2.28
26.9

=
100.

=
18.6 11.8

bkgd counts blocked 0.% 81.4% 88.2%
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and small sets of collimators, respectively.

The background areas were exact and were determined for 121

channels. The background counting rates were determined the same way

as were the peak area counting rates. The background area counting

rate of the reference condition (without the tripod using the large

collimators) was set to 100%, and the percent of counts blocked was

set to zero. The tripod was found to block 99.5% and 99.9% of the

residual background counts using the large and small sets of

collimators, respectively.

Using a ratio of peak area counting rate to background area

counting rate, a base of 0% efficiency was established at the

reference condition. The percentage of background area counts blocked

relative to a given peak area were determined. Under these conditions,

the tripod was found to block 88.9% and 88.0% of the residual

background counts (relative to a given peak area) using the large and

small sets of collimators, respectively.

In method B, the ratio of the peak height to background height

at the position of the peak maximum was used to determine the

percentage of background counts blocked relative to a given peak

height. The tripod was found to block 81.4% and 88.2% of the residual

background counts (relative to the peak maximum height) using the

large and small sets of collimators, respectively.
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APPENDIX B. Running Gaussian 82

1. Setting up the Gaussian 82 Running Environment

One special area per research group should be set up with the

special privileges needed to run the Gaussian 82 series of programs on

the Oregon State University chemistry department VAX/VMS computer. The

area TDTPROGRAMS was established for the T.D. Thomas research group,

and is used to begin all Gaussian 82 jobs. The privileges required to

run G82 jobs include GRPNAM, PRMCEB, AND EXQUOTA. A few logical names

also need to be defined. The easiest was to meet the above two

requirements, is to add appropriate executable lines to the login

command file. These lines are:

$ DEFINE NTRAN SYS$SYSDEVICE:[G82.G82.EXE]NTRAN.EXE

$ DEFINE GAUSSUTIL SYSSSYSDEVICE:[G82.G82.EXE]GAUSSUTIL.EXE

$ DEFINE GAUSS EXEDIR SYS$SYSDEVICE:[G82.G82.EXE]

$ DEFINE GAUSSR EXEDIR SYS$SYSDEVICE:[G82.G82.EXE]

$ SET PROCESS/PRIVILEGE=GRPNAM

$ SET PROCESS/PRIVILEGE=PRMCEB

$ SET PROCESS/PRIVILEGE=EXQUOTA

The complete command file currently in operation in the

TDTPROGRAMS user area is given in Figure 24. Gaussian 82 is run in

batch mode in the slow queue. Jobs are typically set up in the users

own area and submitted to the slow queue from the TDTPROGRAMS area.

The log output file is generally written to the users own area

and can be written to any valid directory that has the appropriate

read, write, and execute privileges. The main disadvantage to this

method, is that the log file will be owned by TDTPROGRAMS and cannot

be deleted from the users own area, but must be deleted from the

TDTPROGRAMS area.
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Login Command File

******************

This first part of the command file contains the necessary

$! statements to run G82.

$!

$ DEFINE NTRAN SYS$SYSDEVICE:[G82.G82.EXE]NTRAN.EXE

$ DEFINE GAUSSUTIL SYSSSYSDEVICE:[G82.G82.EXE]GAUSSUTIL.EXE

$ DEFINE GAUSS EXEDIR SYS$SYSDEVICE:[G82.G82.EXE]

$ DEFINE GAUSSR EXEDIR SYSSSYSDEVICE:[G82.G82.EXE]

$ SET PROCESS/PRIVILEGE=GRPNAM

$ SET PROCESS/PRIVILEGE=PRMCEB

$ SET PROCESS/PRIVILEGE=EXQUOTA

$ SHOW PROCESS/PRIVILEGES

$!

$!

$! Exit if this is a batch job or another type or noninteractive

$! process

$!

$ IF F$MODE() .NES. "INTERACTIVE" THEN EXIT

$!

$! Symbols, Logical Names and Key Definitions

$!

$ SUBSM:==SUBMIT/QUEUE=SLOW/NOPRINTER/LOG=[MSIGGEL.G82.TEMP]

$!

Figure 24. Login command file for the TDTPROGRAMS user area on the

Oregon State University chemistry department VAX.



134

2. Sample Gaussian 82 Input Data Batch Command Files

Four sample Gaussian 82 input data batch command files are given

and discussed in this section. They illustrate the basic procedures

used to obtain the theoretical data in this study.

A standard command file for geometry optimizations is given in

Figure 25. In this example, the optimization is performed at the

restricted Hartree-Fock level using the 3-21G standard basis set. The

key word TEST appears in all G82 job to suppress the generation of an

archive entry (since no archive directory has been established). The

keyword NOPOP suppresses the lengthy wavefunction and population

analysis matrices. The keyword OPT indicates that the five geometrical

parameters at the end of the Z-matrix input section be optimized.

A sample command data file for the determination of the

electrostatic potentials and energy of isopropoxide ion is given in

Figure 26. In this example, the cartesian coordinates are used instead

of the Z-matrix input; this is denoted by the keyword and option,

GEOM=COORD. The orbitals of the acidic hydrogen are retained as ghost

orbitals by including the acidic hydrogen in the input geometry

specification section (last atom), then removing the acidic hydrogen

nucleus with the MASSAGE command. The '12 0 +0.' appearing at the

end of the cartesian coordinate input indicates that the charge of

atomic center 12 (the acidic hydrogen) is to be changed (0) to +0. In

order to obtain the electrostatic potentials at center 12 (the

position formerly occupied by the acidic hydrogen), the option =READ

is used with PROP and the cartesian coordinates of this position are

given (last line of Figure 26).

Calculations on molecules possessing a core-ionized atom are

simulated using the equivalent-core approximation. Figure 27 gives a

sample command file for core-ionized acetic acid. In this example, the

massage command changes the nuclear charge of oxygen atom number 4 to

+9. The oxygen atomic orbital exponents of atom 4 are retained.

The inclusion of a non-standard basis set is illustrated in

Figure 28 for acetic acid. In this example, the 3-21+G basis set is

included following the molecular specification section. For a complete
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$ RUN GAUSS EXEDIR:G82

# HF/3-21G TEST NOPOP OPT

Isopropoxide Ion:

-1 1

C

partial geometry optimization

0 1 0102

C 1 C1C 2 CC102

C 1 C1C 3 CC102 2 CC1O2B

H 1 C1H5 3 109.00000 2 119.41868

H 4 1.09000 1 109.00000 2 -60.58132

H 4 1.09000 6 109.50000 1 -120.00000

H 4 1.09000 6 109.50000 1 120.00000

H 3 1.09002 1 108.81491 2 60.24320

H 3 1.09000 9 109.31490 1 119.77774

H 3 1.09000 9 109.86958 1 -120.10957

C102 = 1.45

C1C = 1.54

CC102 = 109.9383

CC1O2B = -121.16265

C1H5 = 1.09

Figure 25. Gaussian 82 command file for an RHF/3-21G partial geometry

optimization of isopropoxide ion.



$ RUN GAUSS EXEDIR:G82

# HF/3-21G TEST PROP=READ GEOM=COORD MASSAGE

Isopropoxide Ion:

136

single point calculation with acidic hydrogen

-1 1

ghost orbitals included input geometry was

optimized for the ion at the RHF/3-21G level

C 0.000000 0.000000 0.000000

0 0.000000 0.000000 1.450000

C 1.447693 0.000000 -0.525152

C -0.749137 -1.238793 -0.525153

H -0.506226 0.897721 -0.354869

H -0.242911 -2.136515 -0.170283

H -1.775357 -1.230508 -0.157860

H -0.753809 -1.230508 -1.615111

H 1.952793 -0.895725 -0.163636

H 1.971640 0.882426 -0.157860

H 1.443021 0.008286 -1.615111

H 0.444918 -0.789001 1.761911

12 0 +0.

0.444918 -0.789001 1.761911

Figure 26. Gaussian 82 command file for an RHF/3-21G single point

calculation on isopropoxide ion using cartesian coordinate

input geometry and including ghost orbitals for the miss-

ing acidic hydrogen.
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$ RUN GAUSS EXEDIR:G82

# HF/3-21G TEST PROP MASSAGE

Core-Ionized Acetic Acid: using the G82 optimized geometry of

neutral acetic acid and the oxygen

basis basis set on the core-ionized

oxygen.

C

C 1 1.501802

0 1 1.202586 2 126.682

0 1 1.358221 2 111.374 3 180.000 0

H 2 1.102000 1 109.500 4 0.000 0

H 2 1.102000 1 109.500 4 -120.000 0

H 2 1.102000 1 109.500 4 120.000 0

H 4 0.968819 1 111.644 3 0.000 0

4 0 +9.

Figure 27. Gaussian 82 command file for an RHF/3-21G single point

calculation on core-ionized acetic acid using the standard

oxygen basis orbitals on the core-ionized oxygen.
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$ RUN GAUSS EXEDIR:G82

#P MP4=FC/GEN TEST PROP

Monofluoroacetic Acid: at the MP4/3-21+G level using the

3-21+G optimized geometry

0 1

C

C 1 CC

0 1 CO3 2 CCO3

0 1 CO4 2 CCO4 3 +180.

F 2 CF 1 CCF 4 0.

H 2 CH 1 CCH 4 +120.

H 2 CH 1 CCH 4 -120.

H 4 OH 1 COH 2 +180.

CC = 1.505259

CO3 = 1.212248

C04 = 1.341623

CF = 1.410285

CH = 1.078787

OH = 0.969552

CCO3 = 121.3351

CCO4 = 114.94

continued on next page

Figure 28. Gaussian 82 command file for an MP4/3-21+G single point

calculation on monofluoroacetic acid.
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continued from last page

CCF = 111.9575

CCH = 109.187

COH = 114.0473

3211032110321103211032110210210219

1 2

IS S 3 1.00

172.256 0.0617669

25.9109 0.358794

5.53335 0.700713

2SPI SP 2 1.00

3.66498

0.770545

2SPO

0.195857

2SP+

SP 1

SP 1

-0.395897

1.21584

1.00

1.00000

1.00

0.236460

0.860619

1.00000

0.0438 1.00000 1.00000

****

3 4

1S S 3 1.00

322.037 0.0592394

48.4308 0.351500

10.4206 0.707658

2SPI SP 2 1.00

7.40294 -0.404453 0.244586

1.57620 1.22156 0.853955

continued on next page

Figure 28. Gaussian 82 command file for an MP4/3-21+G single point

calculation on monofluoroacetic acid.
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continued from last page

2SPO

0.373684

2SP+

SP 1

SP 1

1.00

1.00000

1.00

1.00000

0.0845 1.00000 1.00000

****

5

IS S 3 1.00

413.801 0.0585483

62.2446 0.349308

13.4340 0.709632

2SPI SP 2 1.00

9.77759 -.407327 0.246680

2.08617 1.22314 0.852321

2SPO SP 1 1.00

0.482383 1.00000 1.00000

2SP+ SP 1 1.00

0.1076 1.00000 1.00000

6 7 8

1S S 2 1.10

4.50180 0.156285

0.681444 0.904691

IS S 1 1.1

0 0.151398 1.00000

****

Figure 28. Gaussian 82 command file for an MP4/3-21+G single point

calculation on monofluoroacetic acid.



141

description and explanation of the basis set input, see reference 58.

The job-type line specifies that the calculation is also to include

the fourth order M611er-Plessett correlation energy correction with

the inner shells excluded from the correlation energy calculation

(MP4=FC, where FC indicates frozen-core). The turns on the extra

print option, which adds the timing information on each link of the

program to the output log file.
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APPENDIX C. Bond Lengths and Angles from Gaussian 82 Runs

The standard geometrical parameters for molecular systems not

theoretically optimized are given in Tables 35 through 38. These

systems include phenol, cyclohexanol, anisole, and methyl cyclohexyl

ether.

Theoretical studies of anisole 61 and methyl cyclohexyl

ether 62 have been reported. These results were incorporated into

this study.
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Table 35. Bond Lengths (A) and Angles (degrees) of Phenol

bond or angle

standard

geometry

(34)

complete

microwave

(59)

optimized

6-31G

(60)

C(1)-C(2) 1.398 1.3912 1.386

C(2)-C(3) 1.398 1.3944 1.389

C(3)-C(4) 1.398 1.3954 1.386

C(4)-C(5) 1.398 1.3954 1.390

C(5)-C(6) 1.398 1.3922 1.384

C(6)-C(1) 1.398 1.3912 1.387

C(1)-0(7) 1.364 1.3745 1.377

C(2)-H(8) 1.084 1.0856 1.078

C(3)-H(9) 1.076 1.0835 1.077

C(4)-H(10) 1.082 1.0802 1.077

C(5)-H(11) 1.076 1.0836 1.077

C(6)-H(12) . 1.084 1.0813 1.075

0(7)-H(13) 0.956 0.9574 0.949

C(1)-C(2)-C(3) 120.0 119.43 119.4

C(2)-C(3)-C(4) 120.0 120.48 120.4

C(3)-C(4)-C(5) 120.0 119.24 119.4

C(4)-C(5)-C(6) 120.0 120.79 120.6

C(5)-C(6)-C(1) 120.0 119.22 119.3

C(6)-C(1)-C(2) 120.0 120.85 120.6

0(7)-C(1)-C(2) 120.0 122.14 122.4

C(1)-C(2)-H(8) 120.0 120.01 120.3

C(2)-C(3)-H(9) 120.0 119.48 119.5

C(3)-C(4)-H(10) 120.0 120.25 120.3

C(6)-C(5)-H(11) 120.0 119.43 119.5

C(1)-C(6)-H(12) 120.0 119.23 118.8

0(7)-C(1)-X 2.2 2.52 3.0

C(1)-0(7)-H(13) 109.0 108.77 114.7

* Atom numbers refer to Figure 10.



144

Table 36. Standard Bond Lengths (A) and Angles (degrees) of

Cyclohexanol in Z-matrix Format

element N1 length N2 alpha N3 beta

0

C 1 1.42100

C 2 1.53500 1 106.55587

C 2 1.53500 1 112.42634 3 119.89122

C 3 1.53500 2 109.50000 1 -178.23244

C 4 1.53500 2 109.50000 1 -178.16708

C 6 1.53500 4 109.50000 2 60.00000

H 1 0.95800 2 110.25000 4 -30.65602

H 2 1.09500 1 109.46450 8 91.19959

H 4, 1.09500 2 109.44243 1 -58.13185

H 4 1.09500 2 109.44243 9 -60.07046

H 3 1.09500 2 109.44243 1 61.73233

H 3 1.09500 2 109.44243 10 -155.48970

H 6 1.09500 4 109.50000 11 -60.00000

H 6 1.09500 4 109.50000 2 -60.00000

H 5 1.09500 7 109.44243 6 180.00000

H 5 1.09500 7 109.44243 14 -60.07046

H 7 1.09500 6 109.50000 4 180.00000

H 7 1.09500 6 109.44239 14 -60.07054

* See section III.A.2.a. for an explanation of the Z-matrix

parameters.
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Table 37. Standard Bond Lengths (A) and Angles (degrees) of Anisole

in Z-matrix Format

element N1 length N2 alpha N3 beta

C

C 1 1.39800

C 2 1.39800 1 120.00000

C 3 1.39800 2 120.00000 1 0.00000

C 4 1.39800 3 120.00000 2 0.00000

C 5 1.39800 4 120.00000 3 0.00000

0 1 1.36400 2 120.00000 3 180.00000

H 2 1.08400 1 120.00000 7 0.00000

H 3 1.07600 2 120.00000 8 0.00000

H 4 1.08200 3 120.00000 9 0.00000

H 5 1.07600 4 120.00000 10 0.00000

H 6 1.08400 5 120.00000 11 0.00000

C 7 1.43000 1 109.00000 2 0.00000

H 13 1.08000 7 109.50000 1 180.00000

H 13 1.08000 7 109.50000 1 60.00000

H 13 1.08000 7 109.50000 1 300.00000

* See section III.A.2.a. for an explanation of the Z-matrix

parameters.
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Table 38. Standard Bond Lengths (A) and Angles (degrees) of Methyl

Cyclohexyl Ether in Z- matrix Format

element N1 length N2 alpha N3 beta

0

C 1 1.42100

C 2 1.53500 1 106.55587

C 2 1.53500 1 112.42634 3 119.89122

C 3 1.53500 2 109.50000 1 -178.23244

C 4 1.53500 2 109.50000 1 -178.16708

C 6 1.53500 4 109.50000 2 60.00000

C 1 1.43000 2 110.25000 4 -30.65602

H 2 1.09500 1 109.46450 8 91.19959

H 4 1.09500 2 109.44243 1 -58.13185

H 4 1.09500 2 109.44243 9 -60.07046

H 3 1.09500 2 109.44243 1 61.73233

H 3 1.09500 2 109.44243 10 -155.48970

H 6 1.09500 4 109.50000 11 -60.00000

H 6 1.09500 4 109.50000 2 -60.00000

H 5 1.09500 7 109.44243 6 180.00000

H 5 1.09500 7 109.44243 14 -60.07046

H 7 1.09500 6 109.50000 4 180.00000

H 7 1.09500 6 109.44239 14 -60.07054

H 8 1.08000 1 109.50000 2 60.00000

H 8 1.08000 1 109.50000 2 180.00000

H 8 1.08000 1 109.50000 2 300.00000

* See section III.A.2.a. for an explanation of the Z-matrix

parameters.
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APPENDIX D. Total Energies from Gaussian 82 Runs

The total energies for eight hydroxyl-containing molecules as

given by the ab initio Gaussian 82 program are tabulated. Table 39

gives the total molecular and ionic energies obtained using the 3-21+G

basis set at the restricted Hartree-Fock level, E(RHF), including

second and third order Miiller-Plessett correlation energy correction

terms, E(2) and E(3), respectively. Table 40 gives the total molecular

and ionic energies at four higher levels of theoretical calculation.

Table 41 gives total energies obtained using the 6-31+G basis set for

four selected molecules and their respective anions at the restricted

Hartree-Fock level including the second order M011er-Plessett

correlation energy correction.
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Table 39. Total Energies at the RHF, MP2, and MP3 Levels as given by

Ab Initio Theory using the 3-21+G Basis Set

Molecule E(RHF) E(2) E(3)

formic acid -5108.72 -5118.27 -5117.92

formate ion -5093.79 -5103.73 -5103.11

methanol -3113.72 -3119.79 -3120.02

methoxide ion -3096.77 -3103.31 -3102.30

monofluoroacetic acid -8841.33 -8856.75 -8856.39

monofluoroacetate ion -8826.75 -8842.57 -8841.94

ethanol -4170.24 -4178.82 -4179.26

ethoxide ion -4153.36 -4162.46 -4162.64

2,2-difluoroethanol -9522.94 -9538.36 -9538.30

2,2-difluoroethoxide ion -9506.96 -9522.83 -9522.52

methane -1087.89 -1090.61 -1090.97

methide ion -1069.16 -1072.19 -1072.42

ethane -2144.19 -2149.38 -2149.97

ethide ion -2125.24 -2130.76 -2131.22

ethene -2111.84 -2116.79 -2117.24

ethenide ion -2093.49 -2098.66 -2098.98
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Table 40. Total Energies at the MP4-DQ, -SDQ, -VAR1, and -CISD,4

Levels as given by Ab Initio Theory using the 3-21+G Basis

Set

Molecule E(4)DQ E(4)SDQ E(VAR1) E(CISD,4)

formic acid -5118.18 -5118.42 -5116.98 -5117.35

formate ion -5103.40 -5103.73 -5102.06 -5102.48

methanol -3120.18 -3120.27 -3119.60 -3119.84

methoxide ion -3103.51 -3103.67 -3102.77 -3103.10

monofluoroacetic acid -8856.75 -8857.10 -8854.15 -8854.45

monofluoroacetate ion -8842.35 -8842.78 -8839.54 -8839.85

ethanol -4179.48 -4179.58 -4178.40 -4178.71

ethoxide ion -4162.91 -4163.11 -4161.62 -4162.02

2,2-difluoroethanol -9538.64 -9538.92 -9536.18 -9536.48

2,2-difluoroethoxide ion -9522.90 -9523.28 -9520.20 -9520.51

methane - 1091.0 6 -1091.08 -1090.86 -1090.99

methide ion -1072.52 -1072.57 -1072.25 -1072.41

ethane -2150.12 -2150.15 -2149.59 -2149.82

ethide ion -2131.37 -2131.44 -2130.74 -2131.00

ethene -2117.37 -2117.41 -2116.86 -2117.10

ethenide ion -2099.10 -2099.19 -2098.53 -2098.78
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Table 41. Total Energies at the RHF and MP2 Levels as given by Ab

Initio Theory using the 6-31+G Basis Set

Molecule E(RHF) E(2)

formic acid -5134.06 -5143.54

formate ion -5118.99 -5128.85

methanol -3129.16 -3135.20

methoxide ion -3112.08 -3118.58

ethane -2155.11 -2160.27

ethide ion -2136.09 -2141.63

ethene -2122.74 -2127.64

ethenide ion -2104.39 -2109.55
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APPENDIX E. Elapsed cpu times for Gaussian 82 Runs on the OSU

Chemistry Department VAX

This section has been included so that an appreciation of the

amount of cpu time required to run Gaussian 82 calculations can be

gained. The basis sets used in this study were mainly 3-21G and

3-21+G. A few calculations were also done with the 6-3I+G basis set.

The cpu times of some standard calculations done at the

MP4/3-21+G level for various molecules and ions of interest have been

summarized in Table 42. The cpu hours are shown as a function of the

number of primitive Gaussian basis functions in Figure 29. The

variation in cpu time as a function of the calculation level is

illustrated in Table 43 for acetic acid and isopropyl alcohol.

The last table (Table 44) is a compilation of total cpu hours

that were required to obtain the acidity points for each system of

interest. Included in the summation are the conformational studies,

geometry optimizations and all MP4/3-21+G and MP2/6-31+G calculations.
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Table 42. Amount of cpu Time Required on the OSU Chemistry

Departmental 11/750-VAX for Single Point MP4/3-21+G

Calculations

Molecule Options

num. of

basis

functions

num. of

primitive

Gaussians

cpu

hours

required

methyl ion PROP 19 28 0.088

methane PROP 21 31 0.102

methoxide ion P PROP 32 47 0.574

ethenide ion PROP 32 47 0.475

ethene PROP 34 50 0.407

methoxide ion P MASSAGE 34 50 1.426

methanol P 34 50 0.692

ethide ion PROP 36 53 1.032

ethane PROP 38 56 0.912

formate ion P PROP 41 60 3.759

formic acid P PROP 43 63 2.385

ethoxide ion P PROP 49 72 5.133

ethanol P PROP 51 75 5.917

acetate ion P NOPOP 58 85 12.058

acetic acid P NOPOP 60 88 14.878

isopropenoxide ion P PROP 62 91 16.514

isopropenyl alcohol P PROP 64 94 20.066

isopropoxide ion P PROP 66 97 38.763

isopropoxide ion P PROP 66 97 38.352

isopropyl alcohol P 68 100 43.402

monofluoroacetate ion P PROP 69 101 36.073

monofluoroacetic acid P PROP 71 104 40.973

2,2-difluoroethoxide 71 104 74.581

2,2-difluoroethanol P PROP 73 107 82.119
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Figure 28. CPU hours as a function of the number of primary Gaussian

basis functions for standard calculations done at the

MP4/3-21+G level.
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Table 43. Amount of cpu Time Required on the OSU Chemistry

Departmental 11/750-VAX for Single Point Calculations

at Various Levels of Ab Initio Theory for Acetic Acid and

Isopropyl Alcohol

Computation

Level/

Basis Set

Acetic Acid Isopropyl Alcohol

num. of

primitive

Gaussians

cpu

time

required

num. of

primitive

Gaussians

cpu

time

required

HF/STO-3G

HF/3-21G

HF/3-21+G

MP2/3-21+G

MP3/3-21+G

MP4/3-21+G

MP2/6-31+G

72

72

88

88

88

88

120

7 min

19 min

53 min

3.13 hrs

8.50 hrs

14.88 hrs

4.50 hrs

84

84

100

100

100

100

. 136

15 min

44 min

1.75 hrs

unk

unk

43.40 hrs

9.25 hrs
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Table 44. Total cpu Time Required to Obtain Theoretical Acidites

Molecule

cpu
*

hours.

2,2-difluoroethanol 251.26

monofluoroacetic acid 150.89

ethanol 18.42

formic acid 13.88

methanol 7.51

ethane 4.88

ethene 2.55

methane 0.53

* These numbers were collected and tabulated by Mr. Duncan MacLaren.


