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ABSTRACT

The energetics of the gas phase negative ion-molecule association
reactions M + X" = M-X", where M are substituted benzenes, quinones and
ethylenes and X~ are the halide ions (F’, Cl’, Br and I"), were determined by
equilibrium measurements with the pulsed electron high pressure mass
spectrometer (PHPMS). Evaluation of the equilibrium constants for the halide
association (XA) reactions leads directly to absolute bond free energy
determinations, -AGxa, in M-X". Under conditions where halide association
equilibria could not be measured directly, relative bond free energies, -AAG3A,
were obtained by measurements of the transfer equilibria MX + M =M+MX.
Combining -AAGZa values with directly determined -AGxa values leads to
further absolute bond free energy determinations.

The hydrogen bond free energies in the singly substituted phenol
complexes YPhOH-Br’, combined with previous data for X =Cl and I’ from this
laboratory, are used to examine the substituent effects on hydrogen bonding.
The dominant contribution to YPhOH-Br” stabilization, where the extent of proton
transfer from YPhOH to Br is small, is due to the field effects of the substituents
with & delocalization playing only a small part. Thus, the correlation with the
acidity of YPhOH, where = delocalization is important, is not very closé.

Substituent effect analysis of experimentally determined bond free
energies and quantum mechanical calculations are used to gain structural
information on the complexes M-X" where M does not possess substituents with
protic hydrogens. The results indicate the complexes M-X" have a variety of
structures, depending on X™ and the nature of the substituents.

The temperature dependence of the equilibrium constants for the gas
phase reactions HO™ + HOH = HO-HOH and CH30™ + HOCH3 = CH30"-HOCH3



was measured with the PHPMS. The enthalpy and entropy changes were
obtained from van't Hoff plots of the equilibrium constants. The enthalpy
changes were found to be in good agreement with experimentally determined
values raported by Meot-Ner and Sieck and recent theoretical results. The
agreement for the entropy changes is found not to be as good.

The electron affinities of 20 cyclic diones, mostly substituted maleic and
phthalic anhydrides and maleimides and phthalimides, were determined with
the PHPMS by measuring gas phase electron transfer equilibria A" + B=A + B’
involving these compounds and reference compounds whose electron affinities
were determined previously. The effects of substituents on electron affinities

are similar 16 those observed previously for other groups of organic compounds.
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CHAPTER 1
INTRODUCTION

1.1 The Present Study

Gas phase determinations of the energetics of ion-molecule interactions
coupled with structural information from quantum mechanical calculations has
led to an understanding of the chemical bonding present in a variety of ion-
molecule complexes [1-15]. Accurate structural and thermodynamic information
on gas phase ion-solvent pairs has also helped provide a basis for the
understanding of solvent effects on the energetics of chemical reactions; this
information has been used to construct intermolecular potential functions
describing ion-molecule interactions in solution [16-19]). lon-molecule
association energetics are also of significance in analytical mass spectrometric
methods such as Chemical lonization (Cl), Atmospheric Pressure ionization
(API) and Fast Atom Bombardment (FAB) since the stabilities of the ion-
molecule complexes are often reflected in the abundances of tha respective
ion-molecule complexes observed with these methods [20-22].

Absolute and relative bond strength determinations for simple anions (8)
with a large number of organic and inorganic molecules (M, M') are available
from measurements of ion-molecule association (1.1) and transfer (1.2)

equilibria
M+B =MB" (1.1)
MB +M=M+MB (1.2)

performed mostly with the pulsed electron high pressure mass spectrometer

(PHPMS) [23] and ion cyclotron resonance mass spectrometer (ICR) [24]. The



pulsed electron high pressure mass spectrometer is the apparatus used in the
present investigation and, with working pressures of 1-5 torr, is suitable for
measurements of both association and transfer equilibria; see Section 1.2. With
the ICR working at much lower pressures, 10 torr, only transfer equilibria (1.2)
can be measured as association reactions (1.1) require third body stabilization
and generally have too slow a rate to be measured at these pressures.
Combining relative bond strengths from equilibrium (1.2) measurements with
absolute bond strengths from equilibrium (1.1) measurements leads to further
absolute bond strength determinations. A recent compilation of the
thermodynamic data corresponding to reaction (1.1) has been provided by
Keesee and Castleman [25].

The maijority of gas phase ion-molecule bond strength determinations to
date involve hydrogen bonded ion-solvent molecule complexes as these data
provide the start point for the construction of solvation models. Kebarle et al.
[26-31] initiated work in this area measuring the bond strengths for a variety of
simple anions (B") with compounds MH containing protic hydrogens such as the
oxygen acids (alcohols, carboxylic acids, phenols). In these studies the
hydrogen bond strengths of the complexes MH-B™ (B” = O3", CI") were observed
to increase with increasing gas phase acidity of MH [29, 30]). Further
investigation of this relationship was performed by McMahon and Larson [32,
33] who measured the bond strengths of the halide ions F~ and CI” to a large
variety of compounds MH. Stronger hydrogen bonding was determined in the
fluoride adducts MH-F~ with a linear dependence on the gas phase acidity of
MH while only a rough correlation with gas phase acidity was observed for the
MH-CI” bond strengths. The contrast in behavior of F~ and CI” was explained in

‘terms of the different gas phase basicities of the two anions [33]. A larger

degree of proton transfer to the halide ion occurs in the complexes MH-F" as a



result of the stronger basicity of the smaller F~ anion and the hydrogen bonds
formed have considerable covalent character. The degree of proton transfer in
the complexes MH-CI” is smaller and the hydrogen bonds are of a more
electrostatic character [33]. The increased exothermicity of the MH-F~ forming
reaction derives largely from the exothermicity of the proton transfer and, thus,
the increase in the hydrogen bond energy directly follows the acidity of MH. In
the absence of substantial proton transfer in the complexes MH-CI” a less
pronounced relationship between bond strength and gas phase acidity is
observed. A simple relationship between hydrogen bond strength and gas
phase acidity was not observed for the complexes MH-CI” where MH are the
carbon acids [3]. The acidity of many carbon acids is due not only to the
presence of inductively electron withdrawing groups but also to © delocalization
of the negative charge in the anion. Cyclopentadiene is an extreme example of
this. The poor correlation between MH gas phase acidities and MH-CI” bond
strengths is not surprising as the  delocalization in M" should only be a small
effect in the MH-CI” complexes.

In Chapter 2 of the present work determinations of the hydrogen bond
free energies, -AG®, corresponding to the gas phase bromide association (BrA)
reactions YPhOH + Br' = YPhOH-Br", from equilibrium measurements with the
PHPMS, are described. Very little proton transfer is anticipated in the singly
subtituted phenol complexes due to the high gas phase acidity of HBr [34]. Taft
substituent effect analysis [35] of the hydrogen bond free energies in YPhOH-Br
is used to evaluate the substituent contributions to stability as well as
investigate the relationship between hydrogen bond strength and gas phase
acidity. The same treatment was performed for the complexes YPhOH-CI™ and

YPhOH:-I" whose bond free energies were determined previously in this



laboratory [3, 36]. The findings for the YPhOH-X" systems (X" = CI", Br" and I)
can be generalized to MH-B™ hydrogen bonded complexes.
Hydrogen bond strength determinations, -AH°, corresponding to gas

phase reactions (1.3) and (1.4),
HO™ + HOH = HO™-HOH (1.3)
CH30™ + CH30H = CH30™-HOCH3 (1.4)

from measurement of the temperature dependence of the equilibrium constants
with the PHPMS, are also described in the present work (Chapter 6). Reactions
(1.3) and (1.4) are of fundamental interest (see below) and a previous hydrogen
bond strength determination for CH3O -HOCHg3, obtained directly with a
PHPMS, has been used to anchor a scale of relative bond strengths from ICR
equilibrium measurements [37]. The energetics of reactions (1.3) and (1.4)
were re-determined in the present work due to differences in previous
experimentally determined -AH° values for these reactions [26, 28, 37-39].
Because of the conflicting results, some possible sources of error such as
temperature measurement and side reactions were re-examined.

Gas phase information on the stabilities of ion-molecule pairs is of
importance in determining the role of solvation in fundamental molecular
properties such as relative acidities, basicities and nucleophilicities [2, 40-43).
Bond strength determinations for ion-molecule complexes such as HO™-HOH
and CH30-HOCHj3 can be used to evaluate the effect of a solvent molecule on
relative acidity and this number can then be compared to known gas phase and
solution phase data. For example, from experimentally determined enthaipy
changes methanol is observed to be more acidic than water in the gas phase

[38] while the acidities of both are similar in aqueous solution [40].



HO™ + CH30H = H20 + CH3O" (1.5)
AH® = -9.5 kecal/mol

HO" (aq) + CH30H (aq) = H20 (aq) + CH30" (aq) (1.6)
AH® = -1 kcal/mol

The change in relative acidity is due to the better solvation of the hydroxide ion
in water. The effect of cne solvent molecule on the relative acidity of water and
methanol has been determined by lkuta [44] with ab initio MO calculations using

a high level basis set (6-31G + diffuse functions + electron correlation).

HO™-HOH + CH30H = H20 + CH30™HOH (1.7)
AH® = -3.8 kcal/mo!

The enthalpy change of -3.8 kcal/mol shows that the addition of one solvent
molecule accounts for over half the difference in gas phase versus aqueous
phase acidity. Accurate gas phase determinations of ion-solvent pair bond
strengths combined with gas phase acidity data can also be used to investigate
such trends, i.e., AH® for reaction (1.7) = D(HO™HOH) - D(CH30 -HOH) +
D(CH30™-H™) - D(HO™-HY).

Accurate bond strength determinations for HO"HOH and CH3O-HOCH3
and the structures for these complexes [18, 19, 44-48] are required to construct
intermolecular potential functions describing ion-molecule interactions involving
HO™ and CH3O in water and methanol respectively [18, 19]. As methanol and
particularly water are common solvents for chemical reactions, many
experimental and theoretical studies involving the interaction of a variety of
simple anions with single water and methanol molecules have been performed
[2,3,5,6,9, 10, 12, 16-19, 25-30, 32, 33, 37-39, 44-48].



As previously mentioned, the quantitative study of ion-molecule
interactions in the gas phase can provide important characterization of the
chemical bonding present in a variety of ion-molecule complexes. Chapters 3
and 4 of the present study involve equilibrium measurements of the reactions
SB + X = 8B-X", where SB are singly, doubly and triply substituted benzenes
and X is Br, and CgFsY + X = YCgF5-X~, where CgFs5Y are the
perfluorobenzenes and X are F', CI’, Br and I". Previous work involving gas
phase thermodynamic data for X" (F", CI', Br” and I") and quantum mechanical
calculations indicate the most stable substituted benzene complexes might
have a variety of structures depending on X" and the nature of the substituents
[3, 7, 43, 49, 50]. Thus X" may engage in hydrogen bonding to an aromatic
proton or lead to a ¢ bonded complex or form a complex where X is on an axis
perpendicular to the benzene plane. In the present work substituent effect
analysis [35] of experimentally determined bond free energies for each ciass of
substituted benzene complexes is employed to provide information on the
bonding present in these adducts. Combining these results with structural
information from previous calculations allows bonding assignments to be made.

In Chapter 5 the investigation of chemical bonding in ion-molecule
complexes is extended to quinones and ethylenes, substituted with strong
electron withdrawing groups (-F, -Cl and -CN), with the halide ions X (F", CI”
and Br’). These complexes have been observed both in solution and in the gas
phase [51-565] and are of interest because the substituted quinones (SQ) and
substituted ethylenes (SE) are strong electron acceptors, i.e., have large
electron affinities [56, 57], and may stabilize ¢ bond formation on attack by the
weaker halide nucleophiles (X = CI” and Br’) [51]. In the present work
discussion of the chemical bonding in the SQ-X™ and SE-X" complexes is based

on thermodynamic data corresponding to the gas phase reactions SQ + X" =



SQ-X and SE + X = SE-X (X" =ClI” and Br’), obtained with the PHPMS, and ab
initio MO calculations performed by Hirao et al. [58] determining stabilities and
geometries for selected SQ-X" and SE-X" complexes (X" = F", CI" and Br’).

The final part of the present work describes a continuation of the
extensive determinations of electron affinities of organic molecules (substitued
benzenes, naphthalenes, anthracenes, quinones and perfluorobenzenes)
performed in this laboratory with the PHPMS [56, 57, 59-64]. The electron
affinity is one of the fundamental properties of a molecular negative ion and is
defined as the difference in energy between the neutral molecule plus an
electron at rest at infinity and the molecular negative ion, when both the
negative ion and the neutral molecule are in their ground electronic, vibrational
and rotational states. Typically, organic compounds with positive electron
affinities have conjugated bonds resulting in a relatively low-lying unoccupied
n* molecular orbital (LUMO) which accepts the extra electron and becomes the
singly occupied molecular orbital (SOMO). In addition to conjugation, the
presence of electron withdrawing substituents, e.g., F, Cl, CN, NO, leads to a
lowering of the LUMO energy and, thus, a higher electron affinity.

Chapter 7 describes determinations of the electron affinities of 20 cyclic
diones, mostly substituted maleic and phthalic anhydrides and maleimides and
phthalimides, by measurements with the PHPMS of the gas phase electron

transfer equilibria (1.8)
A +B=A+B (1.8)

involving these compounds and reference compounds whose electron affinities
were determined previously. From the results the effect of substituents on
electron affinities for maleic and phthalic anhydrides are discussed and the

magnitudes of these effects are compared to those observed earlier for



substituted benzoquinones and naphthoquinones [56]. Comparison of the gas
phase electron affinities with available solution phase reduction potential data
[65-67] also permits evaluation of the solvation energies of the radical anions.
This allows the relationship between electron affinities of the precursor neutral

compounds and solvation exothermicities of the radical anions to be

investigated.

1.2 The Pulsed Electron High Pressure Mass Spectrometer
(PHPMS)

In the present work equilibrium measurements of the gas phase negative
ion-molecule reactions of interest were achieved with the pulsed electron high
pressure mass spectrometer (PHPMS). At working pressures of 1-5 torr the
PHPMS f{ulfills the two major criteria for ion-molecule equilibrium
measurements: 1) the reactants and products must be in thermal equilibrium
with the surroundings, 2) sufficient time must be available for the system to
reach chemical equilibrium. A brief description of the method and apparatus

follows. For greater detail, see Kebare [23].

1.2a PHPMS: The Method

A simplified diagram illustrating the ionization process in the PHPMS ion
source is shown in Figure 1.1. The ion source typically contains 1-5 torr of the
bath gas (usually methane) and millitorr concentrations of the reactants. A short
10-50 us pulse of high energy (2.8 kV) electrons enters the ion source and
ionizes the bath gas, creating secondary electrons. These electrons are slowed
down on subsequent collisions with the bath gas molecules to near thermal
energies. The slow electrons are then captured by reactant molecules with
positive electron affinities and sufficient electron capture cross-sections, and the

resultant excited ions are in turn thermalized by collisions with the bath gas. As



2800 V ' — 1-5 torr gas mixture

electrons

vacuum A ions

to mass analysis

Figure 1.1 lon source of pulsed electron high pressure mass spectrometer
(PHPMS). Diffusion of ions to the wall is slow due to the relatively high bath gas
pressure (1-5 torr). This leads to "ion trapping". Thermal conditions are also a
consequence of high bath gas pressures.




the ions diffuse in the field free ion source they undergo thousands of collisions
and under suitably selected conditions thermal ion-molecule equilibrium is
achieved. The sequence of reactions which occur in the ion source for a typical

ion-molecule association reaction (1.1) after the short electron pulse are shown

below:
CH4 + @ (2.8 kV) ——= CH4", CH3".......etc. + 20° (1.9)
; .+ CHy . *
B+e ——=[B] — B+ CHy4 (1.10)
- o CH4 - *
M + B  =s====[MB] —— M.B" + CH4 (1.11)
B’, M-B" —— Diffuse to the walls (1.12)

lons diffusing into the vicinity of the very narrow ion exit slit in the ion
source wall escape into the vacuum chamber where they are accelerated by an
electric field, mass analyzed with a magnetic sector and detected with a
secondary electron multiplier. The ions which arrive at the detector after the
electron pulse are counted and the counts stored in a multiscaler as a function
of time. Each ion intensity is accumulated over 5000-10000 pulses which leads
to a better signal to noise ratio. The ion residence time in the ion source is
typically in the millisecond range due to the absence of electric fields and
slowness of ion diffusion to the wall at the pressures used. This is sufficient time

for most ion-molecule reactions to reach chemical equilibrium.

1.2b PHPMS: The Apparatus
The gas handling plant (GHP), containing the 5 | bulb in which

preparation of the desired gas mixtures takes place, is shown in Figure 1.2. The

GHP consists of six VG ultra-high vacuum all metal valves (stainless steel with

copper gaskets) mounted on a stainless steel manifold with the 5 | bulb and
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Figure 1.2 The Gas Handling Plant (GHP): (1) valve to 5 litre bulb; (2) valve
to diffusion pump; (3) gas inlet valve; (4) valve to roughing pump; (5) valve to
ion source; (6) valve to Validyne pressure gauge; (7) valve from ion source; (3}
to gas cylinder; (b) to the ion source; (c) from the ion source; (d) Baratron
manometer (0-10 torr); (e) Validyne manometer (0-1000 torr); (f) roughing
pump; (g) diffusion pump; (h) ion gauge; (i) capillary; (j) 5 litre glass bulb.
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other GHP components connected by borosilicate glass tubing. The whole
system is contained in a box made of 2.5 cm thick asbestos boards which is
heated by three GE 100 watt oven-type heaters covered with metal shields to
ensure uniform heating. This arrangement allows the GHP to be baked at
temperatures up to 250°C to remove any impurities present in the system.
Typically, the GHP is operated at temperatures of ~150°C.

The bath gas (usually methane) is admitted to the evacuated stainless
steel manifold and 5 | bulb from a high pressure gas cylinder attached to valve
3, see Figure 1.2. Typically, an atmosphere of the bath gas is admitted which is
measured by a Validyne pressure gauge (reluctance manometer) attached to
valve 6. After shutting off the 5 | bulb with valve 1, the reactants (commonly
liquids or solids dissolved in an inert solvent) are injected directly into the bulb
through a rubber septum. The septum is attached to a small glass tube
extension on the bulb. It is important to replace the septum when introducing a
new series of compounds. The pressures of the reactants in the bulb are
calculated from the number of moles injected in and the GHP temperature. The
GHP temperature of ~150°C ensures complete vaporization of the majority of
the liquids and solids injected into the bulb.

After approximately 30 minutes of mixing, valve 1 (Figure 1.2), leading to
the re-evacuated manifold, is opened and valve 5 is used to control the flow of
gas to the ion source. The glass line leading from the GHP to the ion source is
wrapped with heating tape and kept at ~100°C in order to prevent the
condensation of the reactants on the glass wall. A slow gas flow through the ion
source is achieved by having a gas outlet tube from the ion source connected to
a rough pump through a capillary (via vaive 7). Gas flow ensures the presence
of a fresh gas mixture in the ion source at all times during an experiment. The

slow nature of the flow means that the total pressure in the ion source can be
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kept nearly constant while collecting ion intensity profiles for the various ions
present in the ion source. This is an especially important requirement when
measuring ion-molecule association equilibria such as reaction (1.1) as the ion
ratio, i.e., M-B/B", is directly dependent on the ion source pressure; see Chapter
2. The ion source pressure is measured by a 0-10 torr Baratron pressure gauge
(capacitance manometer) connected to the ion source gas outlet line prior to
valve 7.

After the experiment, valve 5 (Figure 1.2) is shut and the GHP is pumped
by rotary pump (valve 4) down to pressures in the millitorr range. Subsequent
pumping by an oil diffusion pump (valve 2) with a liquid nitrogen cold trap
lowers the pressure to ~1076 torr.

The body of the PHPMS is shown in Figure 1.3. The electron gun, ion
source, ion acceleration tower and mass detection system are housed in a
vacuum chamber which is pumped by high capacity diffusion pumps. While in
operation, low pressures outside the ion source are essential in order to avoid
the occurrence of ion-molecule collisions in the region between the ion source
and the detector. If collisions occur in this region the detected ion intensities are
not a true representation of the ion populations inside the ion source. To cope
with the gas outflow from the ion source, a 6 inch water-cooled oil diffusion
pump is positioned below the stainless steel manifold (28, Figure 1.3) which
holds the major components of the PHPMS. The ion acceleration and mass
analysis region is differentially pumped by a 4 inch diffusion pump (29). A low
pressure in this region is desirable, especially for ion-molecule association
equilibrium measurements; see Chap. 3. Under typical experimental conditions
(1-5 torr pressure in the ion source), the manifold pressure is in the 10° 4403
torr range while the pressure in the flight tube of the mass analyzer (27) is ~10"8

torr. At these pressures the mean free path, i.e., the average distance between

13



>

gl

10.
11.
12.
13.
14,
15.
16.
17.
18.

19-24.
25.
26.
27.

28.
29,

Figure 1.3
Electron Gun

Filament

Drawout

Extractor

Focusing and accelerating electrodes
Electron deflection plates in X and Y directions
Electric and magnetic shield

lon Source

lon source block with heaters

Wire mesh electric shield

Electron entrance slit

Electron trap and ion repeller

fon exit slit flange

Gas inlet and outlet tubes

lon source lid flange with kovar seal
Support of ion source

Insulator of support

lon Acceleration Tower

Cylindrically symmetrical electrodes
Collimating and ion deflecting slits

Flange carrying entrance into mass analyzer slit
Mass analyzer tube

Vacuum System

To 6 inch pump
To 4 inch pump



Figure 1.3 Main components of the pulsed electron high pressure mass
spectrometer: ion source, electron gun and ion accelerating tower.

15



collisions, is greater than the distance travelled by the ion from the ion source to
the detector.

The electron gun assembly is shown in detail in Figure 1.3. Electrons
emitted from the heated filament (1, Figure 1.3) are accelerated and focused by
a series of electrodes and plates (2-8) towards a narrow electron entrance slit in
the ion source wall. By keeping the filament at -2800 V relative to the ion
source potential (absolute potentials of filament and ion source are -4000 V and
-1200 V respectively) high velocity electrons are generated which are
necessary for penetration of the high pressure ion source. Focusing of the
electron beam along the z axis is achieved by electrodes (2-6) with two pairs of
deflection plates (7-8) positioning the beam in the x and y directions; see Figure
1.3. The final position of the electron beam is attained by adjusting the
electrode voltages until a maximum current is read on a microammeter
connected to the electron trap/ion repeller plate inside the ion source (13,
Figure 1.3). Some minor adjustments to the focusing are usually required when
gas is present in the ion source. The positioning of the filament at a
considerable distance from the ion source in this arrangement (~20 cm)
ensures a longer filament lifetime as exposure to the gas escaping from the ion
source electron entrance slit is minimal. Thoriated iridium was the preferred
filament material under the experimental conditions of the present work; this
material has a superior operational lifetime compared to filaments made of
75/25 tungsten/rhenium. Another advantage of the distant positioning of the
filament is that the hot filament does not effect the temperature of the ion source,
which is solely controlled by the ion source heaters.

Due to the use of a magnetic sector for mass analysis in the PHPMS
used in the present work, the electron gun has to be extensively shielded with
multiple layers of high pu metal sheets. This is necessary because even weak
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stray magnetic fields can deflect the electron beam and change the ionizing
electron current. This effect is mass dependent and results in x,y refocusing of
the electron beam being required to obtain maximum intensity for ions of
different masses. This, of course, is highly undesirable.

Pulsing of the electron gun is achieved by varying the potential of the
drawout electrode (2, Figure 1.3) at regular intervais. A schematic diagram of
the pulsing system is shown in Figure 1.4. The electron gun is switched off by
applying a potential of -50 V to the drawout electrode relative to the filament
potential. The gun is turned on by a short 10-50 us positive pulse to the
drawout plate (+50 V with respect to the filament), delivered by a floating pulse
amplifier which is triggered by a master pulse generator. The triggering pulse
from the master pulse generator simuitaneously triggers the sweep of the
multichannel scaler which allows a time dependence of the ion intensity after
the ionizing pulse to be obtained. With the gun on electrons are allowed to
penetrate the ion source for the duration of the pulse. Then the drawout
electrode returns to its original negative potential with respect to the filament.
The frequency of the cycle is controlled by the master pulse generator at ~5
ms/cycle.

A second pulse generator connected to the electron trap/ion repelier
plate (13, Figure 1.3) is used to destroy the remaining negative ions in the ion
source before repetition of the cycle. This is achieved by an ion repeller pulse
of ~50 ps duration and -50 V relative to the ion source which is applied ~1 ms
before repetition of the electron pulse; see Figure 1.4.

A schematic diagram of the ion source is shown in Figure 1.3. The gas
mixture prepared in the GHP flows in and out of the ion source through
concentric glass tubes (15, Figure 1.3). The inlet (outer) glass tube is joined to

the metal ion source by a kovar seal (16).
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Figure 1.4  Pulsing sequence with typical voltages and durations.
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The ion source consists of a 10 cm long cylindrical stainless steel block
with a circular 1.3 cm diameter channel running through it. One end of the block
is attached to a stainless steel cylindrical support (17, Figure 1.3) which, in turn,
is supported, via an insulator (18), by the flange. At the other end of the ion
source is a 1.3 cm diameter channel which runs perpendicular to the main axis
channel. This channel is the reaction chamber. The exits of this channel are
blocked off by two hat-like flanges which carry the electron entrance slit (12)
and the electron trap/ion repeller plate (13). The central channel is sealed by a
flange carrying the ion exit slit (14). Thin gold wire gaskets are used to tightly
seal these flanges to the ion source. Both the electron entrance and ion exit
slits are made by spot-welding two small stainless steel razor blade pieces
across a 2 mm hole in the center of the flange. This tricky procedure is carried
out under a microscope, using a specially designed jig to maneuver the razor
blade pieces into the desired position. With this arrangement slit widths of
0.010-0.015 mm are achieved. These narrow slit dimensions are necessary in
order to achieve near molecular flow of the gas from the ion source to the
vacuum chamber. Under molecular flow conditions the ions do not undergo
collisions while passing through the slits and, thus, no serious distortion of the
ion populations present in the ion source occurs. In addition, molecular flow
through the ion exit slit is required to avoid the effects of cooling due to
adiabatic expansion of the gas into the vacuum. Under dynamic flow conditions
this cooling effect promotes higher cluster formation.

Heating of the ion source is achieved by inserting 6 cartridge heaters into
the circular channels of the stainless steel heating jacket that surrounds the ion
source (10, Figure 1.3). The ion source heaters are held in place by two semi-
circular shields which are screwed to the jacket. The heaters are supplied with

ac power via a transformer (Variac). An isolation transformer has to be
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positioned between the Variac and the ion source heaters because the heaters
are floating at the ion source potential while the machine is in operation.

The temperature of the gas in the ion source is determined indirectly by
measuring the temperature of the inner wall of the reaction chamber. A small
hole was drilled into the ion source which terminated near the inner wall. This
hole is positioned in the plane of the electron entrance and ion exit slits. The
thermocouple, which is contained within a hollow screw, is tightly screwed into
the hole to ensure good thermal contact between the thermocouple tip and the
ion source wall. Modifications of this method of ion source temperature
measurement are described in Chapter 6.

A cylindrical wire mesh electric shield (11, Figure 1.3) is positioned
outside the ion source below the ion exit slit. Its purpose is to ensure a uniform
electric field for the ions to be accelerated from the ion exit slit to the first
electrode in the ion acceleration tower. The supporting cage consists of eight
posts held rigid by a solid base at one end and a ring at the other. The wire
mesh is spot-welded to these posts and allows for a high pumping speed to be
maintained.

The ion acceleration tower is shown in detail in Figure 1.3. lons
escaping the ion source (14) into the vacuum chamber are accelerated and
focused by a series of electrodes (19-25a) ont~ the mass analyzer entrance slit
(26). lon focusing is relatively easy because of the small dimensions of the ion
exit slit. An acceleration voltage of 1200 V is applied to the ions as the mass
analyzer is at ground potential.

Mass analysis of the ions is performed with a 90°, 15 c¢m radius magnetic
sector. Mass scanning is achieved by changing the magnetic field at a constant
acceleration voitage. No correction for ion transmission is required for magnetic

sector instruments.
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After mass analysis the ions are detected by a secondary electron
multiplier (Spiraltron 4219 EIC). The Spiraltron consists of a glass cone
attached to a glass stem and is coated on the inside by a high resistance film.
This electron multiplier has a gain of 3 x 108 when an acceleration voltage of
3.0 kV is placed across the two ends. Typical operational voltages for negative
ion detection are: Cone +600 V (ion entrance); Bottom of stem (electron exit)
+3600 V. The negative output pulses from the multiplier are collected and
amplified before being counted. The amplifier (EG + G Quad Amplifier
AN201/N) has sufficient sensitivity to detect secondary pulses which represent
less than 10° electron charges and resolve electron pulses separated by as
litle as 10® s. The amplified pulses are fed into a discriminator where a gate
level is set to allow only signal pulses to be transmitted while low level noise is
rejected. The amplifier/discriminator arrangement allows for ion count rates up
to 107 per second which is more than sufficient since typical ion intensities for
the PHPMS are 10%-10% cps The count rates are measured with an Ortec
Model 441 ratemeter. The amplified pulses are collected by a multiscaler and
dedicated computer (Le Croy 3500 computer with the Le Croy multiscaler
interface MCS 3521A). The sweep of the multichannel scaler is synchronized
with the triggering pulse of the electron gun; see Figure 1.4. In a typical
experiment a dwell time of 4 us per channel is set and 512 channels are used.
The ions detected in the first 4 us after the beginning of the electron pulse are
stored in the first channel of the multiscaler. The ions detected from 4-8 us are
stored in the second channel and so on for 512 channels. Thus, the change in
ion intensity over ~2.0 ms is followed. After ~5 ms the electron gun is pulsed
again and the ions detected for each channei are added to those collected

previously. The ion signal is typically collected over 5000-10000 pulses in
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order to achieve a good intensity ion profile. The duration of the ion profile can
be adjusted by changing the dwell time per channel.

The various ion profiles collected in an experiment are stored in the Le
Croy computer. Initial identification of the ions present in the ion source is
achieved by recording a complete mass spectrum of the ionized gas mixture;
see Chapter 4. The ion profiles collected can be displayed together on the

screen of the Le Croy computer, which contains several programmes for data

analysis.
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CHAPTER 2

STABILITIES IN THE GAS PHASE OF HYDROGEN BONDED
COMPLEXES, YCgH4OH-X", OF SUBSTITUTED PHENOLS,
YCegH4OH, WITH HALIDE ANIONS X (CI', Br" and I')

2.1 Introduction

In the present work bond free energies, -AGya, corresponding to the gas
phase reaction (2.1) involving phenols with substituents Y were determined
from measurements of halide association (XA) equilibria (2.1) with a pulsed

electron high pressure mass spectrometer (PHPMS).
YPhOH + X" = YPhOH-X (2.1)

The bond free energies of 26 differently substituted phenol complexes
(X" = Br’) are reported here. Data for a smaller set of 5 phenols and Cl" was
published earlier [1] and data for 5 phenols and I” are available from previous
unpublished work from this laboratory [2]. These combined results prov:.a
quite a complete set of data for the effect of substituents Y on the hydrogen
bonding of the phenols to the halide ions. Hydrogen bonding is favored in
these complexes because of the acidic nature of the protic hydrogen [3, 4]; see

structure |.

1. A version of this chapter has been accepted for publication: G. J. C. Paul
and P. Kebarle, Can. J. Chem., 1990.
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Clustering data are of interest in a number of areas [5]. For example,
hydrogen bonded adduct ions MH-X", where MH are analytes with protic
hydrogens, are observed in analytical mass spectrometric techniques such as
Chemical lonization, Atmospheric Pressure lonization and Fast Atom
Bombardment [5-8] and knowledge regarding the stabilities of such ions is
useful in these areas. Thermochemical information on hydrogen bonded
negative cluster ions is also of interest because these species are known to
exist in the earth's atmosphere [9]. However, the principal interest in these data
derives from previous work [1, 10-14] which attempted to establish some
general principles concerning the stability of hydrogen bonded ion-molecule
complexes involving ions B~ with complete electron shells.

A very simple and useful systematization was the observation that for
compounds MH with protic hydrogens such as the oxygen acids (alcohols,
carboxylic acids, phenols) the strength of the hydrogen bond to a given
negative ion B, in the complex MH-B", increases regularly with increase of the
gas phase acidity of MH [1, 10-15]. Thus, a plot of the hydrogen bond energies
in complexes to CI', involving a series of MH as diverse as HOH, alcohols ROH,
carboxylic acids RCO2H and substituted phenols, shows a regular increase of

bonding with increasing gas phase acidity of MH [13]. Similar relationships
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involving an even larger variety of compounds MH and F~ and CI have been
obtained by Larson and McMahon [16, 17].

In trying to understand the nature of this relationship it is useful to restrict
the MH to a series of closely related compounds such as the substituted
phenols. The first investigation of this series [1] involved CI". The YPhOH-CI’
series differs from the Br™ and I” series in one important respect. The gas phase
acidity of HCI is higher than that of unsubstituted phenol [3, 4]. However,
strongly acidifying substituents such as CN and NO2 lead to phenols whose
acidity is higher than that of HCI [3, 4]. Therefore, in the YPhOH-CI” series there
will be a significant increase of proton transfer from the phenols to CI" with
increasing acidity of the phenols.

In a series of MH with X for which a large increase of the extent of proton
transfer occurs, the increased exothermicity of the complex forming reaction
may derive largely from the exothermicity of the proton transfer. In such a case
the increase of the "hydrogen bond energy” MH-X" as measured by -AGRa will
directly follow the acidity of MH. Of more interest is the question whether a
relation of the bond energy with the acidity exists in the absence of substantially
increased proton transfer. Due to the much higher gas phase acidity of HBr and
HI, relative to HCI [3, 4], the formation of the complexes in reaction (2.1)
involving Br and I is expected to involve at all times complexes corresponding
largely to MH-X', i.e., involving a much lower proton transfer increase. A
comparison of the substitueni effects on -AGxa for these series with that for CI"
should allow one to unravel the importance and nature of the effects in the
absence of proton transfer. |

Interesting theoretical studies of hydrogen bonded complexes to CI” have
been reported by Hirao et al. [18). Hydrogen bonded complexes of the type
ROH-X" form also in dipolar aprotic solvents. For a relevant study of YPhOH-CI',
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see Kolthoff [19], and for data on phenol phenoxide complexes, see Bordwell

[20].

2.2 Experimental
The halide association equilibria (2.1), where X = Br", were measured

using the pulsed electron high pressure mass spectrometer (PHPMS)
described in Chapter 1.

The gas mixtures were prepared in the 5 litre glass bulb in the gas
handling plant (GHP); see Figure 1.2. The 5 | bulb was initially filled with the
bath gas methane to a pressure of ~700 torr. Known amounts of reactants were
injected into the 5 | bulb either as pure liquids or solids dissolved in an inert
solvent at room temperature. Two suitable solvents for the solid compounds
were dimethylformamide (DMF) and toluene. These compounds have weak
bromide association free energies (AGE,A,mK (DMF) = -5.2 kcal/mol, AGS,A,303K
(Toluene) = -2.5 keal/mol; determined in the present work) and therefore lead
only to minor Br' adduct formation. The GHP was kept at a temperaturs of
~150°C in order to completely vaporize all the reactants. After ~1 hour of
mixing a constant gas flow through the ion source was established. The mixing
time was longer than normal (~30 minutes) because phenols strongly adsorb
on the glass wall of the 5 | bulb and time has to be allowed for the wall to
saturate [13, 21]. The ion source was kept at 150°C (423 K) for all free energy
determinations in the present work. Methane at ion source pressures of 2-4 torr
was used as the major (bath) gas. Reactant, YPhOH, concentrations ranged
from 0.1-15 mtorr.

Bromide ions were generated in the ion source by the dissociative
electron capture of near thermal secondary electrons by dibromomethane,

CH2Bra, present in 1.0-5.0 mtorr concentrations in the ion source. As the
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bromide ions diffused towards the walls of the ion source they collided with
neutral YPhOH molecules and under suitably selected conditions equilibrium
(2.1) was achieved. No higher order cluster ions, (YPhOH), ,-Br", or
CH2Bro-Br' adducts [22] were observed under the experimental conditions
described.

The electron beam was pulsed on for 10-50 us every 5 ms in these
experiments and each ion was observed over 6000-10000 pulses. The ions
were counted and the counts stored in a multichannel scaler as a function of
time after the electron puise. The collection was typically for only 2-4 ms after
the electron pulse. A typical intensity wersus time profile of the ions involved in
reaction (2.1), X* = Br’, is shown in Figure 2.1. Thermodynamic equilibrium is
assumed to be achieved between unsubstituted phenol and Br" about ~0.5 ms
after the electron pulse. Evidence for this is the constant vertical distance
between the two ions which for the logarithmic intensity plot corresponds to a
constant ion ratio. The decrease in the intensity of the two ions after ~0.7 ms is
due to diffusion of the ions to the ion source wall. This occurs at nearly equal
rates as the diffusion coefficient only has a small dependence on ion mass

under PHPMS conditions [23].

_ I(YPhOH-Br)
BA = (Br -) p(YPhOH) (2.2)

Substituting the ion intensity ratio of the adduct to bromide ion into
expression (2.2) leads to the equilibrium constant, Kgra. Accurate measurement
of the ion source pressure with a capacitance manometer allows for accurate
determination of the reactant pressure, p(YPhOH); see Chapter 1. The amount
of YPhOH which is converted to YPhOH-Br™ is negligible and, therefore, the

concentration of YPhOH is constant throughout the experiment. From the

31



32

ieM SU} 0} Suot ey 4o uoisnyIp o} 8np si sw £ g~ Jalfe Alsuaiuy Uol Jo asealdap ay|
"asind uo.oa|e 8y} Jaye S G0 BwWos paysiiqelse sawodaq (1°g) wnuqinbe uswyoepe Jg eyl -eigeHqo Aq aimde:
UO.ID8|8 8AneIoossIp woly JNSal Suol ug “Mezy e ¢1g%HD Mo $'E puBe HOUYJ Lojw 001 ‘*HD M0} 8°2 J0 aunpiu
seb e yum paureiqo ‘esind uoJjosle Buiziuol st gg ey) eye ewy snsian Aususjul uol :joid ejep mey 12 ainbi

(oesw) awi

€ g t 0

[ - L a 1 A OO_.

- ﬂ Ot
° o
lll P =3
s %, o (o)
. fl}‘ll . - E o
.l{jﬂﬂf . '.—m o HP No—. m
%o .....f..l._...l.s . |} 71
%a bnuﬂ ! P b ifll‘ll » of ©
......u..}ﬁr{i TN, s ]
“‘f . g, O
-Eun;f e O QOF =
- =3
" D
g m -

- .0l

1 4
HO [
E o



equilibrium constant the bond free energy of YPhOH-Br, -AGge, can be

obtained frcm expression (2.3).
-AGEa = RTInKgA (2.3)

For each experiment, where the partial pressure ratio of YPhOH to
methane was constant, the equilibrium constant Kgra was determined at three
different ion source pressures between 2 and 4 torr in order to check its
invariance. Kga was evaluated with two different YPhOH/methane partial
pressure ratios where the ratio was changed by at least a factor of five.

The equilibrium constants for reaction (2.1) involving different partial
pressures of YPhOH are shown in Figure 2.2. The Kgra values are observed to
be essentially invariant to the partial pressures of YPhOH.

Only values for -AGgra up to ~14 keal/mol could be obtained by the direct
measurements of equilibria (2.1). As -AGBA increases,‘ Kgra increases and
beyond a given point the Br™ intensity becomes too small for reliable
measurements. The higher bond free energies were obtained indirectly by
measurements of bromide transfer (BrTr) equilibria (2.4) which provided relative

‘AGgrA-
YPhOH + Y'PhOH:Br" = YPhOH-Br” +Y'PhOH (2.4)

The time dependence of the ion intensities observed for one reaction
(2.4), involving 3-CF3 and 3-NOz phenol is shown in Figure 2.3. The

establishment of equilibrium is observed ~0.7 ms after the short 20 ps electron

pulse.
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_I(YPhOH-Br") p(Y'PhOH)

Kerr
"~ I(Y'PhOH-Br -) p(YPhOH) (2.5)

Substitution of the adduct ion intensity ratio into exprassion (2.5) leads to
the equilibrium constant, Kg,t,. Similar checks to those performed for Kga,
involving different partial pressure ratios of the two reacting phenols, were
performed for Kg,T;.

The AGxa for reaction (2.1) involving X" = CI” and I” were determined in
earlier work [1, 2] using similar techniques. For a description of equilibrium
measurements involving I" and ROH and RCO,H molecules, see Caldwell and

Kebarie [24].
2.3 Results and Discussion

2.3a Results
The -AGgra 423k values for YPhOH are shown on a scale of increasing

-AGBra 423k in Figure 2.4. The absolute -AGB/a 423k values (below ~14 kcal/mol)
determined in the present work are probably accurate to 1 kcal/mol. This was
the error bar quoted for absolute bond free energy determinations of ROH-I” and
RCOzH-I" complexss performed in this laboratory [24]. The lengths of the
arrows shown in Figure 2.4 correspond to -AGE,T,,423K determinations. By
combining -AGBrtrazak With absolute -AGBra4ak due to equilibria (2.1) a
complete scale of -AGS,A,423K extending up to 19 kcal/mol for the most acidic
phenol, 4-NO2CgH40OH, was obtained. The -AGE,A,423K values are summarized
in Table 2.1. The more limited data for the YPhOH-I" and YPhOH-CI” bond free
energies [1, 2] are given in Table 2.2 which includes also the corresponding
bromide determinations to facilitate an easy comparison of the three sets of

data.
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Figure 2.4  Scale of -AGBa azak for reactions (2.1): Br' + YPhOH = YFhOH-Br’.
Standard state 1 atm. Values up to 14 kcal/mol were obtained by direct
measurements of equilibria (2.1). Higher values were obtained from
measurements of the Br transfer equilibria (2.4). Lengths of arrows shown
correspond to -AGE,T,,mK. Letters beside arrows identify phernols involved in

equilibrium (2.4).



Table 2.1 2 Gibbs Free Energy Change -AGE,A,mK for Reaction: Br + YPhOH

= YPhOH-Br
Position-Y -AGBra 423K Position-Y -AGBrA 423K
(kcal/mol) (kcal/mol)
4-NHa 98 2-CF3 14.4
3-NH2 10.6 3-CF3 16.0
4-CHg 10.6 4-CF3 16.9
2-CH3 10.9 4-CH3CO 15.4
3-CH3 10.9 3-CHO 16.5
H 11.1 4-CHO 16.1
4-OCHg3 11.3 2-CN 17.3
3-OCHj3 12.4 3-CN 17.7
2-F 11.2 4-CN 18.1
4-F 13.6 2-NO3 -
3-F 13.7 3-NO2 17.7
2-Cl 11.5 4-NO2 18.7
4-Cl 14.7 Fs® 15.9
3-Cl 14.4

a. Data from Figure 2.4. YPhOH are subsiituted phenols. Standard state 1 Atm.

b. perfluorophenol.
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Table 2.2% Gibbs Free Energy Change -AG>°<A,423K for Reaction: YPhOH + X" =

YPhOH-X
Position -Y -AGXA 423K
(kcal/mol)
cr Br I
4-Me | 15.3 10.6 7.5
Hb 15.9 11 8.4
4-Cl 19.5 14.7 11.6
3-Cl . 14.4 12.2
3-F . 13.7 10.7
4-F 18.0 13.6 10.5
3-CN - 17.7 14.1
4-CN 24.7 18.1 14.9
3-NO2 - 17.7 14.3
4-NO> - 18.7 -

a. Data for Br", present work, ClI [1, 13], I {2]. Standard state 1 Atm. ‘AHRA can be
approximately evaluated from AHga = AGRa Tk + TASRa, where -ASxa = 25 (CI);
23 (Br)and 21 (I') (cal deg'1 mol™"). Entropy changes from: ref [13] CI'; estimated
Br’; [2] I'. Furthermore, -ASxa is approximately constant for whole substituent

series and for given X, see [1].



2.3b Hydrogen Bond Energy in YPhOH-X". Gas Phase Acidities and
Substituent Effect Analysis

A plot of the hydrogen bond free energies in YPhOH-Br relative to the
unsubstituted phenol versus the relative gas phase acidities of para substituted
phenols [3, 4] is shown in Figure 2.5. A fairly good correlation (correlation
coefficient r = 0.956) is observed. However, a much better correlation (r =
0.998) is obtained in Figure 2.6 where the plot is against the acidities of the
para substituted benzoic acids.

This comparison shows when extensive proton transfer from MH to X is
not involved, as is the case for X" = Br’, the relationship of bond energies with
the acidity of the MH is only indirect, i.e., a consequence of a similarity of the
substituent effects on the acidity and the hydrogen bonding ability. The much
better correlation with the benzoic acids means a greater similarity with the
substituent effects on the acidity of the benzoic acids. The causes for the better
agreement with the benzoic acids can be deduced from a comparison of the
deviations for specific substituents observed in Figures 2.5 and 2.6. However, a
general examination of the substituent effects in the hydrogen bonded
complexes, YPhOH-X', provides a more comprehensive view.

The two most important contributions to the substituent effect are the
field/inductive (F) and resonance (R) effects [25]. The field/inductive effect is
predominantly the attractive charge-dipole interaction between the reaction
center and the substituent (+F) and is transmitted through polarizable bonds
and space. This interaction is long range and involves no transfer of charge.
The resonance effect involves interaction of the reaction center with a  electron
system conjugated to that of the substituent. As n charge transfer to the

substituent can either be positive or negative, i.e., © acceptor or = donor
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Figure 2.5 Plot of -5AGBa 423k for Br” hydrogen bonding to phenols versus
relative gas phase acidities of phenols. Substituents in para position.
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Figure 2.6  Plot of -5AGga 423k for Br’ hydrogen bonding to phenols versus
relative gas phase acidities of benzoic acids. Substituents in para position.



substituent, = stabilization (+R) or destabilization (-R) of the reaction center can

occur. _
Taft et al. [25-28] have developed and refined greatly the analysis of

substituent effects. The present analysis is based on the work of Taft and

Topsom [25]. The separation of the substituent effect, 5AG®, into contributions

due to & electron delocalization (resonance) and field/inductive effects for a

substituent in a given position to the functional group, either p- or m-, is

obtained from equation (2.6), which also includes polarizability, o, effects.

-5AG® = pROR + PFOF + PaCa (2.6)

on. O and o are reaction system independent parameters that rank the
resonance, field and polarizability capacity of the given substituent; these
values are tabulated [25, 26]. The parameters pg, pr and po depend on the
given reaction and their magnitude is determined by regression analysis for the
best fit when the experimentally determined 5AG® for the given reaction system

is substituted into equation (2.6).
The experimentally determined -8AG§,A,423K for para substituents relative

to Y = H plotted versus the -SAGBrA,mK calculated from equation (2.6) with the
best fit p parameters (labelled -8AGQaic) are shown in Figure 2.7. A very good
correlation (correlation coefficient r = 0.991) is observed. The polarizability
contributions were neglected in the fit shown. A somewhat better fit, r = 0.995, is
obtained with inclusion of the polarizability. The p parameters for both fits are
given in Table 2.3. Since the emphasis of the present discussion will deal with

the changes of pg and pg for the different systems and the p, values in all cases

are very small (Table 2.3) the polarizability will not be considered in the further
discussion. Small p,, values are anticipated for p- and m-YPhOH-X" complexes
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Figure 2.7  -8AGBa 423k for Br' and substituted phenols versus -5AG3e
calculated with Taft ¢ parameters, see equation (2.6). Substituents in para
position.

44



45

Table 2.3 Values for Resonance pg, Field pg and Polarizability p, Parameters,
Taft Equation (2.6)2

Substituents Reaction pp

position

meta?
para?
para?
para?
parad

para®
metac

para®
para®

imeta’®

Br

Br

Br

cr

Benzoic
acids

Benzoic
acids

Phenols
% acceptors

Phenols
n donors

Phenols

4.1+0.6
4.0+0.5

6.3+0.6
6.1£0.5

7.6£0.7
7.4+0.5

12.7£1.2
12.240.4

8.1+0.9
8.1£1.3

14.610.7

11.510.9

49.0£1.5

22.0+1.4

12.2+1.2

P

9.7+0.4
8.9+0.5

10.710.4
10.0£0.5

10.4+0.3
10.1£0.2

12.5+0.4
11.9+0.2

9.7+0.3
9.710.7

15.0+0.6

14.7£0.5

18.6£0.5

18.810.9

19.010.7

Pa

-1.3£0.8

-1.230.5

-0.5+0.3

-0.9+0.2

0.1£0.7
0.1£1.0

0.610.8

-3.110.5

0.988
0.993

0.991
0.995

0.999
1.000

0.998
1.00

0.998
0.998

0.997

0.998

0.999

0.993

0.994

Origin
of data

Table 2.1

Table 2.1

Table 2.2

Table 2.2

Table 2.2

Taft [25)
Taft [25]

Taft [25]

Taft [25]

Taft [25]

a. p values obtained from linear regression analysis of eq. (2.6), where SAGYXA 423K
corresponds to experimentally determined AG® for reaction PhOH-X" + YPhOH =
PhOH + YPhOH-X". Since 5ASga = O, see [1], 5AGxa, even though determined at
423K is also valid at 298K, i.e., 5AGRA 208K = SAGXA 423K

b. Correlation coefficient.
¢. Gas phase acidities.



as polarizability is a short range effect and there is a relatively long distance
between the reaction center (H-X") and substituent.

A plot of -SAGgrA,423K for meta substituents and the best fit p parameters
is shown in Figure 2.8. A very good fit is obtained also for this system.

Since a much more restricted number of substituents was used in the
determinations [1, 2] involving CI" and I" and since the p values depend
somewhat on the number of substituents included in the fit, regression analyses
for these three ions and the same restricted set of substituents, in para position,
were obtained. The resulting plots for CI', Br™ and I” are shown in Figures 2.9-
2.11. The p values ard the correlation coefficients from the restricted fits for CI",
Br" and I are given in Table 2.3. A comparison of the pg and pg values for Br
between the extended plot (Figure 2.7) and the restricted plot (Figure 2.10)
shows that the pg is essentially the same while PR Changes only a little, i.e., from
6.3 to 7.6; see also Table 2.3. This indicates that the restricted plots for resuits
for CI', Br  and I provide pg and pg, values which are still quite meaningful.

Also included in Table 2.3 are the p values for the substituent effect on
the gas phase acidities of phenols and benzoic acids obtained by Taft [25].
Examining first the data for the para position, one finds that the pg values
decrease in the order: phenol acidity 18.6, benzoic acid acidity 15, YPhOH-X"
bond free energy: CI" 12.5, Br 10.4, I' 9.7. This order agrees with expectation
when one considers the gradually increasing delocalization of the negative
charge (phenols to benzoic acids) and the increasing remoteness of the

negative charge from ihe substituent, present for the whole series.

Considering the pg values, it is significant to note that the -8AGXA 423K

plots for para substituents, which in all cases include both n donor and «

acceptor substituents, give good linear relationships (Figures. 2.7, 2.9-2.11).

The same is true for gas phase acidities of para substituted benzoic acids [25];
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-5AG%a|c = 4.1or+ 9.70';:

Figure 2.8 -SAGE,MggK for Br' and substituted phenc!s versus -5AG@alc
calculated with Taft ¢ parameters, see equation (2.6). Sut:stituents in meta

position.
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Figure 2.9 -SAG?;,A,423K for CI" and restricted number of substituted phenols

versus -3AGg,c calculated with Taft o parameters, see equation (2.6).
Substituents in para position.
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Figure 2.10 -8AGR:4 423k for Br” and restricted number of substituted phenols
versus -0AGQ.e calculated with Taft o parameters, see equation (2.6).
Subsiituents in para position.
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Figurg 2.11 -5AG?A,423K for I and restricted number of substituted phenols
versus -5AGRac calculated with Taft ¢ parameters, see equation (2.6).
Substituents in para position.
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see Table 2.3. On the other hand, it is known [25] that for the para substituted
phenol acidities a single straight line relationship cannot be obtained for both
strong = donors, i.e., -OH, -OCH3, -NH2, and strong = acceptors, i.e., CN,
NO,,CHO, because the reaction center, O', is very strongly & donating to the
benzene ring and thus suppresses x donation by x donor substituents [25}. The
separated fits pg values for the phenols [25], are & donor, pg = 22, 1t acCeptor pp
= 49: see Table 2.3. Comparing the = acceptor value with the pg, values for
benzoic acids, pg = 14.6 and YPhOH-X" bond free energies: pp = 127 (C)); 7.8
(Br); 8.1 () one finds that the latter are very much srnaller and fairly cicse
together. This result could have been anticipated from the plots of YPhOH-Br’
bond free energies versus the acidities of phenols and benzoic acids; see

Figures 2.5 and 2.6.
The similarity between the pg values for benzoic a:.. acidities and the

YPhOH-X" bond free energies reflect the expected dominant stabilization for =

accepting substituents in these systems; see resonanca structures il and IV.

@@

(7
il i V

The benzcate anion and the YPhOH-X" complexes lack the direct, into
the ring = donation by the negative functional group exhibited by the
phenoxides, structure Il. The stabilizing effect of & accepting substituents for the

YPhOH-X systems thus derives from a = shift from the ring into the substituent
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which is induced by the negative charge on X and is similar to that occurring in
the benzoate anions. On this basis one expects NO2 and CHO, the most
strongly & accepting substituents (ag: CHO 0.19; NO2 0.18; CN 0.10; CF3 0.07,
from [25, 26]) to show the largest dsviations in the YPhOH-X" bond free energy-
phenol acidity plot (Figure 2.5) and exactly this is found to be the case. This
also suggests that charge stabilization in YPhOH-X" systems through =
delocalization involving the phenol oxygen electron pairs is only a small effect.

The pg values for the p-YPhOH-X" systems are: ClI” 12.7; Br 7.6; I" 8.1.
On the basis of the increasing remoteness of X" in the above series one would
have expected the values to decrease monotonically, i.e., pg(Br’) 2 ps(I). The
small reversal of the experimental result for this pair is probably due to
experimental error. The observed much larger pR(Cl') probably includes also
the effect of an actual partial proton transfer from YPhGH to CI” which occurs for
this series.

In order to provide an illustration for the actual magnitudes of the
resonance (R = ppop) and field (F = pg o) contributions to -SAGS,A,423K (equation
(2.6)), the R and F values evaluated from the p values in Table 2.3 and o values
of Taft [25, 26] for the substituent effect on the hydrogen bonded phenols ta B
are shown in Table 2.4. The corresponding R and F terms for the gas phase
acicities of para substituted phenols and benzoic acids are also provided for
comparison. Examinatiori of the values in Table 2.4 shows that the F effects are
almost completely dominant fer both the para and meta substituted YPhOH-Br".
This explains the similarity beiween the -SAGS,MgsK values for the meta and
para YPhOH-X" systems (Table 2.4 and Figures 2.6 and 2.7) and also the
similarity of those with the substituent effects on benzoic acid acidities which are

also dominated, but somewnhat less so, by the F effects; see Table 2.4.
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Table 2.4 Pesonancs R and Field F Contributions of Substituents®

Substituent | 4-YPhOHBr™® | 3-YPhOHBr™® | 4-YPhOH® |4-YPhCO2H®
R F R F R F R F
-NO2® 1.1 70 0.7 63 8.8 12.1 26 9.8
-CN® 0.7 6.4 04 58 49 112 | 15 90
-CHO® 1.2 33 08 3.0 9.3 5.8 28 4.7
-CF4° 05 47 04 42 34 82 1.0 6.6
-H 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
-clf 11 48 06 43 d' d 2.5 6.8
-F 16 47 1.0 :.2 d d 2.7 6.6

a. Contribution R = pgog and F = pgog in kcal/mol to -5AG”, see eq. (2.6), for given
substituent.

o

-5AGBra 423k for reaction (2.1).
-5AGRcig for gas phase acidities of phenols and benzoic acids.

1 donor substituents require a separate fit, see text.

® Qo

n acceptor substituent.

=

7 donor substituent.




The stabilizing effect of electron withdrawing substituents in YPhOH-Br
for ortho substituents is somewhat smaller than that for meta = para; see Table
2.1. This hoids for both small size substituents like F and large substituents like
NOa2. Since the field effect is the dominant factor in all these systems the
somewhat smaller stabilization for the ortho compounds should be due to the

unfavorable orientation of the dipole, produced by the substituent, relative to the

negative charge, i.e., Br.

2.3c Hydrogen Bonding in MH-B"

The findings for the YPhOH-X" systems can be ganeralized to MH-B~
hydrogen bonded complexes. For a given related series of MH with increasing
gas phase acidity, the increased strength of the hydrogen bond as measured by
the energy required for the dissociation to MH + B’, consists of two contributions.
One is the gradually increasing extent of actual proton transfer from MH to B” on
formation of the complex. This effect is very important when the acidity of BH is
close to and becomes smaller than that of MH. The second contribution can be
best observed when the acidity of BH is much larger than that of MH for the
whole MH series. This contribution is due to effects in MH which increase the
dipole in M™-H* and thus the hydrogen bond energy. The major effect in this
case are field type effects in MH. The negative charge of the approaching B
induces also some =« delocalization in MH. This R effect is less important.
Since changes of the structure of MH that increase the acidity of MH increase
also the favorable F and the less important R stabilization in MH-B~, the
hydrogen bonding in MH-B" tracks, but only partially so, the acidity of MH. The
YPhOH-X" complexes are particularly useful since for these systems a
convincing dissection of the above effects is possible. This is the case, because

the contrast between the effects on acidity and hydrogen bonding is especially
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strong, due to the large R effect in the phenoxides; see structures 11-IV.
Somewhat similar and even larger differences between hydrogen bonding
ability and acidity are tserved for the carbon acids, where the acidity may be
almost entirely due to resonance stabilization after deprotonation, as is the case

for cyclopentadiene [13].
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CHAPTER 3

STABILITIES OF COMPLEXES OF Br" WITH SUBSTITUTED
BENZENES, SB, BASED ON DETERMINATIONS OF THE GAS
PHASE EQUILIBRIA Br’ + SB = SB-Br’

3.1 Introduction
The formation of complexes between X (CH3zO", F", CI", Br" and I) and

substituted banzenes (SB) is of interest in gas phase ion chemistry [1, 2] and
condensed phase organic chemistry [3, 4]. The SB-X" adducts hav: bee: used
for analytica: purposes in Negative lon Chemical lonization [5-8] and
knowledge of the stabilities of these complexes is of obvious use in this area.
The formation energies of complexes SB-X" from SB and X can be
obtained by measurements of equilibria (3.1) and (3.2) in the gas phase with a

suitable mass spectrometric apparatus [9].
SB+ X =SB-X (3.1)
SB-X" +SB'=SB + SB'"X’ (3.2)

Measurements involving X" (particularly F* and CI') and a variety of compounds
other than substituted benzenes have been reported by this [10-16] and other
laboratories [17-20). In the present work the discussion is restricted to
substituted benzenes. Furthermore, substituents are excluded which have

protic hydrogens, such as CO2H, OH and NHp, and engage in strong hydrogen

1. Aversion of this chapter has been submitted for publication: G. J. C. Paul
and P. Kebarle, J. Am. Chem. Soc., 1990.
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bonding to X'. The stabilities of the hydrogen bonded complexes YPhOH-X
were discussed in Chapter 2. The complexes dealt with here are those in which
X~ bonds to the benzene moiety. Since equilibrium determinations provide
information on the energetics but not on the structure of the complexes,
quantum mechanical calculations have been essential for the understanding of
the type of bonding and structures that are present. Depending oi: the nature of
the substituents and X an interesting variety of most stable structures can occur.
The most important ones, I-IV, are shown beflow. For simplicity the

substituent(s) have been omitted from the structures.

X-:ll.lll H O ..H

X [XITIYTIT H

i v

Earlier work [13] on equilibria (3.1) involving CI" and a few substituted
benzenes which also included minimal basis set (STO-3G) calculations,
indicated that structure | is the most stable one for benzene and singly
substituted benzenes. = donor, ¢ acceptor substituents lead to complexes |
where CI” interacts with the C-H hydrogen in position meta to the substituent
although the interaction with the para C-H is only slightly weaker. The predicted
structure for CgHsF-Cl™ [13] follows (structure V).
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Bonding to the C-H hydrogen in pesition meta to the = donor F
substituent is favored as the adjacent carbon atom possesses the lowest
negative n electron density [21]. Theoretical calculations (AM1 method) by
Meot-Ner et al. [22] predicted the aromatic proton meta to the F substituent in
CeHsF to be most acidic and hence most favorable for hydrogen bonding.
Recent calculations with larger basis sets (3-21G) by Hiraoka, Mizuse and
Yamabe [23] for F*, CI” and Br” and unsubstituted benzene also predict structure
| to be the most stable, while structure il is predicted to be most stable for the I’
complex with benzene.

Mulliken electron population analysis [23] indicates significant electron
transfer from X to CgHg only for CgHg-F~. The extent of electron transfer
decreases rapidly for CI', Br and I". The bonding structure | for F", CI" and Br
can be considered as a C-H--X™ hydrogen bond, while that for I” and structure I
is a bifurcated H bond [23]. The bonds become progressively more electrostatic
from F" to I and the bifurcated H bond with I" is a classical electrostatic structure.

Strongly = and ¢ electron accepting substituents like NO2 can be
expected to increase the C-H--X" bond strength. However, in the presence of
such substituents and for small X" like F* and CH3O", which can form strong
covalent bonds, the most stable structure may not be | but the ¢ bonded
complex IV. & bonded complexes like IV are well known. Multiple NO>

substitution, as in 1,3,5-trinitrobenzene, and F~ and CHgi>" leads to stable o
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bonded complexes (Meisenheimer complexes) which are well characterized in
solution [24, 25]. o complexes of this type are of special interest in the gas
phase [26-30] as well as in solution [24, 25] since they are probable
intermediates in aromatic substitution reactions (SnAr) involving nucleophiles

X.

Recent calculations [31] dealing with the complex formed by F~ and
nitrobenzene, using 3-21G plus diffuse functions basis sets, predict structure VI
(analogous to structure 1) to be most stable where the C-H involved in the
hydrogen bond is in position para to the nitro group. The most stable ¢
complex, structure VIl (analogous to structure IV), where F inserts in the para

position to the nitro group is only somewhat less stable.

NO,

\ Vii

The formation of the & bond in position para to the NO2 substituent (structure

VIl) is expected on qualitative grounds. The carbon ii: the para position of

nitrobenzene has the lowest negative m electron dersity due to the +R

(resonance) effect of the substituent [21] and may be expected to be the site of

nucleophilic attack. Furthermore, the resulting o bonded adduct is strongly
substituted by the same +R effect of the substituent [21, 32]. The bond energies

(-AEEA) in the two complexes are predicted as ~27 (structure Vi) and ~22
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kcal/moi (structure VII) [26). This is much higher than -AER, = -AHRa = 14
kcal/mol for the C-H-F~ bonded complex with unsubstitutec! benzene [23].

A low level theoretical study [33] using the MNDOQ #:asis set in which the
principal interest involved the reaction coordinate of nucleophilic aromatic
substitution of chloride by X (F", CI", Br" and CH30'), also provided informatici
of the stabilities of the o bonded Meisenheimer complexes involving ine

nucleophile X™ and p-Cl nitrobenzene; see structure V1.

Vil

The predicted bonding enc:gies (in kcal/mol) were  £8.7 (F)), 17.5 (CI), 23.2
(Br’), 57.3 (CH30"). Bond energies of some - 4e ion X -molecule dipole
complexes ware also provided but, unforturately, the structures were not well
described and it is unclear whether hydrogen bonded structures analogous to
structure | were included in the geometry search. The bond energies of the ion-
dipole complexes that were quoted were all smaller than those quoted for the
corresponding Meisenheimer complexes.

The complex Ill, where X lies on an axis perpendicular to the benzene
plane, is not a charge transfer complex. While electron transfer from X to the
LUMO of benzene might appear to be a distinct possibility, the relatively high
electron affinity of X and electrostatics [34] hinder the formation of a & complex.
Thus, the negative quadrupole moment of benzene, Q,; = -8.7 x 10-26 esu [35],
perpendicular to the plane of benzene (due to n electron ciouds above and

62




balow the ...t Jlar plane) leads to a significant electrostatic repulsion
betw:3n X = . henzene and a low stability of the axial compiex lil, when
unsubstituted benzene is involved [34]. On the other hand, a relatively strong
bond =gy (-AHﬂA = 18.3 kecal/mol} was measured for the axial complex
CeHe-K' (structure 1X) where the ion-quadrupole moment interaction is

attractive [34].

= complex formation {analogous to structiire IX) has also been proposed for the
CeHaNa* [34] and CgHe:NO* [36] adducts. Stronger electrophiles such as H*
[37], SiMez* [38] and NOo* [39] are proposed to form ¢ bonded adducts
(Wheland intermediates) with benzene.

Structures Il have been predicted by Hiraoka, Mizuse and Yamabe [40]
to be the most stable complexes when the highly substituted benzene, CgFe,
and X =CI", Br and I” are involved; see Chapter 4. The axial CgFg-X" complex
is described as being largely electrostatically bonded [40]. Other strong
electron withdrawing substituents like CN, CF3 and NO2, when present in
multiple substitution in benzene, also should promote the formation of the axial
elactrostatic complex I1i with the larger nucleophiles CI", Br” and {". The strong
bases F~ and CH30" are predicted to form a 6 complex with CgFg [27, 41, 42].

From the discussion presented above it becomes evident that structures
I-IV could be a:surring with different X and differently substituted benzenes and

that some effort is required to arrive ai & prediction for the most stable complex
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under certain given circumstances. In the present work ¢xperimentally
determined bond energies based on determinations of equilibria (3.1) with X =
Br’ and singly, doubly and tiiply substituted benzenes are reported. The singly
substituted benzene complexes are subjected to substituent effect analysis
following Taft [43]. This analysis provides very usefui supplementary
information which, when combira:i3 i {+3 structural information discussed
above, permits bonding structural assignments to be made. The:2 extens] also
over ccraplexes involving Cl” and NG2™ whose equilibria were measured in
nravious work [27, 44-46). Experimental data snd theoretical calculations
invoiving X™ (F", CI" and Br)) with perfluorobenzenes and X (F", CI” and Br’) with

perfluoroquinones and tetracyanoethylene are reported in Chapters 4 and 5.

3.2 Experimentai

Association equilibria (3.1), ¥ = Tr, were measured with the pulsed
electron h:gh pressure mass spectrometer (PHPMS) described in Chapter 1.
The met.cz of equilibrium measurement was as described in Chapter 2. In
order to cover a large number of compounds the majority of the aquilibrium
constant determinations (Kga) were made at only one temperature, 423 K. The

corresponding free energy changes were obtained with equation (3.3).
-AGgra = RTInKgya (3.3)

The gas mixtures were prepared in the gas handling plant (GHP) which
was kept at a temperature of ~150°C. For some of the singly substituted
benzenes this temperature was lowered to 80°C to prevent their thermal
decomposition. After 30 minutes of mixing a constant gas flow through the ion
source was established. The ion source was kept predominantly at 150°C (423

K) except for association equilibrium (3.1) measurements involving weakly
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bound bromide adducts. For these expneriments an ion source temperature of
30°C (303 K) was employed. iMethane at ion source pressures of 2-4 torr was
used as the major (bath) gas. Reactant (SB) concentrations ranged from 0.1
mtorr for compounds with high bromide affinities up to 600 mtorr for those with
low.

Bromide ions were generated in the ion source on dissociative electron
capture of near thermal secondary electrons by ditromomethane, CH2Bro,
present in 1.0-5.0 mtorr concentrations in t."e ion source. No higher order
cluster ions, (SB),,-Br’, or CH2Br2-Br" adducts {47] were observed ui:uer the
experimental conditians descrihed.

An intensity versus time profile of the ions involved in an association
equilibrium (3.1} is shown in Figure 3.1. Thermodynamic equilibrium is
assumed to be achieved between the substituted nitrobenzene adduct, m-
CN#B-Br, and Br” about ~0.5 ms after the short 20 us electron pulse. An ion
extraneous 0 the equilibrium stiidied is the radical anion m-CNNB". The
decrease in the intensity of the three ions after ~0.7 ms is due to diffusion of the
ions to the ion saurce wall.

The equilibrium constants, Kga, for reaction (3.1) involving different
singly substituted benzenes and singly substituted nitrobenzenes are shown in
Figures 3.2 and 3.3. Kgia was determined at three different icn source
pressures between 2 and 4 torr for a constant SB/methane partial pressure
ratio. This procedure was repeated with a different SB/methane partial
pressure ratio where the ratio was changed by at least a facior of five. From
Figures 3.2 and 3.3, Kgra is observed to be independent of the partial pressure
of SB for different SB/methane ratios. However, a slight decrease in Kgra with
increasing ion source pressure is observed for constant SB/methane ratios

(represented by similar symbols in Figures 3.2 and 3.3). This is also observed
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Figure 3.2 Kpga for reaction (3.1) involving different singly substituted
benzenes, CgHsY, versus CgHsY partial pressure in the ion source. lon
source temperature, 303K. CH4 pressure changes from 2-4 torr in runs with
the same symbol. In such runs, the CHa to CgHsY pressure ratio is constant.
Kg:a is independent of CgHsY pressure for different CgHsY/methane ratios.
However a slight decrease in Kpais observed with increase of CHy4
pressure for constant CgHsY/methane experiments.
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Figure 3.3 Kg/a for reaction (3.1) involving different singly substituted
nitrobenzenes, YNB, versus YNB partial pressure in the ion source. lon
source temperature, 423K. CHg4 pressure changes from 2-4 torr in runs with
the same symbol. In such runs, the CH4 to YNB pressure ratio is constant.
Kera is independent of YNB pressure for different YNB/methane ratios.
viowever a slight decrease in Kg;yis observed with increase of CH4
pressure for constant YNB/methane experiments.
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in Figure 3.4 from piots of Kga for singly sulfituted benzenes versus ion
source pressure.

The most common source of error believed to occur in PHPMS
measurements of association equilibria such as (3.1) is the decomposition of
adducts outside the ion source due to collisionaily induced dissociation (CID)
[48-50]. The occurrence of CID has been proposed in previous measurements
of association equilibria (3.1) involving the unsubstituted benzene (X = CI", Br
and I') [23] and substituted benzenes (X" =CI" [13]. CID is most likely to take
place in the region jus* cuiside the ion exit slit (Figure 1.3) where the gas
pressure is much highe: e i the rest of the vacuum chamber. Here if the
possibility of collision axists between an accelerated SB-Br” adduct and a
neutra! then diseaciation to SB and Br~ may occur. This would result in a Kgra
lower than the true value being determined. Under CID conditions the number
of dissociative collisions which occur outside the ion source would be expected
to increase with an increase in ion source pressure. Hence, the occurrence of
CID should lead to a negative ion sourcs Jressure dependence of k.ga. This is
observed in Figures 3.2-3.4.

An ion acceleration voltage of +1200 V (ion source voltage = -1200 V,
magnetic sector entrance slit = 0 V) and voltage differential of ~+500 V betwesn
the ion exit slit and first ion acceleration electrode were employed in equilibrium
(3.1) measurements in the present work. The voltage differential between tha
ion exit slit and first ion acceleration electrode is the most important with respect
to CID effects. Tests were performed on equilibrium (3.1) measurements (X =
Br’) involving nitrobenzene (NB) to check if changing the voltage on the ion
source or ion acceleration electrodes had any effect on Kgra. Kgra was first
measured varying the ion source voltage from -1200 V to -1800 V. This

corresponded to a change in potential between the ion exit slit and first

69

PIRTPINTR B IPEY . Y



14 r
19 ° Qa. —— O -NO(o,e)
A . -CHO(a,a)
0k e §o— -CCla(0.e)
A
—a_ A A rx ‘OCHs(A,A)
8 =
3 -2—e.0 —0—o— = -F(o,0)
Y.
c 6fF
-
a % y — - -CHa(A,A)
) — ' -H(c,e)
2 .
1 | {

L i
15 2.0 2.5 3.0 3.5 4.0
lon Source Pressure (torr)

Figure 3.4  Kga for reaction (3.1) involving singly substituted benzenes
versus total ion source pressure. lon source temperature, 303K. Symbols
correspond to those in Figure 3.2, A slight decrease in Kg:a with increased
ion source pressure is observed.
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ion acceleration electrode of +500 to +750 V. From the plot of Kgra versus ion
source voltage shown in Figure 3.5, Kgra is observed to be essentially invariant
with respect to the voltage change. The next test involved a much smaller
voltage differential between the ion exit slit and first ion acceleration electrode,
i.e., 50 V. This focusing arrangement was also observed to have little effect on
Kgra; see Figure 3.5. The virtual invariance of Kpa under different ion
accelerating conditions suggests CID, if present, has only a small effect on
equilibrium constant determinations.

Because of the possibility of CID the concentrations of SB in the ion
source were specifically chose¢:” so as to . mize the intensity of the bromide
ion to that of the adduct. ¥his condition was easily achieved for most
equilibrium (3.1) measurements.

Relative bond free energies (-AAGgrA) were also determined in the
present work by measurements of bromide transfer (R+7r) equilibria (3.2).
These measurements were performed at both 303 K and 423 K. -AGngr,aoak is
presumed equal to -AGBTr 423k based on the assumption there is no entropy
change between products and reac:ants in reaction (3.2). Bromide transfer
equilibria were measured for two SB/SB' partial pressure ratios at ion source
pressures between 2 and 4 torr. The Kgrrr values from measurements of
transfer squilibria (3.2) involving singly substituted benzenes plotted against ion
source pressure a3 shown in Figure 3.6. Kgr is observed to be pressure
independent. This suggests the errorin -AAGR:a determinations is smaller than
that for absolute determinations of -AGB;a from measurements of equilibria (3.1).
This is not surprising as I(Br") is not present in the equilibrium constant
expression for reaction (3.2), i.e., B/ is a product of the collisionally induced
dissociation of SB-Br” and SB"Br", and any CID effects on the bromide adducts

would be expected to mostly cancel out. Hence -AGgTr (OF -AAGga) values
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Figure 3.5 o:- Equilibrium constants for reaction (3.1): NB + Br" = NB-Br,
versus ion source voltage. Potential ditference between ion source exit slit
and first ion acceleration electrode ranges from 500 V (ion source voltage, -
1200 Vj to 750 V (ion source voltage, -1800 V). Kga obtained with a gas
mixture of 4 torr CH4, 150 mtorr NB and 5.0 mtorr CH2Brj at 423K.

+:- Measurement of Kg;a(NB) with potential difference of 50 V
between ion source exit slit and first ion acceleration electrode. lon source
voltage -1200 V. lon source conditions as above.
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Figure 3.6 Kg, for bromide transfer equilibria (3.2): SB-Br'+ SB' = SB +
SB"Br’, involving singly substituted benzenes (CeHsY) versus total ion source
pressure. Reactant (SB, SB') pressures given in figure (in mtorr). CHa
pressure, 3 torr and CH2Brz pressure, 4.1 mtorr. Transfer equilibria measured
at 303K (*) and 423K. Kgr is independent of ion source pressure.
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provide a good check on the relative bond free energies predicted by the
directly determined -AGg;a values. The greater accuracy of relative bond free
energy determinations compared to absoluté determinations has been
commented on in previous work involving the PHPMS [16, 51].

More thermochemic.i information on bromide attachment to a
representative singly substituted benzene, nitrobenzene (NB), and to a singly
substituted nitrobenzene, m-CF3 nitrobenzene (m-CF3NB), was obtained by
means of van't Hoff plots. The entropy changes, ASga, of these reactions (3.1)
are required to estimate bond free energies at 423 K (-AG‘E’;,A,mK) of SB-Br’
acducts whose association equilibria (3.1) were measured at 303 K. The
e.."apy changes for a series of related association reactions like (3.1) are often
found to be relatively independent of the nature of the molecule [44, 45, 51].

In ihe van't Hoff expetiments the temperature dependence of the
equilibrium constant, Kg;a, was measured and the bond enthalpy, -AHS,A, and
entropy, -ASg;a, corresponding to reaction (3.1) determined by plotting InKg,a

against 1/T; see equations (3.4) and (3.5).

AGgra = -RTINKgz = AHR,a - TASE,a (3.4)
- 'AngA ASgrA
inKgra = AT + = (3.5)

It is important to note that the enthalpy change is: a waak function of

temperature due to the difference in heat capacities {A'Cp) of products and

reactants. Using calculated vibrational frequencies, Castleman et al. [20]
evaluated -AHGIa, 208k(H20) and -AHZa ok(H20) (= Dok, the bond energy) at

14.9 and 14.2 kcal/mol respectively. Thus, discussing measured enthalpy
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changes in terms of bond energies appears to be a reasonable approximation
[20].

The temperature dependence of Kgra was measured by letting the ion
source temperature decrease slowly (100°C drop over ~8 hours). Two
separate experiments with SB/methane ratios differing by a factor of 5 were
performed. N:azurements were performed at ~15°C intervals with an overall
range of ~100°C :.sing covered. All equilibrium measurements were performed
at the same inn source pressure, 2 torr. The concentration of SB in the ion
source and the temperature range investigated were pre-selected to give the
maximum intensity possible for the bromide ion with respect to the adduct .

The van't Hoff plots for NB and m-CF3NB are shown in Figure 3.7. The
data points from the different SB/methane experiments are included in each
plot. Straight line dependencies are observed withi no "bending over" at lower
temperatures which is characteristic of the occurrence of CID [49]. The -AHB,A
and -ASg,a values from the plots are given in the figure caption. Errors in
-AHS,a and -ASZ,a were assessed from separate determinations of -AHga and
-ASg:a for each SB/methane ratio. Excellent agreement was observed for
-AGRra 423k Of NB and m-CF3NB evaluated from -AHBs and -ASga values
(using -AG3a = -AH8a + TASEra) with the bond free energies determined
independently at 423 K; see Figure 3.7 and Tables 3.1 and 3.2, Results and

Discussion.
3.3 Results and Discussion

3.3a Resuits
The -AGga 423k values for singly substituted benzenes and singly and

doubly substituted nitrobenzenes, obtained from measurements of equilibria

(3.1}, are shown on scales of increasing -AG%,MggK in Figures 3.8
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Figure 3.7 van't Hoff plots of equilibrium constants for bromide attachment
(3.1) to NB and m-CF3NB. From slope of plot: -AHg,a(NB) = 15.0 kcal/mol
~-AHgA(m-CF3NB) = 18.4 kcal/mol. Error £2 kcal/mol. From intercept:
-ASgra(NB) = 20.2 cal/deg mol, -ASg;a(m-CF3NB) = 22.3 cal/deg mol. Error
+3 cal/deg mol. From -AH8a = -AGBia - TASBra, -AGBra 423k(NB) = 6.5
kcal/mol and -AGS,MgaK(m-CFaNB) = 9.0 kcal/mol. These values are in
| good agreement with those determined directly at 423K, see Tables 3.1 and
3.2.
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and 3.9 (standard state, 1 Atm). The -ASg,avalues given in Figure 3.7
(-ASS:a(NB) = 20.2 cal deg ' mol"! and -AS8a(m-CF3NB) = 22.3 cal deg™'mol™)
are used to convert -AGga 303k values t0 -AGBra 423k Benzene has a high
rotational symmetry number, ¢ = 12, and is the only compound for which
formation of the Br' complex, presumed to be of structure | and 6 = 2, leads to a
large rotational entropy symmetry change: ASg:a = RIn6 = 3.5 cal deg"mol".
Therefore for benzene the -AGga from 303 K to 423 K was calculated by using
-ASgra = 17 cal deg'1 mol™'. Absolute -AGga values are probably accurate to
+1 kecal/mol [16]. This error bar adequateiy covers the observed decrease in
Kgra over the ion source pressure range which corresponds to an error of £0.2
kcal/mol in -AGBa. The lengths of the arrows shown in Figures 3.8 and 3.9
correspond to -AGgTr (-AAGB,A) determinations. An accuracy of £0.2 kcal/mol
was previously quoted for halide transfer free energy determinations [16] and
this error bar is in line with the spread of -AGgy, values determined from
different SB/SB' ratio experiments. 1In all cases, the arrows in Figures 3.8 and
3.9 are within 0.3 kcal/mol of the relative bond free energies (-AAGR.a)
predicted by the independently determined -AGg;a 423k values.

The -AGBa423k data are summarized in Tables 3.1 and 3.2.
Approximate -AHg, values can be obtained from -AHga = -AGg.a - TASSa and
the -AGE,A,423K values given in Tables 3.1 by assuming -ASga = 20 cal deg”
mel™! for all compounds except benzene Where -ASBra = 17 cal cleg'1 mol!. For
the compounds in Table 3.2 -ASga = 22 cal deg"mol'1 may be more
appropriate.

The -AGBra 423k Value for CgHg is ~1 kcal/mol lower than the value
reported by Hiraoka et al. [23] The reason for this discrepancy is not known.
Checks on -AGE,A,423K(CGH3) with a different PHPMS yielded values within 0.3

kcal/mol of that given in Table 3.1.
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Figure 3.8 Scale of -AGBra 423k for reaction (3.1): SB + Br = SB-Br where

SB are singly substituted benzenes. Association equilibria (3.1) measured at
303K (*) and 423K. For conversion of -AGBra 303K 10 -AGgra 423k, S€€ test.
Lengths of arrows shown correspond to determinations of -AGgT; (= -AAGg:a)
from measurements of bromide transfer equilibria (3.2): SB-Br+ SB' = SB +
SB'Br’, at 303K (*) and 423K. SB and SB' identified by letters beside arrows.
-AGBa 423k Of reference compounds involved in equilibrium (3.2)
measurements from Table 3.2 and Table 5.1.



2 o Single and
Reterence *3Cyrranm Cgmazsx  Double Substituted
Compounds (keal/mol) (keat/mol)  Nitrobenzenes
-— e e e - - o — 13.1, 3,5-gi-
" F 3.1, 3.50i-NO,(s)
|
| Qs
——— e I — 122 3-NO,-5-CNIr)
12 I
o.r
L SO N it 116. 2-NO,(q)
e ———— T —  115.2-CN(p)
| r :} o | jme
e — e C e 419.3-CN0)
1 = 'm@g |no
4ol _._._:[r— 109, 3-NOyin)
._.l_.__....j_ ——— — .~ 104.3-NO,-5-CFy(m)
————— r ———e—— - 103 4-CHO
'e 10 'k.n T
1 | 020 - bl 9.8, 2-CF4(l)
E I
g
< | _____ —— b 92 4-NO): 4-CNIk)
4 . 2 -=====c b — e — = 9.1,3-CFy(1):2-CHO
9
7
9
_____ e e 82,2 35-0CF,
L === g g 8., 3-Cl
_—— m—--—J-—L—— 79, 3-F(g)
‘ —_——Ll - —  77.2-Cltf)
I-.f an 39
74 - ———}i———— — — 7.0.‘~CF3(O)
NO, —gp—=——dbt——_ L gg4CHa
@m«—f ———r == &7.4cC
——L 27 65 3-CHyc)
I i
@— ~=-Lt- ——m—— 62
6l NHy, T a2 6.1, 2-CH; (a)
@ n—
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Table 3.1 @ Free energy change -AGR:a 423k for reaction (3.1): Br" + YCgHs =

YCgHsBr.

\ -AGBra 423K
(kcal/mol)
H 0.0°
CHj 0.1°
F 2.1¢
Cl 2.6°
N(CHa)2 3.2°
OCH3 3.3
CCl3 3.9¢
CF3 4.1°
CHO 4.7°
NO 5.2°
COCH3 5.6°
NH2 6.1
CN 6.2
NO2 6.5
COOH 9.8
OH 11.1

a. Data from Figure 3.8. CgHsY are substituted benzenes. Standard state 1
Atm.

b. Bond free energy determined at 303K. -AGBra 423k(CeHe) estimated using
-AS8.a = 17.0 cal degree™ mol™, see text.

c. Bond free energy determined at 303K. -AG%;AAgaK estimated using
-ASga(NB) = 20.2 cal degree'1 mol™}, see Figure 3.7.




Table 3.2% Free energy change -AGBa 423k for reaction (3.1): Br + SB = SBBr

involving singly and doubly substituted nitrobenzenes.

S -AGBra 423K SB -AGBra 423K

(kcal/mol) (kcal/mol)
2-CHaNB 6.1° 2-CHONB 9.1
3-CH3zNB 6.5 3-CHONB 10.3
4-CH3NB 6.8° 2-CNNB 11.5
NB 6.5 3-CNNB 11.1
2-FNB 8.2 4-CNNB 9.2
3-FNB 7.9 2-NO2NB 11.6
4-FNB 6.4 3-NO2NB 10.9
2-CINB 7.7 4-NO2NB 9.2
3-CINB 8.1 3,5-diCF3NB 8.2
4-CINB 6.7 3-NO2-5-CF3NB 10.4
2-CF3NB 9.8 3-NO2-5-CNNB 12.2
3-CF3NB 9.1 3,5-diNO2NB 13.1

4-CF3NB 7.0

a. Data from Figure 3.9. Standard state 1 Atm.
b. Bond free energy determined at 303K. -AGga.423¢ estimated using -ASg,a(3-
CF3NB) = 22.3 cal degree™ mol™, see Figure 3.7.



3.3b Singly Substituted Benzenes
The experimentally determined bond free energies, -AGgra 423, for the

complexes of Br” with CgHsY (Table 3.1) are seen to increase as the substituent
Y becomes more strongly electron withdrawing. In analogy with the theoretical
result [31] for NO2CgHs-F~ which predicted the most stable structure to be the C-
H--F~ hydrogen bonded complex VI (see Introduction) where F is interacting
with the C-H hydrogen in position péra to the NOg, it is assumed that all the

YCgHs-Br complexes are C-H hydrogen bonded, i.e., have structure 1. Since
Br” has a much lower tendency to form o bonds than F’, the theoretical result [31]
certainly excludes the o bonded structures IV as a possibility for YCgHs-Br".

The -5AGR:a 423k for CgHsY are shown in Figure 3.10 piotted versus the
dipole moment of the substituted benzene. The -8AGBa 423K Values correspond

to the free energy change for reaction (3.6) and are evaluated from the
CgHeBr + YCgHs = CgHg + YCgHs-Br (3.6)

-AGRa 423k data in Table 3.1. An excellent correlation (correlation coefficient r =
0.997) is observed with the dipole moment when the hydrogen bonding
substituents (labelled 0 in Figure 3.10) are excluded. The relationship is
consistent with C-H---X" hydrogen bonding and indicates that the fieid effect of
the substituent will be the dominant substituent effect.

In the following discussion use will made of the substituent effect

concepts developed by Taft and Topsom [43].

SAG® = PROR + PEOE + POy (3.7)

In equation (3.7) the total energy change, 5AG’, due to a given substituent is
separated into centributions due to resonance (R = prog), field effect (F = pgoy)
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Figure 3.10 Plot of -SAGS,A,423K for Br” bonding to singly substituted benzenes,
CeHsY, versus dipole moment of CgHsY. Excellent correlation, r = 0.997, for
singly substituted benzenes containing only aromatic protons (+).




and polarizability P = p,G6,. The o parameters are constants for the given
substituent and are tabulated [43, 52] while the p values are dependent on the
given reaction series and are determinad by best fit regression analysis to the
experimental 5AG° values.

The experimentally determined -SAGE,MggK versus the calculated
-8AG3,A,423K with the best fit parameters is shown in Figure 3.11. A very good
correlation (r = 0.987) is observed. The p values obtained from the fit are given
in Table 3.3. It was found that inclusion of the polarizability term improved the fit
very little and had only a very small effect on the pp and pg values (Table 3.3).
Therefore, for simplicity, the discussion will be based on the field and
resonance effects only.

in order to provide the actual magnitude of the energy contribution of the
resonance and field effect to the bond free energies, the evaluated R = ppog
and F = peo are given in Table 3.4. Examination of these data shows that even
for substituents like NOo, which are strong = acceptors, the R energy term is
close to five times smaller than the F term. This result which shows that
electrostatic field effects dominate the bond interactions is in line with
dependence on the dipole moments observed in Figure 3.10.

More limited data for -AGxa, X = CI', are available from previous
determinations performed in this laboratory [13, 44, 45]. These were used to
obtain the plot shown in Figure 3.12. The bonding energies of CI” to the
substituted benzenes are only slightly larger than those for Br and this is
reflected in the similarity of the resulting p values obtained from the two sets of
data; see Figures 3.11 and 3.12 and Tables 3.3 and 3.4.

Also given in Tables 3.3 and 3.4 for comparison are the p values and the
R and F values for the gas phase acid dissociation, equation (3.8), of benzoic

acids and phenols obtained from the corresponding -5AGAcig values [43].
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-8AGB/A 423K 51

~8AGCy1c = 7.2 0 + 8.6 ¢

Figure 3.11 -6AG‘B’,A,423K for Br and singly substituted benzenes versus

-5AGgalc calculated with Taft ¢ parameters, see equation (3.7). -5AGga 423k = 0
for Y = H. Correlation coefficient r = 0.987.



Tabie 3.3 Values for Resonance pg, Field pg and Polarizability p, Parameters; Taft

Equation (3.7)2

Reaction PR PE Pa r Origin
of data

YCgHs-Br 2 7.240.8 8.610.3 - 0.987 Table 3.1
7.0+0.8 8.310.5 -0.5:0.6  0.990

YCgHs-Cl' 2 6.6£0.6 9.130.2 - 0.998 [13, 44, 45]
6.4+0.5 8.910.4 -0.5:0.7  0.999

4-YPhCO2H® 14.6$0.7 15.040.6 0.1£1.0  0.997 Taft[43]

4-YPhOH® 49.0:1.5 18.610.5 0.6:0.8  0.999 Taft[43]

r acceptors

a. p values obtained from linear regression analysis of eq. (3.7), where

5AGRa 423K corresponds to experimentally determined AG® for reaction
YCgHs + CsHg-X = YCgH5-X™ + CgHg (X" = Br and CI'). Since 5ASxa =0,

-5AG&,, even though determined at 300K is also valid at 423K, i.e.,

-5AGCiA 300K = -5AGGIA 423K-
b. Correlation coefficient.

c Gas phase acidities.
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Table 3.4  Resonance R and Field F Contributions of Substituents?
Substituent [ YCeHs:Br'® | YCgHsCI'® [ 4-YPhOHY |4-YPhCO,H®
R F R F R F R F
-NO,' 1.3 56 12 59 8.8 12.1 26 9.8
-CN' 0.7 5.2 07 55 4.9 11.2 1.5 9.0
-CHO' 1.3 27 - - 9.3 58 2.8 4.7
-CF3' 0.5 3.8 - - 34 82 1.0 6.6
-H 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0
-ci9 -1.2 3.9 1.1 41 e e -2.5 6.8
-F9 -1.8 3.8 -1.7 40 e o -3.7 6.6

a. Contribution: R = pgog and F = pgog in kcal/mol to -5AG°, see eq. (3.7), for
given substituent.

 Qa o ©

Faal

n acceptor substituent.

g. m donor substituent.

-5AGiciq for gas phase acidities of phenols and benzoic acids.
x donor substituents require a separate fit; see Chapter 2.

-SAGQ,A,423K for reaction (3.1) involving singly substituted benzenes.

-8AGQia 423 for reaction (3.1) involving singly substituted benzenes.
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-0AG(iA, 423K
Y

%

(kcal/mol)

-5AGQqc = 6.6 Or + 9.1 OF

Figure 3.12 Plot of -3AG&ia 423K for CI” bonding to singly substituted benzenes
versus -5AG@c calculated with Taft ¢ parameters, see equation (3.7).
-5AG&; 423k determined from chloride attachment equilibria (3.1)
measurements at 300K [13, 44, 45]. -5AS8a = 0. Correlation coefficient r =
0.998.
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MH=M +H* (3.8)

The acid dissociation reactions have played an important role in the
development of the treatment of substituent effects [43]. The pp and p, values

(Table 3.3) are: ~7, ~9 for CI" and Br’; ~14, ~15 for para substituted benzoic
acids and ~49, 19 for the para substituted phenols. Thus, the ratio pg/p for the
CI” and Br" complexes is very similar to that for the acidities of benzoic acids
while the resonance effect is relatively much larger for the phenols.
Correspondingly a good linear correlation (r = 0.991) is observed between the
substituent effect on the Br” tond energies and the acidities of benzoic acids
(Figure 3.13) while a much poorer correlation (r = 0.956) is obtained from a plot
of the same bond energies versus the phenol acidities; see Figure 3.14. Only ¢
acceptor, & acceptor substituents (CF3, CHO, NO, CN, NO2) were used in the
plot of phenol acidities since & donor substituents lead to a separate correlation;
see Chapter 2.

The similarity in the relative F and R effects of the CI" and Br" bonding
energies with those for the acidities of the benzoic acids are expected on the
basis of the major contributing resonance structures for the anions occurring in

thase systems; showr: below for the CN substituent (structures X and XI).

Br-

O\\C /O‘ é
dd

X X Xl

T eveene
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0
-0AGiga 423K 5
Y

5 .

(kcal/mol)

COOH
-8AGRcid © (kcal/mol)
Y

Figure 3.13 Plot of -SAGE,A,423K for Br' bonding to singly substituted benzenes
versus relative gas phase acidities of para-substituted benzoic acids.
Correlation coefficient r = 0.991.
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-8AGgra 423K
y
<N
(kcal/mol) '

'SAGXcid @ (kcal/mal)

Y

Figure 3.14 Plot of -SAGE,A,423K for Br' bonding to singly substituted benzenes
versus relative gas phase acidities of para-substituted phenols. Only & acceptor
substituents. Correlation coefficient r = 0.956.
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These resonance structures are very much less important than the direct into
the ring conjugation occurring for the phenoxide anion (structure Xil).

The contribution of resonance to the bonding in the Cl” and Br
complexes with YCgHs and particularly where strongly © accepting substituents
like CN, NO2 and CHO are involved can be viewed as consisting of two parts.
One is the favorable charge distribution induced in the neutral CgHsY. The
second part would be the enhancement of the same type of resonance structure
on approach of the negative ion.

The application of the Taft relationship equation (3.7) to the Br and CI’
bonding to the singly substituted benzenes implies that the position of the C-
H--X" hydrogen bond relative to that of the substituent remains constant and it is
assumed that for the strongly electron withdrawing ¢ and n acceptor
substituents (CF3, CHO, CN and NOg) the C-H--X" bond forms in position para
to the substituent. For n donor substituents like F and Cl the bond will be para
to the substituent only if the field effect is completely dominant. However, since
x donation by the substituent increases the negative charge in the para
position, hydrogen bonding meta to the substituent can not be excluded. In fact,
as mentioned in the Introduction, the STO-3G calculations [13] predict for
fluorobenzene and Cl that the meta C-H bond is slightly stronger (-AE&A =10.8
kcal/mol) than that for para position (-AE?;.A = 10.3 kcal/mol). The difference is
very small and essentially compatible with near dominance of the field effect.
Therefore, the fact that the most stable C-H bond may actually be in position
meta to the = donors substituents does not invalidate the use of the Taft
relationship. This is also indicated by the relatively good fit observed in Figures
3.11 and 3.12.

The fact that a good correlation is obtained with Taft's substituent effect

relationship strongly suggests that the type of bonding (structure 1) for YCgHs-X'

92



(X" =CI" and Br) is preserved throughout the whole series of singly substituted
benzenes. Both a change to the o bonded complexes IV and a change to the

axial electrostatic complexes Ill can be excluded for this series on this basis.

3.3¢ Multiply Substituted Benzenes

The experimental bond free energies (-AG§A,423K) for X’ = Br and
multiply substituted benzenes are summarized in Table 3.2. All the doubly
substituted benzenes have one NO2 substituent, i.e., are singly substituted
nitrobenzenes (YNB).

The bonding trends with relative position of the substituents depend on
the nature of the second substituent. Thus, for the strongly ¢ and n accepting
substituents increases are observed to occur in the order: para, meta, ortho, as

illustrated by the -AG%,A,423K values (in kcal/mol) listed below:

p-CF3NB m-CF3NB 0-CF3NB
7.0 9.1 9.8

p-CNNB m-CNNB 0-CNNB
9.2 11.1 11.5

p-NO2NB m-NO2NB 0-NO2NB
9.2 10.9 11.6

The order para < meta < ortho suggests the field effect for these
substituents is dominant, as was shown in Section 3.3b. The alignment of the
substituent produced dipoles with the negative ion becomes progressively more
favorable in the above order. This is illustrated in structure Xl for the o-
NO2NB-Br complex. It is also likely that for the m-NO2NB (structure XIV) which

maximizes the field effect, is slightly more stable than XV which maximizes the
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NO, NO,
NO, O.N

=
O
N

9,

NO,
H H H
ér‘ ér = ér =
Xl XV XV

resonance stabilization.

It is interesting to note that the CHO substituted nitrobenzene shows the

higher bond energy for the meta rather than for the para isomer.

m-CHONB p-CHONB
10.3 9.1

For the complex of m-CHONB with Br’, the structure XVI may be expected.
NO,

CHG

M L

-~
|

The bond energy order meta > para and structure XV! are consistent with the
known large resonance and small field contribution of the CHO substituent [43,
52]. Therefore for CHC a structure like XVI which maximizes its resonance

contribution while the dipole orientation is less favorable appears most likely.




The order of Br bonding energies for FNB is: para < meta < ortho, Table

3.2. This indicates a structure as in XVII.

NO,
F

O.

(o [TTTTT T o
-

Xvii

The resuit ortho < meta observed for CINB, is difficult to understand.

The Br" bonding to methyl substituted nitrobenzenes increases in the
order: ortho < meta < para; see Table 3.2. Clearly the situation here is very
different. Probably, the Br' bonds not to an aromatic hydrogen but to one of the
methyl hydrogens. The early STO-3G calculations [13] for bonding of CI” to
toluene predicted that bonding to the methyl hydrogen is only slightly less
favorable than that to the aromatic H. The presence of the nitro group (+R) in
the present case can be expected to make bonding to the methyl hydrogen
more favorable and particularly so for the p-MeNB, and this conforms to the
observed order in Table 3.2.

-AG?(A,mK values were determined in earlier work of this laboratory [46]
for substituted nitrobenzenes and X" = NO2". A comparison of the bond free
energies in the complexes YNB-Br" and YNB-NO32 is provided by the plot of
Figure 3.15. A close correlation is observed. Furthermore, the -AG?(A,423K
values for Br and NO2™ are seen to be very close. The close correlation
suggests that the type of bonding is the same for both negative ions. The

negative charge in NO2" is delocalized over the two oxygen atoms and, from an
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-AGRra, 423K
YNB Ch
(keal/mol)

6 . : . T y——T ' r v ' —
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-AGNop42sk  YNB
(kcal/mol)

Figure 3.15 -AGBa 423K Versus -AGRo,A 423k for Br and NO2™ bonding to ortho
and meta-substituted nitrobenzenes. Excellent correlation (r = 0.998) and slope
near unity (= 0.998) suggests similar bonding in the complexes YNB-Br and
YNB-NO>".



electrostatic standpoint, NO2™ may be viewed as an ion with radius similar to

that of Br". The similarity of bonding is, thus, not surprising.

In the discussion above, it was assumed that aromatic C-H hydrogen
bonding (structure [) occurs for the singly substituted nitrobenzenes, except for
the nitrotoluenes. This assumption is also supported by the magnitudes of the
observed changes of the bond free energies on double substitution with the

same substituent. The -AGE,A,423K values and observed changes (in kcal/mol)

are shown in Scheme |I.
NO,

NO,
NO,
NO, 11.6 /@\
5.1 oN NO,
— 12.2
» 1.3
0.0 6.5 \ NO, NO,

—_—
NO, NO; NO,
10.9 13.1
-0.5 NO,
pol
10.4

Scheme |
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It is seen that the effect of the NO2 substituent on second substitution is
attenuated but not by much, i.e., frori 6.5 to 5.1 kcal/mol. This is expected if C-
H--X" bonding carries on and the dominant stabilization is the field effect, since
it is generally observed that stabilization due to the field effect attenuates much
more slowly than that due to resonance [52-54].

Also given in Scheme | is the bond energy change on introduction of a
third substituent. The stabilization due to the third substituent is seen to be
strongly attenuated. Assuming that C-H--Br bonding still leads to the most
stable structure in the triply 1,3,5-substituted benzenes, the large decrease of
stabilization can be explained as due to the removal by the third substituent of
the last C-H position for which the substituent dipoles are still favorably
oriented. In the 1,3,5-substituted benzenes, the C-H--Br” bond must occur ortho
to two of the substituents and only the resonance stabilization operates for
these positions. Furthermore, resonance stabilization attenuates significantly
with multiple substitution [52-54].

The discussion just given shows that the observed energy changes are
consistent with C-H--Br” bonding also in the triply substituted benzenes shown
in Scheme |. However, since the tendency towards ¢ bonded complexes IV and
the axial electrostatic complexes lll increases with multiple substitution with CN,
CF3 and NO2, probably the energies of these Br’ complexes come quite close to
that of the C-H--Br~ complex for the triply substituted benzenes and for these

complexes all three forms of bonding become competitive.
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CHAPTER 4

STABILITIES OF 6 BONDED AND ELECTROSTATIC COMPLEXES,
CsF5Y-X, OF PERFLUOROBENZENES, CgFsY, WITH HALIDE
ANIONS X (F", CI", Br" and I)

4.1 Introduction

In Chapter 3 substituent effect analysis of the experimentally determined
bond free energies of Y-substituted benzene complexes YCgH5-X (X =CI” and
Br’) was performed to provide information on the mode of bonding in these
complexes. The results of the analysis combined with STO-3G calculations [1]
indicate hydrogen bonded structures | and Il are the most stable when Y

contains no protic hydrogens.

Y Y NO,
H.,
" X
Y = ¢ acceptor, ©t acceptor Y = ¢ acceptor, & donor

An ab initio MO study by Hirao et al. [2] predicts similar hydrogen bonding in the
complex NO2CgHs:F", structure lli, where Y is a strong o acceptor, & acceptor.

An alternate form of bonding is present in the perfluorobenzene
complexes CgFsY-X" (X" =F’, CI', Br and I') due to the absence of ring protons.

Theoretical and experimental work on the complexes CeFgX™ (X" =F, CI", Br



and |I') has been performed by Hiraocka et al. [3, 4]. These investigations
indicate different modes of interaction of F~ and X (X" = CI', Br and I) with
CeFs. Strong covalent bonding is predicted in CgFg-F [3], i.e., CgF7 , while an
electrostatic interaction is preferred in CgFg-X™ (X = CI', Br and I') [4]; see

structures IV and V.

F X X =CI,Br, I

i,

AN
Nl L

Fu:nc/ CTC,\CNF
F }c::::ac<
e
v \)

Anionic complexes such as structure IV which form as stable or transient
species upon covalent addition of nucleophiles to substituted aromatic or
heteroaromatic compounds have been known since 1900 [5]. Jackson and
Gazzolo [5] proposed structure VI for the red colored species resulting from the

reaction of 1-methoxy-2,4,6-trinitrobenzene with potassium ethoxide.

OCH, ’Hscao,,' OCH,
OzN NO, ON_ > NO,
+ KOCsz = K+
N02 - NOZ =

Since the first chemical evidence for structure VI was provided by
Meisenheimer in 1902 [6], ¢ bonded anionic complexes are now commonly
referred to as Meisenheimer complexes. Research in this area was strongly

stimulated in the 1950s by Bunnett's proposal that many aromatic nucleophilic
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substitution (SnAr) reactions most likely proceed via such intermediates [7]; see

Scheme |.

Y Nu

+NuU  ———

EWG EWG

EWG = Electron withdrawing group(s)

Scheme |

Following this proposal many studies were devoted to the structural
characterization of Meisenheimer complexes; for example, see references [8-
10]. NMR spectroscopy and crystal structure determinations were the principal
techniques used in these investigations. Studies of the relative stabilities of
Meisenheimer complexes were initiated by Caldin et al. [11] who investigated
the reaction of the ethoxide ion with some trinitrobenzene derivatives in ethanol.
Rate and equilibrium measurements in solution involving Meisenheimer
complexes have been reviewed recently [12, 13].

Nucleophilic aromatic substitution (SnAr) at the fluorine-bearing carbon
atoms of the perfluorobenzenes CgFg [14, 15] and CgFsOCH3 [16-18] has been
observed in the gas phase. Perfluorobenzenes are also known to be
susceptible to nucleophilic attack on ring carbons in the liquid phase [19, 20].
The gas phase reactions involved nucleophilic attack of the perfluorobenzenes
by the strong bases OR™ (R = H, alkyl) [14, 16-18], SR™ (R = H, alkyl) [16, 17],
NH2" [16] and CH3™ [15]. SnAr was proposed as one of the reaction channels

based on analysis of the products of reaction. In all cases the SnAr reactions
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wers expected to proceed via a Meisenheimer complex intermediate analogous
to structure IV, stabilized by the electron withdrawing F atoms on the aromatic
ring. The SnAr reaction pathway proposed by Nibbering [16, 17] on OR™ (R = H,
alkyl) attack of CgFsOCHg3 is shown in Scheme Il.

OCH3 ~ OCHy |
F F

+OR" == OR™
F F

. F J

Loose ion-molecule complex Meisenheimer complex

[

[ OCH; |
F F
Products ~e— F
£ F

F " ion-molecule complex

Scheme Il

Of interest in Scheme Il is the formation of a loose ion-molecule complex [16,
17] as a precursor to the Meisenheimer complex intermediate. This complex
may have a geometry similar to structure V predicted for the CgFg-X™ complexes
(X" =CI', Br and I') [4].

In the present work the bond free energies of the complexes CgF5Y-X"
(X" =F, CI', Br and I") were determined by measurements of the association

(4.1) and transfer equilibria (4.2)



CeFsY + X~ = CgFsY-X" (4.1)
CeFsY-X + CgFsY' = CFs5Y + CeFsY"X (4.2)

with the PHPMS. Substituent effect analysis of the CeFsY-X" bond free
energies was employed to provide information on whether the anticipated o (X
= F") and electrostatic (X" = CI’, Br and I") bonding is present in these families.
Stabilities of o and electrostatic bonded complexes are of interest as these
complexes are possible intermediates in nucleophilic aromatic substitution

reactions.
4.2 Experimental

4.2a Experimental Conditions Used in Equilibrium Measurements

The association (4.1) and transfer equilibria (4.2) where X =F,ClI', Br
and I” were measured at 423 K using the pulsed electron high pressure mass
spectrometer described in Chapter 1. The method of equilibrium measurement
was as described in Chapter 2.

Efficient CI”, Br and I” production was achieved by dissociative electron
capture of tetrachloromethane, CCl4 (ion source pressure = 1.0-5.0 mtorr),
dibromomethane, CH2Bra (1.0-5.0 mtorr), and methyl iodide, CHal (1.0-3.0
mtorr), respectively. Methane at ion source pressures of 2-4 torr was used as
the major (bath) gas. Reactant (CgFsY, CgFsY') concentrations in the ion
source ranged from 0.1-160 mtorr.

An intensity versus time profile of ions involved in reaction (4.1) is shown
in Figure 4.1. Thermodynamic equilibrium is established between the
perfluorobenzene adduct, CeF5CF3-Br, and the halide ion, Br, some 0.3 ms
after the short 20 ps pulse. The radical anion CeFs5CF3 is also present in the
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ion source. The decrease in the intensity of the ions after ~0.5 ms is due to
diffusion of the ions to the ion source wall.

The equilibrium constants, Kxa, for reaction (4.1) where X" = CI” and Br’
are shown in Figures 4.2 and 4.3. Kxa was determined at three different ion
source pressures between 2 and 4 torr for a constant CgFsY/methane partial
pressure experiment. This procedure was repeated with a different
CeFsY/methane partial pressure ratio where the ratio was changed by at least a
factor of five. From Figures 4.2 and 4.3 Kxa is observed to be independent of
partial pressure of CgFsY for different CgFsY/methane ratios. However, a slight
decrease of Kxa with increasing ion source pressure is observed in constant
CgFsY/methane experiments (represented by similar symbols in the Figures 4.2
and 4.3). Collisionally induced dissociation of adduct ions outside the ion
source is a possible cause of this effect; see Chapter 3. The error in Kxa over
the ion source pressure range (+20%) is comparable to that for the bromide
association equilibrium constants determined in Chapter 3.

Similar checks on the equilibrium constants for halide transfer reactions
(4.2) were performed, varying the ratio of the two reacting perfluorobenzenes.
Kxtr was seen to be independent of the CgFsY/CgFsY' ratio.

The enthalpy and entropy values for reaction (4.1) involving bromide
attachment to CsFg, CeF5CN and 1,4-diCNCgF4 were determined by means of
van't Hoff plots. These plots were obtained by the experimental procedure
described in Chapter 3.

Measurements of transfer equilibria (4.2) where X™ = F~ are an extension
of earlier work performed in this laboratory [21]. In the present work fluoride
adduct formation was observed upon ionization of a mixture of CgFsCN and

CgFsNO2 (ion source pressures 1-10 mtorr) in 2-4 torr methane bath gas.
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Figure 4.2 Kcia for reaction (4.1) involving different perfluorobenzenes,
CeFsY, versus CgFsY partial pressure in the ion source. lon source
temperature, 423 K. CHj4 pressure changes from 2-4 torr in runs with the same
symbol. In such runs, the CHa to CgHsY pressure ratio is constant. Kga is
independent of CgFsY pressure for different CgF5Y/methane ratios. However a
slight decrease in Kciais observed with increase of CH4 pressure for constant
CeFsY/methane experiments.
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Figure 4.3 Kpsa for reaction (4.1) involving different perfluorobenzenes,
CeFsY, versus CgFsY partial pressure in the ion source. lon source
temperature, 423 K. CHg4 pressure changes from 2-4 torr in runs with the same
symbol. In such runs, the CH4 to CgFsY pressure ratio is constant.



CeFsNO2 + CgF5CN-F~ = CgFsNO2-F + CgFsCN (4.3)

The intensity versus time profile of the ions involved in fluoride transfer
equilibria (4.3) is shown in Figure 4.4. Transfer equilibrium is established
between the CgFsCN-F~ and CgFsNO2-F  adducts some 0.5 ms after the
electron pulse. As no F~ signal was detected fluoride association equilibria
(4.1) could not be measured. Also present in the ion source were the
perfluorophenoxides CNCgF40" and NO2CgF40°; see Figure 4.4. The
perfluorobenzene radical anions CegFsCN™ and CgFsNO2” were not detected.
For a discussion on CgFsY-F~ and OCgF4Y" production in the ion source, see
Section 4.2b.

The equilibrium constant for reaction (4.3) was in close agreement with
that determined by Dillow et al. [21]). Addition of perfluorobenzenes with similar
fluoride affinities to the gas mixture resulted in fluoride transfer equilibria
involving these compounds.

In previous PHPMS measurements of fluoride association (4.1) and
transfer (4.2) equilibria involving perfluorobenzenes, F~ was generated in the

ion source by dissociative electron capture of NF3 [21, 22].
NF3+e =F +NF2 (4.4)

There are problems, however, in using NF3 [21, 22]. NF3 has a small
capture coefficient for thermal electrons and high ion source concentrations
(~250 mtorr [21]) have to be used in order to achieve good F~ production
relative to CgFsY", since perfluorobenzenes have larger capture coefficients
[21]). High pressures of NF3 in the ion source present a problem as NFj

contains a small amount of HF as an impurity. HF has a strong fluoride affinity
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(-AHEA = 38.6 kcal/mol [23]) and has to be removed to prevent fluoride transfer

reaction (4.5)
CeFs5Y-F + HF = CgF5Y + FH-F" (4.5)

from occurring. Since part of the gas handling plant is made out of glass, the
presence of HF will also lead to the production of BF3, SiF4 and other
fluorinated silanes which interfere with equilibria measurements due to their
high fluoride affinities [21].

Procedures by Hiraoka et al. to remove HF from NF3 were only partially
successful [22]. Despite passing NF3 through glass tubing packed with NaF
powder at 120°C (HF + NaF = NaHF2) measurement of the fluoride association
equilibrium of CgFg was still difficult due to the formation of FH-F" in large
quantities in the ion source [22].

Thus, the method empioyed to generate fluoride adducts in the present

work is a useful way to obtain F~ transfer equilibria (4.2) data without the

problems involved in using NF3.

4.2b CgFs5Y-F and YCgF40~ Production in the lon Source

As mentioned in Section 4.2a, the fluoride adducts CgFsNO2-F~ and
CeFsCN-F~ and the perfluorophenoxides NO2CgF40~ and CNCgF 4O~ were
observed in the ion source upon ionization of a mixture of CgF5NO> and
CeFsCN in the bath gas methane. The fluoride adduct CgFg-F~ and
perfluorophenoxides CeFsO™ and NO2CgF 40" have been observed in previous
PHPMS work performed in this laboratory [24-26]. A brief investigation of the
conditions which lead to CeFsY-F and YCgF40O™ formation in the ion source was
conducted in the present work in an attempt to gain insight into the reaction

pathways.
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In the initial set of experiments in this investigation the negative ion mass
spectra of various CgF5Y/CH4 gas mixtures (Y = -CN, -NO,, -CF3, -Cl and -
CHO) were collected. CgFsY concentration in the ion source ranged from 0.1-
10.0 mtorr while methane pressures were ~3 torr. The ion source temperature
was 423 K. The total ion source pressure and temperature were kept constant
for all the experiments described in this section. The negative ion mass
spectrum for the CgFsCN/CH4 gas mixture is shown in Figure 4.5a. The
molecular ion peak, CeF5CN’, represents over 95 % of the total ion signal. The
molecular ion peaks, CgFsY", were equally dominant in the CgFs5Y/CH4 mass
spectra where Y = -CF3, -Cl and -CHO. No perfluorophenoxides, YCgF40O", or
fluoride adducts, CgFsY-F~, were present in any of these mass spectra (Y = -CN,
-CF3, -Cl and -CHO).

In contrast, the major ion observed in the negative ion mass spectrum of
CeF5NO2/CHyg is the perfluorophenoxide, NO2CgF40; see Figure 4.5b. The
NO2CgF4O" peak represents over 90% of the total ion signal. A very weak
CeF5NO2-F peak is also present.

The NO2CgF40" ion was observed in previous PHPMS work by Dillow et
al. [24]. The formation of NO2CgF40" was attributed to the presence of oxygen
in the ion source. In another PHPMS study [25], the perfluorophenoxide
CeF50° and fluoride adduct CeFg:F~ were amongst the negative ions present in
the negative ion mass spectrum of a CgFg/CH4 gas mixture. A trace
concentration of oxygen in the ion source (~0.1 mtorr) originating from a minor
leak in the gas handling plant was believed responsible for CeFs0" production
[25]. An attempt was made by Nicol [26] to explain the pathway to CeFs0”
formation upon ionization of the CgFe/CH4 gas mixture. However, the negative
ion mass spectrum contained more than sixteen peaks which made

interpretation of the reaction pathway very difficult [26].
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Figure 4.5 Negative ion mass spectra obtained with a gas mixture of a) 3.0
torr CH4 and 1.8 mtorr CsFsCN b) 3.0 torr CH4 and 0.9 mtorr CgFsNO». lon
source temperature, 423 K. The molecular ion peak CgF5CN” is dominant in
mass spectrum (a) while the perfluorophenoxide NO2CgF40" is the major ion in
mass spectrum (b).
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Phenoxide ions of the form (M-CI+0)’, where M™ represents the
molecular ion, were observed in the negative chemical ionization mass spectra
of aromatic chlorinated pesticides, i.e, M [27]. The experimental conditions
were: 0.1-1.0 mtorr of M, 0.33 torr of bath gas (isobutane) and ion source
temperature, 200°C. Since M ions were also observed in the mass spectra it
was assumed phenoxide formation occurred through reaction of M” with oxygen

(reaction (4.6)).
M + Oy == (M-Cl+O) + OCI (4.6)

The source of oxygen in these experiments was not disclosed. Similar (M-
C1+0)” phenoxide ions were observed in the negative chemical ionization mass
spectra of polycyclic chlorinated insecticides [28]. The experimental conditions
were; 10°5-2.0 torr of M, 0.75 torr of bath gas (methane) and ion source
temperature, 100-200°C.

A study on the production of the phenoxides (M-C1+0) in the ion source
was performed by Horning et al. [29] using the atmospheric pressure ion
source. Chlorinated aromatics were used as analytes and were present in the
ion source in concentrations of ~0.1 mtorr. The oxygen concentration in the ion
source was kept low (~0.5 mtorr) by the use of ultra high purity nitrogen (0.5
ppm O2) as the bath gas. The ion source temperature range was between 100-
200°C. In one set of experiments the negative ion mass spectra of the isomers
ortho-, meta- and para-chloronitrobenzene (o-, m-, p-CINB) were collected. The

negative ion mass spectra of p-CINB [29] follows:
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A similar mass spectrum was obtained for 0-CINB. The mass spectrum of m-
CINB, however, contained only the molecular ion peak, m-CINB".

The appearance of the respective mass spectra were explained by
Horning [29] in terms of reaction (4.6). The proposed reaction pathway to

phenoxide formation on reaction of p-CINB with Oz is shown below.

NO, NO,
+0p) —— —_— + OCl
i o
Cl CI) Ci O-
o]
- -
Scheme lll

The inability of the meta isomer to form the intermediate resonance
structure shown above was used to explain the presence of only the molecular
ion in the negative ion mass spectrum of m-CINB [29]. As CI" was only
observed in the mass spectra of o- and p-CINB, its formation was linked with
phenoxide (M-Cl+O)" formation. Further reaction of the neutral radical CIO in

the ion source was suggested as a possible route to CI” [29].



In order to confirm Scheme Ill, an experiment involving p-CINB was
conducted where 1802 was added to the ion source [29]. The resulting
phenoxide ions contained both oxygen isotopes which was taken as proof of
the occurrence of reaction (4.6).

Hencs, it is possible the analogous reaction (4.7) is the pathway to the

observed NO2CgF 4O formation in the ion source (Y = -NO).
CgFsY™ + Oa — = YCgF40™ + OF (4.7)

The presence of oxygen in the ion source in the present work may be due to a
minor leak in the gas handling plant. The anticipated intermediate in reaction
(4.7) is the Meisenheimer complex, structure Vil (analogous to the intermediate
in Scheme 1l1), which would be stabilized by the presence of strong electron

withdrawing groups on the benzene ring.

Vil

It is interesting that only a small intensity F~ adduct peak is observed in the mass
spectrum of CgFsNO2/CHy; see Figure 4.5b. This suggests, if reaction (4.7) is
proceeding, the neutral radical formed, OF, is fairly stable.

As mentioned earlier in this section, no perfluorophenoxide ions were

present in the CgFsY/CH4 mass spectra where Y = -CN, CF3, -Cl and -CHO.
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Oxygen (5-17 mtorr) was added to each of these gas mixtures in order to see if
reaction (4.7) proceeds under these experimental conditions.

The negative ion mass spectra collected for CgF5CI/CH4 and
CeF5Cl/O2/CH4 gas mixtures are shown in Figure 4.6. Upon addition of O» to
the ion source, an intense peak is observed at m/e =183 which likely
corresponds to the perfluorophenoxide CgFsO°; see Figure 4.6b. Also present
with smaller intensity is a peak at m/e = 199 which likely corresponds to
35CICgF40". The isotope peak 3’CICgF40™ at m/e = 201 is not distinguishable
due to the large intensity of the molecular ion peak (CgF5°Cl’) at m/e = 203.
CsFs0” formation from reaction (4.6) would be expected to be favored over
CICgF40" production from the analogous reaction (4.7) as the C-Cl bond is
weaker than C-F [4]. Also of interest in the CgF5CI/CH4/O2 mass spectrum
(Figure 4.6b) is the presence of a large intensity CI” peak. The intensity of the
Cl” peak in the CgFsCI/CH4 mass spectrum was weak (Figure 4.6a) which
suggests Cl results from reaction (4.6).

The negative ion mass spectra for CgFsCN/CHg4, with and without
oxygen, are shown in Figure 4.7. No CNCgF40" formation is observed on
addition of oxygen. The only possible oxygen related peaks are those at m/e =
178, 159 and 128 which could correspond to CNC5F40°, CNC5F30” and
CNC4F20", respectively. Perfluorophenoxide ions, YCegF40", were aiso absent
from the CgFsCHO (0.3 mtorr)/O2 (11.0 mtorr)/CH4 and CgFsCF3 (1.5 mtorr)/Oz
(16.5 mtorr)/CH4 mass spectra.

The absence of perflucrophenoxide ions in the CgFsY/O2/CH4 (Y = -CN,
CF3 and -CHO) mass spectra is surprising if reaction (4.7) is indeed responsible
for NO2CgF4O™ formation. The anticipated Meisenheimer complex intermediate

for reaction (4.7) where Y = -CN is shown by structure VIIl.
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Figure 4.6 Negative ion mass spectra obtained with a gas mixture of a) 3.0
torr CH4 and 9.0 mtorr CgFsCl b) 3.0 torr CHg, 9.0 mtorr CgFsCl and 11.5 mtorr
O,. lon source temperature, 423 K. The perfluorophenoxide ions CICgF40°
and CgF50" are observed upon addition of O to the ion source.



121

a CeFsCN’
CNCsF30° ?
20 1?9 193 207 300
m/e
b CeFsCN-
CNC5F40" ? ﬁ
CNCsF30°?
CNC4F20°?
“ - .
20 128 159 178 193 27 300
m/e

Figure 4.7 Negative ion mass spectra obtained with a gas mixture of a) 3.0
torr CH4 and 1.8 mtorr CeFsCN b) 3.0 torr CHg, 1.8 mtorr CgFsCN and 5.2 mtorr
O2. lon source temperature, 423 K. The perfluorophenoxide ion CNCgF 40" is

not observed upon addition of O to the ion source.



Vil

This complex would be expected to be of a similar stability to the analogous
perfluoronitrobenzene intermediate (structure Vil) as -CN and -NO2 are both
strong x and o charge acceptors. Hence, it is unexpected by the reaction (4.7)
pathway that ionization of CgF5NO2/CHy4 should lead to intense
perfluorophenoxide formation (NO2CgF407) where only trace concentrations of
Oz (~0.1 mtorr) are anticipated in the ion source while the perfluorophenoxide
ion (CNCgF40") is not observed in the CgF5CN/O2 (5.2 mtorr)/CH4 mass
spectrum.

One possible explanation is that NO2CgF40° is formed from a
nucleophilic aromatic substitution reaction (SnAr) involving attack of CgFsNO2

by the radical anion CgFsNO2 (reaction (4.8)).
CeFsNO2™ + CeFsNO2 = NO2CgF 40~ + CeFsNOF (4.8)

The proposed reaction pathway is shown in Figure 4.8. The unpaired electron
in the CgFsNO2™ radical anion is in a 1’ orbital which extends over the nitro
group and the aromatic ring [24]. The negative charge is expected to be largely
located on the electronegative oxygens in the nitro group. This assumption is
based on the large difference in the electron affinity of CgFsNO2 (-AGSMZ;,K =

35.0 kcal/mol [24]) with respect to CgFg (-AGﬁMzaK = 14.9 kcal/mol [30]). If a

SNAT reaction is taking place, nucleophilic attack of the carbon atom in the para
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Figure 4.8 Proposed SnAr reaction pathway for the attack of CgFsNO2 by the
radical anion CgFsNO3 .
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position to the -NO2 substituent is expected on qualitative grounds. The carbon
atom in the para position of perfluoronitrobenzene is anticipated to have the
lowest & electron density due to the +R effect of the substituent [31, 32] and may
be expected to be the site of nucleophilic attack by strong bases. Furthermore,
the resulting o bonded intermediate is strongl‘y stabilized by the same +R effect
of the substituent.

A reaction pathway analogous to that shown in Figure 4.8 was proposed
by Nibbering et al. [16, 17] to describe nucleophilic aromatic substitution
involving attack of CgFsOCH3 by the strong bases OR™ and NR™ (R = H, alkyl);
'see Introduction. In that work the departure of F~ from the Meisenheimer
complex was predicted to lead to the formation of a F~ ion-molecule complex as
simple dissociation to F~ as an ionic product was not observed. Within the F
ion-molecule complex, reattack by F~ of the newly formed molecule was
proposed to occur which resulted in the product ions observed [16, 17]. Since
OCgF4NO2™ is the major peak in the negative ion mass spectrum of
CsFsNO2/CHg4 (Figure 4.5a), it appears this reaction pathway is followed if
- nucleophilic attack of CgFsNO2 by CeFsNO2” is indeed occurring. The stabiiity
of the neutral radical, CgFsNOF, formed in the reaction pathway shown in
Figure 4.8, is unknown.

Finally the reaction leading to fluoride adduct formation in the ion source,
i.e., ionization of CgF5NO2/CeFsCN/CH4, was investigated. In the initial
experiment the negative ion mass spectrum of the CgF5CN (8.9 mtorr)/CH4 gas
mixture was collected; see Figure 4.9a. As expected, the molecular ion,
CeFs5CN’, is the major peak observed with the small peak at m/z = 159 possibly
corresponding to CNCsF30". No fluoride adduct formation was observed. The
negative ion mass spectrum collected upon addition of a smail amount of

CeFsNO2 (0.08 mtorr) to the CsFsCN/CH4 gas mixture is shown in Figure 4.9b.
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Figure 4.9  Negative ion mass spectra obtained with a gas mixture of a) 3.0
torr CH4 and 8.9 mtorr CgFsCN b) 3.0 torr CHg4, 8.9 mtorr CgFsCN and 0.08
mtorr CeFsNO2. lon source temperature, 423 K. The fluoride adduct
CeFsCN-F is the major ion present on addition of CgF5NO> to the ion source.



The major peak observed is the fluoride adduct CgF5CN-F~ with a weak
CeFsNO2-F peak also present. No NO,CgF40° is observed and only a small
CNCgF40” peak is present. The presence of an intense CeFsCN-F peak is
unexpected as strong fluoride adduct formation is not observed in either the
CgF5NO2/CH4 or CgFsCN/CH4 mass spectra (Figures 4.5 and 4.9a). One
possible explanation for the changes observed in the CgFsCN/CH4 and
CsF5NO2/CgF5CN/CH4 mass spectra (Figures 4.9a and 4.9b) is the occurrence
of nucleophilic aromatic substitution involving attack of CgFsCN and CgFsNO2
by the perfluorophenoxide NO2CgF40" (resulting from reaction (4.7) and/or
reaction (4.8)). The possible SnAr reaction pathways are shown in Figure 4.10
(Y = -NO2 and -CN). Reaction pathway A in Figure 4.10 would appear favored
from the negative ion mass spectrum shown in Figure 4.9b. The observed
fluoride adducts CeFsCN-F~ and CgFsNO2-F would be anticipated to be formed
on collision of the perfluorobenzene neutrals with F~ ion-molecule complexes,
i.e., F~ transfer. Both perflucrobenzenes are known to have strong fluoride
affinities [21]. The fluoride adducts would then engage in the fluoride transfer
equilibrium (4.3). The larger CeF5CN-F~ peak with respect to CgFsNO2-F  in
Figure 4.9b is the result of the much higher concentration of CgFsCN in the ion
source. Reaction pathway A also explains the virtual absence of the
perfluorophenoxide ions NO>CgF40~ and CNCgF40O™ in the mass spectrum
shown in Figure 4.9b.

An interesting question which aris is, if reaction pathway A (Figure
4.10) is indeed responsible for F~ adduct formation, why is intense F~ adduct
formation not observed upon ionization of the CeF5NO2/CH4 gas mixture (Y = -
NO in Figure 4.10)? The reaction pathway shown in Figure 4.8, which may be
responsible for the presence of OCgF4NO2" in the CgFsNO2/CH4 mass

spectrum, is also a potential source of F~ as the stability of the proposed neutral
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Figure 4.10 Proposed SNAr reaction pathways for the attack of CgFsY (Y = CN,
NO2) by the perfluorophenoxide NO2CgF40".
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radical CgFsNOF is unknown. A speculative explanation is that F~ adduct
formation does, in fact, occur upon ionization of the CgFsNO2/CH4 gas mixture
but a F~ transfer reaction channel (reaction (4.2)) is required in order to see the

CeFsNO2-F~ adduct; see Scheme IV,

NO,
F F
Pathway A
Figure 4.10
F F
F
Reaction (4.7) ?

and/or Reaction (4.8)

Without the fluoride transfer reaction channel, CgFsNO2-F- may react fully to
form the perfluorophenoxide NO2CgF40"; see Figure 4.5b. The pathway of this
reaction, if indeed occurring, is unknown at present.

Upon addition of more CgFsNOg2 (0.8 mtorr) to the
CeF5NO2/CgF5CN/CH4 gas mixture, four major ions are observed in the
negative ion mass spectrum: the fluoride adducts CeF5NO2-F” and CgFsCN-F”
and perfluorophenoxides NO2CgF4O™ and CNCgF40"; see Figure 4.11. The
formation of these ions may be explained in terms of the reaction pathways

shown in Figure 4.10.
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Figure 4.11 Negative ion mass spectrum obtained with a gas mixture of 3.0 torr
CHg4 and 8.9 mtorr CgFsCN and 0.9 mtorr CgFsNO2 at 423 K. The fluoride
adducts CeFsCN-F™ and CgFsNO2-F" and the perfluorophenoxides CNCgF40O°
and NO2CgF 4O are all observed in the mass spectrum.




The previous discussion is a speculative interpretation of the work to date
concerning YCgF40~ and CgFsY-F~ production in the ion source. The
observations are interesting and further work is planned. Addition of 1802 to the
CeF5NO2/CH4 gas mixture should help to establish whether Oz (reaction (4.7))
or CgF5NO2™ (reaction (4.8)) is responsible for NO2CgF4O”~ formation.
Collection of the negative ion mass spectra of various CeF5Y/CgF5Y'/CH4 gas
mixtures would also be expected to help rationalize reaction pathways to

YCgF4O™ and CgFsY-F formation in the ion source.
4.3 Results and Discussion

4.3a Results

The -AGQa42sk and -AGBra 42k values for CgFsY obtained from
measurement of association equilibria (4.1) are shown on scales of increasing
'AG)O(A.423K in Figures 4.12 and 4.13. Also present are some bond free energy
determinations for doubly and triply substituted perfluorobenzene complexes.
The -AG%.A,.«,gaK and -AGS,A,423K values are probably accurate to +1 kcal/mol.
The lengths of the arrows shown in the figures correspond to the independently
determined -AGrazak (-AAGGia423k) and -AGBr.423k (-AAGRras23k) values
from transfer equilibrium (4.2) measurements. Some of the bromide transfer
equilibrium measurements involved the reference compounds
tetracyanoethylene (TCNE), tetrafluoro-para-benzoquinone (F4-p-BQ) and
tetrachloro-para-benzoquinone (Cls-p-BQ); see Figure 4.12. The absolute
-AGS,A,mK for these compounds are available from equilibrium measurements
reported in Chapter 5. An agreement of £0.5 kcal/mol is obsarved in Figures

4.12 and 4.13 between the relative bond free energies (-AG§T,,423K) and those

predicted by absolute free energy determinations (X = Cl and Br). In most
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16 “3Gerrr a23x “3Geiaa23k  Substituted
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Figure 4.12 Scale of -AGgia 423 for reaction (4.1): CgFs5Y + CI” = CgF5Y-CI".
Also shown are -AG&A,423K values for some doubly and triply substituted
perfluorobenzenes. Lengths of arrows shown correspond to determinations of
-AGgrrr,423K mostly for reaction (4.2): CgFs5Y-Cl'+ CgFs5Y' = CgFsY-Cl'+ CgFsY".
CeFsY and CgF5Y' identified by letters beside arrows.
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Pigure 4.13 Scale of -AGga 423 for reaction (4.1): CeFsY + Br = CgFsY-Br .
Also shown are -AG‘é,MzaK values for some doubly substituted
perfluorobenzenes. Lengths of arrows shown correspond to determinations of
-AG3rTr 423k mostly for reaction (4.2): CgFsY-Br+ CeFsY' = CeFsY + CeFsY"Br.
CeFsY and CgFsY' identified by letters beside arrows. -AG%,A,423K of reference
compounds involved in bromide transfer equilibria measurements from Table
5.1.




cases, the -AG?(T,,423K are consistent with the difference of -AG§A,423K values to
‘within £0.2 kcal/mol.

The directly determined -AGQia 423k » -AGBa 423k and -AGfa 423k values
are summarized in Table 4.1. An agreement of 1 kcal/mol is observed in Table
4.1 for the -AG&A,423K and -AG%,A,423K values of CgFg determined in the present
work with those obtained via van't Hoff plots by Hiraoka et al. [4].

The ladder of the interconnecting F~ exchange equilibria (4.2) is shown in
Figure 4.14. The bond free energy of CgF5CN-F~ (-AGPa 423k = 28.3 kcal/mol)
determined by Dillow et al. [21] was used to anchor the scale.
-AG;?A,423K(CBF50N) was not measured directly (equilibrium (4.1)) by Dillow et
al. but through measurements of F~ transfer equilibria (4.2) [21]. In that study
[21] -AG?A,423K(05F5) was used to anchor the scale and this value was
calculated from the directly determined values of -AHgA(CgFs) and -ASFA(CsFe)
[3]. The consistency of data in Figure 4.11 can be checked by the multiple
thermodynamic cycles present in the ladder. For example, F~ transfer from
CeF5CN to CgF5NO2 has a -AGPr, 423k of 1.8 kcal/mol and from CgFsNO. to
CeF4(CN)2 has a -AGPr; 423k of 2.3 kcal/mol while the direct F~ transfer from
CeF5CN to CgF4(CN)2 has a -AG?—r,,mK of 3.9 kcal/mol. An agreement of 0.2
kcal/mol is also observed for the other cycles in the ladder. The -AG?A,423K
determinations from the present work are given in Table 4.1 along with those
from Dillow et al. [21] and Hiraoka et al. [3].

The van't Hoff plots for bromide attachment to CgFg, C¢F5CN and
CeF4(CN)2 are shown in Figure 4.15. Straight line dependencies are observed
in all cases. The -AHRA (bond strength) and -ASg§:a values calculated from
these plots are given in Table 4.2. These -ASg;a values, combined with the

-AGE,A,.;?_aK values in Table 4.1, can be used to estimate the bond strengths

(-AHgra) of other CgFsY-Br~ complexes, i.e., -AHS = -AGEa - T428,4. Bond
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Table 4.1

CeFsY-X where X' =F,CI, Br, I’ a

-AGXa 423K values (x1 kcal/mol) for reaction (4.1): CeFsY + X =

Y -AGRa, 423K
(kcal/mol)
F cr Br r
CONH2 16.2
OH 15.9
1,4-diCNCgF4° 32.3 14.8 12.9 10.7
NHa 28.7 12.7 10.5 7.8
COCH3 26.8 26.59 10.5 8.8
CN 28.3 28.39 10.3 9.2 7.1
NO2 30.1 3019 9.9 8.6 6.4
CHO 26.6 9.9 8.5
1,2-diHCgF4° 8.3 7.0
CF3 22.6% 7.9 6.3
OCH3 5.9
CsFsN® 5.6
H 18.29 6.6 5.2
o] 5.8 5.1
F 17.5° 5760 4857 37
CH3 3.6

a. -AG%a 423k (X = CI, Br, 1) from direct measurements of association equilibria

(4.1), see Figures 4.12 and 4.13.

-AGPa 423 Obtained indirectly from

measurements of transfer equilibria (4.2), see Figure 4.14. b. -AG?(A,423K for
doubly substituted perfluorobenzenes. C. pentafluoropyridine. d. From Dillow et
al. [21]. e. From Hiraoka et al. [3]. f. From Hiraoka et al. {4].
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Reference o -AGpp a3k Substituted
Compound -Gy, 423 (kcal/mol) Perfluorobenzenes
o)
F F
—————————— 4- — (335)
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-T— —_ T (32.3), 1,4-diCN
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Figure 4.14 Ladder of interconnecting -AGPr 423k values for reaction (4.2):
CeFsY-F'+ CgFsY' = CgFsY + CgFsY'-F". The doubly substituted
perfluorobenzene 1,4-diCNCgF4 and tetrafluoro-para-benzoquinone were also
involved in flouride transfer equilibria measurerents. Lengths of arrows
correspond to determinations of -AG?T,,423K. -AG?MZ:,K of CgF5CN-F~ from
Dillow et al. [21] is used to anchor the bond free energy scale. The indirectly

obtained -AG?A,423K values are shown in parenthesis.
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Figure 4.15 van't Hoff plots of equilibrium constants for bromide attachment to
CgFe, CeFsCN and 1,4-diCNCgF 4. -AHg:a and -ASgra values obtained from
plots are given in Table 4.2.
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Table 4.2 Thermochemical data for bromide attachment to CgFg, CgFsCN
and 1,4-diCNCgF4 via van't Hoff plots (Figure 4.15). The errors are estimated at

£2 keal/mol for -AHga and £3 cal/deg.mol for -ASga

-AHB:A -ASBra 'AGgrA,423Kb
(kcal/mol) (cal/deg.mol) (kcal/mol)
CN
F F
z1.6 20.6 12.9
F F
CN
CN
F F
17.5 19.9 9.1
F F
F
F
F F
140 13.9° 21.8 19.4° 4.8 5.7°
F F
F

a. Approximate -AHRa values for other substituted perfluorobenzenes can be
obtained from the -ASga values in this table and the -AGE,A,423K values in
Table 4.1 using -AHBa = -AGBra - TASBrA.

b.  -AGRrm 423k calculated from -AHga and -ASga values in the table.

c. From Hiraoka et al.[4].
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strength estimates of the complexes CeFsY-X" (X" =F, CI" and I) can also be
made from the data in Table 4.1 and previous -ASya (CeFsY) determinations [3,
4, 33]. The -AHBa and -ASg:a values for CgFg determined by Hiracka et al. [3]
are given in Table 4.2 and are observed to be within the estimated error limit of
the present determinations (-AHgra =+2 kcal/mol, -ASR:a = £3 cal/degree mol;
see Chapter 3). Good agreement is observed (0.1 kcal/mol) bstween the

-AGS,A,mK values calculated from -AHg,s and -ASg.a (Table 4.2) and those

determined independently by experiment at 423 K (Table 4.1).

4.3b ¢ Bonding in the Complexes CeFsY-F

From the bond free energy values given in Table 4.1 the stability order of
the complexes CgFsY-X  is CeFsY-F >> CgF5Y-Cl” > CgF5Y-Br > CgFsY-I. This
trend was also observed in theoretical (-AE?(A) and experimental (-AHZA)
determinations of CeFe-X (X =F", CI, Br" and I') bond strengths by Hiraoka et
al.[3, 4]. Stronger bond energies are anticipated in the CgFsY-F~ adducts due
to the higher gas phase basicity of F~ which results from its smaller ionic radius.
The large jump in basicity of F~ compared to the other halides is reflected in the
gas phase acidities (HX — H* + X') of the conjugate acids: AHR2cig (HF) = 371
kcal/mol (least acidic), AHR¢id (HCI) = 333.7 keal/mol, AHRcig (HBr) = 323.0
kcal/mol and AHacig (HI) = 314.3 kcal/mol (most acidic) [34]. However, on the
basis of ab initio MO calculations (3-21G plus diffuse functions) where
optimized geometries of CgFg-X~ complexes (X" =F, CI', Br and I') were
determined, Hiraoka et al. [3, 4] also explained the differences in CgFg-X™ bond
strengths in terms of differing adduct geometries.

The optimized geometry of CeFs-F~ determined by Hiraoka et al. [3] is
shown in Figure 4.16. F is predicted to add covalently to one of the

unsaturated carbons in CgFg to form a tetrahedral Meisenheimer complex; see
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also structure IV in Introduction. The electron withdrawing -F substituents in
CgFe prompt the benzene ring to accept the F~ electron density and the
negative charge is distributed almost equally amongst the seven fluorine atoms;
see Mulliken electron populations given in Figure 4.16. The CgFe-F  geometry
(Figure 4.16) is distorted significantly relative to that of CgFg (C-C = 1.37 A and
C-F=1.35 2\[3]) due to the destruction of aro‘maticity in the ring on ¢ bond
formation.

Experimental evidence for a ¢ bonded CgFg-F (or CgF7) complex
comes from the dramatic drop in binding energy (~20 kcal/mol) observed on

association of CgFg-F_ with a second CgFg molecule [3, 4].
CeFe + F = CgFeF” -AH® =275 kcal/mol  (4.9)
CeFe + CeF6F = (CeFg)2F” -AH’ = 7.5kcal/mol  (4.10)

The dispersion of negative charge in a CgFg:F Meisenheimer complex is most
likely responsible for further clustering being less favorable. A much smaller
drop in energy (1-2 kcal/mol) relative to the bond strengths in the complexes
CsFg'X™ (X" =CI', Br and I') is observed on association of CgFg with CgFg-X
[4]. The small energy change is explained by electrostatic interactions in
CeFe-X™ where very little charge transfer from X (X" = CI', Br” and I') to CgFg
takes place; see Section 4.3c.

The intrinsic reaction coordinates (IRC), or minimum reaction path, of the
reaction CgFg + F~ has been computed by Hirao et al. using the minimal STO-
3G basis set [2]. The IRC of CgFg + F is of interest as it rovides information on
the formation of Meisenheimer type complexes. The IRC of CgFg + F~ and
corresponding potential energy diagram are shown in Figures 4.17 and 4.18.

At large intermolecular distances F~ approaches CgFg along the Cg symmetry
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(9.43)

Figure 4.16 Optimized geometry of CeFsF (CeF7 ) from theoretical
calculations due to Hiraoka et al. [3]. Values in parentheses are electron
densities and the underlined numbers in parentheses are bond populations.
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Figure 4.17 Intrinsic Reaction Cﬁc‘src?jnates (IRC) of F* + CgFg from theoretical

calculations due to Hirao et al. [2]. F represents incoming F~ ion which charge
transfers to the CgFg ring.
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Figure 4.18 Potential energy diagram for the reaction F~ + CgFg corresponding
to the IRC shown in Figure 4.17. From theoretical calculations due to Hirao et

al. [2].



axis of CgFg due to a long range interaction between F~ and the quadrupole
moment of CgFe perpendicular to the plane of CgFg. The experimentally
measured quadrupole moment (Qzz) in CgFg is Qzz(CeFs) = +9.5 x 1072 esu
[35], i.e., reversed when compared to that of CgHg (see Chapter 3j and
attractive to negative ions. This reversal must be due to the large C*-F~ bond
dipoles in CgFg which result from the high electronegativity of F. At position A of
the IRC (Figure 4.17), where F is ~2.6 A from the molecular plane of CgFg, a
minimum exists in the potential energy surface (Figure 4.18) which corresponds

to the most stable geometry for the electrostatically bonded CgFg-F~ complex,

see structure IX.

This axial structure is analogous to the geometry predicted most stable for the
complexes CgFg:X (X = ClI, Br" and I) [4]; see structure V in Introduction.
Moving along the IRC (Figure 4.17) F” undergoes a secondary reaction
with CeFg where the ring acquires a negative charge relative to the initial CgFg
and F becomes ¢ bonded to one of the ring carbons, i.e., position C of the IRC.
In the potential energy diagram of the CgFg + F~ reaction (Figure 4.18) the
Meisenheimer CgFg-F~ complex corresponds to the central minimum (labelled
C) and represents the overall most stable geometry of CgFe-F . Alse present in

the potential energy diagram is a maximum (or saddie point) at position B
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between the electrostatic and Meisenheimer CgFg-F~ complex minima. This
maximum presents a small activation energy barrier of 1.4 kcal/mol to the
formation of the Meisenheimer complex. Electronic repulsion between F and
the & electron cloud of CgFg as F~ approaches the CgFg molecular plane is a
possible contributor to the saddle point.

The optimized geometries of CeFgF , where the attacking fluoride is in
positions A, B and C of the IRC, are shown in Figure 4.19. Also given in the
figure is the stabilization energy (-AE?A) for each complex geometry. These
were determined by single point calculations using the 3-21G plus diffuse
functions basis set [2]. A bond strength of ~26 kcal/mol was determined for the
electrostatic CgFe'F~ complex where F is in position A of the IRC. This is much
stronger than the electrostatic bond strength of ~5 kcal/mol anticipated by Dillow
et al. [21] and only ~7 kcal/mol smaller than the predicted bond strength in the
Meisenheimer CgFg-F~ complex. Interestingly, Hiraoka et al. [4] found the
optimized elcctrostatic CsFe-F~ geometry (structure 1X) to be unstable by STO-
3G vibrativnal analysis, i.e., the electrostatic CeFe-F complex corresponded to
a saddle point on the potential energy surface. The reason for difference in
potential eniergy surfaces of the CeFe + F~ reaction as calculated by Hiraoka et
al. [4] and Hirao et al. [2] is unknown at present.

The bond strength in the & bonded CeFg:F~ complex, -AEFa = 33 kcal/mol
(Figure 4.19), is ~5 kcal/mol higher than that determined theoretically (3-21G
basis set) and experimentally (via van't Hoff pints) by Hiraoka et al. [3]. Error
limits were not reported for any of these valuas {2, 3]. Significant error may be
present in the experimentally determined -AHEa(CeFs) value [3] as difficulties
were encountered in measuring association equilibrium (4.9} cue to the use of
NF3 as a source of F~ in the ion source; see Section 4.2a. Tiie Hond strength in

the Meisenheimer CgFg-F  complex, -AE?A = 33 kcal/mol [£], represents a
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Figure 4.19 Optimized geometries of CgFg-F~ where the attacking fluorine F' is
in position A, B and C of the IRC (Figure 4.17).



balance between the energy stabilization on C-F bond formation (~116 kcal/mol
[3]) and destabilization du2 to the destruction of the aromaticity in the CgFg ring,
i.e., deformation of the CgFg structure on formati»n of the tetrahedral anionic
complex.

Informaiion on whether ¢ bonding is present in the complexes CeFsY-F
is gairad by the use of substituent effect concepts developed by Tatft et al. [36].
The substituent effect, -SAGEA,423K, for each perfluorobenzene relative to

pentafluorobenzene (Y = H), is evaluated from the -AGEa 423k data in Table 4.1.
-8AGEA, 423K = PrOR + PEOF (4.11)

in equation (4.11) the -3AGFa 423K due to a given substituent is separatec into
contributions from resonance R = pgog and field F = pro effects. The o
parameters are constant for a given substituent and are tabulated [36] while the
p values are dependent on the given reaction series and are determined by
best fit regression analysis of equation (4.11) with the experimental -8AGEA 423K
values.

A plot of the experimentally deterinined -3AGFa, 4z versus the calculated
-5AGFa 423k With best fit parameters is shown in Figure 4.20. A fairly good
correlation (correlaticn coefficient r = 0.966) is observed. Only o acceptor, =
acceptor substituents (Y = CF3, CHO, COCHgz, CN and NO2) are used in the plot
as ¢ bonding is anticipated in the CgFsY-F~ complexes, i.e., F is expected to be
strongly = donating and ¢ acceptor, & donor substituents will lead to a separate
correlation; see Chaptar 2. Substituents were also separated into ¢ acceptor, n
acceptor and o acceptor, = donor groupé on analysis of the substituent effects
on the electron attachment free energies of the perfluorobenzenes [24].

The pg and pg values from best fit regression analysis of equation (4.11)

are shown in Table 4.3. Inclusion of the polarizability term (P) improved the fit
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Figure 4.20 ‘SAG?:A'AzaK for F* bonding to the perfluorobenzenes, CgFsY,
versus -8AGgqic calculated with Taft o parameters, see equation (4.11).

nﬁAG?A,423K= 0forY = H. ¢ acceptor, & acceptor substitusrts. Correlation
coefficient r = 0.966.



Table 4.3 Values for Resonance pg and Field pz Parameters, Taft Equations

(4.11) and (4.12) ®
Reaction PR PF rP Origin
of data
CeFsY-F 2 33.018.7 9.1+2.7 0.966 Table 4.1
r acceptors
CeFsY-CI'2 10.3%1.7 3.010.6 0.958 Table 4.1
CeFsY-Br @ 8.8+2.0 3.510.7 0.934 Table 4.1
CeFsY © 66.3:9.4  20.3+2.6 0.996 Kebarle [24]
n acceptors
4-YPhOHY 49.0+1.5 18.6%0.5 0.999 Taft [36]
r acceptors
4-YPhCOH® 14.6£0.7  15.0+0.6 0.997 Taft [36]

a. p values obtained from linear regression analysis of equations (4.11) and

(4.12) where 5AGYA 423K corresponds to experimentally determined AG®

for reaction: CeFsY + CeFsH-X = CgF5Y-X + CsFsH (X"=F,CI',Br).

b. Correlation coefficient.

c. Gas phase electron affinities.

d. Gas phase acidities.
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very little and had only a smalil effect on the pg and pp valuss. The actual
magnitude of the energy contribution of the resonance (R = pgop) and field
effect (F = peor) to -5AGPA 423k are shown in Table 4.4. Examination of these
data shows that the resonance R effect makes a significant contribution to the
bond free energy change which suggests F~ transfers negative charge directly
into the CgFsY ring on complex formation, i.e., ¢ bond formation occurs.

Also given in Table 4.3 for comparison are the p values for the gas phase
dissociation of benzoic acids and phenols obtained from the corresponding
-5AGRcig values [36]. The pg and pg values (Table 4.3) are: ~33, ~9 for F~ bond
free energies; ~49, ~19 for para substituted phenol acidities and ~14, ~15 for
para substituted benzoic acid acidities. The pg/s¢ ratio for the CgFsY-F~ bond
free eneigies is close to that for the phenol acidities while the resonance effect
is relatively smaller for the benzoic acids. The similarity in the relative F and R
effects of F~ bond free energies with those for the acidities of phenols is
expected on the basis of the direct into the ring = donation by the negative
functional group occurring for both the Meisenheimer CgFsY-F~ (or CgFgY")

complex and the phenoxide anion; see structures X and XI.

o) o~
o N
7'
C|3| C
d
X Xl X

These resonance structures are more important than the = shift from the ring

into the substituent induced by the negative charge on the oxygen in the
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Table 4.4 Resonance R and Field F Contributions of Substituents a
Substituent | CeFsYF ° ceFsY-Cl'® | CeFsYBr® | CeFsY °
R F R F R F R F
-NO2® 59 5.9 1.8 20 16 23 | 119 132
-CN® 33 55 1.1 1.8 09 2.1 66 122
-CHO® 6.3 28 20 09 1.7 1.1 | 126 6.3
-CF3° 23 4.0 0.7 1.3 06 1.5 46 9.0
-H 0.0 00 0.0 00 00 00 | 0.0 00
-clf d ¢ 4.8 1 1.5 16 d d
-F d d 26 13 22 15 d ¢

a. Contribution: R = gg0g
see equations (4.11) and (4.12).

and F = pgog in keal/mol to -5AG® for given substituent,

b. -5AG%a 423k for reaction (4.1) involving perfluorobenzenes, X = F, Cl, Br.

c. -8AG§A,423|< for gas phase electron affinities of perflucrobenzenes.

d. = donor substituents require a separate fit, see text.

e. = acceptor substituent.

t x donor substituent.
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benzoate anion, shown in structure XIl. Correspondingly, a fairly good linear
correlation is observed in the plot of relative bond free energies of CgFsY-F~
(relative to Y = H) versus the relative acidities of phenols (r = 0.961) while a
much poorer correlation (r = 0.878) is obtained in the plot of the same relative
bond free energies of CgF5Y-F~ versus relative benzoic acid acidities (o
acceptor, © acceptor substituents only for both plots).

A plot of the fluoride attachment free energies of CgFsY from Table 4.1
versus the electron attachment free energies (-AGSA,423K) from Dillow et al. [24]
is shown in Figure 4.21. A fairly good linear correlation is observed (r = 0.943)
which is not unexpected. The energy of the x° LUMO of CgFsY, which accepts
the electron that leads to radical anion formation, is decreased by the presence
of electron withdrawing substituents, Y [24]. The =" LUMO of CeF5Y, mixed with
the lowest ¢”, is also proposed to make a contribution to the stability of the
CeFsY-F~ Meisenheimer complexes [3). The best fit PR and pg values from
substituent effect analysis [24] involving the electron attachment free energies of
CeFsY (Y = o acceptor, & acceptor) are shown in Table 4.3 and the R and F
contributions to -8AGga 423k are shown in Table 4.4. The pg/p ratio for the
CeFsY radical anions (pg/pg ~ 66/20) is close to that for the bond free enargies
of CeFsY-F~ (pg/pr ~ 33/9) which is probably due to a similarity of charge
stabilization in the respective anions. The magnitude of the pg and pg values
(and also R and F) for fluoride association are observed to be roughly half of
those for electron attachment (Tables 4.3 and 4.4) which is presumably due to
the extra electron withdrawing fluorine atom in the Meisenheimer complex.

The application of the Taft relationship (equation (4.11)) to F~ bonding to
the perfluorobenzenes Cg¢FsY (Y = ¢ acceptor, n acceptor and H) implies the
position of the newly formed C-F bond relative to the substituent remains

constant. On qualitative grounds it is expected that nucleophilic attack of the
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Figure 4.21 Plot of fluoride attachment free energies versus electron
attachment free energies for the perfluorobenzenes, CgFsY. o acceptor, n
acceptor substituents. -AGga.s2ak from Dillow et al. [24], -AGEa 423k from Table
4.1. Fair correlation (r = 0.942) suggests similar negative charge stabilization in
the CgFsY-F~ adducts and CgFsY" radical anions.
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carbon atom in the para position to the ¢ acceptor, © acceptor substituent will
occur (structure X) as this carbon atom is anticipated to have the lowest n

electron density due to the +R effect of the substituent [31, 32]). Furthermore, the
resulting o bonded complex is strongly stabilized by the same +R effect of the

substituent. F~ attack at the carbon atom para to the H substituent is also

anticipated for the fluoride adduct of CgFsH; see structure XIll.

In structure XIli the destabilizing x donation by F in the para position to nawly
formed o bond is avoided while ¢ stabilization by F is obtained in the other
positions, particularly the ipso and meta positions [20, 21, 37]. On this basis the
higher bond strength determined for C¢FsH-F™ relative to CgFg-F~ by Dillow et al.
[21] is not unexpected; see Table 4.1. Analysis of the products from solution
phase aromatic nucleophilic substitutions involving perfluorobenzenes also
indicate the nucleophile F~ inserts preferentially into the para position relative to
the substituent when Y is either a & acceptor or H [19, 20). Thus, the use of the
Tatft relationship (equation (4.11)) to describe the bonding contributions in
CeFsY-F~ appears valid. This is also indicated by the fairly good fit observed in
Figure 4.20.

Interestingly, from the -AG°FA,423K data in Table 4.1, it is observed that the
the gas phase bond free energy of CeFsNH2-F~ determined in the present work
is ~10 kcal/mol stronger than that for CgFsH-F~ [21). The NH2 group is a
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strongly destabilizing = donor and kinetic studies on nucleophilic aromatic
substitution in solution observed attack of CgFsNH2 by the strong base CH30"
was ~200 times slower than attack of CgFsH due to the powerful deactivating -R
effect of the substituent [20]. Hence, it appears in the gas phase that hydrogen
bonding of F to the NH2 substituent is favored over Meisenheimer complex
formation with the presence of five electron withdrawing F substituents on the

the benzene ring increasing the protic character of the substituent protons.

4.3c Electrostatic Bonding in the Complexes CgFsY-X™ (X = CI',
Br” and I)

From the bond free energies given in Table 4.1 it is observed that the
bond strengths of the complexes CgFsY-X (X" =Ci, Br” and I') are substantially
weaker than those for the o bonded CgFsY-F~ complexes, i.e., ~10-20 kcal/mol
smaller. Ab initio MO calculations [4] (3-21G plus diffuse functions) involving
the complexes CgFe:X  predict a largely electrostatic interaction with X
positioned on the Cg axis garpendicular to the CgFg molecular plane; see
structure V in Introduction. The distances of X from the center of the CgFg fing
are so large (r = 3.222 A (X = CI'), r=3.419 A (X = Br) and r = 3.839 AX =)
[4]) that charge transfer from X' is very small. The axial position of X~ maximizes
the interaction with the positive quadrupole moment of CeFe (Qzz2)
perpendicular to the CgFg plane [35, 38]. An analogous axial geometry
(structure IX) was predicted for the electrostatic CgFe:F complex observed
initially in the IRC of the F~ + CgFg reaction; see Figure 4.17.

The diii& >nt modes of interaction of F~ and X™ (X" = CI", Br and I') with
CeFe are of considerable interest. As discussed in Section 4.3b, CeFe-F is a
Meisenheimer complex, i.e CgF7 , where F~ bonds covalently to an unsaturated

carbon atom in CgFg. CI”. Br and I” cannot bond in the same manner as the
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stabilization energy on C-X bond formation (C-Cl ~80 kcal/mol, C-Br ~70
kcal/mol, C-1 ~50 kcal/mol [4]) cannot compensate the destabilization due to the
destruction of aromaticity. Thus CI”, Br and I” prefer an electrostatic interaction
with CeFg where the aromaticity of CgFg is soundly preserved. Experimental
evidence for an electrostatic interaction in the complexes CgFg-X™ has also
been collected by Hiraoka et al. [4]; see also Section 4.3b.

Information on the bonding in the perfluorobenzene complexes
CeFsY-Cl” and CgFsY-Br  can be gained from substituent effect analysis as

described in Section 4.3b, using the bond free energy values givs~ ‘n Table

4.1,
-8AGXA 423K = PROR+ PFOF (4.12)

Plots of the experimentally determined -8AG§A,423K (X =Cl and Br) versus
-8AG§A,423K calculated from equation (4.12) with best fit parameters are shown
in Figures 4.22 and 4.23. Fair straight line relationships are observed in both
plots: r = 0.958 for CgF5Y-Cl” bond free energies (Figure 4.22), r = 0.934 for
CeFsY-Br  bond free energies (Figure 4.23). The small magnitude of the
-8AG§’<A,423K values is possibly responsible for the lower level of correlation than
observed in previous analyses; see Chapters 2 and 3. ¢ acceptor, = donor
substituents (Y = F and Cl) were included in the plots as little charge transfer is

anticipated in the CgFsY-X~ complexes.
The pg and pe values from best fit regression analysis of equation (4.12)

are shown in Table 4.3. Inclusion of the polarizability term (P) improved the fit
very little and had only a small effect on the pp and pg values. The resonance
(R = proR) and field effect (F = pgog) contributions to -5AGXa 423k are shown in
Table 4.4. Examination of these data shows that the magnitudes of both R and

F substituent efiects in these complexes are small. Small R and F effects are
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-5AGS,c = 10.305 + 3.00F

Figure 4.22 -8AG@ia 423k for CI” bonding to the perfluorobenzenes, CeFsY,
versus -5AGQac calculated with Taft ¢ parameters, see equation (4.12).

-5AG@.423¢ = 0 for Y = H. © acceptor, & acceptor and ¢ acceptor, © donor
substituents. Correlation coefficient r = 0.958.
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(kcal/mol)

-5AGQqc = 8.805 + 3.50¢

Figure 4.23 -8AGRa 423k for Br bonding to the perfluorobenzenes, CgFsY,
versus -8AG@a. calculated with Taft parameters, see equation (4.12).

-SAGB,A,423K= 0forY = H. o acceptor, n acceptor and ¢ acceptor, = donor
substituents. Correlation coefficient r = 0.934.
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consistent with axial CgFsY-X~ geometries (X" = CI” and Br’), analogous to those
predicted for CgFg-X™ [4], see structure V in iniroduction.

A small R substituent effect is expected for the axial CgF5Y-X complexes
as charge transfer into the CgFsY ring is anticipated to be small. This is in
contrast to the direct into the ring charge transfer by F~ on attack of the
perfluorobenzene molecules. The difference in = charge stabilization by the
substituent in CgF5Y-F~ and CgFsY-X" (X" = CI” and Br ) is clearly illustrated by
the pg values in Table 4.3: pg ~33 for CeFs5Y-F, pg ~10, ~9 for CeFs5Y-Cl',
CeFsY-Br.

A small substituent F effect is also anticipated for the axial CgFsY-X
complexes. The electrostatic bonding in the axial CeFsY-X~ complexes is
probably due to an interaction of negative charge on X with the expected
positive quadrupole inoment ~f CgFsY perpendicular to the melecular plane.
The positive quadrupole moment of CgFsY is most likely due to the C*-F and
C*-Y bond dipoles where the major contribution to Q; is from tha five C-F bond
dipoles. Hence, the change in Qzz with different Y substituents is anticipated to
be &mall and result in only a small F effect for the axia! CgFsY-{’ complexes, as
observed in Table 4.4, The remoteness of the nagative charge in axial
CeFs5Y-X~ complexes also contributes to the very smafl pg valuas observed in
Table 4.3: pg ~3, ~4 for CeFsY-ClI", CgFsY-Br.

The strongest substituent effect observed for the complexes CgFsY-X™ (X
= CI” and Br) occurs when the substituent contains potic hydrogens, i.e.,
CONH>, OH and NHy; see Table 4.1. The presence of five electron withdrawing
fluorine atoms on the benzene ring increases the protic character of the
substituent protons and results in a hydrogen bonded interaction being faveored
in these complexes. The relatively strong -SAGS;,A,;gaK values for CgF5sCONH2

(11.0 keal/mol), CsF5OH (10.7 keal/mol) and CeF5NH2 (5.3 keal/mol) relative to
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pentafluorobenzene (Table 4.1) would not be anticipated if electrostatic or o
bonding were present in these complexes, i.e., OH and NH2 are strong =
destabilizers. Comparing the bond free energies i CgFsOH-Br  and
CeFsNH2-Br (Table 4.1) with those in CgHsOH-Br™ and CgHsNH2-Br™ (Table
3.1), an increase in hydrogen bond strengti of 4.4 and 4.8 kcal/mol respecti:iy

is observed upon fluorine substitution of the benzene ring.
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CHA#YER 5

STABILITIES OF COMPLEXES OF SUBSTITUTED QUINONES (SQ)
AND ETHYLENES (SE) WITH HALIDE ANIONS X" (F", CI" AND Br’)

5.1 introduction

In Chapter 4 substitusnt effect analysis of experimentally determined
bond free energies suggested different modes of interaction are present in the
perfluorobenzene complexes CgFsY-X wherr: X are the halide ions F~, CI", Br
and I". The strong nucleophile F is predicted to tond covalently to CgF:*/ while
an electrostatic interaction is preferred in the complexes CgFsY-X (X =CI", Br
and i’). Ab initio MO calculations {1] support these proposed geometries.

In the present work the modes of bonding in the complexes SQ-X™ and
SE-X (X =F, Ci" and Br’) are investigated, whers SQ and SE are quinones
and ethylenes substituted with strong electron withdrawing groups, e.g.,
tetrafluoro-para-benzoquinone (F4p-BQ), tetrachloro-para-benzoquinone (Cls-

p-BQ), tetrachloro-ortho-benzoquinone (Cls-0-BQ), tetracyanosthylene (TCNE).

o)
F F ¢l © Cl o O CN CN
Cl \ /7
F=0
F F ¢ c C Cl CN CN
o 0 Cl
Fs-p-BQ Clyp-BQ Cle-0-BQ TCNE

These n conjugated systems were chosen as they are strong electron
acceptors, i.e., have large electron affinities {2, 3], and may stabilize o bond
formation on attack by the weaker halide nucleophiles (X" = CI" and Br’). ¢
bonding has been proposed in the complexes TCNE-X™ (X" =CI", Br and I)

based on gas phase work performed with an ICR (ich cyclotron resonance)
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mass spectrometer [4]. The complexes F4-p-BQ-X", Cls-p-BQ-X" and TCNE-X"
(X" =CI’, Br and I') have also been observed in the solution phase [5-8].

The bond strengths in tiie complexes SQ-X™ and SE-X" (X" = F", CI” and
Br’) w«re determined in the present work by gas phase measurements of halide
association and transfer equilibriz with the pulsed electron high pressure mass
spectrometer (PHPMS). Hirao et al. [9] have also performed ab initio MO
calculations on the systems TCNE-X" (X" =F’, CI" and Br’) and F4-p-BQ-X" (X =
Ci” and Br') where complex geometries and stabilization energies were
determined. The chemical honding in SQ-X" and SE-X is discussed on tho

grounds of these theorei'al and =perimental determinations.

5.2 Eyxperirntental
SQ+X =8QX (5.1)

SE + X = SEX (5.2)

Association equilibria (5.1) and (5.2) involving substituted quinones and
ethylenes with X" (X" = CI” and Br’) were measured with the PHFMS described
in Chapter 1. The method af equilibrium measurement was as described in
Chapter 2.

The majority of the solid compounds used were dissolved in
dimethylformamide (DMF) prior to injection into the 5 I bulb of the gas handling
plamt (GHP). Tetracyancethyiane {TCNE) and fumaronitrile (trans-1,2-
dicyanoethylene) were found to dissolve only in acetonitrile and toluene,
respectively. As TCNE is reported to have a low vapor pressure [10, 11], a gas
handling plant temperature of 200°C was maintained for equilibrium

measurements involving this compound (GHP typically at temperature of

~150°C).
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Br and CI” productic in the ion source was achieved by dissociative
alectron capture of CH2Brz and CClg, respectively. These compouncs were
present in concentrations of 1-5 mtorr in the ion source. Methane at ion source
pressures of 2-4 torr was used as the bath gas. Reactant (SQ, SE)
concentrations in the ion source ranged frcm 0.1-20 mtorr.

The majority of the bond free energy determinations were conducted at
150°C. Association equilibrium (5.1) measurements involving the weekly
bound para-benzoquinone-Br~ (p-BQ-Br’) aciduct were performed at 30°C.
Measurements of association equilibria (5.2) involving TCNE were not possible
at 150°C due to the large 5and strength of TCNE-X™ (X = CI” and Br’). In these
experiments, the X~ intensity was too small for reliable equilibrium

measurement.
CeFsOH-Br + TCNE = CgFsOH + TCNE-Br’ (5.3)

The bond free energy of TCNE-Br™ at 150°C was obtained indirectiy by
measurement of bromide transfer equilibrium (5.3); see Figure 4.13. The
directly determined value of -AG%,A,,;gaK(CstOH) is also given in Figure 4.13.
The bond free energy of TCNE-CI™ could not be determined either directly or
indirectly at 150°C due to the large bond strength of the complex.
-AGQa 423(TCNE) was svaluated using -AH2s and -AS&a values obtained from
a van't Hoff plot (see later) where equiiibrium constants for reaction (5.2)
invsiving TONE were determined at higher ion source temperatures (~250-
350°C).

An intensity versus time profile of ions involved in reaction (5.1) is shown
in Figure 5.1. Thermouynamic equilibrium is established between the adduct

F4-p-BQ:Br” and Br" ~1.0 ms after the 20 s electron pulse. An ion extraneous

to the equilibrium studied was the radical anion F4-p-BQ". The decrease in
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intensity of the three ions after ~0.5 ms is due te diffusion of the ioris to the ion
source wall.

Checks were performed on the equilibrium constants for reactions (5.1)
and (5.2) involving different partial pressures of SQ and SE. Kgra and Kcia were
found to be essentially invariant of the partial pressure of SQ and SE for the

strongly bound substituted quinone and ethylene complexes.
F4-p-BQ + X = F4-p-BQA'X (5.4)
TCNE + X" = TCNE-X (5.5

Enthalpy (AH?(A) ary #atropy (AS§A) values for reactions (5.4) and (5.5)
where X~ = CI” and Br~ were obtained by means of van't Hoff plots; see also
Chapter 3. Thase plots are shown in Figure 5.2. Kxa values for reactions (5.4)
and (5.5) were determined as the ion source temperature was slowly decreased
for constant F4-p-BQ/methane and TCNE/methane gas mixtures. This
procedure was repeated for different F4-p-BQ/methane and TCNE/methane gas
mixtures where the ratios were changed vy a factor of five. Measurements were
performed at intervals of ~15°C with an overall rainge of ~100°C being covered.
Equilibriurr: constants for reaction (5.5) were measured between 250°C and
350°C because of the large bond strengths of the complexes TCNE-Br” and
TCNE-CI". The data for reaction (5.4) where X" = CI” is from Chowdhury et al.
[12].

5.3 Results and Discussion

5.3a Results
The directly and indirectly determined -AGra 423k and -AGGia s2ak Values

for the substituted quinones and ethylenes are given in Table 5.1. Also
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Figure 5.2 van't Hoff plots of Kxa for the reactions: TCNE + X" = TCNE-X" and
F4-p-BQ + X" = F4-p-BQ-X where X" = CI', Br". a) From Chowdhury et al. {12].
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Table 5.1  -AGYXa 423k for reaction (5.1): SQ + X = SQ-X" and reaction (5.2):
SE + X = SE-X", where SQ, SE are substituted quinones and ethylenes and X"

=F,Cl,Br,I
SQ/SE
F Ccr
e
33.5° 16.62
F F
o
a. 9
Ci cl
o
0
ci 0
Cl cl
cl
0
-
0
N CN
i c=c/ z2.3'
=0 .
CN CN
CN H
\ /7 a
= 12.8
A=
H CN

-AG?(A,423|( (kcal/mol)

Br

14.32

12.8%

5.0°

20.89

10.7%

11.1¢

a. From direct messurement of equilibrium (5.1) or (5.2) at 423 K. b. From
-AG?—r,,423K measurements, see Figure 4.14. c. From direct measurement of
equilibrium F4-p-BQ + I = F4-p-BQ-I" at 423 K. d. From Chowdhury et al. [12].
Equilibrium (5.1) measured at 303 K. -AG&a 423(p-BQ) estimated using
-ASGia(p-BQ) = 20.0 cal/deg.mol. e. Equilibrium (5.1) measured at 303 K.
-AGZr.423x(p-BQ) estimated using -ASga(p-BQ) = 20.0 cal/deg.mol. . From
-AHA(TCNE) and -ASA(TCNE) values, Table 5.2. g. Indirectly determined at

423 K by measurement of bromide transfer equilibrium (5.3), see Figure 4.13.
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included in Table 5.1 are the bond free energies at 423 K for F4-p-BQ-F" (Figure
4.14) and F4-p-BQ-I” which were determined by methods described in Chapter
4,

The bond enthalpy (-AH§A) and entropy -(-AS§A) values corresponding to
reactions (5.4) and (5.5) where X" = CI” and Br” are given in Table 5.2. Also

present in Table 5.2 are the -AG§A,423K values evaluated from -AH?(A and -ASya.

These values are in good agreement with those values given in Table 5.1.

5.3b Bonding in the Complexes SQ-X" wheare SQ = Substituted
Quinones and X" =F, CI" and Br

The geometries and bon< strengths of the coirniuxas Fa-p-8Q-X" (X =
CI” and Br') and TCNE-X™ (X" = F", CI" and Br") ware dei:mined oy Hirao et al.
[9] using ab initio MO calculations. Each geometry was fully optimized with the
minimal STO-3G basis set. Then a single-point calculation was carried out with
the 3-21G plus diffuse functions basis set to obtain the ener:+ at the optimized
geometry. Diffuse functions are well known to be i¢nportant for describing the
electronic structure of anions, particularly with first row elements [13..

The optimized geometries of F4-p-BQ and the complexes F..-p-BQ-}" (X’
= CI” and Br’) are shown in Figures 5.3-5.8. Bond distances (in angstroms) and
bond angles (in degrees) are given and the values in parenthases are the
Muiliken electron populations (electron densities). The calculated stabilization
energy, -AE?(A (= ~AH§’<A). on complex formation, i.e, the bond strength, is also
given. These values are summarized in Table 5.3. Also present in Table 5.3
are the experimentally determined complex bond strengths, -AH)°<A.

There are two active sites for X~ attack of F4-p-BQ to yield a ¢ bonded

(Meisenheimer) complex. One is at the carbon atom connected to oxygen
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Table 52 Thermochemical data for reaction (5.4): F4-p-BQ+ X = F4-p-BQ-X
and reaction (5.5): TCNE + X" = TCNE-X™ (X" = CI', Br'), obtained via van't Hoft
plots (Figure 5.2)2

X" -AHX A -ASXa -AGXa 423K°
(kcal/mol) (cal/deg.mol) (kcal/mol)
0]
F F
Br 23.6 22.3 14.2
F F
0]
o
F F
cr 27.0° 22.7° 17.4°
F F
O
CN CN
Ne=c”  Br 30.1 2.9 20.4
o=C_ : ) .
CN CN
CN CN
Ne=c?  or 34.4 26.3 23.3
Vit N ' ' '
CN CN

a. The errors are estimated at +2 kcal/mol for -AHg:a and £3 cal/deg.mol for
-ASBrA.

b. From Chowdhury et al. [12].

C. 'AG?(A,.s'zaK calculated from -AHxa and -AS%a values in the table.
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(9.36)

Figure 5.3 Optimized geometry of F4-p-BQ due to Hirao et al. [9]. The values
in parentheses are electron densities. The bornd lengths are in angstroms and
the bond angles are in degrees.
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Figure 5.4 Optimized geometry of the F4-p-BQ-Br™ partial charge transfer
complex due to Hirao et al. [9]. The values in parentheses are electron
densities. The bond lengths are in angstroms and the bond angles are in

degrees.
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(35.2) |

1,25 (5.53)

(8.71)

(9.38)

(8.57)

-AE3,s = 6.6 kcal/mol

Figure 5.5 Optimized geometry of the F4-p-BQ-Br” Meisenheimer complex
due to Hirao et al. [9]. The values in parentheses are electron densities. The

bond lengths are in angstroms and the bond angles are in degrees.
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(8.55)

@:5.63) 1.%@

(9.39)

-AE§4 = 15.3 kecal/mol

Figure 5.6 Optimized geometry of the F4-p-BQ-Br electrostatic complex due
to Hirao et al. [9]. The values in parentheses are electron densities. The bond
lengths are in angstroms and the bond angles are in degrees.
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Figure 5.7 Optimized geometry of the F4-p-BQ-CI” partial charge transfer
complex due to Hirao et al. [9]. The values in parentheses are electron
densities. The bond lengths are in angstroms and the bond angles are in

degrees.
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Figure 5.8 Optimized geometry of the F4-p-BQ-CI™ electrostatic complex due
to Hirao et al. [9]. The values in parentheses are electron densities. The bond
lengths are in angstroms and the bond angles are in degrees.
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Table 5.3 Bond strength determinations corresponding to reaction (5.4): Fa-
p-BQ + X = F4-p-BQ-X" (X" = CI", Br’) and reaction (5.5): TCNE + X" = TCNEX
(X' =F,CI,Br)

-AEXA® -AEXa® AE%a®  -AHXA®

Meisenheimer Partial Charge Electrostatic
Complex Transfer Complex Complex
(kcal/mol) (cal/deg.mol) (kcal/mol)

o)
F F o
.Cl 26.3 (Fig.5.7°) 24.8 (Fig.5.8% 27.0

F F

o)

o)
F F

. Br 6.6 (Fig.5.5°) 16.0 (Fig.5.4% 15.3 (Fig.5.68°) 23.6

F F

o)
CN /CN

Nc=c! FT 435 (Fig.5.109
CN CN
CN /CN

)c:c\ €~ 53 (Fig.5.11% 19.4 (Fig.5.12% 34.4
CN CN
CN CN

AN / - . c . c

£=C_ Br 0.6 (Fig.5.13% 13.8 (Fig.5.14%) 30.1
CN CN

a. Bond strength determinations from ab initio MO calculations due to Hirao et
al. [9]. b. Experimentally determined bond strengths, see Table 5.2. c. Figure
number in parenthesis shows location in text of predicted complex geometry
due to Hirao et al. [9].
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(reaction (5.6)) and the other is at the carbon atom linked to fluorine (reaction

(5.7)).

o)
F
(5.6)
F
o
o)
F
(5.7)
F
o)

The electropositive character of the carbon atoms in the F4-p-BQ ring (Figure
5.3) is due to the o electron withdrawing (+F) fluorine and oxygen atoms [14].
The field/inductive effect of these substituents will in turn stabilize the negative
charge on X" upon Meisenheimer complex formation. = charge stabilization in
the o bonded F4-p-BQ-X" complexes is shown in reactions (5.6) and (5.7).

Br’ is predicted to attack both C=0 and C-F sites and form charge transfer
complexes (Figures 5.4 and 5.5). Attack of the C=0 site (-AEga = 16.0 kecal/mol)
is found to be more favorable than attack of the C-F site (-AERa = 6.6 kcal/mol).
However, from the geometries and electron densities shown in Figures 5.4 and
5.5, the predicted degree of charge transfer in these complexes is different. On
attack of C=0 only partial charge transfer of the Br" electron density occurs
(Figure 5.4). Little deformation of the F4-p-BQ ring is observed as a result of this

interaction. Attack of C-F leads to ¢ bond formation (C-Br) with a tetrahedral

Meisenheimer complex formed; see Figure 5.5. Comparison of the bond
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lengths and electron densities shown in Figure 5.3 (neutral F4-p-BQ) and Figure
5.5 nicely illustrates the formation of a ¢ bondad complex which corresponds to
the resonance structure shown in reaction (5.7). The weak bond energy
determined for the Meisenheimer F4-p-BQ-Br  complex (-AES,A = 6.6 kcal/mol) is
a consequence of the loss of © conjugation throughout F4-p-BQ upon o bond
formation, i.e., energy destabilization due to ring deformation (Figure 5.5). The
energy stabilization achieved through C-Br bond formation (C-Br bond energy
~70 kecal/moi [1]) counterbalances this effect. For the partial charge transfer F4-
p-BQ-Br” complex (Figure 5.4) the magnitudes of both these effects are reduced
and the presence of an ion-quadrupole electrostatic interaction leads to a
stronger overall bond energy. Interestingly, ¢ bonded complex formation was
found to be energetically unfavorable for CeFe-Br~ by the ab initio MO
calculations of Hiraoka et al. (3-21G basis set) [1]. This suggests the
contribution to stabilization of the Br™ electron density from n delocalization
involving the carbonyl group (reaction (5.7)) is important for stable
Meisenheimer Fa-p-BQ-Br complex formation. From previous gas phase
electron affinity determinations [2, 15, 16], F4-p-BQ is known to be a much better
electron acceptor than CeFe, i.e, EA(F4-p-BQ) is ~30 kcal/mol greater than
EA(CeFe)-

An electrostatic complex of comparable stabiiity to the partial charge
transfer complex (Table 5.3) was also predicted for F4-p-BQ-Br’. In the
electrostatic complex Br™ is positioned on the central axis of F4-p-BQ ~2.8 2\
above the molecular plane (Figure 5.6). In this position Br is anticipated to
experience a strong interaction with the expected positive quadrupole moment
of F4-p-BQ perpendicular to the molecular plane (Qzz). The anticipated positive
quadrupole moment of F4-p-BQ is due to the c*-F and C*-O” bond dipoles; see

Figure 5.3. The geometry of the electrostatic F4-p-BQ-Br complex is analogous
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to those predicted for the complexes CgFe-X" (X =CI', Br" and I') [1]. The larger
predicted charge distribution in C=0 (C“O"‘w--O'("50 [9]) opposed to C-F
(C"O'a7--0'°'37 [1, 9])) is possibly responsible for the closer intermolecular
distance and stronger bond energy determined for F4-p-BQ-Br" compared to
CeFgBr (-AERa(F4-p-BQ) = 15.3 kcal/mol [9], -AEga(CeFe) = 13.9 keal/mol [1]).

The experimentally determined -AH3A for F4-p-BQ-Br” is observed in
Table 5.3 to be ~8 kcal/mol greater than that predicted for the most favorable F4-
p-BQ-Br’ geometry, the partial charge transfer complex [9). Basis set deficiency
and the absence of an electron correlation correction may be responsible for
the error in the theoretical bond strength determination.

The stable geometries of F4-p-BQ-CI™ [9] are shown in Figures 5.7 and
5.8. The partial charge transfer complex is again observed to be energetically
slightly favored over the electrostatic complex (Table 5.3). Meisenheimer
complex formation on attack of the fluorine carrying carbon atom was predicted
to be energetically unfavorable. The calculated bond strength (-AE&A) for the
partial charge transfer complex is in excellent agreement with the
experimentally determined -AH&A(F4-p-BQ) given in Table 5.3. The bond
strength in F4-p-BQ-CI” is determined to be greater than that in F4-p-BQ-Br” both
by experiment and theoretical calculations. This increase in bond strength is
because CI” is a stronger base than Br™ due to its smaller ionic radius.

From the bond free energy values given in Table 5.1, the stability order of
the complexes F4-p-BQ-X" is F4-p-BQ-F” >> F4-p-BQ-CI” > F4-p-BQ-Br > F4-p-
BQ-I". This is the same order as observed for the complexes CgF5Y-X™ (Table
4.1). The large increase in stability of F4-p-BQ-F (~20 kcal/mol) possibly results
from o bond formation. A strong Meisenheimer complex is anticipated for F4-p-
BQ-F as a stable ¢ bonded complex is predicted for F4-p-BQ-Br (Figure 5.5)

where the C-Br stabilization energy is ~46 kcal/mol lower than that on C-F
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formation, i.e., the bond energies of C-F and C-Br are ~116 kcal/mol and ~70

kcal/mol, respectively [1]. Attack by F~ of a C-F site in F4-p-BQ (reaction (5.7))

may be preferred as a reaction of this type results in the only stabie

Meisenheimer complex predicted for F4-p-BQ-Br (only partial charge transfer is

predicted on Br~ attack of C=0). However, in solution phase studies the strong

base OH™ has been proposed to add reversibly to the carbonyl group of a

number of substituted quinones [17, 18]. For example, Tong et al. [17] proposed
Scheme | for attack of OH™ on Cl4-p-BQ on the basis of UV spectral data.

o - o -

cl cl Cl..

OH™ + ——| HO

Cl Cl o]

—  Products

Scheme !

Reversible addition of OH™ to a carbonyl group in Cls-p-BQ was believed to
occur before nucleophilic aromatic substitution on attack of a C-Cli site [17].
Covalent bonding has also been predicted in the complex CeFsF’
(Chapter 4). From the -AHEA and -ASfa values determined by Hiraoka [19], a
bond free energy (at 423 K) of 17.5 keal/mol is calculated for this complex. This
is ~16 kcal/mol smaller than the experimentally determined -AGSA,423K(F4-p-BQ)

value given in Table 5.1. The difference in bond free energies illustrates the
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large contribution to F4-p-BQ-F~ Meisenheimer complex stability provided by =
charge delocalization involving the carbonyl group (reaction 5.6 or reaction
5.7).

From Table 5.1 the bond free energy of Cls-p-BQ-Br” is observed to be
1.5 kcal/mol less than that for F4-p-BQ-Br. This is opposite to the trend in
electron attachment energies where -AGgA,423K(CI4-p-BQ) is larger by 1.7
kcal/mol [2]. The lower bond strength in Cls-p-BQ-Br~ possibly results from
smaller C*-CI” bond dipoles in Cl4-p-BQ compared to C*-F~ bond dipoles in Fs-
p-BQ, i.e., F is more electronegative than Cl. Electron densities in the C-Cl and
C-F bonds in CgClg and CgFg have been calculated by Aimlof and Faegri [20]
using ab initio MO methods (double-{ basis set). A net charge of +0.34 was
predicted on each ring carbon of CgFg compared to -0.05 on each carbon atom
in CgClg. Hence, as the most stable geometries of F4-p-BQ-Br” are predicted to
involve electrostatic interactions of the negative charge on Br™ with the
electropositive ring carbon atoms (Figures 5.4 and 5.6), a lower bond strength
in a similarly bonded Cls-p-BQ-Br” complex is not surprising. If covalent
bonding was preferred in the complexes F4-p-BQ-Br” and Cls-p-BQ-Br a
different stability order would be expected. Chlorine substituents would be
anticipated to stabilize charge transfer from Br™ into the ring better than fluorine
substituents as the destabilizing -R effect of the halogens (r donation into the
ring) is greater for fluorine [14]. The strong field/inductive effect (+F) of the
halogens, which would stabilize the negative charge of Br, is of similar
magnitude for fluorine and chlorine substituents [14]. The stronger -R effect of
fluorine is responsible for the lower electron affinity of F4-p-BQ with respect to
Cls-p-BQ [2].

Also of interest in Table 5.1 is the stronger bond free energy determined

for Cls-0-BQ-Br” compared to Cls-p-BQ-Br” (2.6 kcal/mol greater). The increase
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in energy can be explained in terms of either partial charge transfer or an
electrostatic interaction. The positioning of two carbonyl groups next to each
other on the ring may well lead to increased charge transfer from Br into the
C=0 sites and an overall increase in complex stability. Also possible is the
charge distribution in the ortho isomer, i.e., two strongly electropositive
neighboring carbon atoms, results in a stronger electrostatic interaction with Br".

The absence of electron withdrawing halogen substituents leads to a
large drop in the bond free energy determined for p-BQ-X" (X™ = Br" and Cr);
see Table 5.1. Nucleophilic attack at the carbonyl group of p-BQ by the strong
base CH3™ has been observed in solution [21] but a predominantly e!actrostatic
interaction is anticipated in p-BQ-X". Covalent bonding in p-BQ-X" (X" = Br" and
Cl") is very unlikely as only a weak bond strength was predicted for the
Meisenheimer F4-p-BQ-Br  complex and formation of the corresponding F4-p-
BQ-CI” complex was found to be energetically unfavorable [9]. Possible
geometries for p-BQ-X" have X positioned above the molecular plane of p-BQ
(analogous to the geometries of F4-p-BQ-CI” shown in Figures 5.7 and 5.8) or

hydrogen bonded to a ring proton or protons as shown below:
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5.3b Bonding in the Complexes SE-X~ where SE = Substituted
Ethylenes and X" = F, CI” and Br

The optimized geometries of TCNE and the complexes TCNE-X™ (X" =F,
CI” and Br’) [9] are shown in Figures 5.9-5.14. The predicted bond strengths of
the complexes are given in Table 5.3 along with the experimentally determined
-AH3 values.

The strongest halide nucleophile, F, is predicted [9] to bond covalently to
TCNE and form a stable Meisenheimer complex (Figure 5.10). Nucleophilic F°
attack is proposed to occur at the C=C site. The electron withdrawing -CN
substituents [14] are responsible for the electropositive character of the carbon
atoms in the double bond (C*°'14=C+°'14, see Figure 5.9). The field/inductive
effect (+F) of -CN also stabilizes F~ electron density on Meisenheimer TCNE-F”
complex formation. In addition, -CN substituents are = electron acceptors (+R)

and the o bonded TCNE-F~ complex is further stabilized by = delocalization, as

shown Scheme II.

N N N N~
S ¢”  on, /c”’ CN, 7
F~+ >C=C "_’F-—:C—C\ <—->F_-C_C/<
,/C C\\\ CN C\\ CN C\\
N7 N N N
Scheme I

The geometries of TCNE and TCNE-F~ shown in Figures 5.9 and 5.10 support
the above resonance structures. The central C-C bond length of TCNE
increases on addition of F~ due to rupture of the C=C bond. The +F and +R

effects of -CN coupled with formation of a strong C-F bond counteract the
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Figure 5.9  Optimized geometry of TCNE due to Hirao et al. [9]. The values in
parentheses are electron densities. The bond lengths are in angstroms and the

bond angles are in degrees.
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-AEgA = 43.5 keal/mol (7.61)

Figure 5.10 Optimized geometry of the TCNE-F~ Meisenheimer complex due to
Hirao et al. [9]. The values in parentheses are electron densities. The bond
lengths are in angstroms and the bond angles are in degrees.
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-AEQ;a = 5.3 kcal/mol

Figure 5.11 Optimized geometry of the TCNE-CI” Meisenheimer complex due
to Hirao et al. [9]. The values in parentheses are electron densities. The bond
lengths are in angstroms and the bond angles are in degrees.
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Figure 5.12 Optimized geometry of the TCNE-CI” electrostatic complex due to
Hirao et al. [9]. The values in parentheses are electron densities. The bond
lengths are in angstroms and the bond angles are in degrees.
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-AEgs = 0.6 kcal/mol

Figure 5.13 Optimized geometry of the TCNE-Br~ Meisenheimer complex due
to Hirao et al. [9]. The values in parentheses are electron densities. The bond
lengths are in angstroms and the bond angles are in degrees.
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Figure 5.14 Optimized geometry of the TCNE-Br” electrostatic complex due to
Hirao et al. [9]. The values in parentheses are electron densities. The bond
lengths are in angstroms and the bond angles are in degrees.

190




energy destabilization due to tetrahedral complex formation and a strong
Meisenheimer complex results (-AEEA(TCNE) = 43.5 kcal/mol).

& bonded complexes have been proposed as intermediates in gas phase
addition-elimination reactions involving nucleophilic attack of substituted
ethylenes by strong bases [22-24]. For example, the proposed reaction

pathway for OR’ (R = alkyl) attack of 1,1 -difluoroethylene [22] is as follows:

F H Fl, H H
RO™ + \C=C/——> Ro—‘.:.C-—E) ——»F\C—C/ RF
7~ 7O\ / \ SN T
F H F H o H

The optimized geometries of the complexes TCNE-C!” and TCNE-Br are
shown in Figures 5.11-5.14. Stable electrostatic and Meisenheimer complexes
were proposed for each. Electrostatic bonding was predicted to be ~15
kcal/mol more favorable than ¢ bonding in these complexes; see Table 5.3.
The lower stabilities of o bonded TCNE-CI” (Figure 5.11) and TCNE-Br (Figure
5.13) complexes relative to TCNE-F are due to the lesser energy stabilization
on C-X bond formation. The bond strengths of C-F, C-Cl and C-Br are ~116
kcal/mol, ~80 kcal/mol and 70 kcal/mol, respectively [1]. The differences in
stabilities of the Meisenheimer complexes TCNE-X" (X =F", CI" and Br’) are
directly related to the differences in C-X bond strengths (Table 5.3).

In the energetically favored electrostatic complexes, X (X =CI” and Br)
is positioned above the molecular plane of TCNE, presumably in order to gain
the strongest electrostatic interaction with the electropositive carbon atoms in
TCNE: see Figures 5.12 and 5.14. The position of X" reflects the larger cationic
character of the carbon atoms positioned next to the electronegative N atom
rather than the carbon atoms in the C=C bond (for electron densities in TCNE
see Figure 5.9). The = conjugation in TCNE is soundly preserved in the
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electrostatic TCNE-X~ complexes and no deformation of the TCNE structure
occurs (Figures 5.12 and 5.14).

Calculations concerning the complex TCNE-CI” have been performed by
Sillion et al. [25] using the minimal STO-3G basis set. The mode of interaction
in the complex was predicted to be mainly electrostatic and a bond strength of
20.0 kcal/mol was evaluated. These results are in good agreement with those
of Hirao et al. [9] shown in Table 5.3.

Interestingly, Bowie et al. [4] have proposed covalent bonding in the
adducts TCNE-X™ (X" = CI', Br and I') based on gas phase work with an ICR
mass spectrometer. In cyclotron ejection experiments involving X (X" = Cl', Br

and I") and TCNE, the initially formed TCNE-X" adducts were observed to

decompose to the ion CsN3".

CN on [on cn|  on CN
- N\ / W, - \ /
X + /C=C\—> X-;C-—C\ — C=C\ + XCN
CN CN CN CN CN

The formation of CsN3~ was proposed to occur through the addition-elimination
reaction shown above involving a ¢ bonded TCNE-X" intermediate. This
reaction pathway is not consistent with the electrostatic TCNE-X" complex
formation predicted by Hirao et al. (X" = CI” and Br’) [9] and Sillion et al. (X" =
CI') [25].

It is interesting to see in Table 5.3 fairly large disagreements of the
theoretically determined bond strengths for TCNE-X™ (X" = CI” and Br’) with
those obtained experimentally (~15 kcal/mol difference). As previously
mentioned, basis set deficiency and lack of an electron correlation correction in

the theoretical calculations may be responsible for the differences.
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From Table 5.1 a 10 kcal/mol drop in bond free energies are observed for
the chloride and bromide complexes of fumaronitrile (trans-1,2-
dicyanoethylene) with respect to TCNE-X". The presence of unly two electron
withdrawing CN substituents means covalent bonding is very unlikely in
fumaronitrile-X_, i.e., only weak bond energies were predicted in the ¢ bonded
TCNE-X" complexes (X~ = ClI” and Br’) with four CN substituents present (Table
5.3). The strength of an electrostatic interaction analogous to the one predicted
in TCNE-X" (Figures 5.12 and 5.14) will obviously also be weakened by the
absence of two CN groups. Hydrogen bonding of X in the molecular plane of

fumaronitrile may instead be preferred; see structure below.
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CHAPTER 6

THE THERMODYNAMICS OF THE ASSOCIATION REACTIONS
HO" + H20 = HOHOH AND CH30" + CH30H = CH30-HOCH3
IN THE GAS PHASE

6.1 Introduction
The early determinations [1, 2] of the thermodynamic quantities AG+°,

AH{° and AS+° of reaction (6.1) based on measurements of the gas phase
equilibrium (6.1) with a high pressure mass spectrometer were followed by a

number of theoretical calculations in which

HO" + HOH = HOHOH (6.12)
DO + DOD = DO-DOD (6.1b)
CH30™ + CH30H = CH30"-HOCH3 (6.2)

the electronic energy EZ° of the reactants and thus also AE,° was evaluated with
ab initio MO methods [3-8]. The theoretical work also provided information on
the geometry of the dimer HO-HOH. In some of this work the frequencies of the
normal vibrations were also evaluated [8] and these data, when combined with
statistical mechanics equations, lead to the thermodynamic quantities AE°,
“AH.° and AS+°.

The theoretical calculations, which through use of more extended basis

sets and inclusion of electron correlation were becoming more refined [5, 6, 8],

1. A version of this chapter has been published: G. J. C. Paul and P.
Kebarle, J. Phys. Chem., 94, 5184 (1990).

196



predicted -AH:° = 27 kcal/mol, a value that is more exothermic than the
experimentally measured -AH{® = 22.5 and 24 kcal/mol [1, 2]. For detailed
numerical data see Table 6.1 in Results and Discussion.

The analogous reaction (6.2) which involves the methoxide anion and
methanol is also of fundamental interest. Furthermore, the thermochemistry of
reactions (6.1) and (6.2) enters into a number of important thermodynamic
cycles. Thus, Caldwell et al. [9], using ion cyclotron resonance (ICR), were able

to measure a large number of transfer equilibria (6.3).

B HA + HR=B"HR + HA (6.3)

AH3 = D(B™-HA) - D(B-HR) (6.3a)

B~HA + YH=Y"HA + BH (6.4)

AH4 = D(Y-H") - D(B"-H*) + D(B™-HA) - D(Y-HA) (6.4a)

Data of the type shown in eq. (6.3a) provide relative hydrogen bond energies
for two hydrogen donors, HA and HR, to the same ion, B". Using available
thermochemical information on gas phase acidities {10}, e.g., D(Y"-H*) and D(B’
-H*), one can use transfer reactions also to obtain relative bond energies for the
same H donor, HA, bonding to two different anions, B” and Y" as shown in eq.
(6.4). Caldwell et al. [9] used the absolute value for D(CH30-HOCHg3) = -AHZ =
21.8 kecal/mol to convert their relative hydrogen bond energies into absolute
ones. Association equilibria like (6.1) and (6.2) are third body dependent and
are too slow to be measurable at the low pressures (10'5 torr) used in ICR.
Therefore, the value used for -AHz®> was obtained by Caldwell in preliminary
measurements with a pulsed electron high pressure mass spectrometer

(PHPMS) in this laboratory [11]. Nibbering et al. [12] also used measurements
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of transfer equilibria (6.3) and (6.4) to provide the bond strengths of various
anions attached to carbonyl containing compounds, where D(CH30 -HOCH3) =
23.6 kcal/mol was used to anchor the scale. The choice of this anchor value
was based on the subsequent good agreement observed between the
experimentally determined bond strengths and those predicted theoretically
[12). Meot-Ner and Sieck [13] have published results of equilibrium
measurements for reactions (6.1) and (6.2) obtained with PHPMS that led to
AH{ = -26.8 kcal/mol and AHZ® = -29.3 kcal/mol, the latter value being ~7
~ keal/mol higher than the previous experimental determination by Caldwell [11].
On the other hand, Brauman et al. [14], on the basis of electron
photodetachment measurements from CH3zO™-HOCH3, estimated a AHz° = -19 =
3 kcal/mol, which is lower but close to Caldwell's value [11].

Accurate determinations of the exothermicities of reactions (6.1) and (6.2)
are important for obtaining anchor values for CHzO™ and HO™ affinity scales

involving aromatic compounds and small molecules. In preliminary PHPMS

studies [15, 16], reactions (6.5) and (6.6)
CH30"-HOCHj3 + p-CF3CgH4CN = CH3OH + p-CF3gCgH4CN-"OCH3  (6.5)
CH30-HOCH3 + CF3CN = CH30H + CF3CN-"OCH3 (6.6)

were determined by equilibrium measurements to have -AH® values of 8.2
kcal/mol and 7.2 kcal/mol, respectively. By combining these values with that for
reaction (6.2) the absolute methoxide binding energies for p-CF3CgH4CN and
CF3CN can be obtained. These values cannot be determined directly using
PHPMS due to the high reaction exothermicities. Establishing transfer ladders
based on these and analogous absolute hydroxide binding energies would be

of interest due to potential covalent bond formation in methoxide and hydroxide
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adducts. For a discussion on ¢ bond formation upon nucleophilic addition to
aromatic compounds, see Chapters 4 and 5.

Knowledge of the thermodynamics of reactions (6.1) and (6.2) is also
necessary in order to rationalize the behavior of "nude” hydroxide and
methoxide anions and singly solvated anions HO™HOH and CH30™-HOCHg3 in
kinetics and energetics studies of proton transfer involving these species [17,
18]. Studies of this nature are extremely important as stepping stones in the
elucidation of the influence of intrinsic molecular parameters and ion-solvent
interactions upon reactivity {19-21].

In the present work, results from new measurements of equilibria (6.1)
and (6.2) with PHPMS are presented. Because of the conflicting previous
results, some possible sources of error such as temperature measurement and

side reactions were re-examined.
6.2 Experimental

6.2a Apparatus and Temperature Measurements

The general features of the PHPMS apparatus and the general
methodology are described in Chapters 1-3. Equilibrium (6.1) and (6.2)
measurements were made at different static temperatures and different partial
pressures of the clustering gas, D20 and CH3OH, respectively. A first set of
measurements of the temperature dependence of equilibria (6.1) and (6.2) led
to van't Hoff plots whose slopes gave AH® and AH/° values in substantial
agreement with those obtained by Meot-Ner [13]; see plots 1 in Figures 6.8 and
6.9 of Results and Discussion. However, the intercepts of the lines in the
present work were displaced downwards when compared to those obtained by

Meot-Ner [13], which means that the present -AS{° and -AS2° values were

higher.
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Since the measurement of the temperature of the gas in which the
equilibria occur is difficult, some changes were made to the ion source that are
illustrated in Figure 6.1. The position of the original thermocouple Tc 1 is shown
in Figure 6.1b. This thermocouple was of a design used in earlier work [22].
The iron/constantan type J wire had a junction fused into a small silver ball. The
silver ball junction was pressed by means of a hollow screw into a well drilled
into the ion source. The well terminated near the inner ion source wall. In the
improved design, Figure 6.1, two thermocouples, Tc 2 and Tc 3, were used. Tc
2 was of the same design as Tc 1 and in the same position; however, the well in
the ion source was drilled through and then plugged with a small silver ball so
that when Tc 2 was screwed in, its silver plug pressed very firmly against the
silver plugged inner wall of the ion source; see 8 in Figure 6.1b. Tc 3 was of
fine iron/constantan wires whose junction was spotwelded to the repeller in the
ion source; see 12 in Figure 6.1a. The repeller itself was held in position by a
thin walled ceramic tube of low thermal conductivity.

Since the temperature of the gas in the region close to the ion exit slit is
decisive for the equilibrium measurements, the temperature of the bottom of the
ion source, where the slit is located, was brought closer to the temperature of
the main ion source block by embedding two cartridge heaters in the flange 13,
Figure 6.1, which holds the ion exit slit plate. The temperature of this flange,
measured with thermocouple 14, was held to within 2 deg of the temperature
of the ion source, as measured by Tc 2 and Tc 3.

The temperatures registered by Tc 2 and Tc 3, when the above
arrangements were used and with gas in the ion source, are shown in Figure
6.2. The two temperatures are very close at low temperatures but in the high
temperature range Tc 3 registers somewhat lower temperature, a maximum
difference of 7 °C occurring at the highest temperature. A difference of 7 °C
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3cm

Figure 6.1 lon source, shown in two perpendicular cross sections: (1) electron entrance slit; (2)
heating mantle; (3) reactant gas supply and circulation; (4) actual ionization and ion-molecule
reaction region; (5) ion exit slit; (6) first ion acceleration electrode; (7) to ion acceleration tower and
magnetic sector mass analysis; (8) thermocouple Tc 2, consisting of iron constantan wires with
junction fused to small silver ball pressed against wall of ion source by means of hollow screw; 9
ion source; (10) hollow screw; (11) ion repeller electrode, normally at same voltage as ion source;
(12) thermocouple Tc 3 and ceramic tube; (13) bottom flange of ion source block with embedded

cartridge heaters; (14) thermocouple.

201



202

400

350 |-

300 -

250 -

Trepeller (°C)

200 -

150 |-

L ] | - }

100 ' '
100 150 200 250 300 350 400
T C)

, (°
ion source

Figure 6.2 lon source temperatures measured by thermocouples: Tc 2 in
position 8 and Tc 3 in position 12. See Figure 6.1.



developing over a 300 °C range has only a minimal effect on the van't Hoff plots
obtained, as shown in Figures 6.8 and 6.2 of Results and Discussion. The van't
Hoff plots with the temperatures from thermocouples Tc 1, Tc 2 and Tc 3 were
found to be very close (see Figures 6.8 and 6.9), and this was taken as proof

that the measured temperatures are of adequate accuracy.

6.2b Experimental Conditions Used in Equilibrium Measurements

The gas mixtures, passed in slow flow through the ion source, consisted
of methane carrier gas at 1.5-3.5 torr pressures containing D20 at pressures in
the 100-1000 mtorr range for equilibria (6.1) or CH3OH in the 1-100 mtorr range
for equilibria (6.2). D20 instead of H20 was used in order to avoid interference
of 35CI” from the chloride ion present as small impurity with HOHOH, also of
mass 35. The thermodynamic values obtained for reaction (6.1b) should be
practically the same as that for the protonated species [1]. Higher pressures of
water had to be used in order to speed up the establishment of equilibrium (6.1)
since the forward rate constants for this equilibrium are appreciably smaller
than those for equilibrium (6.2) [23].

The gas mixtures were prepared in the 5 | thermostated glass bulb by
injecting the liquid reagents (D20 and CH3OH) with a calibrated syringe into a
known pressure (~1 atm) of methane. A constant flow of the gas mixture
through the ion source was obtained by means of a control valve and the
pressure in the ion source was measured with a capacitance manometer; see
Chapter 1.

In order to produce DO™ and CH30", nitrous oxide (3-100 mtorr) was

added to the reaction mixture. The main reactions that occur are
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6 +NzO=Nz+0O (6.7)
O +D20=DO" +DO (6.8)
O + CH30H = CH30™ + HO (6.9)

These are then followed by the equilibria (6.1) and (6.2).
The electron pulses were 10-50 us wide and the electron energy was

2700 eV.

A typical time dependence, showing the raw ion counts observed in
measurements of equilibrium (6.1) is shown in Figure 6.3. The reactant ions,
DO™ and DO™-DOD and the DO™ adduct to N2O represented, in practically all
measurements, over 95% of the total ions observed. Equilibrium (6.1) is seen to
establish rapidly, within ~0.3 ms. The formation of the N2O adduct is slower
than the equilibrium (6.1). At long reaction times, the intensities of the
equilibrated DO™ and DO™-DOD are seen to decrease somewhat faster with time
than the N2O adduct intensity. The diffusion rates of DO™ and DO-DOD at
equilibrium and DO™N20O are expected to be very similar as the diffusion
coefficient of the ions are assumed [24] to be inversely proportional to the
reduced mass of the ion and the bath gas, CH4. Therefore, the more rapid
decrease of DO™ and DO -DOD has to be caused by a reaction of either DO or
DO™-DOD with N20 to form the adduct ion, as shown in (6.10).

DO’ (or DO™-DOD) + N2O = DO"Nz0 (+DOD) (6.10)
CH30" (or CH3O-HOCHg) + N2O = CH30"N2O (+ CH3OH)  (6.11)

Since reaction (6.10) and the analogous (6.11) could be affecting equilibria
(6.1) and (6.2), a study of the N2O adduct forming reactions was made [23].

Unfortunately, the mechanism could not be established since the reactions
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were not simple. For example the rate of (6.11) was found to be very weakly
dependent on the N2O concentration. An increase of the N20O concentration by
a factor of 100 led to an increase of the rate by only a factor of ~3. Conditions of
measurement: CHg pressure, 3 torr; CH3OH pressure, 60 mtorr; N2O pressure,
from 1 to 100 mtorr; temperature, 325 °C.

Meot-Ner et al. [13], McMahon et al. [25] and Bierbaum et al. [26] have
also used N20O as a route [13, 25] to OH™ and CH3O", and studied the N20
adduct formation [26]. Unfortunately these authors have not provided a
characterization of reactions (6.10) and (6.11).

Since an understanding of reactions (6.10) and (6.11) was not achieved,
the equilibria (6.1) and (6.2) were determined at a wide range of N2O pressures
and found to be independent of the N2O pressure. These data are summarized
in Figures 6.4 and 6.5.

The N2O electron capture cross section is large only for electrons with ~2
eV kinetic energy [27]. The secondary electrons in the present system are
rapidly thermalized by the carrier gas, so that sufficient O" yield was obtained
only with relatively high N2O pressures, p(N20) > 3 mtorr. However, the D20
and CH3OH concentrations were always chosen high enough so as to lead to
observed rates of formation of the N2O adduct which were appreciably slower
than the establishment of equilibria (6.1) and (6.2). The independence of the
equilibria (6.1) and (6.2) of the N20O pressure, demonstrated in Figures 6.4 and
6.5, is a consequence of such a choice of conditions.

The higher clusters, DO (DOD)2 and CH3O (CH3OH)2, were also
observed particularly at lower temperatures. They were found to be in
equilibrium with DO™-DOD and CH30-HOCH3, respectively. The experimental
conditions were always so chosen as to lead to intensities of the higher clusters

that were less than ~20% of the ions involved in the equilibria (6.1) and (6.2).

206



207

‘sainssasd O alayip
£-2 PaAoAU! sjuawiadxa ‘ainjeladwal yoes Iy -ginssaid O2N JO ') lueisuod wnuqiinbe jo aouapuadspu] ¢'9 einbiy

(11031w) 821NOS UO| U| O°Ny

ovL OSL 02ZL OLL OOL 06 08 0L 09 0S5 Oy OFt
1 1 I ] 1 | ! \ 1 | \ oo
099 —% v % 402
MOV9 —o—° .
NEZ—— 2 CA—_— 408
W69 —O -o—= —-0—0—0—
106
N9LG —F———gy—F— Ho0t
10°LE
M8Ys —O—@-O00—

- 0¢t

Auj



208

"SunJ Juaiayip
ut pabueyo sainssaid HOEHD pue O2N ylog -ainssaid O2N JO 2y ULISUOD wnuqiinbae jo aouapuadepu] G 9 ainbiy

(1103w) 89in0g uoj uy 0Ny
OLL 00L 06 08 OL 09 OS5 Oy OS 02 OL O
| |

I T i | | 1 ¥ ¥ | mN
——— 3619 —— o
—%—% 109 oo ©

166
v ' 4 . ,
Vv L AZNEEREED. gy
NELS P
oo 1S'LL 5
o o AVES Oo x
1672l
v Ve 2 ll ] m.m—'
v v M1L0S vy
19v1L
Q 0 NI o< 56 4G'GL




6.3 Results and Discussion

6.3a Experimental Results from lon Equilibrlum Measurements

The equilibrium constants of reactions (6.1) and (6.2) determined at
different temperatures and different partial pressures of the clustering gas, D20
and CH3OH, respectively, are shown in Figures 6.6 and 6.7 and the van't Hoff
plots obtained with these data are shown in Figures 6.8 and 6.9. The AH® and
the AS° values resulting from the various plots from this laboratory are also
given in the figures. Since it is believed that the measurements with the
thermocouples Tc 2 and Tc 3 are the most reliable, see Experimental, the
average AH® and ASP values from these two determinations, which are very
close in any case, was used in Table 6.1.

It is evident from Figures 6.8 and 6.9, which show also the Meot-Ner data
[13], that the slopes of the van't Hoff plots from both laboratories are very close.
This leads to very good agreement for the AH° = -27.6 kcal/mol, present work,
versus AH{ = -26.8 kcal/mol, Meot-Ner et al. (13], and AHZ° = -29.3 kcal/mol,
present work, versus AH° = -29.3 kcal/mol, Meot-Ner et al. [13]; see Table 6.1.
Unfortunately, the agreement for the intercepts is not very good. Meot-Ner's
lines are displaced upwards, i.e., they predict at any given temperature,
equilibrium constants higher by a factor of ~8 for reaction (6.1) and ~7 for
reaction (6.2). This leads to a difference in the evaluated entropies: AS° = -
28.1 cal/(deg mol), present work, versus AS{° = -22.8 cal/(deg mol), Meot-Ner et
al. [13], and ASZ° = -31.8 cal/(deg mol), present work, versus ASP = -27.6
cal/(deg mol), Meot-Ner et al. [13]; see Table 6.1. The difference by a factor of
~8 in the equilibrium constants is larger than may be expected for ion-molecule
equilibrium measurements from different laboratories. Also unusual is the fact

that the difference remains essentially constant at all temperatures. More
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Figure 6.8 van't Hoff plots of K¢ for reaction (6.1): DO" + DOD = DO-DOD.
Numbers identify different sources of data. Plots 1, 2 and 3 correspond to data
obtained with thermocouples 1, 2 and 3 and lead to -AH{® (28.5, 27.5, 27.7
kcal/mol), -AS¢° (29.9, 27.7, 28.5 cal/(deg mol)). Plot 4, Meot-Ner [13]: -AH{° =
26.8 kcal/mol, -AS+° = 24.2 cal/(deg mol). Plot 5, early PHPMS results [1]:
-AH° = 22.5 kcal/mol, -AS+° = 19.1 cal/(deg mol).
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Figure 6.9 van't Hoff plots of K2 for reaction (6.2): CH30™ + CH30H = CH30"
‘HOCH3. Plots 1,2 and 3 correspond to data with thermocouples 1, 2 and 3
and lead 1o -AHZ? (30.7, 29.3, 29.4 kcal/mol) and -AS2° (34.2, 31.3, 32.3 cal/(deg
mol)). Plot 4, Meot-Ner [13]: -AH2° = 29.3 kcal/mol, -AS2P = 27.6 cal/(deg mol).
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Table 6.1

Energy data in kcal/mol, entropies in cal/(deg mol). Standard state, 1 atm.
Average temperature of van't Hoff plot.

Average of values given by Meot-Ner [13].
Level of calculation beyond Hartree-Fock given in brackets after author's

name. AEZ is the electronic energy. AH° is the enthalpy change at 298 K,
unless otherwise noted, where zero point energies and thermal energies
of reactants as well as A(pV) term is included. AS° for 298 K.

Estimate obtained by adding change from AEg® to AH® equal to +0.9
kcal/mol, evaluated by Jorgensen et al. [8].

Evaluated on the basis of geometries and normal frequencies, see Table
6.2, of reactants obtained by Jorgensen et al. [8, 33].

No diffuse s and p functions in basis set and no correction for electron
correlation.

Estimate of AH® from AE.°(DZ+P), due to Dixon et al. [39].

Evaluated in present work on the basis of geometries and normal
vibrations due to Dixon et al. [39], see Table 6.3.

AS+° due to Meot-Ner and Sieck [13] with correction for mass dependent
discrimination [29].

AH+° and AS° calculated for 600 K.



Table 6.1 Thermocheimical and theoretical data? for reactions (6.1) and (6.2)

HO™ + HOH = HO-HOH

Experimental data

T -AH°
(1990) Present work 600 27.6
(1986) Meot-Ner [13] 600 26.8°
(1970) Arshadi [1] 660 22.5
(1971) Payzant [2] ~600 24.0

Theoretical calculationsd

-AEg -AH°
(1976) Diercksen [5] (C!) 28.2 ~27.3°
(1974) Ikuta [6] (MP3) 28.0 ~27.1°
(1974) Ikuta [6] (CI) 27.1 ~26.2°
(1986) Jorgensen [8] (MP2) 27.5 26.6

(26.5)™ (24.6)"™
CH30" + CH30OH = CH30“HOCH3

Experimental data

T -AH°®
present work 550 29.3
Meot-Ner [13] 590 29.3°

Theoretical calculations
-AEg° -AH%qgg

Dixon [39] 25.99 ~25.6"
Jorgensen [40] 25.79 ~25.4"

-AS°

28.1

(22.8)°

(24.2)'
19.1
20.8

-AS°

24.6'

-AS°

31.8
27.6¢

-AS%gg

~27.9K
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common is a difference in the temperature trends of the data where larger AH®
values are compensated by larger AS® values; see, for example, the plot from
earlier determinations for reaction (6.1) from this !aboratory [1] and present
determinations in Figure 6.8. This kind of difference may be attributed to errors
of temperature measurement at high temperatures. Thus, in the earlier
measurement [1], the actual temperature of the sampled reaction system at high
temperatures might have been lower than the assumed temperature based on
the thermocouple reading. An error of ~30 K at the highest temperature of the
measurement, 740 K, would be required to bring the previous [1] and present
results to agreement. Measurements of the temperature of the reacting gases is
.difficult at the high temperatures required when strongly bonded complexes are
involved [22, 28].

The divergence of the present results and Meot-Ner's [13] determination
should not be due to temperature errors but some other instrumental artefact. A
possible cause would be a faulty correction for mass dependent ion
transmission of the quadrupole mass spectrometer [13]. Such a correction is
not required for the magnetic instrument used in the present work. A recent re-
examination of the mass dependent transmission of the Sieck/Meot-Ner
apparatus leads [29] to a transmission correction for the pair HO/HO-HOH
which decreases Ky by a factor of approximately 2. This corresponds to a
decrease of AS+® by 1.4 cal/(deg mol) and an improved AS+° = -24.2 cal/(deg
mol) which is also given in Table 6.1. The re-examination of the transmission of
the pair CH30/CH30HOCH3 showed that essentially no correction is required
for this pair [29]). No correction was made [29] for the response of the ion
-detector to ions of different mass and different chemical composition. Since the
detector was a conversion dynode electron multiplier operated in the analogue

(i.e., current detection) mode [30], such a correction is required. However,
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previous experience with this device indicates that the corrections needed are
small, i.e., less than by a factor of two [30]. In the present instrument, which
uses ion counting detection, a correction for the response of the electron
multiplier is not required.

It is possible that collisional dissociation of the adducts such as HO-HOH
+ CH4 = HO™ + HOH + CHg, occurring in the ion acceleration and mass
analysis region of the present apparatus, could be reducing the observed ion
ratios and thus also the measured equilibrium constants; see Chapter 3. In
order to examine whether such a process occurs in the acceleration region, the
total acceleration voltage was changed by a factor of two. In other experiments
the potential between the ion source and the first ion acceleration electrode,
see Figure 6.1, was decreased by a factor of 10. The ion ratios measured under
these new conditions were found to be essentially invariant. Mass dependent
discrimination, due to deflection of the electron beam by stray magnetic fields
from the mass analysis magnet, see Chapter 1, was also shown not to be
present, since x, y refocusing of the electron beam at different ion masses
produced less than 5% change of the ion intensities. Therefore, the reasons for
the remaining discrepancy between the present and the Meot-Ner [13] results

are not known at this time.

6.3b Comparison of AH® Values with Other Work

The present AH{° values are in good agreement with the theoretically
evaluated AH+° (see Table 6.1). The evaluation of AHt® at a given temperature
T from the electronic energies AE obtained from the MO calculation involves

[8, 31] the terms shown in equation (6.12), where AE,° is the difference in the
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AH® =AE° + AE.° + AAE® ¢ + AEC 1 +AES o1 +A(PV) (6.12a)

AH® = AE % + AE,° +AAEC  -7/2RT (6.12b)

vibrational zero point energies, while the remaining AE° terms are the
vibrational, rotational and translational energy differences at temperature T.
Since rotation and translation are classical at the temperature of interest, the
equation for reaction (6.1) reduces to the form shown in (6.12b). Therefore only
the frequencies of the normal vibrations are required to evaluate AHY 1 from
AES. Using computed frequencies, Jorgensen et al. [8] obtained AE,® = +2.1
kcal/mol and AAE®, 298 = +0.9 kcal/mol and these led via equation (6.12b) to
AH? 298 = -26.6 kcal/mol. The value AH goo = -26.5 keal/mol is obtained in the
present work in an analogous manner [31, 32] using Jorgensen's computed
frequencies [33]. It should be noted that the van't Hoff plots were interpreted
under the assumption that the slope, i.e., the AH®, is constant. Therefore, the
AH° deduced from the plots corresponds to a AH®° near the average
temperature used in the plot and this is ~600 K, and the comparison with the
theoretically evaluated AH° and AS° values should be made at this
temperature. As it turns out, due to canceliations, both AH{® and AS¢° are
essentially temperature independent between 300 and 600 K; see Table 6.1.
Jorgensen's [8] results show that the change from the electronic energy AE,’,
evaluated with electron correlation correction, to the AH 208 corresponds to
+0.9 kcal/mol. One can assume that a similar change would occur between
AEg’ and AHS 298 for the values calculated by Diercksen et al. [5] and lkuta [6],
and the AH9 »gg obtained with this correction are also shown in Table 6.1. All
these theoretical AH+° values are seen to be within less than 1 kcal/mol of
Jorgensen's value: AH+° = -26.6 kcal/mol which is close to the -27.6 kcal/mol

present experimental result and -26.8 kcal/mol result of Meot-Ner and Sieck
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[13]. The probable error in the experimental AH{° can be estimated to be +2
kcal/mol. This error is an estimate based on comparison cf results from van't
Hoff plots obtained at different conditions; see, for example, Figure 6.8. The
standard deviation in a given plot is generally much smaller, ~0.5 kcal/mol.

The error in the theoretical calculations for AH¢° is also difficult to
estimate but may be assumed at £2 kcal/mol for the AE¢ evaluations [5, 6, 8]
and probably another 0.5 kcal/mol in the conversion from AEg’ to AH{° due to
errors in the normal frequencies [8] and neglect of anharmonicity [34-37].
Particularly large anharmonicities occur for the symmetric and antisymmetric O-
H-O stretch, and these vibrations are also strongly coupled [36, 37].
Considering the above uncertainties, the agreement between the two most
recent experimental AH¢° values and the theoretical AH° results in Table 6.1 is
very good.

Golub and Steiner [38] measured, some time ago, the efficiency of
electron photodetachment from HO™-HOH. They observed a very gradual onset
with increasing photon energy and assumed that this is due to a dissociative
transition: HO-HOH — OH + HOH + e. Combining the threshold (2.95 eV) with
the electron affinity of OH (1.828 eV), a bond energy of 25.8 kcal/mol for HO™-
HOH is obtained. However, Brauman et al. [14] have pointed out that the
equilibrium geometry of the neutral HO-HOH, whose bond energy can be
estimated at ~4 kcal/mol, is close to the geometry of the negative ion HO -HOH
and therefore, due to more favorable Frank-Condon factors, the
photodetachment threshold might be due to the transition HO"HOH — HO-HOH
+e. If this is the case, the HO™-HOH bond energy predicted by the threshold
would be: 25.8 kcal/mol + 4 kcal/mol = 29.8 kcal/mol. This value, in the absence
of internal energy in HOHOH (hot bands), represents an upper limit to the bond

energy. Furthermore, the onset [38] is very gradual and could easily be 0.1 to
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0.2 eV lower on the basis of Steiner's data. Therefore, Steiner's results with the
Brauman interpretation are consistent with the value of ~27 kcal/mol indicated
by the recent experimental and theoretical results of Table 6.1. Obviously
modern experimental photodetachment data for HO-HOH would be of great
interest.

The agreement between the present experimental AHZ® value for the
association of the methoxide anion with methanol, AH2® = -29.3 kcal/mol, and
Sieck and Meot-Ner's result, -29.3 kcal/mol, is very good (Table 6.1). Again a
probable error of +2 kcal/mol can be assumed. Unfortunately, for this system,
only two theoretical calculations, due to Weil and Dixon [39] and Jorgensen et
al. [40], are available and both of these involve basis sets, DZ+P and 6-31G',
respectively, which are without diffuse basis functions. Electron correlation and
AHP evaluation were also not included. From comparisons with more accurate
calculations of related systems [8], the expected changes at the various levels of
calculation can be estimated and the authors [39] deduce an approximate value
of AH® = -25.6 kcal/mol (Table 6.1). A similar value, AH2® = -25.4 kcal/mol, can
be deduced from the AEg’ for reaction (6.2) of Jorgensen et al. [40]. This result
is lower but still compatible with the present experimental results considering
the larger error expected for the theoretical estimate. '

The present experimental value, AHZ2® = -29 kcal/mol, is very much larger
than the -19.3 £ 3 kcal/mol result obtained by Brauman [14] from the electron

photodetachment threshold of CH3O-HOCHj3.

6.3c The Entropy Changes AS:° and AS;°
The geometries and the normal vibrations of HO", HOH and HO-HOH
obtained in the theoretical calculations by Jorgensen et al. [8, 33] can be used

to evaluate the third law entropies of the above reactants [32, 41] and thus also
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AS{. Shown in Table 6.2 are the translational, rotational and vibrational
entropy terms calculated in this work from these data [8, 33]. Only the lower
frequencies for HOHOH are shown since it is only these that make significant
contributions to the vibrational entropies. The resulting entropy changes at 298
and 600 K are essentially identical due to cancellations between the entropies
of the products and the reactants. The value AS{° = -24.6 cal/(deg mol) is very
close to the transmission corrected value of Meot-Ner [13, 29] of -24.2 cal/(deg
mol) and somewhat smaller than the present result of -28.1 cal/(deg mol). The
error in the theoretical AS{ is difficult to estimate. Of greatest importance are
the low frequency vibrations which make the major contributions to the
vibrational entropy of HO“HOH. The lowest vibrational frequency (164.2 cm-1)
corresponds to the torsional oscillation of the two OH groups around the O-H-O
axis. The entropy due to this motion can be evaluatad also on the basis of a
hindered rotation [32] using a barrier of 1.4 kcal/mal which corresponds to the
difference between cis and trans configurations [8] of HO-HOH and also as a
free rotation. The S° terms obtained at 298 K are not significantly different: 2.5
(vib), 3.25 (h.rot) and 3.8 (f.rot) cal/(deg mol). The present experimental -AS+° is
~3 cal/(deg mol) higher than the theoretical resuit. While this could be due to
experimental error, there might be also problems with the theoretical results.
Thus the magnitudes of the three to four softest frequencies in HO-HOH might
be too low. Also the assumed harmonicity of these vibrations in the ab initio
and entropy calculation is not justified.

Theoretically evaluated AS2° based on the geometry and frequencies
calculated by Dixon et al. [39] are shown in Table 6.3. The entropy changes in
cal/(deg mol) calculated in the present work are -27.9 (298 K) and -26.6 (600 K).
These values are very close to Meot-Ner's result of -27.6 cal/degree mol [13]

and some 3 cal/(deg mol) lower than the present value of -31.8 cal/(deg mol).
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Table 6.2 Theoretical® AS® for reaction: OH™ + HOH = OH™-HOH

S°nrans S%ot S%ib
HO 34.5 6.7 ~0
(37.9) (8.1) (~0)
HOH 34.6 10.4 ~0
(38.1) (12.5) (0.1)°
OHHOH 36.6 20.1 2.5% 1.29 0.7%, 0.5
(40.1) (22.1) 3.9)°, (2.4)°, (1.8)%, (1.4)',

(0.3)9, (0.1)"

S‘:’Total

41.2[41.2]
(46.0) [46.1]'

45.0 [45.0}
(50.7) [50.8]

61.6
(72.1)

AS1° (300 K) = S° (OHHOH, 300 K) - S° (HOH, 300 K) - S¢ (HO", 300 K)

= -24.6 cal/(deg mol)

AS+° (600 K) = -24.6 cal/(deg mol)

parentheses in cal/(deg mol) for standard state, 1 atm, based on
geometries of reactants and vibrational frequencies (cm-1): HO™ (3739.0);
HOH (1826.6°, 4070.7, 4189.0); OH™HOH (164.2°, 342.89, 486.6°, 604.0"
1390.49, 1899.3", 2373.1, 3941.5, 4086.4). From Jorgensen et al. [8, 33].

i.  JANAF tables.
j.  Calculated by Meot-Ner [13].

Values for entropy at 298 K without parentheses and 600 K with

222



223

Table 6.3 Theoretical® AS® for reaction: CH3O™ + CH3OH = CHzO-HOCH3

SoTrans SoRot SoVib SoTotal
CH3O" 36.3 16.3 0.2 52.8 [55.6]°

(39.7)  (18.4) (2.0)  (60.1) [60.6°
CH30H 36.4 18.9 1.4 56.7 [57.2]°

(39.8)  (21.0) (4.8) (65.6) [66.7]°
CHsO HOCH3z  38.4 24.7 18.5 81.6

41.8)  (26.8) (30.5) (99.1)

ASZ (300 K) = -27.9 cal/(deg mol)

ASZ (600 K) = -26.6 cal/(deg mol)

a. Values in cal/(deg mol), standard state, 1 atm, based on geometries of
reactants and vibrational frequencies in the paper by Weil and Dixon [39].
Values without parentheses 298 K, values with parentheses 600 K.

b. Calculated by Meot-Ner [13].
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The calculations of Dixon et al. [39] are of lower accuracy, and it is difficult to

assess the error expected for the entropy evaluation.
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CHAPTER 7

ELECTRON AFFINITIES OF CYCLIC UNSATURATED
DICARBONYLS: MALEIC ANHYDRIDES, MALEIMIDES AND
CYCLOPENTENEDIONE

7.1 Introduction
it has been known for some time that the cyclic unsaturated dicarbony!

compounds of structure | and 1l can capture electrons and form stable radical

anions [1-4].
0 O
| X X
(o) 0o
! f
X = (0, NH, CHy)

In particular the maleic anhydride (I, X = O), phthalic anhydride (ll, X = O),
maleimide (I, X = NH) and phthalimide (ll, X = NH) radical anions are known to
form by one electron reductions of the neutral parent compounds in solution
[1,2]. Also in the gas phase, long lived negative ions have been observed [4],
and some electron affinities have been determined. Compounds | and I
resemble the benzoquinones and naphthaquinones with regard to electron
capture. Thus, they also act as similar electron acceptors in charge transfer

complexes and also, but to a much lesser extent, have biological significance

as electron carriers [5-7].

1. A version of this chapter has been published: G. J. C. Paul and P.
Kebarle, J Am. Chem. Soc., 111, 464 (1989).



A large number of electron affinities have been reported by Kebarle [8, 9]
which were obtained by measuring electron transter (et) equilibria (reaction

(7.1)) in the gas phase with the PHPMS.

A+B=A+B (et) (7.1)
e+B=F8 (a) (7.2)
AGP® =-RTInK (7.3)
-AHZ (B) = EA(B) (7.4)

The AG{° and AH+° values obtained by making measurements with a number of
compounds can be combined into a scale of relative electron attachment free
energies AGy’ and AHPL; see equation (7.2). By calibrating the scale to the
literature value for AGg’ and AHZ of ane compound (SOg2, primary standard),
the rest of the absolute values are obtained [8]. In general, the structures and
internal motions of B and B" are very similar, which leads to very similar heat
capacities cp(B) and cp(B'). As a consequence, the electron affinity, which
relates to electron attachment at 0 K, and the enthalpy change AHL, at 298 K,
are numerically very similar such that EA = -AHZ? within 1-2 kecal/mol. Thus, not
only AG2® and AHZ’ values are abtained but also fairly accurate EA. The AGS
and the AH.° are of interest in their own right, since in many actual experimental
sltuations (thermal energies) it is these quantities and not the EA that are
relevant.

After the determination of AGa®, AHz® and EA for the quinones [9], it was
natural to extend the measurements to the cyclic dicarbonyls and these

determinations are reported and discussed in this chapter.
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7.2 Experimental
The measurements of the electron transfer equilibria (7.1) were

performed with the pulsed electron high pressure mass spectrometer, PHPMS.
The apparatus and gensral methodology are described in Chapters 1-3. The
concentrations in the ion source were chosen to be sufficiently high so the
kinetic stage, i.e., the approach to equilibrium, was short (less than ~0.2 ms).
This generally occurred for concentrations of A and B in the millitorr range.
Methane at pressures in the 2-4 torr range was used as the bath gas. In
constant temperature runs the ratio of partial pressures of A and B were
changed within a factor of 5-10 to establish that K was invariant. K values for
the van't Hoff plots were determined both at static temperatures and as the
temperature was slowly decreased (dynamic run).

In the majority of measurements A" and B” were the dominant ions. In all
cases it was checked that side reactions, if any, were much slower than
equilibrium rates (7.1).

All the compounds used were obtained from commercial sources.

7.3 Results and Discussion

7.3a Thermochemical Data for Electron Attachment

Tha equilibrium constants Kgt of the electron transfer reactions (7.1)
determined at 423 K were used to evaluate AGef = -RTInKgr. The resulting
AGgf values are shown in Figure 7.1, combined in a scale of gradually
increasing electron attachment free energies, AGy". The scale contains a
number of reference compounds, mostly substituted quinones and
nitrobenzenes, whose AG,’ (equation (7.2)) were determined in previous work
[8, 9], and the present relative values, i.e., the AGef, were used to obtain

absolute values, AGZ°, for the new compounds by calibrating to (e reference
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Figure 7.1  Values for electron transfer free energies AGe{ measured at 423
K. On the left side are reference compounds whose electron attachment free
energies AG® for the process e + B = B” were determined in earlier work [8, 9].
Lengths of arrows correspond to given AGef. AGZL deduced for new
compounds are given in parentheses in right column.
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compounds; see Figure 7.1. For most of the new compounds, electron transfer
equilibria with two or more reference compounds were measured and the
resulting multiple thermodynamic cycles are seen to be consistent within less
than 0.3 kcal/mol; see Figure 7.1.

The AGZ° at 423 K for the 21 compounds of structures | and Il obtained
from Figure 7.1 are given in Table 7.1. For a more limited number of
compounds determinations of the equilibrium constants Kgt at different
temperatures were performed also. The resulting van't Hoff plots are shown in
Figure 7.2. Plots of a similar nature were obtairied for K values determined by
static and dynamic methods; see Plots 1a, 1b in Figure 7.2. The AHef and ASg?
obtained from the slopes and the intercepts of the plots were used to construct
the AHP and AS,? scales shown in Figures 7.3 and 7.4. The consistency in the
multiple AH.f determinations is somewhat less satisfactory (~0.5 kcal/mol) than
that observed in the AGef scale (Figure 7.1). The largest relative
inconsistencies, ~2 cal/(deg mol), are seen in the AS¢f scale (Figure 7.4). It
should be noted that the AH®° and AS,° of the reference compounds are also
uncertain to 1-2 kcal/mol and to ~2 cal/(deg mol) [8-10] so that an error of 2
kcal/mol should be assumed for the AH® values and 3 cal/(deg mol) for the
ASy° values.

The ASZ° of the compounds for which van't Hoff plots were not obtained
were estimated on the basis of AS.° determined for compounds of similar
structure. For these compounds the errors in AHz° and AS,° are even larger and
if one is interested in consistent comparisons between the compounds, the AG,°
at 423 K are to be preferred by far.

The electron attachment enthalpies AH.°, given in Table 7.1, originate

from the AH.° scale in Figure 7.3 for the compounds for which van't Hoff plots
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Table 7.1 Thermochemical Data for Electron Attachment: e + B =B~
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a. AG{ at 423 K in kcal/mol. Estimated error £1 kcalimol, values in eV also given, from Figure 7.1.
b. ASg? in cal/(deg mol). From van't Hoff plots, Figures 7.2 and 7.4. Estimated values in
parentheses. Estimated error £3 cal/(deg mol). ¢. AHa° in kcal/mol. From van't Hoft plots, Figures
7.2 and 7.3, or from estimated ASg°, see AS,° in parentheses. Estimated error £2 kcal/mol. d.
EAin eV from assumption -AH.? = EA. e. Compton et al. [3], from endothermic charge transfer

threshold. f. Fukuda and Mciver (ICR) {11]. g. Chen and Wentworth [12] charge transfer spectra
in solution, Esy. h. Chen and Wentworth {12] reduction potential in solution, E4;».
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were obtained. For the remaining compounds the AH,° were evaluated from

equation (7.5),
AGP = AH® - TAS® (7.5)

the AGZ from Figure 7.1 and the estimated AS.° given in Table 7.1.

The electron af’i- “-un in Table 7.1 are the AHg® values of Table 7.1
with inverted sion ar.c s .0 electron volt, i.e., the approximation EA = -
AHL was made. # sk-. . .- soted that the stationary electron convention [9]

was used for the evaluauo:. of AG® anc AS.°.

There are several determifiations in the literature with which the present
data can be compared. Experimental gas phase determinations of the
threshold for the endothermic charge transfer: Cs + B = Cs* + B, by Compton et
al. [3], led to EA = 1.4 0.2 eV for maleic anhydride, in good agreement with the
present 1.44 eV result.

Fukuda and Mclver [11] have determined relative electron attachment
free energiss, i.e., a scale of AGef, which when calibrated to the present scale
[8] lead to AG,® values for ~380 K. The values obtained for maleic and phthalic
anhydiride are essentially identical to the present results; see Table 7.1.

The values of Chen and Wentworth [12] based on electron transfer
charge spectra in solution E~1 and polarographic reduction potentials E,;, are
also in fair agreement. The largest deviation is observed for tetrachlorophthalic
anhydride: 1.95 eV, present results, versus 1.7 eV from Eqp and 1.6 eV from

E4/0; see Table 7.1. The lower Est and E,;, values are probably due to the
neglect of the change of coulombic and solvation interactions that occur for

charge delocalized ions [9]; see Section 7.3c.
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7.3b Effects of Substituents on the Electron Affinities
The electron affinities of the substituted maleic and phthalic anhydrides
are compared with those of similarly substituted benzo and naphthoquinones

[9] (data in brackets) in Figure 7.5. The extra electron in both types of systems
enters the LUMO, which is a =" orbital resulting from a combination of "'c-c

and two “*cso [13]. As expected, from the smaller extent of conjugation in the
anhydrides, their LUMO energies are higher, which leads to lower EA for these
compounds relative to the quinones. Thus, the EA of maleic anhydride is ~10
kcal/mol lower than that for benzoquinone; see Figure 7.5. Substitution by the
electron donating methyl destabilizes the LUMO's of the quinones [9] and the
anhydrides. The destabilizing effect is larger for the anhydrides whose =
systems are somewhat more localized. Thus, two methyls decrease the EA of
benzoquinone by only 3.1 kcal/mol, while the decrease is 6.6 kcal/mol for
maleic anhydride; see Figure 7.5. The stabilizing effects of electron
withdrawing substituents like phenyl or chlorine are also larger for the
anhydrides. Thus, Ph increases the EA of benzoquinone by 2.7 kcal/mol and
that of maleic anhydride by 6 kcal/mol; see Figure 7.5. The change from
benzoquinone to anthraquinone leads to a decrease of the electron affinity by
2.2 keal/mol [9], while the analogous change from maleic to phthalic anhydride
leads to the larger decrease of 5.4 kcal/mol. Extension of the & system is also
observed to cause a decrease in electron affinity (3.2 kcal/mol) from maleimide
to phthalimide; see Table 7.1.

The more remote substitution by electron withdrawing substituents on the
benzene group of the phthalic anhydride also leads to significant increases of
the electron affinity. Thus, substitution with two Cl atoms in positions 3,6 leads
to an increase of 9.8 kcal/mol; see Figure 7.5. This effect is almost as large as

the Cl substituent effect in 1,2-dictioromaleic anhydride, which is 10.7 kcal/mol.
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One would have-expected a considerably smaller increase for the more remote
substitution in phthalic anhydride because the stabilization is largely due to ©
withdrawal by Cl and the polarizability of Cl. The relatively large effect is
probably due to the lesser destablization due to & donation by the Cl atoms (-R)
when they are on the benzene ring when compared to the 1,2 positions in
maleic anhydride.

Nitro substitution in phthalic anhydride has a very large eftect on the
electron affinity which is increased by ~20 kcal/mol. This can be compared to
the ~22 kcal/mol change from nitrobenzene EA (22.8 kcal/mol) to para-
dinitrobenzene EA (44.3 kcal/mol) [8]. The EA of the 4-NO2 substituted phthalic
anhydride is ~2 kcal/mol higher than that for the 3-NOg isomer; see Figure 7.5.
This is probably due to the larger coulombic repulsion between the negative
charge on the adjacent COO and NO2 groups in the 3-NO; substituted phthalic
anhydride radical anion. It may noted that the nitro substituted phthalic
anhydrides alse can be considered as doubly COO substituted nitrobenzenes.
The 4-NO- substituted phthalic anhydride becomes the m,p-diCOO substituted
isomer whicn is expected [8, 14] to have a higher EA than the 0,m-diCOO
compound, i.e., the 3-N02 phthalic anhydride. As expected, the electron
donating methy! group is observed to have a stronger destabilizing effect when
in the 4-position of phthalic anhydride as opposed to the 3-position; see Figure
7.5.

It is interesting to note that the electron affinity of the pyridine analogue of
phthalic anhydride (EA = 30.7 kcal/mol) is somewhat larger than that of phthalic
anhydride (EA = 27.4 kcal/mol); see Figure 7.5. This probably refiects a
lowering of the n. LUMO by the higher electrotegativity of the N atom relative to
the C atom. Recent measurements [15] which gave a higher EA for

pentafluoropyridine relative to hexafluorobenzene should be due to the same
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effect. Electron transmission spectroscopy studies of the temporary negative
ion states of benzene and pyridine by Burrow et al. [16] have shown that
EA(pyridine) is about 12 kcal/mol higher than EA(benzene). This difference can
also be attributed to the higher electronegativity of N relative to C. The
presence of more elactronegative N causes a splitting of the degenerate e -,
LUMO of benzene into two orbitals, where the lower one b, (x") becorncs the
LUMO in pyridine [16].

The electron attachment energies for the cyclic dicarbonyls with bridging

O, NH and CHa, from Table 7.1, are given below.

H H_ M
32.8 26.2 25.8
-AGZ? (kcal/mol)

The electron affinity of the oxy compound is 6.5 kcal/mol larger than that of the
NH and CH2 bridged structures. Methoxy substitution of benzoquinone was
found to lead to a small decrease of the electron aifinity. This was assumed to
be due to the destabilizing effect of © donation by the oxygen. A similar
destabilization can be expected also in maleic anhydride. This however is
counteracted by o withdrawal due to the large electronegativity of the oxygen so
that a net stabilization of the =~ LUMO results. For nitrogen, in maleimide, the
destabilization should be similar and since the electronegativity is lower and
further lowered by the presence of H, the n destabilization is barely
overbalanced and the electron affinity ends up to be simiiar to that for the CHz
bridged cyclodione where there is essentially no destabilization by = donation

and no stabilization by ¢ withdrawal.
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For maleimide the data in Table 7.1 provide some information for
substitution on the N atom. Thus Me or Et substitution decrease the electron
affinity by toss than 1 kcal/mo!, an effect much smaller than the 3 kcal/mol
decraase f.. Me substitution on sp2 carbon in maleic anhydride. Similarly Ph
subgtitution on N in maleimide increases the electron affinity by 3.8 kcal/mol,
while in rnaleic anhydride the increase is by 6 kcal/mol. The smaller effects for
maleimide are expected, since with regard to the n*_q and n*c.c System
which determines the electron affinity, the substitution on N in maleimide is
relatively remote.

Unfortunately, recent theoretical calculations concerning the LUMO's and
the electron affinities of the cyciic dicarbonyls | and Il have not been reported;
however, results from earlier work are available. This work was stimulated by
interest in correlations of the occupied orbital energies with the ionization
potentials and unoccupied orbitals with electron affinities [13, 17-19] within the
context of Koopman's theorem. Of primary interest are the HOMO and LUMO
which are also of importance in lowest energy electronic spectra (20, 21] and
Frontier molecular orbitzl theory which relates chemical reactivity to these
orbitals, as for example, for nucleophilic and cycloadditions to quinones [22]
and to the anhydrizies, | and Il

Kunii and Kuroda [17], using the Pariser-Parr-Pople approximation to the
Hartree-Fock equation with an adjusted core parameter B, obtained IP and EA
for 30 heteroaromatic compounds including the EA for maleic anhydride (1.43
eV) and phthalic anhydride (0.99 eV). These results are fairly close to the
present values of 1.4 and 1.2 eV; see Table 7.1. Laier work by Compton et al.
[18, 19] with the same formalism but an adjustable B and y provided IP and EA

for some 100 heteroaromatic compounds including the EA for maleic anhydride
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(1.0 eV) and maleimide (0.9# e~} which are in fair agreement with the presont

results in Table 7.1.

7.3¢c Comparison with Reduction Potentials in Solution. Solvation

Energy of the Radical Anions

Several determinations of the polarographic halfwave reduction
potential, E,,, relating to the reaction (7.2): B + e = B', in solution, where B is
the substituted cyclodiones | and I, have been reported [23-27]. On the basis of
these data and the present determinations of the gas phase reduction (et&ctron
attachment) energies one can examine how well the gas phase data correlate
with those in solution and also obtain approximate solvation energies for the
radical anions B". Comparisons of this type for other systems were reported in
previous work from Kebarle [8, 9, 28]. The equation (7.6) used [9] is based on a
Born type cycle for the reduction reaétion (7.2} ir: the gas phase and solution [9,

29]. The AGZ° (B) is the electron attachment free energy
EA(B) = -AGo(B) = +23.06E,5(B) + (AGso(B) - 5Gs0°(B)) + 108.6  (7.6)
Big) — Bysol) (7.7a)
Big) — Bisol (7.7b)

(-AGa(B) = EA(B)), see Table 7.1, in kcal/mol, E,,,(B) is the polarographic
reduction potential in volts versus the calomel electrode, and the solvation
energies AGso°(B), AGso®(B’) are defined in (7.7). The numerical constant,

108.6 (kcai/mol), ieads to these quantities being in kcal/mol units.
A plot of E;,»(B), obtained by Peover [23] and Nagy [26, 27] in

dimethylformamide, DMF, versus the SCE, are shown in Figure 7.6 plotted
versus EA = -AG. It is evident that for this group of ¢z ipounds the correlation
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Figure 7.6  Polarographic haltwave potentials in dimethylformamide (DMF)
versus gas phase electron attachment free enetgies (-AGZ’). Solid line
corresponds to slope = 1 expected if assumption is made that the solvation
energies in DMF are constant, see equation (7.6) in text. Lack of corretation for

present compounds demonstrates importance of changing solvation energies:
(A) E, , fre Feover [23]; (0) E, , from Nagy (26, 27).
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between E,,, and EA is poor. E,,, data from different laboratories are taken
under somewhat different conditions and may be displaced by a constant value.
Therefore, it is significant in Figure 7.6 that the E,,, data originating from the
same laboratory show no significantly better correlation with the EA values.
Furthermore, it is the high EA compounds that have EA values that are relatively
much higher than the corresponding E,,, data, i.e., these compounds are found
far to the right of the unit slope line in Figure 7.6. This suggests that the trends
observed are real and that significant changes in AGgo°(B’) - AGsol°(B) occur
within this series of compounds.

The solvation energy difference AAGso® = AGs®(B ) - AGso’(B),
evaluated with equation (7.6) from the data in Figure 7.6, is shown in Figure 7.7.
These results show that the solvation exothermicity, -AAGso/°, is smallest for the
highest EA compounds. Significantly these are the compounds substituted with
the strongest electron withdrawing groups: NO2 or mulitiply substituted by Cl,
i.e., the radical anions with the largest charge delocalization for which the
lowest -AGgo°(B’) are expacted since it is known that charge delocalization
leads to a decrease of solvation. It should be noted that the solvation
exothermicity of B™ is very much larger than that of B and therefore AAGs,° is
dominated by the AGso®(B’) term. A rough estimate of AGso°(B) can be

obtained from equation (7.8).

AGso!%(B) = RT!ngg- (7.8)
The vapor pressures Pg ¢vur the pure liquid or solid were obtained from Stull
[30]: MaAn = 3.7 x 10”4 atm; PhAn = 5 x 10°® atm, and the solubilities Cg in
DMF were measured in the present work: MaAn = 22.8 mol/L; PhAn = 2.8
mol/L. The AGso°(B) values at 298 K for maleic and phthalic anhydride are
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approximately -6.5 and -7.8 kcal/mol which is close to 1/10 of the value for
AGsoi°(B’); see Figure 7.7.

Similar AGso°(B’) trends were found in earlier comparisons of EA with
E4 values [8, 9, 28]. However, for the present series of compounds the effects
are very large. The scatter and deviation from unit slope in Figure 7.6 is very
pronounced and correspondingly the differences in AAGso° in Figure 7.7 are
amongst the largest. A large difference was observed in earlier work [28] for
N2 substitutions: -AAGg.° (nitrobenzene) = 58 kcal/mol and -AAGg°(1,4-
dinitrobenzene) = 48 kcal/mol in DMF. These values and the difference are
similar to the data in Figure 7.7 for phthalic anhydride and the nitrophthalic
anhydrides, although the change in the latter group is ~5 kcal/mol larger. This
larger difference may be due to a true effect or experimental discrepancies
caused by the different origin of the E,,, data.

Prior to the availability of the abundant gas-phase electron transfer
equilibria data [8], electron affinities were often obtained [1, 2, 12] from available
E4/,, values via equation (7.6) and the assumption that AAGg,° is constant,
particularly in dipolar aprotic solvents like DMF. The results in Figure 7.6 and
7.7 show that for some groups of compounds this assumption breaks down and
can lead to relative errors of 10 kcal/mol or more. Now that EA data are
available, it is appropriate to concentrate on the solvation energies of the ions
and their relative magnitudes. The availability of abundant data will lead tc a
much needed improved understanding of ion solvation of diverse systems. Also
reGuired are extensive modern determinations of reduction potentials and their
temperature dependence under standardized conditions. Some work of this

nature has been performed; see Parker et al. and references therein [31].

248



-

10.

11.
12.
13.
14.

15.
16.

17.

REFERENCES

. G. Briegleb, Angew. Chem., Int. Ed. Engl., 3, 617 (1964).

M. Batley and L. E. Lyons, Nature, 196, 573 (1962).

R. N. Cornptor.. P. W. Reinhardt and C. D. Cooper, J. Chem. Phys., 60,
2953 (1974).

L. G. Christophecrou, Adv. Electronics Electron Phys., 56, 55 (1978).

R. E. McCarty, P. R. Pittman and Y. Tsuchiya, J. Biol. Chem., 247, 3048
(1972).

F. Di Virgilio, M. Pozzan, and G. F. Azzone, Biochim. Biophys. Acta, 589,
223 (1981).

R. Barr and F. Crane, Biochim. Biophys. Acta, 681, 139 (1982).

S. Chowdhury and P. Kebarle, Chem. Rev., 87, 513 (1987).

T. Heinis, S. Chowdhury, S. L. Scott and P. Kebarle, J. Am. Chem. Soc.,
110, 400 (1988).

S. Chowdhury, T. Heinis, E. P. Grimsrud and P. Kebarle, J. Phys. Chem.,
90, 2747 (1986).

E. K. Fukuda and R. T. Mclver Jr., J. Am. Chem. Soc., 107, 2291 (1985).
E. C. M. Chan and W. E. Wentworth, J. Chem. Phys., 63, 3183 (1975).

A. Modelli, G. Distefanc and D. Jones, Chem. Phys., 73, 395 (1982).

S. Chowdhury, H. Kishi, G. W. Dillow and P. Kebarle, Can. J. Chem., 67,
603 (1989).

G. W. Dillow and P. Kebarle, J. Am. Chem. Soc., 110, 4877 (1988).

P. D. Burrow, A. J. Ashe lll, D. J. Bellville and K. D. Jordan, J. Am. Chem.
Soc., 104, 425 (1982).

T. L. Kunii and H. Kuroda, Theor. Chim. Acta, 97, 106 (1968).

249



18.

19.

20.
21.

22.

23.
24.

25.

26.
27.

28.

29.

30.
31.

250

J. M. Younkin, L. J. Smith and R. N. Compton, Theor. Chim. Acta, 41, 157

(1976).

R. N. Compton, Y. Yoshioka and K. D. Jordan, Theor. Chim. Acta (Berlin),
54, 261 (1980).

H. D. Scharf and H. Leismann, Z. Naturforsch., 286, 662 (1973).

Von M. Augustin, M. Kohler and S. Hartling, J. Prakt. Chem., 315, 717
(1973).

M. D. Rozeboom, I.-M. Tegmo Larsson and K. N. Houk, J. Org. Chem., 46,
2338 (1981).

M. E. Peover, Trans. Faraday Soc., 58, 2370 (1962).

A. Nemeckova, M. Maturova, M. Pergal and F. Santavy, Ccllect. Czech.
Chem. Commun., 26, 2749 (1961).

A. Ryvolova-Kejharova and P. Zuman, Collect. Czech. Chem. Commun.,
36, 1019 (1971).

J. B. Nagy, O. B. Nagy and A. Bruylants, J. Phys. Chem., 78, 980 (1974).
O. B. Nagy, H. Lion and J. B. Nagy, Bull. Soc. Chim. Belg., 84, 1053
(1975).

P. Kebarle, G. W. Dillow, K. Hirao and S. Chowdhury, Faraday Discuss.
Chem. Soc., 85, 1 (1988).

F. A. Matsen, J. Chem. Phys., 24, 602 (1956).

D. R. Stull, In. Eng. Chem., 34, 517 (1947).

M. Svaan and V. O. Parker, Acta Chem. Scand., B38, 767 (1984).



CHAPTER 8
CONCLUDING SUMMARY

The work presented in this thesis describes research in two different
areas of gas phase negative ion-molecule chemistry. The first part of the study
involves an investigation of the chemical bonding in selected negative ion-
molecule complexes. This was accomplished using bond strength
determinations obtained directly and indirectly through measurements of ion-
molecule association and transfer equilibria with the pulsed electron high
pressure mass spectrometer (PHPMS). This work is of fundamertal interest
and provides a platform for the understanding of solvent effects on chemical
reactions. The second part of the study involves electron affinity determinations
for a group of organic compounds, the cyclic unsaturated dicarbonyls. These
determinations were achieved through measurements of electron transfer
equilibria using the PHPMS. The cyclic unsaturated diones are known to act as
electron acceptors in charge transfer complexes and have biological
significance as electron carrisrs [1-3].

In Chapter 2 it was found that the hydrogen bond energies in YPhOH-X
(X" =CI', Br and I') increase approximately linearly with the gas phase acidities
of the phenols, YPhOH. This is in agreement with earlier observations which
showed the bond energies in MH-B", where MH were oxygen and nitrogen
acids and B" closed shell anions, increase with increasing acidity of MH (4, 5]. A
detailed analysis of the substituent effects, which is possible for YPhOH-X',
shows that the relationship with the acidity of MH can be divided into two parts.
One is the it asing extent of actual proton transfer from MH on formation of
the hydrogen bonded complex. Such proton transfer oceurs in YPhOH-X" only

for the series X" = CI". The second effect, which occurs for CI” and is dominant
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for Br and I, is not directly related to the acidity of the phenols (or MH in
general) but depends on a similarity of the substituent effects on the acidity and
on the stabilization of YPhOH-X" (or MH-B™ in general). The dominant
contribution to YPhOH:-X" stabilization in this case is due to the field effects of
the substituents with & delocalization only playing a small part. Therefore, the
correlation with the acidity of YPhOH, where = delocalization is important, is not
very close. The findings for the YPhOH-X" system are useful because they can
be generalized to MH-B™ hydrogen bonded complexes.

In Chapters 3-5 analysis of experimentally determined bond free
energies (-AG?(A) and quantum mechanical calculations indicate the ion-
molecule complexes SB-X", SQ-X" and SE:X" (SB, SQ and SE = SUu.tituted
benzenes, qu..1ones and ethylenes and X = F", CI', Br" and ') have « variety of
structures. Substituents with protic hydrogens such as CO2H, OH and NHa,
which involve in strong hydrogen bonding, were excluded from analysis.

In Chapter 3 Taft substituent analysis [6] of bond free energies suggests
that CI” and Br™ form aromatic C-H bonded complexes with all singly substituted
benzenes, CgHsY. The field effects of the substituents provide the dominant
contribution to bonding in these complexes. Theoretical calculations predict

that the halide ion hydrogen bonds to the proton meta to the substituent when Y
is a o acceptor, & donor and to the proton para to the substituent whenYisac

acceptor, m accsptor [7, 8]. Analysis of the bond free energies for singly
substituted nitrobenzenes with Br™ also indicates the formation of hydrogen
bonded complexes. A clear cut analysis of the bonding of Br to triply
substituted benzenes with strongly electron withdrawing substituents like CF3,

CN and NO3 could not be obtained. In this case a ¢ bonded Meisenheimer

complex where Br" bonds to an unsaturated carbon atom in the benzene ring or
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an electrostatic complex where Br’ lies on the axis perpendicular to the
benzene plane may have similar stability to the hydrogen bonded complex.

In Chapter 4 substituent effect analysis of experimentally determined
bong free energies indicates F forms ¢ bonded complexes with the
perfluorobenzenes, CeFsY, where Y is a o acceptor, ® acceptor. =
delocalization (+R effect) is determined to make an important contribution to
stabilization in these complexes. ¢ bonding is also predicted in the complex
CeFe-F from ab initio MO calculations [9]. Analysis of the preducts from
nucleophilic aromatic substitution reactions in solution [10] indicate F inserts
preferentially in the para position relative to the electron withdrawing
substituent. Information on the stability and structure of ¢ bonded
Meisenheimer complexes is of interest as these complexes are proposed to be
intermediates in nucleophilic aromatic substitution reactions [11]. Substituent
effects on bond free energies in the complexes CeFsY-X (X =ClI" and Br) are
observed to be much weaker than those for CeFsY-F. The simall resonance (R)
and field (F) contributions to stabilization are consistent with an electrostatic
complex geometry where X" is on an axis perpendicular to the benzene plane.
This structure was predicted for the complexes CgFeg X" (X =CI, Brand I') from
ab initio MO calculations [12].

- n Chapter 5 ab initio MO calculations by Hirao et al. [8] provide structural
information on the complexes TCNE-X" (TCNE = tetracyanoethylene and X = F,
ClI” and Br)) and F4BQ-X" (F4BQ = tetrafluoro-para-benzoquinone and X" = CI’
and Br). Covalent bonding is predicted in TCNE-F where F ¢ b_onds to one of
the ethylene carbons. Partial charge transfer complexes are predicted most
stable for the complexes F4BQ-X" (X" = CI and Br) where X is on an axis
perpendicular to the benzene plane, alihough electrostatic complexes of similar

geometry are found to be only slightly less stable (~1-2 kcal/mol). For TCNE-X
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(X" = CI" and Br) an electrostatic interaction is favored. Interestingly, stable ¢
bond formation is also predicted for the complexes F4BQ-Br" and TCNE-X" (X" =
CI” and Br), which is due to the presence of strong electron withdrawing
substituents. Varying degrees of agreement are observed between
experimentally determined bond strengths, -AHga, for these complexes and
those -AExa values calculated by Hirao et al. [8].

In Chapter 7 the electron affinities (EA) of 20 cyclic diones, mostly
substituted maleiz and phthaiic anhydrides and maleimides and phthalimides,
are reported. The substituent effects on the &igctron affinities for the anhydrides
are similar to those observed earlier for the benzoquinones and the
naphthoquinones [13] but somewhat larger because the n systems are
somewhat more localized. Comparison of the electron affinities with reduction
potentials in dimethylformamide (E1/2) [14-16] permits the evaluation of the
solvation energies of the radical anions in dimethylformamide (AGgai(BY).
Significant decreases of solvation exothermicity with increasing electron
affinities of the precursor neutral compounds are observed. Similar AGi(B)

trends were found in earlier comparisons of EA with Eq/2 values [13, 17].
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