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Electronegativity of -SF.. -CF.SO,. and -SO.F Measured
with X-Ray Photoclectron Spectroscopy

[. INTRODUCTION

1.1 Purpose

The concept of electronegativity was introduced in the 1930's. Around that time
Pauling' defined an electronegativity scale for elements that is still used. Pauling defined
electronegativity as the power of an atom in a molecule to attract electrons to itself.' An
electronegativity scale for group substituents could provide useful insights into the
reactivities and physical properties of molecules containing such groups. It is the goal of
this research to determine electronegativity values for -CF,SO,, -SF;, and -SO,F groups
within organic molecules using core-ionization energies obtained through gas phase X-
ray photoelectron spectroscopy (XPS). These substituents are of chemical interest
because they can perhaps provide insight into the effects of electron withdrawing power
and polarizability on electronegativity.

Many quantitative methods have been proposed for calculating group
electronegativities. The modified Sanderson method, described in section 3.3, provides a
simple model for calculating group electronegativities. Sanderson equated stability ratios
and partial charges with electronegativity. The correlation between currently measured
carbon s ionization energies (linearly related to electronegativities as described in
section 1.3) and partial charges calculated with the modified Sanderson method is

determined.
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1.2 What is Electronegativity?

In addition to the many quantitative methods proposed for calculating
electronegativities, many qualitative definitions of electronegativity have also been
proposed.” The description of electronegativity proposed by the pioneering authors
Pauling and Mulliken are reviewed here. Pauling described bonds such as A-A and B-B
as normal covalent bonds and postulated that the bond energy D(A-B) between unlike
atoms would always be greater than the bond energy D(A-A) and D(B-B) in bonds
between like atoms.” The bond energy D(A-B) between unlike atoms would be greater in
energy because of the increased ionic character of the bond. Based on this postulate
Pauling defined A as the following difference

A =D(A-B) - 2{D(A-A) + D(B-B)} (1.1)
which would never be negative if D(A-A) and D(B-B) were always less than D(A-B).
Because the alkali halides were one set of compounds which did give negative A values,
Pauling postulated that A may be more properly described with a geometric mean
between D(A-A) and D(B-B) than the arithmetic mean as shown in Eqn. 1.1
A’ = D(A-B) - {D(A-A)D(B-B)}*  (1.2)

Pauling recognized that the geometric mean leads to more satisfactory values for
normal covalent bonds between unlike atoms, but he also recognized there was only a
small difference between the arithmetic and geometric means for cases where D(A-A)
and D(B-B) do not differ greatly in value.* Because the A values “can be obtained
directly from heats of reaction, whereas knowledge of individual bond energies is needed
for the calculation of values of A", A is frequently used instead of A’ to determine

electronegativities.



Pauling used the relation
Ya - Xp = 0.208A"  (1.3)
to determine the electronegativities x, and y,, where the factor of 0.208 is included to
convert (kcal/mol)” to (eV)”. Pauling thus calculated an electronegativity value for each
atom. With this approach to electronegativity hybridization and atomic charge effects are
completely neglected.

Mulliken’s definition of electronegativity was based on the premise that the power
of an atom in a molecule to attract electrons to itself is proportional to the average of the
valence-state ionization potential (IE) and the electron affinity (EA) of the atom’, with the
electron affinity being defined as the energy released when an atom binds an electron to
itself.® The equation Mulliken used to calculate electronegativitics x 1s

y™M=(IE+EAY2 (1.4)

Mulliken’s definition of electronegativity allows for the effects of varying
hybridization, with an electronegativity value for each valence state calculated from the
appropriate values of IE and EA. The greater the valence state of an atom in a molecule,
the greater its electronegativity. For example, Mulliken proposed an electronegativity of
2.15 for the s°p* valence state of N and 2.56 for the sp* state (the absolute values have
been adusted to correspond to Pauling’s scale.) Pauling proposed the single value of 3.0
for N. Mulliken electronegativity also allows for the effects of charge by using [E and
EA values for charged species. Mulliken’s electronegativities ™ are related to Pauling’s
electronegativities through Eqn. 1.5:

% =0336(x"-0.615 (1.5



Mulliken’s definition of electronegativity has greater theoretical support than
Pauling’s, but Pauling’s definition may have remained the most prevalent because the
data needed to calculate Mulliken’s electronegativities weren’t sufficiently available until
the 1960's.> Mullay concludes that Mulliken’s description also makes more intuitive
sense than does Pauling’s: “Each atom attempts to keep one electron (i.e. resist becoming
a positive ion) and simultaneously acquire the second electron (i.e. become a negative
ion.) These two processes can be seen as involving the tonization potential and electron
affinity respectively.”

It is necessary to address the issue of units for electronegativity, for one might
expect the units to somehow relate to the meaning of electronegativity. As already noted,
Pauling’s units are (energy)”, and it is obvious from Eqn. 1.4 that Mulliken’s units are
(energy). Electronegativities determined with the Sanderson method as described in
section 3.3 are unitless. Most frequently electronegativities are reported as unitless
quantities, an exasperation for the seeker of the “true™ meaning of electronegativity. Yet
comparisons are routinely made between electronegativity values calculated with
different methods (as will be done in this paper.) Mullay” notes the suggestion made that
there is no meaning to the concept of electronegativity and that therefore the entire notion
should be rejected. Mullay counters this suggestion with the statement that “the proven
usefulness of the concept and the lack of easily used and inexpensive rigorous quantum
mechanical methods makes this position unreasonable.”

A much more recent description of electronegativity has been proposed by Aitken

et al.” They describe electronegativity as arising from two related effects: atoms



competing with one another for electrons and the atoms ability to accept positive or
negative charge. The first of these is essentially equivalent to Pauling’s definition of
electronegativity. The second can be related to the polarizability of the atom. Both of
these characteristics should then affect the ability of a molecule to accept positive or
negative charge through a wide variety of processes such as ionization, protonation, or
proton removal. In this work core-ionization energies have been measured to determine
group electronegativities of -CF,S0O,, -SFs, and -SO,F, i.e., to determine the combined
influence of each groups’ ability to compete for electrons and to accept charge.

When considering a molecule accepting charge one can view the ability of an
atom (or group) to draw electrons to itself as an initial-state effect and the ability to accept
charge as a final-state effect.” The ground-state electron distribution in the molecule is
mostly determined by the atoms competition for these electrons, hence the label “initial-
state effect.” Once a new charge has been accepted the polarizability of the atom is most
important in determining how the new charge is redistributed, hence the label “final-state
effect.” Using V to represent the initial-state effect, R for the final-state effect, and y to
represent electronegativity, one might then expect an equation of the form y =V + R to

describe electronegativity.

1.3 Using XPS to Determine Electronegativity

A classical model will be used to show how core-ionization energies and
electronegativities may be related.® The electric potential @ on the atom/group can be
expressed as

O =D, -aqge (1.6)




where @, represents the potential on the atom when its charge, g, is zero and there is
therefore no polarization of the area surrounding the site of charge transfer. The constant
o' 1s closely related to the polarizability of the surroundings. This second term represents
the effects of the additional charge q. The minus sign is included because a negative
charge will induce a positive field and a positive charge will induce a negative field in the
surroundings.

As additional charge edq is introduced to the site of interest the energy will
change according to

dE =@ e dg (1.7)

The energy I required to remove an electron can be found by integrating Eqn. 1.7 from q

toq+ 1

g+l
1:L @ e dg (18)

where 1 is the ionization energy. Eqns. 1.6 - 1.8 apply only to a localized charge q. The
ionization energy 1 in this case refers to the ionization energy of a core electron rather
than a valence electron, because a core electron is more localized than a valence electron.

Performing the integration in Eqn. 1.8 leads to

[=®e—o'e’ /2 (19)

®, e is the potential energy of an electron arising from the ground-state charge
distribution. This was defined in section .2 as the initial-state effect V. «’e*/2 is the

polarization/relaxation in the surroundings due to the introduced charge. defined in



section 1.2 as the final-state effect R. Substituting @, e =V and a’'e’/2 =R into Eqn. 1.9
gives the following expression for the ionization energy [:

=V - R (110)

We now have an expression relating V and R and might expect a relation between
Eqn. 1.10 and the electronegativity x. Measured ionization energies are often not quoted
as absolute values because of differences in calibration scales, but rather as shifts in
ionization energies relative to some standard. Eqn. 1.10 can then be written as

Al = AV — AR (L11)

where the ionization, potential, and relaxation energies are now expressed as shifts
relative to the reference compound. Thomas” showed a linear relationship between shifts
in carbon s ionization energies and substituent electronegativities for halogenated
methanes. It is this linear relationship which has allowed the use of XPS to determine the

electronegativity of the -CF,SO,, -SF;, and -SO,F groups.



2. EXPERIMENTAL PROCEDURES AND DATA ANALYSIS

2.1 The Spectrometer

All measurements were made using the Oregon State University cylindrical mirror
electron spectrometer'. A cross section view is shown in Figure 2.1'". The three main
components of the spectrometer are the x-ray source, the cylindrical mirror electron

energy analyzer, and the detector.

2.1.1 The X-ray Source

Aluminum Ka x-rays were used to determine the Cls and S2p ionization energies.
The Ko x-rays were generated by bombarding a hollow aluminum anode with electrons
generated from a thoriated tungsten filament. The generation of Ke x-rays first requires
the ionization of an aluminum s electron. The excited atom then emits a Ko x-ray when
a 2p electron fills the 1s vacancy. A voltage of about 9kV was applied to the anode while
the filament was heated to produce an emission current of about 50 milliamperes.
Because some of the incident electrons result in heating the anode rather than producing
Ko x-rays, it is necessary to cool the anode with running water.

The x-ray tube and gas cell are shown in Figure 2.2. The filament encircles the
anode as shown in Figure 2.2"". A drawback of this design is that the filament can flex
and ground out. In an attempt to reduce the time spent adjusting the filament, a macor
ceramic bead was placed over the portion of the filament farthest from the filament posts,
as shown in Figure 2.2. This addition did help in preventing the filament from grounding

and had no apparent detrimental effects. The macor bead was in place for measurement



of the following compounds: CF.SSCF.. SF.CH.CH.Br. SF.CF.SO.F. (CF.SO.).CH .

SF,CH=CH,, CF,HSO,F, and SF,CH,CH..
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Figure 2.2: Cross section view of gas cell and major x-ray tube components.




The x-ray tube is isolated from the gas cell with a 1.5-micron thick plastic
window. The plastic window has an aluminum coating to provide conductivity and is
sprayed with graphite on the side facing the spectrometer to prevent surface charging.
The aluminum Ko x-rays (1486.553 +0.010 V)" pass through this window and ionize
the gaseous sample within the gas cell. A tripod shield was placed above the x-ray
window to minimize background carbon s electrons arising from x-rays striking the
edges of the graphite-coated gas cell aperture, although these background electrons were
not completely eliminated, as can be seen in Figure 2.3. The electrons ejected from the
gaseous sample then enter the cylindrical mirror energy analyzer.

The spectrometer is equipped with a safety system that will shut off the high
voltage power supply to the x-ray tube if any of the following criteria are not met: coohng
water must be supplied to the x-ray cooling ring and anode, the spectrometer must have a
vacuum of about 10° torr, the high voltage safety relay box must be closed, and the door
under the spectrometer must be closed to prevent access to the x-ray high voltage lead.

The pressure in the x-ray tube and the tank of the spectrometer are measured with
a thermionic gauge. The thermionic gauge first generates electrons by heating a filament.
These electrons then bombard gas molecules present and the resulting positive 1on current
is measured'’. The gas cell is equipped with a capacitance manometer to read gas
pressures in the gas cell while a spectrum 1s being measured. The tank of the
spectrometer and the x-ray tube are pumped individually with diffusion pumps. It was
not necessary to use liquid nitrogen in the cold finger to lower the pressure for these

experiments.
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2.1.2 The Cylindrical Mirror Analyzer

The cylindrical mirror analyzer (CMA) consists of two coaxial cylinders.
Electrons enter the inner cylinder from the gas cell and those traveling at the proper angle
exit through a slit in the bottom of the inner cylinder. Electrons having a kinetic energy
matched to the focusing voltage applied to the outer cylinder are focused through slits on
the top of the inner cylinder onto the detector. A plug in the top of the inner cylinder
prevents electrons from reaching the detector without first being focused through the
outer cylinder, as is shown in Figure 2.2.

Fringe effects are essentially eliminated by 'l concentric copper rings placed at
the top and bottom of the cylinders. A voltage is applied to each ring equal to the voltage
that an infinitely long cylinder would have at that position in the spectrometer. The
spectrometer is surrounded with 2 concentric sheets of mumetal to minimize the effects
of external magnetic fields. The mumetal is degaussed by passing an alternating current
slowly raised to 10A and decreased to OA through copper wires coiled between the inner

and outer mumetal sheets.

2.1.3 The Detector
A channel electron multiplier detector (channeltron) is placed on the common axis
of the cylinders. The channeltron has one continuous glass dynode with a
semiconducting inner surface. A potential of 2300V was applied across the channeltron,

resulting in a gain of approximately 10%."



2.1.4 Electronics and Computer

A PC has replaced the DEC 11/23 microcomputer described by Haak" et al.; the
PC is central to the high-voltage scanning system and detector electronics. The PC
controls two 10 V digital-to-analog converters coupled to a 5 kV operational amplifier
such that one converter has a gain of 500 and the other has a gain of 40. Optical 1solators
connect the converters to the computer in order to prevent computer noise from reaching
the operational amplifier. The high-gain system allows a pedestal voltage between 0 and
5000 V to be selected in steps of 0.3V and the low-gain system allows the voltage to be
swept in steps of 0.025 V over a 400 V range. The PC also controls the scan over a
selected voltage range with a selected time interval per step.

The detector output connects to a preamplifier which converts the electron pulse
to a voltage and then amplifies this voltage. The preamplifier connects to a constant
fraction discriminator which selects pulses above a certain height and sends this signal to

the computer.

2.2 Measuring a Spectrum

Spectra were obtained over two ditferent time periods. The first set was collected
intermittently between February and December 1997, while the second set was obtained
between July and December 1998.

All samples analyzed were liquids at room temperature with the exception of
SF.Br gas; they were prepared in the laboratory of Gary L. Gard."* Most samples were
held in glass ampules and were attached directly to stainless steel needle valves on the gas

manifold. SF.Br was held in a small gas cylinder and attached directly to the gas
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manifold. The gas manifold is connected to the gas cell with stainless steel tubing, and
the gas cell is located directly above the x-ray tube as shown in Figure 2.1. With too high
pressure in the gas cell counting efficiencies decrease, and with excessively high pressure
the x-ray window can break. SF,CF, is a liquid at room temperature with such a high
vapor pressure that the gas manifold needle valve was insufficient to regulate the gas flow
within a proper range. Approximately 6 feet of coiled copper tubing was added between
the sample container and the needle valve. The copper tubing served as a reservoir into
which a small amount of SF,CF, was expanded, resulting in a lower pressure presented to
the needle valve.

It is necessary to calibrate the energy scale for each measured spectrum, as
described in section 2.3.2. For this purpose neon was mixed with the sample and neon 1s
and neon 2s energies were measured with each spectrum. Their known tonization
energies were used in calibrating the energy scale. The sample and neon calibration gases
were each kept at a pressure of about 0.02 torr.

The program PESCAD16 was used to control the analyzer and collect the data.
The operator specifies the low voltage setting, the number of channels, the voltage
increment per channel, and the time spent counting each channel. Four different voltage
ranges were scanned for these experiments to determine positions of the carbon Is, sulfur
2p, neon 1s and neon 2s ionization peaks in the spectrum. Typically 81 to 121 channels
were scanned in each region, with a voltage increment of 0.1 volts per channel.  Each
region was scanned sequentially until approximately 1000 counts were obtained at the
peak maxima. Two to four spectra were obtained for each compound. Only one

spectrum was obtained for CF,SSCF;. The SF;CH,CH, C Is and S 2p spectra are shown
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in Figure 2.3 with the Ne 1s and Ne 2s spectra taken simultaneously with the sample

spectra. The solid line in the C Is spectrum is the non-linear least squares fit generated

using Igor Pro as described in section 2.3.1. The peak at approximately channel 63

(966 V) is the C 1s background peak as mentioned in section 2.1.1. The asymmetry of

the S2p spectrum arises from the spin-orbit splitting (1.2eV) of the orbital.
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Figure 2.3: SF,CH,CH, C 1s and S 2p spectra with the simultaneously measured Ne 1s
and Ne 2s spectra. The solid line in the C Is spectrum is the non-linear least squares fit
generated with Igor Pro. The C 1s background peak is seen at approximately channel 63.
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2.3 Data Analysis

2.3.1 Determining Peak Positions
Peak positions were calculated using the LSMV program written by T.X. Carroll.
The LSMV program uses non-linear least squares methods to fit a Voigt function with a
linear background included. The Voigt function given by Eqn. 2.1 is a convolution of

Gaussian and Lorentzian distributions:

V(A,,\'“,F(;,F/‘,.\') —AJ'—(—-———J\' 2.1

N~ N2 L
(xx )t

where A is the amplitude, x, is the peak position, and I'; and I} are the gaussian and

lorentzian peak widths respectively. LSMV varies A, x,, I'; and I', until the best fit is
achieved. The Gaussian contribution to the peak shape originates from the instrumental
resolution and the Lorentzian contribution originates from the lifetime of the excited
state.

For several of the compounds studied the carbon Is peak was separated from the
carbon s background peak by only ten to twenty channels. LSMV was unable to
correctly determine the sample carbon Is peak position in these cases. and Igor Pro was
used to determine these peak positions. After the sample spectrum was completed all
gases were turned off and the carbon 1s background spectrum was taken. Using an Igor

Pro fitting routine designed by T.X. Carroll, this experimental background spectrum was

included as part of the non-linear least squares fitting function.



2.3.2 Calibration

Ionization energies (IE) can be determined from the energy of the incident photon
(hv), the kinetic energy of the ejected electron (K), and the recoil energy of the remaining
ion (R) using Eqn. 2.2:

IE=hv-K -R (2.2)

Determination of the kinetic energy of the photoelectron will be discussed first.

The photoelectron kinetic energy can be determined from Eqn. 2.3:

V=CK +B (2.3)

where V is the focusing voltage (in V), K is the kinetic energy (in eV), B is the offset
voltage, and C is the spectrometer constant. The offset voltage results from positive ions
and surface-charging within the gas cell. Both B and C vary slightly over time and must
be determined with each experiment. As mentioned in section 2.2 neon was measured in
conjunction with the sample for each experiment. The neon |s tonization energy
(870.273 £ 0.014 eV) determined by Saethre et. al."’, the neon 2s ionization energy

1819 "and the recoil energies

(48.476 + 0.002 e¢V) known from optical spectroscopy
calculated from conservation of momentum equations were used to calculate the kinetic
energies using Eqn. 2.2. A plot of the focusing voltage versus kinetic energy for both the
neon ls and 2s data points, as shown in Figure 2.4, allows B and C to be calculated for
each measured spectrum.

Once the constants B and C are determined for each spectrum, Eqn. 2.3 can be
used to calculate the kinetic energy of the sample Cls and S2p photoelectrons. With

these kinetic energies and the calculated recoil energies for the sample molecule, Eqn. 2.2

is used to determine the Cls and S2p ionization energies.
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In reality the plot shown in Figure 2.4 is not linear, with deviations from linearity
arising from relativistic effects.”’ The program CALBTN?' takes as input the positions of
the peaks in the spectrum for the sample under investigation and the neon calibration as
well as the masses of the molecules involved. It makes the necessary recoil and
relativistic corrections and returns values of the desired ionization energies as well as the

constants C and B.

Ne 2s

Ne 1s

Focusing voltage (V)

Kinetic energy (eV)

Figure 2.4: Plot of Ne Is and Ne 2s calibrants from which B
and C can be calculated for cach spectrum.
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3. RESULTS AND DISCUSSION

3.1 Electronegativities of -SF,, -CF,SO,, and -SO,F

The C s and S 2p core-ionization energies measured for the 17 compounds of
this work are listed in Table 1 of the Appendix. Also included is the Br 3d core-
ionization energy measured for SF;Br. The C Is data for 7 of these compounds were used
in determining the electronegativity of the -SF, -CF,SO,, and -SO,F groups. The XPS C
I's core-ionization energies reported by Jolly et al.** for 27 other compounds were also
used in determining the group electronegativities. The ionization energies for all the
compounds used in calculating the -SF.. -CF.SO,. and -SO,F group clectronegativities arc
shown in Table 2 of the Appendix, with the seven values measured in this work histed
first. Electronegativities for -CH,, -CF,, -Cl, and -Br substituents were also calculated
from the experimental data to provide comparison with previously measured values.

In order to calculate the group electronegativities each compound was viewed as
consisting of a central carbon atom attached to different substituents. The substituents
considered were -F, -Cl, -Br, -CH,, -CF,, -SF;, -CF,SO,, and -SO,F. For example,
CH,CH, consists of a central carbon atom with one -CH, group and 3 hydrogen atoms
attached. If we consider ionization energies relative to that of CH,, then the hydrogen
substituents can be ignored. Labeling the central carbon with an asterisk. CF.C*F,CF,
consists of two -CF; groups and two -F substituents. The substituents for each of the 34
compounds used to calculate electronegativities are summarized in Table 2 of the

Appendix.
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Shifts in the ionization energies relative to methane were calculated and equations

in the form of Eqgn. 3.1 were solved:

oo~ ey, =con +en +en +en (3.1)

where I, is the central carbon Is ionization energy of the compound of interest. n. n..
n,, and n, are the number of each substituent attached to the central carbon atom. and ¢..
C,» ¢, and ¢, are the coefficients to be solved for. As mentioned carlier, hydrogen
substituents were given a coefficient of zero. Linear regression between the 1onization
energy shifts and the values of n was used to give coefficients for each of the substituents:
-F, -Cl, -Br, -CH,, -CF,, -SFi, -CF,S0O,, and -SO,F.

With the coefficients determined, Eqn. 3.2 was used to calculate the core-

ionization energy shifts.

Cv\(XI’ — XH )

Cp

X=Xt

These calculated values are included in Table 2 of the Appendix. The calculated core-
ionization energy shifts are plotted against the experimental values in Figure 3.1. The
linear regression fit line is also included in the plot. There is excellent agreement
between the core-ionization energy shifts calculated using Eqn. 3.2 and experimental
values, with a linear regression correlation coefficient of 0.99, an intercept of -0.11, and a
slope of 1.01 for the least squares fit line. This comparison shows that the measured
ionization energies are well represented by Eqn. 3.1.

Using known electronegativity values for H and F of 2.2 and 3.98" respectively



and coefficients of zero for H and 2.65 for F, a scale was generated from which
electronegativity values for the remaining substituents were calculated. This is shown

graphically in Figure 3.2 and numerically with Eqn. 3.2.

>
g, 12
® T 5
= 10 + R?=0.99
wn T slope = 1.01
s 8 T
o il
2 6+
LLI 4
§ 41
S
= 1
D 9=
g -2 e
-2 0 2 4 6 8 10 12
Measured lonization Energy Shifts (eV)

Figure 3.1: Plot of core-ionization energy shifts calculated using Eqn. 3.1 versus
measured core-ionization energies. The solid line is the least squares fit to the data.
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Figure 3.2: Graphic representation of Eqn. 3.2 used to calculate

electronegativities ();) from ¢ coefficients (c,).
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The experimental electronegativities calculated from Eqn. 3.2 are shown in Table
3.1 and are compared with other experimental values. No other experimental values were

found for -CF,SO, and -SO,F.

Table 3.1: Experimental electronegativities (Pauling

units).

Experimental Experimental

{(current) (other)

-Cl 3.14+£0.02 2.83-3.1¢6°
-Br 2.85+0.04 2.74 - 2.96*
-CH, 2.14 +£0.06 2.3
-CF, 2.78 +0.08 3357 3.3
-SF; 281 £0.12 2,89 3.1¢
-CF,S0, 2.49 £0.09
-SO,F 2.92+0.12

“Cotton et al.™

®Wells™, from vibrational data.

‘Bell et al.”, from IR absorption wavelength of P=0 bond.
Boden et al.”, from NMR J,,,, coupling constants.
“Canselier et al.”’, from “C-NMR chemical shifts.

The electronegativity of -Br and -Ci are 1n agreement with accepted values. However, the
electronegativity of -CH, is somewhat lower than accepted values and -CF; is most
notably lower than other experimental values. The only other experimental
electronegativities found for -CF, and -SF; are listed in Table 3.1. It must be noted that
the experimental electronegativities of -SF; found here and by other authors™~ are in

large disagreement with theoretical values calculated through various methods.
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The currently measured group electronegativities listed in Table 3.1 are compared

with theoretical values in Table 3.2. The methods of Bratsch®, Huheey”, and Carver™

are all based on the Principle of Electronegativity Equalization proposed by Sanderson™'.

Bratsch®® calculated group electronegativities with Eqn. 3.3:
N,.

y Y
X

X =

(3.3)

where ¥, is the group electronegativity, N is the total number of atoms in the group, v is

the number of atoms of a particular element, and y is the Pauling electronegativity of that

element. Huheey® used the orbital electronegativities of Hinze et al.™ to calculate

electronegativities. Carver proposed a Modified Sanderson method based on stability

ratios (as described in Section 3.3) to calculate electronegativities.

Table 3.2: Experimental electronegativities compared with calculated values (Pauling

units).
Electronegativity Equalization (EE) No EE
Expt. | Huheey" | Carver” | Bratsch® Thomas! | Constantinides*

-CH, 2.14 2.27 2.34 I.54 1.57

-CF, 2.78 3.46 3.45 3.49 [.83 2.8

-SF, 2.81 3.70' 3.66 3.65 2.51

-CF,SO, 2.49 3.76¢% 3.40 3.31 2.00

-SO,F 2.92 4.08¢ 3.34 3.28 2.30

“based on orbital electronegativities; "Modified Sanderson method™; “hased on Bratsch's definition:

‘Mulliken ; “based on Pauling method with geometric mean; 'calculated by this author using S
octahedral valence state; fcalculated by this author using S sp* valence state.

Sanderson describes the Principle of Electronegativity Equalization as follows:

“When two or more atoms initially different in electronegativity combine, they adjust to

the same intermediate electronegativity i the compound.™ The atom of greater



]
N

electronegativity will accumulate more electrons, increasing the partial negative charge
and decreasing the electronegativity on that atom in the molecule. The atom of lesser
electronegativity will lose electrons, increasing the partial positive charge and increasing
the electronegativity on that atom in the molecule.

Most theoretical calculations of electronegativity have been based on this
principle. Huheey" noted that the relationship between polar substituent constants and
group electronegativities was best predicted by assuming 80% electronegativity
equalization rather than 100% equalization. From this, one may question the validity of
the Principle of Electronegativity Equalization.

Included in Table 3.2 are electronegativities calculated by Thomas et al.™ Thomas
used MP2/6-31G++** calculations to determine the ionization energy and electron
affinity for the group of interest. The Mulliken definition of electronegativity as given in
Eqn. 1.4, x™ = (IE + EA)/2, was then used to calculate the group electronegativity. The
assumption of electronegativity equalization was not necessary in these calculations.

Constantinides™ calculated the electronegativity of the -CH, and -CF, groups
using a variation of Pauling’s thermochemical method based on the geometric mean. The
formula he proposed is given by Eqn. 3.4:

Yo = Xu £ 0.183{D(R-H) - [D(R-R)-D(H-H)]'*}"*  (3.4)
Appropriate thermochemical data could not be located to calculate the electronegativities
of the other groups studied here. As noted by Wells™, the electronegativity calculated
from empirical data is entirely dependent on the approach used. Wells™ lists

electronegativities of 2.2 - 2.4 for -CH, and 2.86 for -CF, using modifications of Eqn. 3.4.
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It therefore seems possible to obtain almost any value by simply defining a particular
equation for combining thermochemical data.

The trends in the currently measured electronegativities listed in Table 3.1 are not
casily understood. The value for -Cl is too high, -CH, is slightly tow, -CF, is very low,
and -SF; is in agreement with other experimental values found but significantly lower
than theoretical values. There is also disagreement on the relative relationship between
the electronegativities of -CF, and -SF; found in the literature, some authors concluding

1.% conclude

that xcp > Xgps and other authors concluding that ¥ < . Kimuraet a
from UV absorption data for saturated organic iodides and bromides that ¥cqy > Xpss
Brant et al.”’” conclude from XPS data for substituted acetylenes that ¥ m > Xsrs
Sheppard™ concludes from ionization constants for substituted benzoic acids that Y <
Y. and Thrasher et al.” conclude from 'H chemical shifts of N-methylamines that ., <
XsFs-

In order to determine if relaxation effects were lowering ionization energies and
giving low electronegativities in the current work, Thomas™ compared measured
ionization energies with energies calculated from the equivalent cores method and
Koopmans’ theorem. The plot is shown in Figure 3.3. Core ionization energies are
calculated with the equivalent cores method by first calculating the total energy of the
molecule of interest, and then the total energy of the molecule with the core-ionized atom
replaced with a positive ion of the Z + | element. For example, the core ionization
energy for CH, can be determined by calculating the total energy of CH, and then the

total energy of N*H,. The shift in core ionization energy can then be determined relative

to some reference compound. Equivalent cores ionization energies thus include



relaxation effects. Using Koopmans’ theorem one simply takes the negative of the

neutral molecule orbital energy as the 1onization energy. so no relaxation effects arc
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Figure 3.3: Plot of measured ionization energies against Equivalent cores and
Koopmans’ theorem energies.*

included in the ionization energy. These results suggest a small relaxation energy for -
CH, and -CF, and a large relaxation energy for -Cl. The low electronegativity value
currently measured for -CF, most likely does not result from relaxation effects. The
relaxation energy of -SF, appears to be quite significant, but not larger than that of -Cl or
-Br. We therefore might expect the electronegativity of -SF, measured with XPS to be
lower than values measured with a method not involving ionization with accompanying

relaxation effects. Our experimental value for ¥ 1S in agreement with experimental
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values measured through NMR chemical shifts, and our value for . 1s significantly

lower than values measured through vibrational data.

3.2 Comparison of -SF, Electronegativity from C Is and S 2p Data

The electronegativity of the -SF group was calculated from C 1s data as described
in section 3.1; it was also calculated from S 2p data using molecules of the form SF.X.
where the X group was F, Cl, Br, and -SF,. The S 2p ionization energies for SF,
(reported by Jolly* et al.), SF,Cl (measured by Asplund*' et al.), and the currently
measured SF,Br S2p ionization energy were plotted against known*' electronegativities of
the halogens F, Cl, and Br. The S 2p ionization energy currently measured for SF;SF;
was then used to determine the -SF; electronegativity from the plot. The data used to
generate the plot are shown in Table 3.3. The electronegativities of F., Cl, and Br and the
S 2p ionization energies were calculated using the slope and y-intercept of the least
squares fit line. These values are included in Table 3.3 for comparison with their known
values. The plot of S 2p ionization energies versus electronegativity of X is shown in
Figure 3.4. The solid line in Figure 3.4 is the least squares fit line for the three data
points. The correlation coefficient is 0.989 and the slope of the least squares fit line is
1.29.

The electronegativity of -SF; calculated from C 1s ionization energies as
described in section 3.1 is 2.81 = 0.12; the value calculated from S 2p ionization energies

1 2.79 £ 0.13.
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3.3 Correlation with modified Sanderson Calculations

Sanderson made the proposal that the electronegativity of an atom *‘is roughly

proportional to the average electronic density and is measured by the stability ratio.”™

Table 3.3: SF.X S2p ionization energies and halogen electronegativities () used to
calculate the electronegativity of -SF;. Included for comparison with known values are
the calculated electronegativities of F, Cl, and Br, and S 2p ionization energies for
SF.X, X =F, Cl, Br. (Electronegativities in Pauling units.)

X SF;X S 2p LE (GV) X Xculc S 2p [Eculc
F 180.23 3.98 3.97 180.25
Cl 179.27 316 3.22 179.19
Br 178.87 2.96 291 178.93
SF, 178.71 279 +0.13

. 180.4
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2.8 3 3.2 3.4 3.6 3.8 4
Electronegativity of X

Figure 3.4: Sulfur 2p ionization energies versus electronegativity of
group X. The line through the data is the least squares fit line.
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The stability ratio (SR) is given by the ratio of the average electron density of the atom of
interest (ED) to the electron density of an isoelectronic inert atom (ED,), either real or
hypothetical: SR = ED/ED,. ED is the average number of electrons per A and is given
by ED = Z/(4nr/3), where Z is the number of electrons on the atom and r is the covalent
or ionic radius. For the isoelectronic inert atom r is determined by interpolating between
real values. Sanderson used experimental atomic radii to calculate the stability ratios for
many of the elements.* Sanderson’s proposal that stability ratios are related to
electronegativity was based on the observation that atoms with a large ED (and therefore
large SR) were the most electronegative elements and atoms with a small ED and SR
were the least electronegative. Sanderson’s SR and Pauling’s electronegativity x (derived
from bond energies) are related by the equation* x = (0.21SR + 0.77)*, which Sanderson
used to support his connection between stability ratios and electronegativity.

Using the Principle of Electronegativity Equalization® the SR for a molecule is
given by the geometric mean of atomic stability ratios for all atoms in the molecule: SR,

"

= (II SR))"" where n is the number of atoms and SR, is the stability ratio for element i in
=1

the molecule. The partial charge 8 on atom 1 is then found from the relation

0, = (SRy - SR)/ASR; (3.5)
where ASR, is a normalization factor given by ASR, = 2.08(SR,)"”2. The problems with
this method of assigning partial charges to atoms in molecules are that atoms in different
chemical environments within the molecule are given the same partial charges, and there
is no distinction between structural isomers such as CH,CH,CH,CH,OH and

CH,CH,OCH,CH,.*


http:CH3CH7OCH,CH3.44
http:elements.42
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Carver® et al. proposed a modified Sanderson method to avoid the problems of
Sanderson’s original method. In the modified Sanderson method the molecule is viewed
as a collection of groups rather than a collection of atoms. The SR, in Eqn. 3.5 becomes
the group stability ratio (SRy) in the modified Sanderson method, which accounts for
different chemical environments within a molecule. The group stability ratio is calculated
as the geometric mean of the stability ratio for the central atom of the group and the
stability ratios of all subgroups attached to the central atom. The subgroups attached to
the central atom of the group may be atoms or group, with each subgroup being broken
down into atomic stability ratios. For example, SR, for the molecule CF,SSCF; is
found as follows:

SR = (SRASRSR, I SRy =(SRSR,, )" SRy,” = (SRSR 1)
SRt = (SR-SR,)
The overall expression for SR is then given by the following:
SReps = (SReSR{ SR [SRg(SRSRH )1 (3.6)
and the atomic charge on C in CF,SSCEF, can be found from Eqn. 3.7:
Oc = (SRepm - SRV/ASR. (3.7)
where SR = 3.79 as determined by Sanderson** and ASR,. = 2.08(SR)"* = 4.05.

Sastry* compared atomic charges calculated with Eqn. 3.7 to Cls ionization
energy (IE) shifts. He reports a linear regression correlation coetficient of 0.95 between
atomic charges calculated with Eqn. 3.7 and experimental Cls IE shifts. The atomic
charges on carbon have been thus calculated for the compounds of this study to determine
the correlation between the modified Sanderson method atomic charges and our

experimental Cls IE shifts. The Cls IE of 290.8eV was used as the standard from which
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the IE shifts were calculated. The calculated carbon atomic charges and the Cls IE shifts
are shown in Table 3.3.

Sastry reports a least squares fit slope of 23.1, an intercept of 1.2, and R* = 0.90.
This author obtained R*=0.87 , a slope of 23.1, and an intercept of 1.2 when fitting
Sastry’s reported data. Least squares analysis of the calculated atomic charge and
currently measured Cls IE shifts gave R* = 0.85. a slope of 21.1. and an intercept of 0.7.
Figure 3.5 shows the graph of calculated atomic charge versus the currently measured
Cls IE for the compounds discussed here. The line through the data is the calculated
atomic charges fit with Sastry’s fit parameters. Data points significantly removed from
the least squares fit line are numbered according to their index in Table 3.4,

As was observed by Sastry, the largest deviations from the least squares fit line
result mostly from sp® hybridized carbons. although not all the sp* hybridized carbons
show significant deviation. Sastry speculated that an improvement would be observed for
sp? hybridized carbons if the final-state relaxation energy effects were included for
delocalized  electrons. A following investigation by Patil* et al. provided additional
support for this conclusion. The largest current deviations arc seen for sp” hybridized
SF,CF,SO,F, both sp* hybridized carbons in SF,CF=CF, and the sp~ hybridized carbon

SF,CH- in SF,CH=CF..
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Table 3.4: Calculated atomic charges on carbon for gas phase molecules and the
corresponding currently measured Cls IE shifts. An average atomic charge is reported
for molecules in which Cls ionization energies were unresolved.

Calculated atomic charge Expt. Cls IE shift (eV)

1. SF.CCH -0.0292 091
2. SF,CH,CH, 0.0045 1.06
3. SF,CH=CH, 0.0267 0.97
4. SF,CH,CH,Br 0.0332 1.68
5. SF.CH,CH,CI 0.0434 1.73
6. SF.CH,SO,F 0.1014 2.55
7. SF.CH=CF, 0.1443 .48
8. SF,CH=CF, 0.2456 6.12
9. SF,CFHSO,F 0.2065 4.74
10. CF,HSO,F 0.2192 6.67
11. SF.CF=CF, 0.2827 3.77
12. SF.CF=CF, 0.2941 6.01
13. CF,SSCF, 0.3002 7.50
14. CF,(SO,CF,), 0.3086 8.50
5. SF.CF,SO,F 0.3221 6.87
16. CF,SO,F 0.3362 9.13

17. SFsCF, 0.3560 8.85
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4. CONCLUSIONS

The electronegativities of the substituents -SFs, -CF;SO,, and -SO,F have been
determined from this study to be 2.81 £0.12,2.49 + 0.09, and 2.92 £ 0.12 respectively.
The electronegativities of -CF,SO, and -SO,F appear to be the first reported, so no
comparison can be made for these groups. The electronegativity of the -SF; substituent
was determined from both C 1s ionization energies (g = 2.81 £0.12) and S 2p
ionization energies (s = 2.79 = 0.13); the values are in excellent agreement. These -SF;
electronegativities agree with the only other numeric experimental values found, but are
substantially less than the theoretical value of approximately 3.5 calculated using the

Principle of Electronegativity Equalization™

and larger than the theoretical value of
2.51 calculated by Thomas™ using the Mulliken definition of electronegativity.

The electronegativity currently measured for -CF, is 2.78 + 0.08, while other
experimental values measured from vibrational data are 3.35** and 3.3%. As with -SF;,
the currently measured -CF, electronegativity is substantially less than the theoretical
value of approximately 3.5 calculated using the Principle of Electronegativity

29,30 ,

Equalization® and larger than the theoretical value of 1.83 calculated by Thomas.™

There is disagreement in the literature™"***

on the relative magnitudes of ¥qgs
and ¥4, some authors concluding g < Xgps and others concluding X > Xgps- Not
much insight seems to be gained through considering theoretical values. The validity of

the Principle of Electronegativity Equalization is not certain. evidenced by Huheey's™

conclusion that 80% Equalization improves the correlation between polar substituent

constants and group electronegativities. The theoretical electronegativities based on



http:Thomas.34

Electronegativity Equalization are all higher than the currently measured
electronegativities, as shown in Table 3.2, and those calculated without Electronegativity
Equalization are lower.

Finally, the Modified Sanderson method*’ gives a correlation of R* = 0.85
between atomic charges calculated with stability ratios and experimental C 1s ionization
energy shifts. Electronegativities calculated with the Modified Sanderson method are
based on the assumption of electronegativity equalization. As shown in Table 3.2 the
electronegativities calculated with the Modified Sanderson method for -CHj, -CF;, -SF;, -
CF,S0,, and -SO,F are all significantly higher than the experimental values currently
measured. For these groups, a correlation of R* = 0.73 is found between
electronegativities calculated with the Modified Sanderson method and the experimental
values. It is unclear why the currently measured experimental values are lower than

theoretical values calculated with the assumption of electronegativity equalization.
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Table 1: Experimental core-ionization energies. including the date the compound was ran
and the spectrometer constant.

Core-ionization energies
(in eV)
-SF, -SO,F
Compound Date Spec. const. C s C1s S2p S2p

CF,HSO,F 11/20/98 0.805546 297.47 176.266

11/23/98 0.805674 297.478 176.23
Average 297.474 176.248
Std. Dev. 0.0057 0.0255
CF,SO,F 2/24/97 0.807816 299.935 176.618

0/24/97 0.807773 299.923 176.614
Average 299.929 176.616
Std. Dev. 0.0085 0.0028
(CF,S0,),CF, 2/25/97 0.807454 299.218| 297.037 175.049

0/26/97 0.807595 299.282| 297.102 175.194

08/05/98 0.80553 175.305

08/06/98 0.805576 299.391| 297.113 175.294
Average 299.297| 297.084 175.211
Std. Dev. 0.0875( 0.0411 0.1187
CF,SSCF, 07/09/98 0.805525 298.296 171.175
SF.CF, 11/2/97 0.805403 299.631 178.83

11/16/97 0.80544 299.674 178.877
Average 299.653 178.854
Std. Dev. 0.0304 0.0332
SF.SF, 12/17/97 0.805481 178.705

12/17/97 0.805507 178.72
Average 178.713
Std. Dev. 0.0106

Br 3d

SF.Br 12/17/97 0.805526 77.386 178.875

12/17/97 0.805467 77.355 178.873
Average 77.371 178.874
Std. Dev. 0.0219 0.0014
SF.CCH 3/11/97 0.807824 291.725 178.66

3/11/97 0.807724 291.703 178.579
Average 291.714 178.62
Std. Dev. 0.0156 0.0573




Table I (cont.): Experimental core-ionization energies.

Core-ionization energies

(in eV)
-SF, -SO,F
Compound Date Spec. const. C1s C1s S2p S2p
SF,CH=CH, 0/27/97 0.807726 291.783] 289.31 NO S DATA
2/27/97 0.807679 291.751| 289.278 NO S DATA
10/12/98 0.805634 178.001
10/17/98 0.805718 178.008
Average 291.767| 289.294( 178.005
Std. Dev. 0.0226| 0.0226 0.005
SF,CH=CF, 12/29/97 0.805465 296.911 292.29] 178.539
12/29/97 0.805455 296.936| 292.274| 178.493
Average 296.924| 292.282| 178.516
Std. Dev. 0.0177f 0.0113 0.0325
SF.,CF=CF, 10/19/97 0.80541 296.815} 294.594| 178.837
12/30/97 0.805478 296.831| 294.547| 178.837
12/30/97 0.805449 296.832| 294.578( 178.82
Average 296.826| 294.573| 178.831
Std. Dev. 0.0026{ 0.0t136] 0.0098
SF.,CH,CH, 12/10/98 0.805637 291.86 177.813
12/11/98 0.805586 291.85 177.757
Average 291.855 177.785
Std. Dev. 0.0071 0.0396
SF,CH,CH,CI 2/27/97 0.807695 2925591 289.357 NO S DATA
2/27/97 0.807726 292.507| 289.305 NO S DATA
Average 292.533| 289.331
Std. Dev. 0.0368( 0.0368
SF,CH,CH,Br 07/25/98 0.805581 292.526 177.968
07/28/98 0.805582 292.483 178.029
07/29/98 0.805579 292.429 177.999
Average 292.479 177.999
Std. Dev. 0.0486 0.0305
SF.CH,SO,F 2/18/97 0.807862 293.359 178.813] 176.26
2/19/97 0.807864 293.338 178.798| 176.247
Average 293.349 178.806| 176.254
Std. Dev. 0.0148 0.0106| 0.0092
SF,CFHSO,F 2/18/97 0.807852 295.527 178.9111 176.359
2/19/97 0.807848 295.556 178.915] 176.346
Average 295.542 178.913] 176.353
Std. Dev. 0.0205 0.0028] 0.0092




Table 1 (cont.): Experimental core-ionization energies.

Core-ionization energies
(in eV)

-SF, -SO,F

Compound Date Spec. const. C1s C1s S 2p S 2p
SF,CF,SO,F 2/25/97 0.807712 297.664 178.907| 176.435
2/25/97 0.807513 297.545 178.688| 176.19
9/10/97 0.805431 297.782 178.906| 176.427
07/30/98 0.805565 297.71 178.824] 176.307
07/31/98 0.80539 297.642 178.92] 176.325
Average 297.669 178.849| 176.337
Std. Dev. 0.0874 0.0977|] 0.1004




Table 2: Experimental core-ionization energies used to determine electronegativities,
their shifts relative to methane, core-ionization energies calculated using Equation 3.1,
and the substituent composition of each compound. An asterisk is used to denote the
central carbon where necessary. The first seven experimental ionization energies were
measured in this work. The rest are from Jolly et al.*

lonization Shift
energy (eV) |l - I{CH4)| Calculated Substituents
Compound I (eV) Shift (eV) | F [CH3|CE3[CF3S02|SF5|FSO2A Cl | Br
(CF,S0,),CF, 297.07 6.16 6.16 210 |0 2 0 0 0|0
SF.CF,SO,F 297.6 6.69 7.29 210 ]0 0 1 1 010
SF.CHFSO,F 295.54 4.63 4.64 11010 0 1 1 010
SF.,CH,SO,F 293.34 2.43 1.99 01010 0 1 1 0|0
CF,SO,F 299.93 9.02 9.03 31010 0 0 1 0|0
SF.CH,CH, 291.9 0.99 0.82 01 0 0 1 0 0}o0
CF,HSO,F 297.47 6.56 6.38 21010 0 0 1 0|0
CH, 290.91 0 0 0]10]0 0 0 0 0|0
CH,F 293.7 2.79 2.65 110 (0 0 0 0 010
CH,F, 296.44 5.53 5.31 21010 0 0 0 010
CHF, 299.24 8.33 7.96 31010 0 0 0 010
CF, 301.96 11.05 10.61 41010 0 0 0 010
CH,CH, 290.71 -0.2 -0.1 011 0 0 0 0 010
CF,CH, 292.07 1.16 0.86 010 ]1 0 0 0 010
CH,CF, 298.64 7.73 7.86 311 0 0 0 0 0|0
CF,CF, 299.85 8.94 8.82 31011 0 0 0 0 ]0
CF,C*F,CF, 297.74 6.83 7.04 21012 0 0 0 0|0
CH,CH,F 293.39 2.48 2.56 111 0 0 0 0 010
CH,CHF, 296.05 5.14 5.21 211 0 0 0 0 010
CCIF, 300.31 9.4 9.35 31010 0 0 0 110
CCIH, 292.48 1.57 1.39 010 ]0 0 0 0 1 10
CCILF, 298.93 8.02 8.09 21010 0 0 0 2 10
CCl,H, 294 3.09 2.79 0]J]0 |0 0 0 0 2 10
CCI,F 297.54 6.63 6.83 11010 0 0 0 310
CCl3H 2951 419 4.18 0]1]01]0 0 0 0 3 |0
CCl, 296.39 5.48 5.58 00 |0 0 0 0 4 {0
CH,C*H,C! 2921 1.19 1.3 0|1 0 0 0 0 110
CH,C*HCI, 293.8 2.89 2.69 01 0 0 0 0 210
CH,C*Cl, 295 4.09 4.09 011 0 0 0 0 310
CH,C*HF, 296.05 5.14 5.21 211 0 0 0 0 010
CF.Br 299.33 8.42 8.93 310160 0 0 0 0|1
CH,Br 292.12 1.21 0.97 010160 0 0 0 0 |1
CBr, 294 .81 3.9 3.88 0]J]0¢}0 0 0 0 0 |4
CH,C*H,Br 291.97 1.06 0.87 0141 0 0 0 0 0 |1






