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electronic structure of the bonds with sulfur does not, however,
seem to be particularly present in our data.

Essential to the chemistry of metals as electrophiles in
competing for ligand sites is their strength relative to H*. For
the alkali and alkaline earth metals this situation is displayed
in Figure 2 or Table I1I, and all the alkali metals are seen to
be poorer electrophiles than H*, as expected. When consid-
ering the energy per bond formation (as opposed to the total
binding energy) of the alkali metal hydrosulfides, H* is found
to divide these metals into two distinct groups. Be* is clearly
a stronger electrophile than H*, Ca2* (and most likely Sr2*
and Ba?*) are considerably weaker electrophiles, whereas
Mg2* is on the borderline having slightly less binding energy
toward SH™ than has H*. The monovalent and heavier biva-
lent metals thus require low [H*] to form hydrosulfides while
Be-S bonds may be formed in acidic media. It is important to
bear in mind that solvent effects drastically can change this
picture, however.

The reactions previously studied in the present work apply
primarily to the gas phase. In aqueous solution several addi-
tional complications are introduced in the calculation of re-
action energies, such as the hydration of especially the ions and
competing reactions to those already considered with H,O and
OH-~. It is far beyond the scope of the present investigation to
study the full set of reactions that will take place when all these
ligands are present. Instead we have considered the relative
affinities toward O and S ligands as revealed in the gas-phase
reaction

M(SH), + nH,O <> M(OH), + nH,S

which at the same time provides an indication of the reliability
of some of the previous results in this investigation as it is
known that the alkaline hydrosulfides readily are dissolved in
aqueous solution. By optimizing the structure and calculating
the total energies of LiOH and Be(OH); (see Table II) we find
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the energy of the above reaction to be 7.6 kcal/mol for M =
Li and —17.8 kcal/mol for M = Be. In other words, Be is
predicted to be more stable as Be(OH), than as Be(SH), when
H,O is present.
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Abstract: The determination of the equilibrium constants for a number of charge transfer equilibria has generated a scale of
relative values of AG® for the charge transfer reactions. The factors contributing to AS® for these reactions were elucidated
by carrying out experimental determinations of the entropy changes for some of the equilibria. The values of AH® were used
to generate a scale of relative ionization energies of 41 organic compounds and NO. Standardization of the scale using the
spectroscopically determined values of the ionization potentials of NO, benzene, and furan was accomplished by calculating
the relationship between adiabatic ionization potentials and the “enthalpies of ionization” measured in these experiments. The
spectroscopically determined IPs of six of the compounds were reproduced in this way, thus verifying the technique.

Introduction

In recent years, experimental techniques have been devel-
oped which permit the determination of equilibrium constants
for ion-molecule equilibria in the gas phase.! Using this ap-
proach a variety of information about the thermochemical
properties of ions has been generated. For instance, scales of
relative basicities of numerous organic compounds have been
derived from overlapping series of proton transfer equilibrium
constants. Quantitative information about the differences in

the heats of formation of alkyl carbonium ions has been ob-
tained from equilibrium constants of hydride transfer and
halide transfer reactions.

—RT InKeq = AG® = AH® — TAS® D

It has been suggested,?2-¢ and preliminary results from this
laboratory have indicated,2d= that values for the enthalpies of
charge transfer reactions derived from the equilibrium con-
stants of charge transfer equilibria:

This article not subject to U.S. Copyright. Published 1978 by the American Chemical Society.
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Figure 1. The contribution to the heat of formation of an electronically
degenerate species at 350 K from multiplet splitting (eq V11).

A*+B=B*+A )

can be related to the differences in adiabatic ionization po-
tentials:

AH® (charge transfer) = [AH{(A) — AH{(A™)]
+ [AH{B*) — AH¢B)] = IP(B) — IP(A) (II)

If 11 is correct, charge transfer equilibrium constant deter-
minations may be used to generate scales of relative ionization
potentials, which can be related to an absolute energy scale by
including as one reactant a molecule for which the ionization
potential is well established.

It should be mentioned that the application of eq I and I to
results generated from equilibrium measurements in the gas
phase would be meaningless if the charge transfer process
occurred through some mechanism which did not involve an
intimate collision; i.e., such a process would not meet the cri-
teria of thermodynamic equilibrium. However, it is well known
that collisions of thermal olefinic and aromatic ions with their
neutral counterparts result in the formation of long-lived
complexes. For instance, stable (C4Hg),* and (aromatic),*
cluster ions are observed at pressures as low as 10=3 Torr,3 It
can therefore be assumed that there is equilibration among the
vibrational modes of the two reactants in the collision complex
in charge transfer reactions.

In this paper, we examine the relationship of the “enthalpy
of ionization”

Aliionization = AIif(/x-’-) - AHf(A) (III)

to the adiabatic ionization potential, Enthalpies of ionization
for a number of organic molecules are derived from charge
transfer equilibrium constants, and are related wherever pos-
sible to adiabatic ionization potentials. The entropy changes
associated with the charge transfer equilibria have been ex-
perimentally determined for several cases, and the factors in-
fluencing the entropy changes have been investigated.

Experimental Section

The charge transfer equilibrium constants were determined using
the NBS pulsed ion cyclotron resonance spectrometer, which has been
described previously.2d4 The analyzer cell was externally heated, and
the temperature within the cell was measured with thermocouples
attached to the body of the cell. The energy of the ionizing electrons
was 25 eV, and the duration of the ionizing pulse was 3 ms. Except for
the cases in which the equilibrium constant was determined as a
function of temperature, the operating temperature was 350 K. Most
of the determinations were carried out by introducing into the in-
strument a mixture of the two relevant compounds which had been
made up on a vacuum line so that the ratio of the two components was
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accurately known. In a few cases in which one of the compounds had
a particularly low vapor pressure, an alternate procedure was followed
in which the two compounds were flowed into the instrument through
separate inlets, and the relative amounts of the two were estimated
from pressure readings of the ionization gauge, which had to be sep-
arately calibrated for the two components. The relative accuracies
of results from the two types of experiments will be discussed in the
Results section. Other factors affecting the accuracy of equilibrium
constant determinations in this instrument have been discussed in
detail . 2d

Whenever other processes (fragmentation, ion-molecule reactions)
occurring in a system resulted in the formation of an ion having a mass
1 amu lower than that of the molecular ion, the abundance of that (M
— 1) ion was monitored and the abundance of its !3C-labeled analogue
was calculated and subtracted from the measured abundance of ions
of mass M.,

Results and Discussion

Relationships between AHonization and the Adiabatic Ion-
ization Potential. The adiabatic ionization potential, the
quantity measured by most physical techniques for deter-
mining ionization energies, corresponds to the energy differ-
ence between the ground vibrational and rotational level of the
lowest electronic state of the ion and the ground vibrational
and rotational level of the lowest electronic state of the mole-
cule. This is rigorously equal to the difference in the heats of
formation of the ion and the molecule at 0 K.

IP(adiabatic) = AHg(AY) — AHpo(A) av)

The quantity resulting from the determination of charge
transfer equilibrium constants, the “enthalpy of ionization”
(eq I10); is the difference between the heats of formation of the
ion and the corresponding molecule at some temperature above
0 K (300-400 K in this study). Tt is clear that AHonization 1S
equal to the adiabatic ionization potential only in the event that
the integrated heat capacities of the ion and the molecule are
identical, It is useful to examine the factors which influence
the values of the heat capacities of ions and molecules to at-
tempt to predict the magnitudes of any differences.

The translational and rotational contributions to C, for a
given three-dimensional species are given by’

Cp(tr + rot) = /4R + 0.0914(B/T)* ~ ThR V)

where B = (2.799 X 10739) /1, and I is the moment of inertia
in g cm?, The second term can never contribute significantly
for values of I in the usual range of orders of magnitude, so

AC,,(tr + rot)m+-m ~ 0 VD

For most of the ions considered here, the ground electronic
state is a doublet. If there is any splitting of the energies of the
degenerate states, there will be a contribution to the heat ca-
pacity of the ion, given bys®

Ae\ 2 eAYkT
Cplelec) = R<ﬁ> ————(1 T sy

(where Ac is the magnitude of the multiplet splitting) which
will not be matched by a corresponding term for the neutral
molecule, which usually has a singlet ground electronic state.
It can be seen that when Ae/kT >> 1 the upper state can be
ignored and when Ae/kT <« 1 the distinction between the two
states can be ignored. In the temperature range from 0 to 400
K, only multiplet splittings of 0.05-3 kcal can contribute sig-
nificantly to the heat of the formation of an entity. Figure 1
gives an estimate of the contribution to the heat of formation
of a species at 350 K as a function of Ae (obtained by a nu-
merical integration of eq VII from 0 to 350 K). It can be seen
that in the temperature range of interest here the maximum
contribution to the heat of formation of a degenerate species
due to multiplet splitting is ~0.2 kcal /mol. Table I lists values
of AC,(elec) for benzene and NO, for which the multiplet

(VID)
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Table 1. Differences between Adiabatic lonization Potentials (AH o(ion) — AHg(molecule)) and Ionization_Entha]pies at 3.50.1( '
(AHgsok(ion) = AH3sok(molecule)) Calculated from Differences in Vibrational Frequencies and Electronic Multiplet Splittings/

; 350 350 _ 350
A J; CpoindT + £2 J; CpietendT = 4 J; CdT P4 (AH onization)350°
NO+*-NO -0.0035¢4 -0.126 -0.13 213.63 £ 0.01 213.50 £ 0.1
CeHe*-CeHs —0.022° +0.210 +0.19 213.24 £ 0.05 21343 +£0.1
¢-C4H40 -¢c-C4HLO +0.002¢ <0.04 ~+0.04 204.84 £ 0.02 204.84 £+ 0.06
CeHsF*-CeHsF ~—0.0014 <0.04 212.15£0.11 212,15+ 0.11
CH3C¢Hs*-CH;C¢H;s ~—0.0154 <0.04 2034 +£0.2 203.4 £ 0.2
C,H4+-CyH, +0.22¢ <0.04 0.16300

0.22350

0.28400

a Vibrational frequencies of ion and molecule from ref 6b. # Vibrational frequencies of ion and molecule from ref 7c. ¢ Vibrational frequencies
of ion and molecule from ref 7b. 4 Vibrational frequencies of ion and molecule from ref 7c. ¢ Vibrational frequencies of ion and molecule from
ref 6¢. / Calculated from eq 1X by numerical integration. & Calculated from eq VII by numerical integration. # Reference 11. / IP + A {§°C,dT

= (AHjonization)350. / Values are given in kcal/mol.

splittings are respectively 0.84% and 0.34 kcal.556® For most
other molecules of interest here, data on the degree of multiplet
splitting is unavailable; the assumption is made that Ae is
usually small (<0.1 kcal).6a.

For a given mode of vibration of a molecule at temperature
T, there is a contribution’ to C, of

x‘, Ze X

Cp(Vib) = Rm

(VIID)
where x = hvic/kT.

This means that for every vibrational frequency which
changes when the molecule is ionized there will be a difference
between the heat of formation of the ion and molecule at ele-
vated temperatures which differs from that at 0 K, ie,
Cp(vib)ion = Cp(Vib)molecule This difference can be estimated
by summing over all the vibrational frequencies which are
different in the ion and the molecule:

_ 350 xexidT
A(AH onization)o-350k = [R j; ;W]M+
350 x;exdT
- IR T a— IX
[ 0o T (exi— l)Z]M (%)

Rough generalizations®®7 about the effect of ionization upon
molecular vibrations are (1) that the bond or bonds whose vi-
brations are most affected are those from which the electron
was removed, and (2) removal of a bonding electron reduces
the vibrational frequency of the bond, removal of an anti-
bonding electron increases the vibrational frequency, and re-
moval of a nonbonding electron has little effect.

Most of the compounds for which AH gnization values were
measured in this study are substituted benzenes, for which the
first ionization potential corresponds to the removal of a de-
localized 7 electron from the ring.6.7 In such compounds it has
been shown that ionization to the lowest electronic state of the
ion has little effect on the modes and frequencies of vibra-
tion,%2.7 Estimates from eq IX of the differences in the inte-
grated vibrational heat capacities of the ion and the molecule
for benzene, fluorobenzene, toluene, and furan are given in
Table I; in every case, the difference is small (<0.05 kcal/
mol).

Values of AHonization fOr cis- and trans-2-butene have also
been included in the result$ presented here. Data concerning
the vibrational frequencies of the 2-butene ions are not avail-
able. However, it is known that the lowest ionization potential
in olefins results from removal of an electron from the C=C
7 bond,%2<8 and that this leads to a lowering of the frequency
of the symmetric C=C stretch (from 1623 to 1230 cm~! in
ethylene) and a substantial reduction in the frequency of the
twisting around the C=C bond (from 1027 to 430 cm~! in
ethylene). An approximation of the difference in the integrated
vibrational heat capacities of olefin ions and molecules esti-

mated from the changes in vibrational frequencies in ethylene
and ethylene ion is also given in Table L.

The calculations summarized in Table I lead to the con-
clusion that for most substituted benzenes, the heat capacities
of the molecule and the corresponding ion are effectively the
same, so that the adiabatic ionization potential is expected to
be the same as the 300-400 K enthalpy of ionization within
experimental error. For species such as NO, benzene or olefins,
for which the heat capacities of the ion and molecule differ, a
comparison requires an estimate for A { C,d 7

T
IP(adiabatic) = AHionmaion = & [ 'CGpdT  (X)

Entropy Changes for Ion-Molecule Equilibria. Figure 2
shows the network of values of AG® determined from charge
transfer equilibrium constant measurements at 350 K for 41
organic compounds and NO, The figure also shows the cor-
responding network of values of AH® derived from the mea-
sured free-energy changes. In order to obtain these values of
AH?® for charge transfer equilibria, it was necessary to deter-
mine or calculate values for the entropy change associated with
each equilibrium where the calculations can be made from the
usual statistical mechanical considerations.

AS° = ASrot + ASvib + ASelec + AhS‘intermoIecula(r

Except for species such as the benzene ion, which undergoes
a Jahn-Teller distortion, it is not expected that there should
be any difference in symmetry between an aromatic molecule
and the corresponding molecular ion; in such cases there will
be no contribution to the entropy change from AS, i.e., from
changes in the moment of inertia or symmetry number. For
most of the reactant pairs studied here, it is also expected that
there should be no contribution to the entropy change from
changes in the degeneracy of the electronic states or vibrational
frequencies between products and reactants. Therefore, in most
cases, it was assumed that the only contribution to the entropy
change would be that resulting from the modification of the
rotational energy of the reactant molecules due to the approach
of the ions, As has been pointed out recently,!b-2¢9 this con-
tribution can be estimated from the expression

ASintermolecular = R In Zf/zr (X1D)

where Zs and Z, are respectively the ion-molecule collision
rates in the forward and reverse directions (which are estimated
from the usual formulations based on ion-molecule potentials
of interaction).10

Verification that

AS = ASintermolecular (XIH)

for aromatic species having low symmetry is given by an ex-
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Figure 3. Experimentally determined values of AG® as a function of the
absolute temperature for the equilibria: (¢-CsH40* + CH;3C¢Hs =
CH3C6H5+ + c-C4H4O) (O)', (],2,4,5-C6H2F4+ + m-C(,H4F2 = m-
CgH4F2* +1,2,4,5-C6HsFy) (X); (1,2,4,5-C¢HzF4t + NO = NO* +
1,2,4,5-C¢H;F4) (a). For the furan-toluene equilibrium (O), the intercept
is the difference in the values of AHjgnizarion given in Table 1.

perimental determination of the entropy change for the equi-
libria

C-C4H40+ + CH3C6H5 =2 CH3C6H5+ + C-C4H4O (2)
and

1!25455-C6H2F4+ + m'C6H4F2 =4 m'C6H4F2+
+1,2,4,5-CeH2Fs  (3)

The values of AG® determined as a function of temperature
for equilibria 2 and 3 are shown in Figure 2. Such a plot, in
which the intercept is the enthalpy change at 300-400 K for
the reaction and the slope is the negative of the entropy change,
is a graphical representation of the usual calculation of ther-
modynamic quantities from eq I assuming linearity over a
limited temperature range. The negative of the slope of the line
given by the experimental points for eq 2 corresponds to an
entropy change of +0.5 + 0.1 cal/K-mol in good agreement
with the value of +0.5 cal/K-mol predicted from eq XII. In
order to obtain increased accuracy in the determination of the
entropy change, the intercept has been taken as the difference
between the values of AH gnization Calculated from the spec-
troscopically determined ionization energies of furan and
toluene!! in Table 1.

The results shown in the figure for equilibrium 3 correspond
to an entropy change of +0.7 £ 0.2 cal/K-mol, in good
agreement with the value of +0.5 cal/K-mol predicted from
eq XIIL

For equilibria involving NO, there will be a contribution to
the entropy change resulting from a net change in electronic
degeneracy between products and reactants. As discussed
above, for most of the species investigated, the degeneracy of
the ground state of the molecule is 1, and that of the ion is 2;
these changes are usually the same for both reactants, and
therefore cancel. In the case of NO, the ground state of the
molecule (2I1) has a degeneracy of 4, while that of the ion
(127) has a degeneracy of 1. Thus, the charge transfer equi-
librium

NO++ M = M* + NO 4)

will have associated with it a value of AS gjectronic Of £4.2 cal/
K:mol (depending on which is taken as the forward direction)
in the usual case that the degeneracies of M and M~ are re-
spectively 1 and 2. That is, if M does not undergo any changes
of structure, the total entropy change for equilibrium 4 will be

AG
kcal /mole

B N\,

v WOIO 2’130 BéO 4C0 500 600
TK

Figure 4. Experimentally determined values of AG® as a function of the
absolute temperature for the equilibria; (NO* + C¢HsF = C¢HsF* +
NO) (O)', (NO+ + C6H6 = C6H6+ + NO) (.); and (C6H6+ + C6H5F
= C¢HsF+ + C¢He) (X). For the benzene-fluorobenzene equilibrium,
values from ref 3e, Table 1 (W) and ref 3¢, Figure | (O) are included. In-
tercepts are the differences in the values of AH gnizaiion Of the compounds
(Table 1).

(ASintermolecular T ASelectronic)- This expectation was verified
by experimental determinations of the entropy change for the
equilibria

NO* + C¢HsF = C¢HsF*+ + NO (5)
and
1,2,4,5-C6H2F4+ +NO = NO+ + 1,2,4,5-C6H2F4 (6)

The results are given in Figures 3 and 4. The total predicted
and measured entropy changes can be summarized as fol-
lows:

equilibrium 5: (+4.2 + 2.3)
_ +6.5 cal/K-mol, predicted
+7.0 £ 0.4 cal/K-mol, measured
equilibrium 6: (—4.2 — 1.8)
_ —6.0 cal/K-mol, predicted
—5.3 £ 0.5 cal/K-mol, measured

(where the latter number in parentheses is the value of
AS'intermolecular predicted from eq XIT).

In the case of highly symmetrical species, there is the pos-
sibility that the ion undergoes a Jahn-Teller distortion, so that
there will be a net contribution to the entropy change because
of changes in the symmetry number and moment of inertia of
the relevant species. For example, in benzene, loss of the ou-
termost = electron produces an ion in a 2E;, state which is
distorted by Jahn-Teller forces to produce ! B and 2B, ions
of Dy, symmetry. That is, there is a change from the Dgy
symmetry of the neutral molecule to D5 symmetry in the ion,
which corresponds to an entropy change of £2.4 cal/K-mol for
AS' o in charge transfer equilibria involving benzene species.
Since Ae for the splitting between the states is small (0.84 kcal),
the total degeneracy of CgHg™ should be taken to be 4 in cal-
culating AS¢iectronic- An experimental determination of the
entropy changes for the equilibria

C6H6+ + C6H5F =4 C6H5F+ + C6H6 (7)
and
NO* + C6H6 = C6H6+ + NO (8)

was made; the results are shown in Figure 3. For both these
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Figure 5. Experimentally determined values of AG® as a function of
temperature for the equilibria: (C¢HsF* + p-C¢HuF; = p-CeHyF2* +
C6H5F) (.), ([]-C6H4F2+ + CiS-Z'C4Hg = C4Hg+ + p-C6H4F2) (X)

equilibria, accurate spectroscopically determined values of the
ionization potentials are available!! for all the relevant species
and sufficient information is available to estimate AHonizations
as discussed above (Table I), These values are used to derive
the intercepts in the figure in order to increase the accuracy
of the entropy change determinations. In a preliminary account
of these entropy change determinations,2¢ no distinction was
made between AH gnization and the adiabatic ionization po-
tential. Therefore, the intercepts, assumed to be equal to (IP4
— IPg), were slightly in error for equilibria involving NO or
benzene, where AH gnization # IP, as discussed above. This
accounts for the slight differences in the values of AS reported
in that communication and those derived from the same ex-
perimental results here. For equilibrium 7, the predicted en-
tropy Change is (ASrot + AS¢lec + ASintermolecular) or (_2-4 -
1.4 + 0.5 = —3.3 cal/K.mol); the experimentally measured
entropy change is —3.1 £ 0.5 cal/K-mol.

In the case of equilibrium 8, the predicted entropy change
is (ASrot + AS¢iec + ASintermolecular) OF (2.4 + 5.5+ 1.8 =
+9.7 cal/K-mol), which may be compared with the experi-
mentally determined value of +9.8 + 0.4 cal/K-mol. For this
reaction, sufficient data are available® about the fundamental
vibrational frequencies of the ions and molecules to permit a
calculation of ASiprational. The predicted value is —0.05 cal/
K-:mol.

As discussed above, for most substituted benzene species,
there is little difference in the modes and frequencies of vi-
bration of the ion and the neutral molecule, so AS;, should be
even smaller than in equilibria involving benzene for other
cases studied here,

Thus, in calculating the experimental values for AH® from
AG° 350 (Figure 2), the assumption was generally made initially
that the entropy change could be predicted from eq XIII, ex-
cept for equilibria involving NO or benzene (where the con-
siderations just described apply) or olefins. When this as-
sumption was inadequate, the fallacy was easily detected be-
cause of the discrepancies which appeared in the interlocking
scale of AH® values. This occurred only for equilibria involving
para-disubstituted halobenzenes. Therefore, the entropy
changes associated with equilibria involving p-CsHF, were
also experimentally determined.

The entropy change for the equilibrium

C6H5F+ + p-C6H4F2 =2 p-C6H4F2+ + C6H5F (9)

is —1.8 £ 0.6 cal/K-mol (Figure 5). The value predicted for
ASintermolecular 18 —0.2 cal/K.mol, If the observed entropy
change were due to some distortion in the p-C¢H4F,™ ion, one
would expect the ion to have a lower symmetry than the cor-
responding molecule, and the resulting entropy change would
be positive rather than negative. It is possible that the measured
entropy change reflects a splitting of the electronic degeneracy
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in the para-disubstituted ion; if the degeneracy of the ion were
taken to be 1, the predicted entropy change would be —1.4
cal/K:mol, in fairly good agreement with the experimental
measurement. The entropy changes apparently associated with
the transition between p-C¢H4F, and p-CcH4F,* were as-
sumed to apply to all other para-disubstituted haloben-
zenes.
The entropy changes for the equilibria

p-C6H4F2+ + CiS-Z-C4H3 = C4Hg+ + p-C6H4F2 (10)
and
p-C6H4F2+ + trans-2-C4Hg = C4H3+ + p-C6H4F2 (1 1)

appear to be close to zero (AS® = 0.0 £ 0.7). Accepting that
the transition (p-CgH4F,+ — p-C¢H4F>) is not associated with
an entropy change (i.e., no net change in structure or electronic
degeneracy), this would imply that the transition (2-Cs;Hg —
C4H;g™) must also be associated with an entropy change of
zero. However, a calculation from eq IX of the temperature
dependence of AH gnization Of ethylene (Table I) reveals that
for olefinic species, the assumption that AH ,, remains constant
over the temperature range of the experiment is no longer
correct. It can be calculated that for ethylene, AHionization In-
creases by approximately 0.12 kcal/mol between 300 and 400
K. A similar increase would be expected for AH;onization Of the
butenes; a temperature effect of this magnitude on AH® would
mask the observation of the expected positive entropy
change.

Ionization Energies of Organic Compounds. Table Il shows
the ionization enthalpies of the organic compounds derived
from the results given in Figure 1, taking as reference standards
the ionization enthalpies calculated in Table I from the spec-
troscopic ionization potentials of NO, benzene, and furan.!!
As discussed above, for most of the substituted benzenes in-
cluded (exceptions are para-disubstituted benzenes) it can be
assumed that AHignization 18 €qual, within the cited error limits,
to IP(adiabatic).

As can be seen from an examination of Figure 2, the internal
consistency of the scale and the agreement between the mea-
sured changes in AH onization involving the standard compounds
indicate an internal error limit of better than £0.05 kcal /mol
for most of the measurements. Therefore, the overall error limit
cited for most of the results in Table IT is taken as the largest
error limit cited for an ionization potential of a standard
compound in that part of the scale (usually £0.1 or 0.2 kcal/
mol). For several compounds, larger error limits (£0.3 or £0.4
kcal/mol) have been cited. An examination of the figure will
reveal that these correspond to cases for which there is some-
what more scatter in the experimental data, or to compounds
which are tied into the scale with but a single determination.
Most of the larger error limits are associated with compounds
of low vapor pressure, for which the equilibrium constants were
determined by flowing the two compounds into the instrument
through two separate inlets. Such a determination involves two
separate calibrations of the ionization pressure gauge, and the
assumption that the flow rates of the two compounds remain
reasonably constant during the equilibrium constant deter-
mination, and therefore, it is not surprising that the error limits
are noticeably larger than those for determinations made with
premixed mixtures (where no pressure gauge calibration is
necessary, and the ratio of the concentrations of the two
compounds is well known and remains constant).

One result omitted from Figure 2 for reasons of crowding
is the measured value of AG® for the equilibrium

C6D6+ + C6H6 2 C6H6+ + C6D6 (12)

for which a value of —0.03 kcal/mol was obtained. It is ex-
pected!! that a difference in this direction and of this magni-
tude should be observed.
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Table 11. Ionization Energies of Organic Compounds Determined through Equilibrium Constant Measurements®
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AIiionizatian (350 K) IPlit[
compd kcal/mol eV kcal/mol eV method?
Aromatic Hydrocarbons

benzene 21343+ 0.1 9.255 £ 0.005¢ 213.24 £ 0.05 9.247 £ 0.002 S
benzene-dg 21347 £ 0.1 9.257 + 0.005 213.32 £ 0.05 9.251 £ 0.002 S
toluene 2034402 8.82 + 0.01 203.4 £0.2 8.82 + 0.01 S
o-xylene 1975403 856 0.0] {orsess  {eseoe ol
m-xylene 197.6 £0.3 8.57 £ 0.01 197.4 £0.2 8.56 £ 0.01 Pl

195.5 8.48 S
p-xylene 196.5 £ 0.3 8.52 £ 0.01 {]94.7 +03 { 8 445 4 0015 PI

2022402 8.77 £ 0.01 S
ethylbenzene 202202 8.768 + 0.008 {202‘0 02 { B77£001 S
1,2,3-trimethylbenzene 1942 +0.4 8.42 £ 0.02 195.5+0.2 8.48 £ 0.01 Pl
mesitylene 194.0 £ 0.3 8.41 £0.01 193.5+£0.2 8.39 £ 0.01 Pl
n-propylbenzene 201.15+0.2 8.723 £ 0.008 201.1+£0.2 8.72 £ 0.01 Pl
cumene 201.2 £0.2 8.725 + 0.008 2004 £ 0.2 8.69 + 0.01 Pl
n-butylbenzene 200.8 £ 0.3 8.71 £ 0.01 2004 £ 0.2 8.69 £ 0.01 Pl
tert-butylbenzene 201.2+£0.2 8.725 + 0.008 200.2 £ 0.2 8.68 £ 0.01 PI
1,3-diethylbenzene 195.7 £ 0.3 8.49 £ 0.01

Halogenated Aromatic Compounds

206.4 8.950 Pl
bromobenzene 207.2 £ 0.4 8.98 £ 0.02 | 207.1 £0.5 | 8.98 + 0.02 Pl

208.2 +£0.2 9.03 £ 0.01 Pl

208.7 9.05 S
chlorobenzene 2089 +0.2 9.059 £ 0.008 |209.2 +0.5 | 9.07 £ 0.02 Pl

209.4 £ 0.2 9.08 + 0.01 PI
o-dichlorobenzene 209.5 £ 0.3 9.08 + 0.01 {%ggg £02 { ggg £00l gi
m-dichlorobenzene 210.1 £0.3 9.11 £ 0.01 210.3+£0.2 9.12 £ 0.01 Pl
p-dichlorobenzene 205.1 £0.3 8.89 £ 0.01 206.15 £ 0.2 8.94 + 0.01 Pl
o-fluorochlorobenzene 211.8 £9.3 9.18 £ 0.01 211.1£0.2 9.155 £ 0.01 Pl
p-fluorochlorobenzene 207.8 £0.2 9.011 £ 0.008 213.5 9.26 PE
fluorobenzene 212.15+£0.11 9.200 £ 0.005¢ 212.15+£0.11 9.200 + 0.005 S
o-difluorobenzene 214.1+£0.2 9.284 + 0.008 214.7 9.31 PI
m-difluorobenzene 215.2+£0.1 9.332 + 0.004 2255405 9.78 £ 0.02 El
p-difluorobenzene 210.7 £ 0.1 9.137 £ 0.004 2110+ 1.4 9.15 £ 0.06 Pl, PE
1,2,4-trifluorobenzene 21455+ 0.2 9.304 + 0.008 2144 £ 1.1 9.30 £ 0.05 PE
1,2,3,4-tetrafluorobenzene 219.83 £ 0.1 9.532 + 0.004 221.6 9.61 Pl
1,2,3,5-tetrafluorobenzene 219.79 £ 0.1 9.531 £ 0.004 220.2 9.55 Pl
1,2,4,5-tetrafluorobenzene 2156 £ 0.1 9.349 + 0.004 216.5 9.39 Pl
pentafluorobenzene 222.1 £ 0.1 9.631 + 0.004 226.9 9.84 Pl
p-bromotoluene 200.3+0.3 8.68 £ 0.01 1999 +£ 0.4 8.67 £ 0.02 Pl
o-fluorotoluene 2054 +£0.2 8.907 £ 0.008 205.6 £0.2 8.915 + 0.01 Pl
p-fluorotoluene 202.8 +£0.2 8.794 £ 0.008 202.6 £0.2 8.785 + 0.01 Pl
a,e,e-trifluorotoluene 2233+ 0.1 9.685 £ 0.004 2233 +0.1 9.685 £ 0.005 S

Olefins
cis-2-butene 2100+ 0.2 9.108 + 0.008 210.41 £0.05 9.124 £ 0.002¢ PE
cis-2-butene-dg 210.2+£0.2 9.116 £ 0.008 210.59 +£ 0.05 9.132 + 0.0024 d
trans-2-butene 209.9 £ 0.2 9.100 + 0.008 210.22 £ 0.05 9.116 + 0.0024 d
trans-2-butene-dy 21011 £ 0.2 9.111 +0.008 210.45 £0.05 9.126  0.0024 d
Oxygenated Compounds
furan 204.84 + 0.06 8.883 + 0.0034 204.84 + 0.02 8.883 + 0.001 S
2-methylfuran 193.6 +£0.3 8.39 £ 0.01 1935+ 0.2 8.39 + 0.01 Pl
Alkyl Todides

methyl iodide 219.9 £ 0.07 9.538 219.9 £ 0.07 9.538 £+ 0.003 S
ethyl iodide 215.5+0.1 9.346 £+ 0.005 2155+ 0.1 9.346 £+ 0.005 S

2 Reference standard. Value of AHjonization calculated (Table 1) from IP value from the literature. 2 S = optical spectroscopy; P1 = photo-
ionization threshold; PE = photoelectron spectroscopy; El = electron-impact threshold measurement. < Reference 11. @ Value for IP(cis-2-C4Hs)
from references listed under 11 and in ref 13 was independently verified through threshold photoelectron spectroscopy. This value is taken
as a comparison standard for estimates of the ionization potentials of the other butenes, assuming that AS® for charge transfer (C4Ds* + C4Hj)
is zero, and that AfC,,dT for two olefinic reactant species will be the same. ¢ Additional comparison standard: NO, AHionization = 9.258 £
0.004 €V (213.50 £ 0.1 kcal/mol) at 350 K; see Table 1.

Figure 2 also indicates the results determined for some of
these molecules by Meot-Ner and Field!2 in a high-pressure
mass spectrometer at 450 K. Their measured free-energy
changes have been corrected for the same entropy changes
measured or assumed here, so that the results from the two

studies can be compared directly. It can be seen that except for
p-dichlorobenzene, the results of the high-pressure mass
spectrometric study are in agreement with the results reported
here within +0.2 kcal/mol. Because the overall scale of ion-
ization enthalpies based on these results reproduces the spec-
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Figure 6. Values of AH® (charge transfer) measured at 350 K for equilibria
involing cis- and trans-2-C4Hg and C;Dj3 (see Discussion), related to the
values of AHonization 2 derived in Table 1.

troscopically determined ionization potentials!! of toluene,
ethylbenzene, fluorobenzene, a,a,a-trifluorotoluene, methyl
iodide, and ethyl iodide, also shown in Table II, the validity of
the values reported here and the approximation AHjonization
~ [P(adiabatic) is confirmed.

These results permit a choice between conflicting values in
the literature!! for the ionization potentials of bromobenzene,
chlorobenzene, and o-dichlorobenzene, and update values
previously reported for p-xylene, 1,2,3-trimethylbenzene,
mesitylene, cumene, tert-butylbenzene, o-fluorochlorobenzene,
o-difluorobenzene, m-difluorobenzene, 1,2,3,4-tetrafluoro-
benzene, 1,2,4,5-tetrafluorobenzene, and pentafluorobenzene.
For 14 other compounds, ionization potentials reported in the
literature are confirmed, within the cited error limits. Addi-
tional information is necessary in order to interpret values of
AH onization Of para-dihalogenated benzenes in terms of ion-
ization potentials.

It should also be noted that these results indicate that the
ordering of the ionization potentials of cis- and trans-2-butene
from spectroscopic measurements!! is opposite that reported
earlier.? In order to verify this result the equilibria for charge
transfer between the various C4Dg~C4Hg pairs (cis-cis,
trans-trans, cis-trans) were also determined. The thermody-
namic network derived from the results determined at 350 K
(Figure 6) is internally consistent to £0.01 ¢V. Although, as
shown in Table I, it is expected that for olefins the enthalpy of
ionization does not correspond to the adiabatic ionization po-
tential because of the large differences between the vibrational
frequencies of the ion and the molecule (eq XI), such differ-
ences in the integrated heat capacities of the molecule and
corresponding ion should, at least approximately, cancel in an
equilibrium between two olefins. Furthermore, there should
be no net entropy change. Therefore, the results given-in Figure
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6 should indicate the correct ordering of the ionization po-
tentials of the 2-butenes and the correct magnitude of the
difference between them. The absolute values of AHgnization
cannot be quantitatively interpreted in terms of adiabatic
ionization energies without information about the vibrational
frequencies of the butene ions, and the entropy changes asso-
ciated with charge transfer involving these species. It should
be noted, however, that if it is assumed that the difference in
heat capacities between the ethylene ion and neutral molecule
(Table I) is the same for the butenes, then the results given in
Figure 5 are consistent with an entropy change of 1.2 cal/
K-mol associated with the (C4;Hg-C4Hg ™) transition, and lead
to estimated ionization potentials of 9.117 and 9.108 eV for
cis- and trans-2-butene, respectively. These values agree within
0.01 eV with values determined spectroscopically or in pho-
toionization or photoelectron spectroscopy experiments. The
values given in Table II for the ionization potentials of cis- and
trans-2-C4Hg and C4Djg are based upon the fairly well estab-
lished value from the literature!3 for IP(cis-2-C4Hg) and the
measured enthalpies of charge transfer shown in Figure 6,
assuming that the differences in ion-molecule integrated heat
capacities cancel in equilibria between two olefins.
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