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Substituent Effects in Unimolecular Ton Decompositions. XV.’
Mechanistic Interpretations and the Quasi-Equilibrium Theory
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Abstract: Although mechanistic generalizations based on physical-organic chemistry have been relatively suc-
cessful in providing rationalizations for the decomposition reactions in a large proportion of observed mass spectra,
many of these generalizations show little apparent relationship to the quasi-equilibrium theory (QET), whose valid-
ity for small molecules appears to be well established. In the case of substituent effects on mass spectra, the
absence of a quantitative correlation found for a number of systems has cast doubt on the basic assumptions of these
mechanistic interpretations. This paper attempts to show that the effect of substituents on normal and metastable ion
abundances, as well as ionization and appearance potentials, in 1,2-diphenylethanes is consistent with the predic-
tions of the QET, as shown by rate constants calculated utilizing the RRKM theory with exact enumeration of states.
A substantial number of factors have been identified which are correlated by ¢+ or ¢, 7 substituent constants; many of
these factors correspond closely to previously accepted spectra-structure relationships, such as the driving forces pro-
vided by product ion stability and bond lability. Other factors identified in this study were less well recognized
previously; these include the possible magnitude of the kinetic shift and the effect of the activated complex geometry
in simple cleavage reactions. The distribution of internal energy values of the molecular ion is a major determinant
of ion abundances, as predicted; the photoelectron spectrum convoluted with the thermal energy appears to be a
useful approximation of this distribution, providing a rationalization for a dramatic effect of temperature on meta-

stable ion abundances.

The overall consistency of the experimental results with the rate constants calculated

using the QET approach suggests that these combined techniques may be valuable for study of the mass spectra of

other larger molecules.

Relationships between the mass spectral behavior
of molecules and their structure have, in general,
been developed using two basic approaches which have
been found to be valuable for relating the chemical
behavior of neutral molecules to their structure. The
first approach utilized physical-theoretical principles,
for which the quasi-equilibrium theory (QET)** and
thermochemical energy relationships® form the bases
for most investigations. The second approach uses
the generalizations of mechanistic organic chemistry,?’
such as those employing inductive, resonance, and
similar effects. Applications of the QET to simple
molecules such as propane have been quite successful,
but extension of these calculations in a rigorous manner
to much larger molecules is difficult with the methods
of approximation and information on necessary mo-
lecular parameters which are presently available.® Al-
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(8) Recently Vestal has reported that QET calculations for benzene
and toluene yield results consistent with experimental observations,*
and similar calculations on consecutive metastable peaks in toluene are
described.? The approximate form of the theory has been used to
make qualitative comparisons of calculated and experimental spectral
data of larger molecules, 10:11

though heat of formation data are now available on a
substantial number of ions, as well as radicals and
molecules, applications to date of this method have
also been limited mainly to the spectra of small mole-
cules, and there are still uncertainties in the experi-
mental methods.?

Although the mechanistic principles of photo- and
organic chemistry have been applied to the mass spectra
of larger molecules in ways that differ somewhat in
specific details, it is important to note that this general
approach has made it possible to correlate a large
proportion of the substantial body of available spectral
data in a qualitative fashion. This approach appeared
to be even more promising when it was found!? that
quantitative predictions of the effects of substituents
on the spectra of certain aromatic compounds are
possible based on correlations similar to linear free-
energy plots; indeed, in the cases first reported these
substituent effects agreed surprisingly well with those
predicted by Hammett ¢ constants. Such correlations
with substituent effects have been used as evidence
of ion structures, transition states, and reaction path-
ways in a variety of important types of electron impact
reactions.'? However, for other systems it has been
shown that the Hammett correlations are not applicable,
and that the kinetic explanations originally advanced
are not adequate. Criticisms and alternative sugges-
tions based on more detailed studies have been advanced
recently by a number of authors;!® the contributions

(9) L, P. Hills, J, H, Futrell, and A, L. Wahrhaftig, J. Chem.
Phys., 51, 5255 (1969).

(10) P. Nounou, Advan. Mass Spectrom., 4, 551 (1968).

(11) I. Howe and D, H. Williams, J, 4mer. Chem. Soc., 91, 7137
(1969).

(12) F. W. McLafferty, Anal, Chem., 31, 477 (1959); M. M, Bursey
and F. W, McLalfferty, J. Amer, Chem. Soc., 88, 529 (1966); more recent
work reviewed in M. M, Bursey, Org, Mass Spectrom., 1, 31 (1968).

(13) (a) R. G. Cooks, I. Howe, and D. H. Williams, ibid., 2, 137
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Figure 1. Correlation of ¢* substituent constants with ion abun-

dances; Z = [C7H7+]/[YC5H4CH2CH2C5H5'+] or [YC7H5+]/[YC5H4-
CH.CH,C¢H;- *].

of Williams and his coworkers, including a perceptive
review! deserve special mention.

These papers cast serious doubts on the conclusions
of mechanistic studies which have been based on sub-
stituent effect evidence, and even raise questions con-
cerning the validity of the mechanistic organic approach
in general. For example, correlations of the abundance
of the base fragment peak with Hammett o values
can be found in the spectra of a wide variety of aromatic
compounds despite the fact that the reactions involved
in the base peak formation are dramatically different.'®

A positive approach to this problem is obviously
necessary. It would be surprising indeed if the success
of the organic mechanistic approach in interpreting
mass spectra is entirely fortuitous, and if its intuitive
conclusions do not have some connection with physical
principles. For the well-documented cases in which
the degree of correlation of mass spectral data with
Hammett ¢ values compares favorably with that for
the classical studies of equilibria and rates in solution
reactions, it must follow that every factor affecting
the ion abundance will also be correlated with o values
to the extent demanded by the experimental accuracy;
the probability that such a correlation is due to a
fortuitous coincidence is too small to be considered
seriously. In this paper we have undertaken to classify
and analyze the factors through which a change of
substituent can affect the abundance of an ion.!* We
have attempted to develop these factors in terms that
are compatible with both the mechanistic approach
and the quasi-equilibrium theory,!* and have tested
their applicability with the substituted 1,2-diphenyl-
ethanes, YCH,CH,CH,C¢H,Y'. This system was
chosen for study because for it the substituent effects
on a number of possible contributing factors should
be negligible or simplified (vide infra); correlations
of the abundances of its normal and metastable ions
with ¢+ values are shown in Figures 1 and 2, respec-
tively.

(1969); (b) P. Brown, ibid., 3, 639 (1970); (c) M, M. Bursey and P. T,
Kissinger, ibid., 3,395 (1970); (d) R. H. Shapiro and K. B. Tomer, ibid.,
3,333 (1970); (e) T. W. Bentley, R. A. W. Johnstone, and D, W, Payling,
J. Amer, Chem. Soc., 91, 3978 (1969); (f) M. S. Chin and A, G. Harri-
son, Org. Mass Spectrom., 2, 1073 (1969); see also previous work cited
in these publications.!!

(14) For a preliminary communication see F. W. McLafferty,
Chem. Commun., 956 (1968).

(15) Many of these ideas are extensions of those in the classic paper
of Chupka: W, A. Chupka, J. Chem. Phys., 30, 191 (1959).
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Figure 2. Correlation of ¢* substituent constants with metastable
ion abundances; Z = [m*(M:-+* — GH;*)/[M 1] or [m*(M .~ —
YCGHeD))/[M:*]. Vertical arrows indicate maximum values,

Substituent Effect Factors

The overall effect of a change in molecular structure
on the abundance of a particular product ion in the
mass spectrum should result from the effects of the
structural change on the relevant energy distribution
P(E), and rate constant, k(E), functions. P(F) is the
function describing the probability for the values of
internal energy of the ion undergoing decomposition;
k(E) is the function describing the effect of the internal
energy of the precursor ion on the rate of a particular
unimolecular decomposition reaction of the ion. For
the case of the formation of a primary product ion, a
structural change in the molecular ion can produce
effects on the: (1) P(E) function of the molecular
ion; {(2) k(F) function for the formation of the product
ion; (3) k(F) functions for the decomposition reactions
of the molecular ion which compete with formation
of the product ion; (4) P(E) function of the product
ion; (5) k(F) functions for all of the reactions by which
the product ion can undergo further decomposition. !¢
For a secondary product ion formed from the decom-
position of this primary product ion, the effects of
structure on the P(E) and k(E) functions of both ions
must be considered.

The relationships of these functions to mass spectral
ion abundances!® are illustrated in Figure 3 for the
hypothetical molecular ion M+ which can decompose
to give daughter ions AB* and AD+. Impact of elec-
trons with M molecules produces M-* ions with a
variety of internal energy values. The probability that
an ion will be formed with a particular value of F
is shown by the distribution P(F) in Figure 3.V

The thermochemical appearance potential, 4((AD~),
is the minimum energy necessary to produce AD+
from the ground-state neutral molecule. The activation
energy, E,(AD?), is the minimum internal energy of
M-+ required for the decomposition to yield AD+,
and thus 4((AD+) = I(M) + E,(AD%*). (These and

(16) These k(E) functions will not be changed if the change it molecu-
lar structure does not change the product ion structure.

(17) Because of Franck-Condon factors ncar I(M) are generally
appreciable for aromatic molecules of the type considered here, it will
be assumed that the onset of the P(E) function corresponds to the adia-

batic ionization potential, (M), within experimental error, aud so
represents M " ions in their ground electronic and vibrational states.
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Figure 3. Relationship of P(E) and A(E) for unimolecular ion
decompositions in the mass spectrometer; see text for definitions.

other relationships to be discussed later are shown
in Figure 4.) Molecular ions containing internal en-
ergy <E, cannot decompose, regardiess of the amount
of time allowed for decomposition. However, the
probability that M'+ ions of internal energy >E, will
produce AD+ in the ion source depends on the rate
constant, k,; the dependence of k on internal energy
is shown by the k(E) function, as illustrated in Fig-
ure 3. For conventional mass spectrometers, ions
whose half-life corresponds to the ion source residence
time decompose with rate constants of approximately
108 sec—!,18 We will define E(AD™) as the internal
energy of precursor ions which have an equal prob-
ability of leaving the ion source as M-+ or AD+.!* This
causes the measured appearance potential to be higher
than the thermochemical value by approximately E, —
E,, which is known as the ‘“kinetic shift”;!* although
this is often <0.01 eV, it can be as large as 2 eV, 4

For fragment ions other than the one of lowest
appearance potential, such as AB* in Figure 3, an
additional kinetic factor which we will call the “com-
petitive shift” also increases the measured appearance
potential with reference to E,(AB*).2* Most M-+ ions
whose energy corresponds to that required for k = 106
sec™! for M-+ — AB* will decompose instead to pro-
duce AD+, as k for this reaction is much larger. The
internal energy of M:* must be E(AB*) as shown
in Figure 3 to yield equal rates of formation for
AB* and AD+, Note that M.+ ions of energy >FE.-
(AB+) have a greater probability of decomposition
to produce AB*, despite the lower activation energy
of the competing reaction which yields product AD+,

If P(E) for the molecular ion is known, note that
the lowest of the E; values for the M-+ decomposition
reactions determines [M-+] directly. Thus in Figure 3

(18) For the instrumental conditions used in this study this is true for
ions of mje ca. 25; k ~ 10%% and 1052 for ions of m/e 100 and 400,
respectively, In the present discussion we will ignore the so-called
“missing metastables.” 4

(19) In contrast to the implication of Figure 3, this and other energy
boundaries are not sharp; from In [M*}/[M*] = k¢, for k = 106 the
proportion of M* ions decomposed in particular times, ¢, are: 1%,
1.0 X 108sec; 109, 1.1 X 1077sec; 50%, 6.9 X 107 sec; 90%, 2.3 X
10"¢ sec; and 99, 4.6 X 10-8 sec. The appearance potential of AD*
measured in the mass spectrometer will be approximately equal to
IM) 4+ E,(ADY) (vide infra).

(20) C. Lifshitz and F. A. Long, J. Chem. Phys., 41, 2468 (1964).
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Figure 4. Thermochemical energy relationships for unimolecular
ion decompositions in the mass spectrometer,

the ratio of [M-*] to the total abundance of product
ions is approximately determined by the area under
the P(E) curve to the left of the E,(AD") line relative
to the area to the right of the E(AD*) line.!® Ifa sub-
stituent lowers this E, value without changing P(E),
[M-*] will be reduced; if a substituent lowers /(M)
without changing the shape of P(E) or any appearance
potentials (which thus will jncrease the E, values),
[M-+] will be increased.

The mass spectral abundances of the initially formed
product ions follow directly from the data of Figure 3;
however, further decompositions may be possible which
will reduce the abundances of the primary products.
The final abundance, [AD*], will thus be determined
also by the P(F) function which describes the internal
energy values with which the AD+* ions have been
formed, and the k(E) functions of all of the possible
decomposition reactions of AD+.2! In the further dis-
cussion, except where noted, we will assume that the
primary product ion abundance is not decreased ap-
preciably by secondary decompositions; this can be
approached experimentally by lowering the energy of
the bombarding electrons, or by choosing a system
producing stable product ions.

Ions formed by metastable decompositions in a field-
free drift region of the spectrometer can give very
valuable information!® because the region defines a
relatively narrow range of decomposition times for a
particular precursor ion, and thus represents a similarly
narrow range of rate constants of approximately 10%5-
10¢ sec~1.2? Metastable ions formed by the reaction
M+ — AD+*, which will be designated as m*(M-+ —
AD+), thus arise with highest probability?? from M-+
ions of energies between E_(AD+*) and E(AD"), and
their abundance is represented?? by the area of the
corresponding narrow window in the P(E) curve.!®
In the same manner the metastable ions m*(M.-+* —

(21) A study of these will be reported separately: D. J. McAdoo,
E. W. McLafferty, P, Bente, M. L. Gross, and C, Lifshitz, in prepara-
tlc’(2'2) Calculated® as 104-4-105 4 for ions of m/e 182 (diphenylethane)
in the instrument used, Ions of internal energy corresponding to k =

105 have approximately equal probabilities of being recorded as parent,
metastable, and daughter ions, 1518
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Figure 5. Upper curves: the thermal energy distribution for
1,2-diphenylethane calculated for 75 and 200°. Lower curves:
the photoelectron spectrum representative of that of 1,2-diphenyl-
ethane, and this spectrum convoluted with the 75 and 200° thermal
energy.

AB*) must arise from M.+ of energies corresponding
to k between 10° and 10¢, but the probability of such
ions decomposing instead in the ion source by M-+ —
AD- is much higher (see Figure 3), so that [m*(M-+ —
AB-)] will be only a small fraction of the abundance
indicated by the relative area of the corresponding
window in the P(E) curve of M.+, 2324

The P(FE) Function of M- +

Most methods for approximating P(E) of M-+ in-
volve measurement of the energy transferred in pro-
ducing M+ from M, to which must be added the
internal energy of M before ionization. Because ioniza-
tion involves a vertical transition, the energy necessary
to produce M-+ is dependent on the energy level in
the neutral molecule of the electron which is expelled.
Thus the effect of a substituent on the energy of a
molecular state can be reflected in the internal energy
of M+ produced by ionization from this state. The
representation of the P(E) function of M-+, such as
in Figure 3, results from plotting E for each state against

(23) F. W. McLafferty and R. B. Fairweather, J, dmer. Chem. Soc.,
90, 5915 (1968).

(24) 1t should be noted that the discussion of this case is based on
the assumption that the possible energy states of M-+ are in equilibrium.
If M-* ions of a particular internal energy can exist in scparate elec-
tronic states that are not mutually accessible, different decomposition
rates and pathiways will be applicable for each electronic state, and can
be derived in the same fashion from the corresponding P(E) and k(E)
funcions for cach state. Vestal has recently shown¢ that isolated
clectronic states are not necessary to explain the mass spectral data for
benzene; we arrive at similar conclusions for the diphenylethanes (vide
infra),

the relative transition probability (Franck-Condon
factor) for the state, convoluted with the internal energy
of the neutral molecule. (The calculated thermal en-
ergy distribution of neutral diphenylethane at 200°
is shown in Figure 5.)

All methods for the derivation of P(E) functions?2—2
have limitations; no method gives a direct determina-
tion of the internal energy of the reacting ion which
has been formed by electron impact. To derive approx-
imate P(E) functions for the diphenylethanes we have
compared and combined data from several methods.

Photoelectron spectroscopy provides detailed in-
formation on the energies for vertical transition to
the accessible states in the molecular ion, although
the transition probabilities will not necessarily be the
same as those from electron impact.?® Photoelectron
spectral data for some diphenylethane derivatives (H,
P-NO,, p-NH,, m-NH,, and p-F) have been approxi-
mated, Figures 6-10, by summing the photoelectron
spectra? of toluene and the corresponding substituted
toluene,*® and convoluting this with the calculated
thermal energy distribution of Figure 5. The energy
scale zero is the energy of the ground-state molecule,
so that the energies shown represent the ion internal
energy plus /(M). Since the completion of this work,
the actual photoelectron spectrum of m-amino-1,2-di-
phenylethane has become available.®® The degree of
correspondence shown in Figure 9 indicates that the
approximation described above is valid for our pur-
poses.

It appears to us that the most reliable (although
with poor resolution) experimental data on the popula-
tions (transition probabilities) for the electron-bom-
bardment P(E) function should come from an exten-
sion of a method described by Stevenson? and Ehr-
hardt? which utilizes the appearance potentials and
abundances of the ions observed in the mass spectrum.
Applying this method to the diphenylethanes, we have
modified the convoluted photoelectron spectra of Fig-
ures 6--10 so that the area under the curve for energies
between /(M) and the first appearance potential, A-
(min), corresponds to [M.*] (Table I). In the same
way the area of the energy range which should lead
to each product ion is modified to reflect the abundance
of that ion.!! The “modified data” are shown in

(25) W. A, Chupka and M, Kaminsky, J, Chem. Phys., 35, 1991
(1961); ref 5, p 83.

(26) For arecent review of such methods see H. Ehrhardt, F. Linder,
and T, Tekaat, Advan. Mass Spectrosc., 4, 705 (1968).

(27) A. D, Baker, D. P, May, and D. W. Turner, J, Chem. Soc. B,
22 (1968).

(28) D. P, Stevenson, Radiation Res., 10, 610 (1959).

(29) Weighting these in accord with the ionization probabilitics
H = 1.0, NH: = 1.8, NO; = 0.78, F = 1.0 (assumed); F.T. Deverse
and A. B. King, J. Chem. Phys,, 41, 3833 (1964). Photoelectron spec-
tral data of p-aminotoluene were used for the meta isomer and data for
p-fluoro- and p-nitro-benzene were used for the corresponding toluenes.

(30) We are indebted to Dr. M. A. Ford, of Perkin-Elmer, Ltd., for
measuring these data. Dr. Neil Ridyard of Perkin-Elmer, Ltd., has
kindly supplied us with the photoelectron spectrum of 1,2-diphenyleth-
ane, which, when convoluted with the 200° thermal energy distribution,
agrees quite closely with the dashed line of Figure 6.

(31) The lower limit of the energy range is taken as the appearance
potential of the product ion, We have assumed that when no com-
petitive decomposition reactions are possible, the upper energy limit for a
particular ion is defined by the appearance potential of the lowest
energy process for decomposition of that ion. However, if the molecu-
lar ion decomposes by two or more competitive reactions, assignment of
their product ion abundances to particular energy ranges of the P(E)
function can be ambiguous. For Figures 6-10 this had little effect,
as the secondary product ions are of relatively low abundance.

Journal of the American Chemical Society | 92:23 | November 18, 1970



T T 1 T T 1 T i T i 1 T T T T T
LY
1
~ . CeHyCHyCH, CHy - IR P = NO,GH,CH, CH,CH, T
200 ¢ 200 °c
I 70ev 7 i 70 eV
- fig.6 — b~ fig.7
SR 1087 Almnnios = :i: 1989 A(min}+10.4 =
PLE) - -
B X% -
P(E}
fig. it d 15 8V -
fig.12
A -
| L L [ | { |
18 20 22 24
i@ 20 22 24 2
[ M M T 1T T T T T T 1
7\
- 7\ - "\ p=FC H,CH,CH,CH
L P NH,GCgH,CH,CH,CeH, B A Iy PTTCMCHCHCH,
. " 3 70 oV
L 200 °C - - N 3 2000¢ n
70 ev ~ i \ fig. 10
- tig. 8 - ! N\ —
i \\
\
=l — N -
! \
! \
! T —
:ﬁ‘-‘n"A Imin}e 9.1 EN o 1488 A(‘..u.]-[o,-, &
P(E) PLEN ]
B 15 eV n . _
fig. 13
- o
= 15 eV 1
- - fig. 15
F 4 i
L 1 ) i
1618 20 -
R
-
L/ \;;'l‘m-Nb'IzC‘H‘CHZCHzC‘Hs 4 _
V% 200°C
' 70 ev 7 R R |
° 18 20 22 24

=
P(E}
r 15 eV -
l“Y
Al fig. 14
- ) -
!
(L
4
o
A -
A
|‘ wa
i A
_| v \\ —t
) | Ny S 4
8§ 10 12 14 16 18§ 20 22 24
E+l

Figures 6-15. P(E), the probability of the internal energy values of the YCsH,CH,CH,C¢H;- ions initially formed using bombarding elec-
tron energies of 70 eV (Figures 6-10) and 15 eV (Figures 11-15), for Y = H, p-NO,, p-NH,, m-NH,, and p-F (Figures 6 and 11, 7 and 12,
8 and 13, 9 and 14, and 10 and 15, respectively). In Figures 6-10 the dashed lines represent the synthesized photoelectron spectra convoluted
with the 200° thermal energy distribution, which have been adjusted as shown by the solid line functions to reflect the observed ion abun-
dances in the corresponding 70-eV mass spectra. In Figure 9 the dotted line represents data derived in the same way from the true photo-
electron spectrum. In Figures 11-15 the dashed lines represent the photoelectron spectra modified to reflect the ion abundances in the
70-eV mass spectra, then modified to refiect the change in these abundances predicted by the linear threshold law for the 15-eV mass
spectrum, then convoluted with the 200° thermal energy distribution (see text). The resulting distributions have been adjusted as shown
by the solid line functions to refiect the observed ion abundances in the corresponding 15-eV mass spectra.
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Figures 6-10 for comparison with the photoelectron
data; the somewhat higher molecular ion abundances

Table II, Effect of Temperature on Metastable Decompositions
of YC5H4CH2CH2C5H3'+

ml\o—tNl\—tMNMv—'v—th\o
v—<Ov—;v—<Nv—<v—<v—<v—<v—<v—<v—<o—<o

E, (min),
eve

——{m*M "], Ze——
° 280°

(3 ~ - from el.ect.ron.impact may be due in substantial part
+:e E| oo 22 Z o S to autoionization,
52 v v The linear threshold law predicts that the transition
’l > probability to a particular state increases linearly as
t . the excess energy of the bombarding electrons is in-
L\°+2' % o= 2T82R § § o8o creased. Appling this law to modified photoelectron
.{8| wawW-sSsgooge NS spectra and convoluting with the 200° thermal energy
* distribution yields the calculated 15-eV P(E) functions
5 of Figures 11-15. The energy state populations for
E ( £1283~~ =3 ~ these functions were also modified to reflect the ion
_E 5l Ay 3' S Scoo - abundances found using a 15.0-eV bombarding electron
GZ energy (Table I); these modified data are also shown
t in Figures 11-15. Again electron impact [M-*] values
[+ 0 oy - are higher, consistent with contributions from auto-
o A A~ on D= v > s A
| s | § S g :; = i '; Z g :; - ionization and/or deviation of the threshold law.
{ ( fl1=9°9 o . Electron-impact ionization efficiency curves were de-
8 termined for most of the diphenylethane compounds.
- 2 Reproducibility of the second-derivative data was too
(& ciolend3. o3 s poor to draw reliable conclusions concerning the effect
Ts| Omxodagoaacont— |- of substituents, although the curve shapes qualitatively
o= ~——00o0O0O0CO0 o —=0Oa | & . :
| > v 5 resemble the P(E) functions of M.+ determined as
> g described above for ionization with ca. 20-eV elec-
n .| 3 trons, 26
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%E £ ca. 11-eV range, which should be reflected by a cor-
e g responding change in the relative abundance of the
= :.: E metastable ions. Such data on the effect of tempera-
Es v ¥2&RBonwatho c|E ture are shown in Table II. Increasing the temperature
o= - T R K- o =21
= g
L
L
E
[>o]
o
32
<
£
]
L
g
£
§
]
a
)

ITonization and Appearance Potentials and Normal and Metastable Ton Abundances of YC;H;CH.CH.CsH.Y’ Compounds

Y 80° 200
to - L nen &
T| doo-sSSmSSnoa—a H M.+ — CHy* 0.07* 0.40 0.89
g TTTTTUY CH;t — CH;* 2,06 2.0 2.6
> p-NO; M:* - C;H;* 0.51 1.8 3.3
© p-NH, M-+ — H,NC:H,+ 4.5 5.1 4.8
< m-NH, M+ — H,NC/Hg* ¢ 1.8 1.4 1.2
+" ° o«ovm\cmv - HgNC7He—>C5H7+d 097 14 18
ZlgunnnsDgssess 2, p-F M.+ — CHq* <0.04 0.15 0.25
Clori Ul M.+ — FG:Hg* 0.12 0.44 0.67
o) FCH¢t — FCH,+ 0.56 0.67 0.81
E CH¢t — C:H;st 0.58 0.64 0.75
% Qr': ﬁ '?r_ r': = Q % ﬁ g © ¢ Metastable ion abundances from the normal spectrum (de-
Cletmeoren o« 0 4 compositions occurring between the electrostatic and magnetic
> o] sectors) of an AEI MS-902 mass spectrometer (100-uA target cur-
- O rent, 70-eV electron energy, zero repeller potential, no correction
BNt —momono~anono |l & for effect of kinetic energy on multiplier gain). Very similar results
o 00 I~ 00 00 I~ 65 60 06 60 60 00 05 I~ O\ I~ | Z, were obtained on a Hitachi RMH-2 mass spectrometer using the
b defocusing technique. ° Temperature 60°. ° Value at 90°, 1.8%;;
o 220°,1.4%,. < Value at 90° 0.99%;; 220°, 1.47.
S| 3
s o Z |
N T i: F-- - T T Ss | & causes a relatively small effect on [m*(M -+ = YC;Ht)]
> | EEGE DT =T ic?vg.'f gt for the p-NO, and p-NH, derivatives, which exhibit
ZOO0ZQuWRE QU ZRRZ % P(E) functions (Figures 7 and 8) with substantial pop-
— TALAARERARAARALSY 2 ulations of M-+ of energies near E,, However, the
2 © temperature increase causes an order of magnitude
4
=

increase in [m*] for 1,2-diphenylethane and the p-F
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(upper shaded area) appearance potentials, A(min), of YC;H¢t from YCeH.-

CH,CH:Ce¢H,Y'; (upper line) ionization potentials of YCsH,CH,- (from ref 41) 4+ 2.2 eV; (lower lines) op:at With ionization potentials of

YCeH 4CH2CH2C5H5.

derivative, a dramatic indication of the low ion popu-
lation of the P(E) function near 10.5 eV at the lower
temperature. Note also that Figure 5 predicts that a
reaction of E;, = 11.0 eV could show a decrease in
[m*] with increasing temperature; the data for m-NHo,-
C;HC;H; actually show evidence of this. Metastable
data for secondary ion decompositions are shown for
comparison; as expected,?! they show relatively small
temperature effects,

Substituent Effects on P(E). It is useful to visualize
the effect of substituents on both the limits and shape of
the P(E) curve. The lower limit is defined by the ioniza-
tion potential;!” the change in it caused by a substituent
is due to the difference in stabilization energy con-
ferred by the substituent on the ion and molecule,
respectively. The ionization potentials of the diphenyi-
ethanes (Table I, Figure 16) show the expected?? cor-
relation with op* for the effect of substituents on the
aromatic ring of lowest ionization potential in both
the 1,2-diphenylethanes and the p-nitro-1,2-diphenyi-
ethanes. The small displacement between these plots
indicates a secondary effect of substituents located
on the other ring. Ionization potentials calculated
by the equivalent group orbital method of Franklin
and Hall®? agree moderately well with the experimental
values (Table I).

Experimental data concerning substituent effects on
the shapes of P(E) functions are difficult to obtain
(vide supra).?* However, photoelectron spectral data?’

(32) References listed in ref 13b. These workers have found the o*
value of —0.92 for Y = p-OH to be too negative; we have used the
value — 0.5 recommended by S, Pignataro, A, Foffani, G. Innorta, and
G. Distefano, Z. Phys. Chem, (Frankfurt am Main), 49, 20 (1966).

(33) J. L. Franklin, J. Chem. Phys., 22, 1304 (1954).

(34) The careful study of Deverse and King?® shows a good a,* cor-
relation (negative p) for the ‘“‘ionization probabilities” of the states
within 1.5 eV of threshold for substituted benzenes and toluenes.

indicate some possible effects. Energy bands can be
broadened (in the energy axis) or split by substituents
(e.g., Figure 8 vs. Figure 6); the degree of splitting
correlates with the ability of the substituent to donate
electrons to the ring by resonance interaction (e.g.,
I > Br > Cl > F; -NMe, > -NH,). Substituents
appear to have little effect on the ionization potential
of the states at ca. 11.5-12.5 eV (which probably in-
clude the first ¢ and the second = levels) and at ca.
17 eV. The effect of substituents on the energies
of the levels at ca. 13-16 eV (mainly other o electrons)
is less clear, but does not appear to be great. Ioniza-
tion of the lone pair or = electrons of substituents
can also introduce characteristic new states, often at
energies below that of the lowest appearance potential.
It has been suggested®!!®! that the abundance
of the molecular ion in a series of related compounds
should be indicated by the relative widrh of the energy
window of M-+ with insufficient energy to decompose,
A(min) — I(M-7+). This value relative to Eq — I(M - 1),
where F is the energy of the bombarding electrons,
is plotted vs. [M-*] for the diphenylethanes at E, =
70 and 15.0 eV in Figures 17 and 18. The plot at
70 eV shows substantial variations, but the degree
of correlation at 15.0 eV, at which energy only YC;H,+
and C;H;* ions are formed, is better than might be
expected from the variations in P(E) shown by Fig-
ures 11-15. A linear correlation would only be ex-
pected if P(E) is constant, and if A(min) = I + E;
(vide infra),® i.e., the fair degree of correlation indicates

The experimental “‘ionization probability’ is the value per mole of the
initial slope of the ionization efficiency curve. Our data do not pro-
vide a sensitive test of this conclusion.

(35) Differentiating this curve should show an approximate P(E)
function for the average diphenylethane derivative, and the slopes
derived in this manner, Figure 18, do resemble the probabilities of
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Figure 17. Correlation of the molecular ion abundance in the
70-eV mass spectrum with the width of the energy range A(min) —
L

that the ‘‘shape” of the P(FE) function of aromatic
compounds is not greatly affected by most substituents
except in relatively narrow energy regions (e.g., 7.5-
9, 10-11 &V).

The k(E) Function for Unimolecular Ion Decompositions

The quasi-equilibrium theory assumes that the rate
constants of the ion decomposition reactions can be
calculated by means of an appropriate form of the
absolute reaction rate theory. Earlier calculations used
the approximate form of the theory

_ =1
k(E) = 1/(-]5—'75—-5&) (D

where v is the frequency factor, F is the internal energy
of the reacting ion, and # is the number of vibrational
degrees of freedom. Recent discussions of mechanistic
principles of the mass spectra of large molecules have
continued to employ this equation®1:1% 14 degpite
its well-known inadequacies. The preferred Rice--
Ramsperger-Kassel-Marcus forim of the theory uses
an exact enumeration of states* %

1Z*IP*(E — E,) @
hz* p*(E)

where A is Planck’s constant, Z is the partition function
for the adiabatic degrees of freedom, ¥ refers to the
activated complex, * refers to the active molecule (which
in this case is an ionic species), P(E — E,) is the number
of states in the energy range £ — E,, and p(E) is the
density of states. Adiabatic, in contrast to active,
degrees of freedom cannot contribute their energy freely
to the dissociating bond. In the active molecule the
nonfixed internal energy E is randomly distributed
over all degrees of freedom. In the activated complex
one degree of freedom has been transformed into the
translational coordinate requiring E,, so that only £ —

k(E) =

Figures 11-15; thus these slopes predict for Figures 11-15 that the
average transition probability in the lowest 3027 of the energy range is
twice that of the next 1597, and six times the average probability of the
highest energy range. Note, also, that the discrepancies (Figures 17
and 18) for derivatives such as p-1 and p,p'-(NO): are qualitatively
predicted by the photoelectron spectra of analogous aromatic deriva-
tives.?

(36) B. S. Rabinovitch and D, W. Setser, Advan, Photochem., 3, 1
(1964); D. C, Tardy, B. S. Rabinovitch, and G. Z. Whitten, tbid., 48,
1427 (1968).
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Figure 18. Correlation of the molecular ion abundance in the
15-eV mass spectrum with the relative width of the energy range
A(min) - 1.

E, is available for distribution. The partition function
includes the symmetry factor, which is the number
of identical pathways by which the reaction takes place.

On the basis of this equation, if the excess internal
energy, E — E,, is small, k increases rapidly with in-
creasing E (see Figure 3), as an incremental increase
in E will increase P* proportionately much more than
p*. The rate of increase of k with E should decrease
as E — E, becomes larger, approaching a constant
value as E, becomes very small compared to E. The
equation predicts further that a change in structure
can effect the k(E) function by effects on (i) E,, (ii)
P */p*, and (iii) Z */Z*.

(i) E,. [If a structural change increases the activation
energy, the excess energy, E — E, of the activated com-
plex must decrease, so that the number of states found
between E, and E should also decrease. Thus & will
exhibit a lower value, as the probability of accumulating
the energy E, in the reaction coordinate will be de-
creased. The energy states are quantized, so that at
E = E, only the ground state of the activated complex
is available; the equation demands that k = 0 for

E < E,.* The minimum rate (eq 3) will also be re-
1Z+ 1

kmin = T 5% - 3

hZ* M(Ed) )

duced by an increase in E, because of the increase
in p*(E,). Note that an increase in E, will increase
both E; and the kinetic shift, E; — E,, as the slope
of k(F) will decrease.

(i) P¥/p*. A modification of the molecular ion
structure which adds or subtracts states, or changes
the energy values of states, will change P¥/p*, and will
thus also change the A(E) function.® A major factor
in determining P¥/p* is the nature (energy levels and
degeneracies) of the vibrational degrees of freedom,
all of which are assumed to be active. It is also possible
that the number of active rotational states, the so-called

(37) If, while keeping other parameters constant, the number of vibra-
tional degrees of freedom (n) in the reactant ion are increased, p*(E) will
increase, This will lower kmin, and will thus usually increase the amount
of excess internal energy necessary to reach k = 105, the kinetic shift.
However, this will be a minor consideration for substituent effects, as

the addition of a small functional group to an aromatic system will have
little effect on n.
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“free rotors,”’ can change in going from the active
molecule to the activated complex, A reaction is said
to have a “loose complex” if the number of active
rotational states have increased at the expense of vi-
brational states; for example, stretching of the central
C-C bond in C¢H;CH,-CH,C¢H; would allow increased
rotation of the -CH,C,H; group while decreasing the
vibrational frequency of the bond. A reaction is said
to have a ‘“‘tight complex” if rotational degrees of
freedom are frozen out in the transition state. Re-
arrangements are a common example of this, as the
juxtaposition of atoms demanded by the transition
state effectively stops rotation about their adjacent
bonds. A change in the number of free rotors can
have an important effect on the rate constant, as the
density of rotational states is much larger than that
of vibrational states. This predicts that reactions with
tight complexes will have a much slower increase of k
with increase in E (lower slope of k(E) in Figure 3),
and will exhibit a much larger kinetic shift.

iii, Z¥/Z*. The partition function includes the sym-
metry factor, which takes account of the fact that
the total rate will be proportional to the number of
identical reaction pathways. Thus for YCsH,CH,CH,-
CsH; * - YC;H¢t or C;H;*, the symmetry factor will
be2forY = Hand 1 forY = H. Z¥/Z* also reflects
the moments of inertia of the activated complex relative
to the active molecule; such values usually fall be-
tween 1 and 10. Although Z*/Z* is generally larger
for loose complexes, the effect of substituents, especially
in the para position, on this value should not be large
because of the bulk of the phenyl groups. Adding a
m-NH, group to 1,2-diphenylethane increases Z*/Z*
by a factor of ca. 1.6; thus the effect of substituents
on this factor is relatively unimportant in this system.

Determination of E,. Equation 4 is a simple cleavage

ABCD —»>» ABCD:* —> AB* + CD é4

reaction to form an even-electron ion and a neutral
radical. The thermochemical relationships for this
reaction® are shown in Figure 4. AH{(ABCD) signifies
the heat of formation of ABCD from the constituent
elements and D(B-C) is the dissociation energy of
the B-C bond. A(AB*) is the thermochemical ap-
pearance potential of AB, so that 4(AB*) — I(ABCD)
= F,(ABCD.*+ — AB*). The activated complex may
be of higher energy than the sum of the energies of
the products in their ground states; this excess energy
is a reflection of the activation energy for the reverse
reaction, E,(rev). For simple cleavage reactions in
neutral systems it is usually assumed that E,(rev)
is negligible, as most gas-phase radical-recombination
reactions proceed without an activation energy.* Simi-
lar conclusions have been reached for simple cleavage
reactions of ions.#5 It will be assumed that E,(rev)
is negligible for the 1,2-diphenylethanes.

The appearance potential values of Table I represent
the electron energy required to produce a fragment
ion abundance which is 0.1% of the abundance pro-
duced by 50-eV electrons (the A,;4 value), based on

(38) The rearrangement reaction, eq 5, in which two bonds are
ABCD:-* —» AD .+ 4+ B==C (5)

gleaved and two are formed to yield an odd-electron ion and a molecule,
is also shown for comparison, but will be discussed in a subsequent
publication,
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an electron energy scale in which the I,;6,(M) value
is set equal to the thermochemical /(M) value. How-
ever, Ao19(ABY) — Iy (M) is only an approximate
measure of E, because it also is dependent on the
kinetic and competitive shifts (Ey; and E), the thermal
energy, and the threshold law for electron impact ioniza-
tion. The I, (M) and A,,9(AB*) values depend on
[M-+] and [AB+] at 50 eV, and so depend in turn on
the transition probability for ionization and the ap-
propriate k(E) functions. Thus ;¢(M) ~ I 15(M) + 1
eV and A4,9(AB*) > A.1(AB*Y) + 1 eV, the excess
depending on k(E) for M-+ — AB*. However, the
thermal energy lowers the electron energy required
to produce AB+*; this decrease is ca. 0.6 eV for the
200° distribution of Figure 5. The correlation found
in Figure 17, as well as the use made of 7 and A4 values
in the past,® gives evidence that often such errors cancel
or do not change drastically with small structural
modifications. However, for larger molecules the pos-
sibility of a net error in thermochemical values is
serious, and for appearance potentials of reactions
of higher E, the competitive shift makes such measure-
ments of little value. The variation in literature values
of I and A for particular compounds attests to the
experimental difficulties of this method of determining
E,.%

If E,(rev) is negligible, E, is equal to the bond dis-
sociation energy of the ion, and is predicted directly
from several thermochemical relationships (Figure 4).5
For reaction 4

E.(ABY) = AH{(AB+) + AH(-CD) —
AH{ABCD-+) (6)
AH{AB-) + I(AB") + AH(.CD) —
AH{ABCD) — I(ABCD) (7)
I(AB-) + D(AB-CD) — I(ABCD)  (8)

A substantial collection of ionic thermochemical data
has been tabulated, ** most of which is for smaller mole-
cules.

Note that eq 8 utilizes bond dissociation energies
of neutral species, for which the organic chemist’s
intuition and knowledge of mechanistic principles
should be directly applicable. For two competing re-
actions of the same molecular ion (and thus the same
I(M) values) eq 8 predicts that AE, is determined
by Al of the respective radicals and AH; of the respec-
tive bonds; this substantiates the conclusions of cor-
relation studies.®” 14 that the relative stabilization of
the product ion and the relative bond strengths are
important driving forces for mass spectral reactions.
For example, D(YC;H¢-C;H;) should be essentially
independent of the nature of the substituent,® in con-
trast to D(YC4H,—C;H:CsH;). Theterm I(AB:) reflects
the electron affinity of the product ion, AB*. This
term, and thus E,, will decrease with increasing ability
of the product ion to stabilize the positive charge. A
great deal is known from organic chemistry about
the factors governing such stabilization, especially in

(39) J. L. Franklin, J, G. Dillard, H. M. Rosenstock, J. T. Herron,
K. Draxal, and F. H. Field, “Ionization Potentials, Appearance Po-
tentials, and Heats of Formation of Gaseous Positive Ions,”” NSRDS-
NBS 26, U. S. Government Printing Office, 1969.

(40) J. M., S, Tait, T. W, Shannon, and A. G. Harrison, J. Amer,
Chem, Soc., 84, 4 (1962).
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Figure 19. The effect of internal energy on the rate constant for
the reaction C¢H;CH,CH.C¢H;-* — C;H7*, as calculated assuming
particular activated complex configurations.

aromatic systems. The substituted benzyl radicals il-
lustrate this well; the experimental values of /(YC;Hs-)
correlate closely with o+ constants (Figure 16).4! The
remaining term of eq 8, (M), is correlated by o,*
(vide supra) with a smaller positive p value (see plot
slopes, Figure 18). Thus there should be an overall
correlation of F, with ¢+ (positive p) for para substitu-
ents, but for a strong electron donor (e.g., NH,) in the
meta position, the /(M) substituent effect should
dominate, giving the opposite effect on E, to that
of the same substituent in the para position.

For C¢H;CH.CH.CH3, as is usual for simple dissocia-
tion processes, the value of I(C;H;-), 7.8 eV,4! is large
in comparison to that for D(C;H~C;H;), 2.2 eV.4?
Utilizing such values in eq 8 with the measured /(M)
value yields*? the E, values shown in Table I. A plot
of I + E,, the thermochemical appearance potential,
vs. ot is compared to a plot of the observed A(YC;H¢*)
of Y substituents for which A(YC;Hs*) = A(min)
(Figure 16).32 For most substituents 4 — (/ + E,) =
0.5 + 0.2 eV, a relatively small range of values; factors
giving rise to this excess energy will be discussed later.

Determination of P¥/p*. Model calculations were
made utilizing eq 2 for the following reactions

CeH;CH:CH,CeH;-* —> CH;* 9
0:NC:H.CH.CH,C:H; * —> C:H,;* (10)
H,NC:H.CH,CH,C:H; - * —> H.NCHs" an
—> CH* (12)

The k(E) function calculated for 1,2-diphenylethane
assuming two free rotors in both the active molecule
and activated complex is shown in Figure 19. The
kinetic shift required to give k = 1054 is 1.2 eV, 18
or I + E, = 11.2 eV, substantially larger than the ob-
served A(C;H;*) = 10.6 eV. However, the importance
of product ion stability (vide supra) suggests that the
activated complex resembles the products more than

(41) A. G. Harrison, P, Kebarle, and F. P, Lossing, J. Amer, Chem.
Soc., 83, 777 (1961).

(42) Calculated from AH; (bibenzyl) = 27.8 kcal/mol, S. W. Benson
and J. H. Buss, J. Phys, Chem., 61, 104 (1957), and AH;(CsH;CHz:) =
39 kcal/mol, A. G. Harrison, L. R, Honnen, H. J. Dauben, Jr., and
F. P. Lossing, J. Amer. Chem. Soc., 82, 5593 (1960), and ref 39.

(43) Assuming (vide infra) that the incipient benzyl ion has not been
isomerized to a tropylium form; S, Meyerson, H. Hart, and L. C. Leitch,
ibid., 90, 3419 (1968), and references cited therein.

the precursor. In such a model the central C-C bond
will be substantially dissociated, thus lowering the
barrier to rotation about this bond, and increasing
the number of free rotors in the activated complex. Fig-
ure 19 also shows the k(E) functions calculated for a
change from 0 to one, from one to two, and from two
to three free rotors, which reduces the 7 + E, values to

cm—cm—@ —
O-tren(®) —~en - on

10.6-10.7 eV, and for one to three free rotors, which
reduces this value to 10.3 eV. By calculation the
observed A;19,(C;H;*) value of 10.6 eV would result
if I + E, = 10.4 eV, consistent with such a “loose
complex” model. The kinetic shift value of 0.4 eV
is still large compared to that expected for a simple
bond cleavage in a small molecule, and is due to the
large density of states of the molecular ion at E, which
gives a low value of k(min) as well as a slow rate of
rise of k with increasing E. Note that if the change
in the number of free rotors is kept constant, the absolute
number of free rotors has a relatively small effect on k(E).
Thus in predicting the effect of a structural change on
k(E) it is more important to ascertain the general
“loosening” or “tightening” of the bonds in the activated
complex than to identify the particular bonds affected.

The p-nitro-1,2-diphenylethane should behave in a
similar fashion in proceeding to the activated complex

CH.Z—CHQ—@»NO_, —
@—EHQ{?@HZ-—(: :)——NO_, —

CH.™ + -C-HNO.

A model assuming little change in free rotation of
the nitro group and a total change of from one to two
free rotors between the active molecule and the activated
complex gives results which are very similar to the
corresponding k(E) function of Figure 19. By cal-
culation the observed A,,q(C;H;*) value of 10.4 eV
would result if 7 + E, = 10.4 ¢V, indicating that the
added states due to the nitro group have a relatively
minor effect on the “looseness’ of the activated complex.

Quite a different situation is indicated for the de-
composition of p-amino-1,2-diphenylethane. The cal-
culated activation energy of 0.7 ¢V for eq 11 (para
isomer) is much lower than that of 1.3 eV for eq 9,
which from eq 2 should tend to lower the kinetic shift
dramatically. This is not indicated by A(H.NC;H¢t),
however, suggesing a substantial reduction in the “loose-
ness” of the activated complex. The presence of the

SO0 —
+ .
H2N=<:>=CH2-€;’-CH2—© —

HNGH.© + -C.H;

(44) Major reasons for 40.19, > I + E, (vide supra) are the large valuc
of [C;H7%] at 50 eV and the small transition probability for forming M- *
in this energy region. The observed slope of the ionization efficiency
curve is somewhat steeper than this calculation predicts, but less than
that for derivatives exhibiting larger transtion probabilities, such as
p-iodo. However, the experimental uncertainty in this slope determi-
nation is large,
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Figure 20. The effect of internal energy on the rate constant for the reaction p-NH,C¢H CH;CH:CeH;-* — C;Hs* or NH,C;H¢*, as calcu-

lated assuming particular activated complex configurations.

amino group will increase the electron density in the
N-C bond of the molecular ion; however in the
activated complex the partial formation of the reso-
nance-stabilized p-aminobenzyl ion should also reduce
the free rotation about the C(aryl)-CH, bond, offsetting
the increased rotation about the central C-C bond.
(This increased substituent effect is illustrated in Fig-
ure 16; the slope of the plot, and thus the Hammett p
value, is smaller for the molecular ions than for the
benzyl radicals.) Calculations assuming a change from
one to one for E, = 0.6 eV, and from one to zero free
rotors for E, = 0.6, 0.7, and 0.8 eV give the k(F)
functions shown in Figure 20 which exhibit kinetic shifts
0f 0.2, 0.4, 0.6, and 0.9 eV, respectively. By calculation
from the observed Ay ;4 (H:NCHg*) the kinetic shift
should be 0.7 eV. Despite the significant differences
which could be caused by a relatively small experimental
error in the values of (M), I(H,NC,;H;-), or D(H,NC;-
H¢-C;H;), these data support the postulate that the
configuration of the activated complex for eq 11 is
substantially “tighter’” than that for the active molecule,
in direct contrast to the situation in eq 9. Note that,
at least qualitatively, this substituent effect on the
activated complex configuration is consistent with a o+
correlation, predicting an increase in double bond char-
acter with a decrease in o+ (i.e., a negative p value).

The activation energy for eq 12 is even higher than
that for eq 9; although this is in keeping with the ob-
served large value (ca. 5 eV) of the combined kinetic
and competitive shift, the significant abundance of
this product ion in the 70-eV spectrum indicates that
k(E) for eq 12 must rise much more rapidly than that
for eq 11.#* A transition state for eq 12 can be
envisioned which involves an even greater increase in
free rotors than for eq 9, based on the fact that the
partial charge on the amino group and the adjacent
aromatic ring must now decrease in the transition state,
lowering the double bond character of the adjacent
bonds

.

Do) —
N +

HNG@GCHCCH—@ —

HNCH¢ + CH,*

T T T T T T T L T

+ +
M - NH,CH CH,CH, CgH}—= H,NC,H]

tog k
-4
-6
-8
-10
R 0 ' 5 ’ 4 '
Ee+l
Figure 21. The effect of internal energy on the rate constant for

the reaction m-NH2C5H4CH2CH2CeH5'+ — C7H7+ or NH2C7H5+,
as calculated assuming particular activated complex configurations.

The results of calculations on changes in the free rotors
from one to three and from one to four are also shown
in Figure 20. To approximate the observed product
abundance data at 15 and 70 eV, k (eq 11) should
be greater than k (eq 12) by approximately 1.5 log
units at 15 eV, and approximately equal at 18 eV; this
would be consistent with eq 11 with one to zero free
rotors (E, = 0.7 eV) and eq 12 with one to three free
rotors. Even though other combinations are obviously
possible, these data make it appear plausible that eq 11
and 12 could have comparable rates at high ion energy
values despite the striking difference in their activation
energies (0.7 and 2.3 eV, respectively).

Moving the amino group from the para to the meta
position causes a profound change in E,(min), 0.7-2.2
eV, resulting in a comparable change in the rate curves
for eq 11 and 12. The k(E) functions calculated as-

(45) The possibility that an appreciable part of these CiHy*t ions
arise from an isolated electronic state is not supported by the very low
maximum abundance value for the metastable ions corresponding to
this process (Table I).

McLafferty, et al. | Substituent Effects in Unimolecular Ion Decompositions



6878

suming a change from one to two and one to three
free rotors for both reactions are shown in Figure
21. Although the observed kinetic shift is unusually
large (1.2 eV) compared to other substituents (note
Figure 16, top plot) the calculated functions (Figure
21) indicate that the activated complex is unusually
loose, partially offsetting the effect of the large E,
(min).

The E,, values found, represented in Figure 16 (top)
by the difference in E between A, o,(min) and /(YC;H;-)
+ D(YC;Hg-CHy)), fall mainly within a small
range. The two principle factors which determine Ey
appear to be the magnitude of E, and the *‘tightness”
of the activated complex. The latter appears to be
due largely to the stabilization of the benzyl ion, so
that the effect of substituents should be correlatable
using o+ with a negative p value. The predicted sub-
stituent effect on E, (vide supra) of o+ for the para
substituent apparently has a positive p value of nearly
equal magnitude. Consistent with this is the unusually
high E,, value of m-NH,, and also, apparently, for
the m-amino- and m-methoxyacetophenones.

Metastable Ion Abundances

From Figure 3 for the reaction of lowest E, the meta-
stable ion abundance should depend directly on the en-
ergy width of the metastable window, E;, — E,, (k =
10+4-10%-4), and the relative probability of forming
precursor ions per energy increment within this win-
dow; about 259 of M-+ ions of these energies should
decompose in the first field-free drift region. If the
collection efficiencies for m* and M-* ions are equiv-
alent, the values of [m*}J/[M-*] for YC¢H,CH.CH,-
CsH. -+ decompositions of lowest E; calculated from
the P(E) data of Figures 6-10 (the ranges shown in-
dicating values for =0.3 eV of E;) and the best fit
k(E) functions of 19-21 (Figure 19 for p-F) are: H,
1.2 = 099 (0249); p-NO., 3.2 = 09% 2.1%);
p-NH.. 6.0 = 2.0% (3.9%); m-NH. 1.3 = 0.4%
(1.79); and p-F, 1.4 = 1.29 (0.62%), with the ob-
served values of Table I shown in parentheses. Thus,
although the calculated values are consistent with the
experimental ones, the strong dependence of the result
on the choice of the probability value of the P(E)
function makes the comparison of little use in evaluating
the reliability of the calculated k(F) functions.

Conclusions

Although a number of assumptions and approxi-
mations were necessary in deriving the P(E) and k(FE)
functions for these substituted 1,2-diphenylethanes,
the normal and metastable ion abundances predicted
from these functions show an encouraging degree of
agreement with the experimental values. This general
approach should be checked further with other systems
involving, for example, rearrangement reactions and
reactions in which the dissociation energy of the bond
cleaved is affected by the substituent. To this end
we are currently studying the substituted butyrophe-
none, phenyl alkanoate, acetophenone, and benzophe-
none systems.

However, we feel that the present study gives strong
evidence that substituent effects on ion abundance
ratios can provide valuable information on reaction
pathways and mechanisms. Although a variety of

factors have been identified through which a change
in substituent can affect mass spectral ion abundances,
these factors appear to be interpretable in terms of
mechanistic organic chemistry. In fact, at least for
the present system, most of these éffects appear to
be correlatable by conventional o+ constants. To sum-
marize the conclusions, for an aromatic ion which
decomposes by the simple cleavage reactions YAB-+
— YA+ 4+ B: and YAB-*— YA 4+ B*, the influence
of the substituent Y on [YA*][[YAB-*] and on [B+]/
[YAB:*] should be governed generally by the following
factors (the sign of the reaction constant, p, reflects
the influence of the substituent on these abundance
ratios).

Factors influencing P(E) of YAB-+ include: (i) en-
ergy states of the molecule: (a) I(YAB) is correlated
by o,tp;, where p; is positive (e.g., Y = NO; increases
I(YAB), decreasing [YAB-+], thus increasing [YA+]/
[YAB-*]; (b) splitting of states is increased by electron-
donating substituents; (c) additional states arise from
nonbonding electrons of Y; (ii) relative populations
of the energy states: (a) = and o state populations
show a relatively small effect of Y, apparently not
correlated by ot (although see ref 29); (b) Y non-
bonding and = state populations vary substantially
with Y.

Factors influencing P(F) of the fragment ions YA+
and B+ include P(E) of YAB-+ (including the pos-
sibility of incomplete energy randomization), com-
petitive decompositions of YAB-*, and the number
of vibrational degrees of freedom in the neutral frag-
ments B- or YA ..?!

Factors influencing A(E) (YAB+ — YA+ + -B)
include: (i) activation energy, basedon E, = I(YA-) +
D(YA-B) + E,(rev) — I(YAB), is determined by: (a)
the stability of YA+, J(YA-), which for YA+ = YC,-
H.CH," is correlated by o*p,, where p, is negative and
greater in magnitude than p;;* for I(B-), p, = 0; (b)
the lability of the YA-B bond in the neutral/ molecule
is reflected by D(YA-B) which is possibly correlated
by o*pg, where pq is positive for YC4H ~-X reactions
and pq ~ 0 for YC¢H,Z—{-X reactions such as YCsH ;-
CH,_)-CH,C¢H;; (c) E,(rev), which for simple bond
cleavages is assumed to be negligible; (ii) number
of active states: (a) vibrational degrees of freedom
(an increase in number decreases the slope of k(E))
and (b) geometry of the activated complex which for
YA+ = YC¢H,CH,* is correlated by o¢*p., where p.
is positive; (iii) partition functions: (a) symimetry
factor and (b) moments of inertia of the activated
complex relative to the active molecule have a small
effect, e.g., m-NH,/p-NH, < 2,

Previous conclusions on particular mechanistic path-
ways based on an overall correlation of ion abundance
with gp must be reexamined in terms of these factors.
However, many of these conclusions are probably valid,
at least qualitatively. For example, the overall cor-
relation of Figure 1, which arbitrarily combines all
of the factors discussed, by itself shows a degree of
correlation with ¢+ which gives evidence against mech-
anisms of YC;H,t formation involving the loss of
ring-position identity of the substituent. Note, how-

(46) E.g., p-NH: donates clectrous to YC7Hg™, stabilizing this ion
more than it stabilizes M-*, thus lowering E,, and increasing [NH:Cr-
H*], which corresponds to a negative p substituent effect.
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ever, that the identification of the major substituent
effect factors of this system is only consistent with
the initial formation of the benzyl, not the tropylium
ion. The strong influence of the activated complex
structure on the k(E) function demands that the func-
tions found for p- and m-amino-1,2-diphenylethane,
Figures 20 and 21, must arise from different activated
complex structures. Thus this study would predict
for a otp correlation of the abundance of a stable
primary product ion that the greatest deviation would
occur for electron-donating substituents in the meta
position, because these show the largest differences
between their values for ¢* and ¢,*; this is obvious
in Figure 1.

The Localized Charge and Localized Radical Site
Concepts. In light of the conclusions discussed above,
it appears that several major factors contribute to the
usefulness of these localized site concepts in predicting
decomposition pathways in mass spectra. Introduction
of a functional group of lower ionization potential into
a molecule, such as an amino group into an alkane,
should lower the average energy, (E + I), of the mo-
lecular ions. This will lower the probability of the
alkane decompositions for which the value of E, + [
is not reduced by the presence of the amino
group, and thus make the amine site appear more
reactive by comparison. Second, a substituent such
as NH, which lowers the ionization potential of the
molecule should also lower the activation energy of
one or more decomposition reactions by lowering the
ionization potential of the radical leading to a product
ion containing the substituent. For example, the high
abundance of the CH,=NH,* ion from RCH,NH,,
in comparison to that of CH;+ from RCHj, is in keeping
with the substantially lower ionization potential of

CH,NH. compared to -CH;. Finally, a functional
group site of lower ionization potential in the molecule
can also be a site of lowered electron density in the
highest occupied orbital of the molecular ion. It has
been postulated*” that this lowers the activation energy
for reactions involving the formation of a new bond
to this site, such as the rearrangement of a y-hydrogen
atom to the carbonyl group of an aliphatic ketone.
Thus, although the depiction of an ion in this manner
may give a poor or even misleading picture of its dis-
tribution of charge, this formalism for predicting
favored decompositions does reflect several, although
not all, of the important basic factors determining
ion abundances.

Experimental Section

All of the data were determined on a Hitachi RMU-7 double-
focusing mass spectrometer, except the metastable ion data of
Table II. For ionization and appearance potential measurements
a T-2N ion source was employed with grid and repellers at zero
voltage and 20-100 uA total emission current., Samples were in-
troduced concurrently with the calibrating gas through a leak from
a heated reservoir system. Ionization potentials were determined
by Honig’s critical slope method# using Ar, Xe, and toluene as
references. The precision of values was 0.1 eV; the value ob-
tained for /(Xe) — I(Ar) = 3.57 eV compares with the spectroscopic
value of 3.628 eV.4® Ionization potentials were calculated by the

(47) F. P. Boer, T. W, Shannon, and F, W, McLafferty, J. Amer.
Chem. Soc., 90, 7239 (1968).
(48) R. E. Honig, J. Chem. Phys., 16, 105 (1948),
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method proposed by Hall’® modified according to Franklin?? and
Cantone and coworkers.5! Appearance potentials were deter-
mined by Kiser’s¢® energy compensation technique as the voltage
at which the abundance is 0.1 of its value at 50 eV, referred to the
Ip.19, value of toluene as 8.81 eV.%®*  All values were also checked
using Warren’s extrapolated voltage difference method®? altering the
electron energy in 0.1-eV steps. Due to the long “foot” in the
ionization efficiency curves of many of the fragment ions, the ion
CsH(CD,* from C¢H;CD,CD,Ce¢H; was used as the internal ref-
erence, A(C5H5CD2+) = A(C7H7—C7H7 bt C7H7+) -+ 0.05 eV.
Most values could be reproduced with a precision of <=+0.2 eV,
as were literature values for A(C;H;") from toluene (11.80 eV?),
ethylbenzene (11.2eV3?), and 1,2-diphenylethane (10.53 eV 3%),

Abundance values for normal ions were measured with a ‘‘bright”
ion source, Model MS-101 with 70-eV electron energy, 20-uA
total electron emission current, 200° sample reservoir system, and
ion source thermocouple reading of 150°, The ionization region
is closer to the heaters and filament than is the thermocouple, so
that the true ionization temperature is somewhat higher. CsHj-
CD,CD,C¢H; was used as an internal reference standard for ion
abundances and for the electron energy of the low voltage measure-
ments. Abundances include ions of both natural isotopes of Cl
and Br. The multiplier response was corrected for the effect of
mass and ion composition according to the recommendations of
Lalau;® because of this for [C;H:*]/[CisHi:Y -*] and [YC:H¢*)/
[CisHi3Y - 1] the measured value is approximately 1.22 and 0.77,
respectively, of the true value for Y = I, 1.13 and 0.87 for Y = Br,
and 1.05 and 0.95 for Y = Cl. Other values were assumed to be
within the 5% precision of the technique. It is assumed that
other sources of discrimination are not serious, so that the values
measured at the collector are representative of the abundances of
ions leaving the corresponding source regions of the instrument,

The metastable ion intensity measurements were also made with
the MS-101 ion source, with 70-eV electron energy, 100-uA total
electron emission, and 1.5-eV repeller voltage. Measurements
in the field-free drift region between the ion source and the elec-
trostatic analyzer were made using the Barber-Elliott-Major de-
focusing technique.®* Measurements were also made using the
drift region between the electrostatic and magnetic analyzers,
except for cases in which there was strong interference from normal
ions. Approximate corrections were made for the lower gain of
the electron multiplier due to the loss of kinetic energy of the meta-
stable ions in decomposition after ion acceleration; corrections
were based on a plot of a variation of multiplier gain with ion ac-
celerating potential for normal ions. Abundance measurements
were based on peak heights for the data of the first drift region and
peak areas for the second drift region. The effect of sample pres-
sure on metastable ion abundance was checked in each case; no
appreciable effect was found except for p-NH.- and p-CH;OC:-
H¢C-H;, for which the reported values are the result of extrapolation
to zero pressure,

CsH;CD,CD,CsH; was prepared by heating overnight in a Parr
hydrogenator 5 g of diphenylacetylene, 100 ml of dioxane, Raney
Ni W8 deuterated catalyst,b and D, at 2 atm, followed by filtration,
solvent evaporation, and recrystallization from MeOH (mp 53°).
p-NO,C:H.CH,CH,C;H,NH. was prepared by adding an acetic
acid solution of p-NH,C:H.CH,CH,C¢H; to a HNO; solution
cooled in an ice bath with stirring; after neutralization with KOH
and ether extraction the product was dried over Na,SO, and re-
crystallized from isopropyl alcohol. p,p'-NH.C¢H,CH,;CH.Ce-
H,NH, was prepared by reduction of p,p'-NO,CsH,CH,CH,Cy-
H,NO, with Na,S-9H,0 and recrystallized from EtOH (mp 143-
144°),  Other compounds were obtained from commercial sources,
including Reef Laboratories, Lafayette, Ind.

Calculations. Equations employed for the RRKM calculations
were

(49) R. W, Kiser, “Introduction to Mass Spectrometry and its
Applications,” Prentice-Hall, Englewood Cliffs, N. J., 1965.

(50) G. G. Hall, Trans. Faraday Soc., 49, 113 (1963).

(51) B. Cantone, F. Grasso, A, Foffani, and S. Pignataro, Z. Phys.
Chem. (Frankfurt am Main), 42, 236 (1964),

(52) J. W, Warren, Nature (London), 165, 810 (1950).

(53) C. LaLau, Phys. Verhandl., 2, 46 (1965); “Topics in Organic
Mass Spectrometry,” A. L. Burlingame, Ed., Wiley-Interscience,
New York, N. Y., 1970.

(54) F. W. McLafferty, J. Okamoto, H. Tsuyama, Y. Nakajima,
T. Noda, and H. W. Major, Org. Mass Spectrom., 2, 751 (1969).

(55) R. L. Augustine in “‘Catalytic Hydrogenation,”” Marcel Dekker,
New York, N. Y,, 1965, p 148.
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Table III. Models for Sum and Density of States Calculations
E,} Moments of inertia,
Molecule ne Frequencies, cm™! cm™? Be gem? X 1040 ¢

CsH:;CH,CH,C:H; 78 3000 (14), 1550 (12), 1200 (14), 51550 1.4172 145.3 (2), 150.6

1000 (13),° 800 (4), 700 (4), 600 (2),

500 (4), 400 (4), 300 (5), 200 (2)
0O,;NCsH,CH,CH,C:H; 84 3000 (15), 1550 (13), 1200 (15), 145.3, 150.6, 208.2

1000 (13),2 800 (5), 700 (3), 600 (2),

500 (4), 400 (4), 300 (7), 200 (3)
HN.C:H,CH,CH,CsHs 84 3000 (15), 1550 (13), 1200 (15), 145.3, 150.6, 147.9, 2. 55

1000 (13),¢ 800 (5), 700 (3), 600 (2),
500 (4), 400 (4), 300 (7), 200 (3)

« Number of vibrational degrees of freedom.

coordinate in the activated complex.

E+
> PHEHEYRY? X
E

vF=0

(EF — EF)*/111T(1)2)/
T+ r¥2); r¥ =0

B
= ¥ PHE);
EyF=0

SPHE — E,) =

r¥ =0 (13)

E
pH(E) = 35 PHE®) BrifhyVAES — BT X
Ev=0

I T (1/2)/T(r*/2); r* # 0

E
83 P*(E,)
Ey=0
8F E,=E,

where ZP(E\) is the sum of vibrational eigen states, r is the number
of active rotations, /; is the ith moment of inertia, I' is the gamma
function, and the other terms are as defined for eq 2. Exact enum-
eration of states, with from three to five vibrational frequency
groups, was employed to evaluate ZP(E,) and ZP(E)XE — E.)/?
at low energies. The approximation formulas of Rabinovitch and
coworkers3¢ were employed for p-NH.C¢H,CH,CH,C:H; at high
energies. Vibrational frequencies for YC:H,CH,CH.Ce¢H; were
constructed from those of toluene® and of amino and nitro groups.

r¥ =0 (14)

b Zero point energy.
tion included, one low-frequency (~300 cm~!) vibrational mode is removed.

¢ B-Parameter® without internal rotations.

4 For each internal rota-
¢ One of these frequencies is transformed into the reaction

The frequencies in the active molecule ion were assumed to be equal
to those in the corresponding neutral molecule; although there
undoubtedly is some reduction in the number of vibrational states,
the relative change should have only a small effect on £(E). Some
or all of the torsional vibrational frequencies were changed into
internal rotations and the respective moments of inertia calculated
from plausible bond distances and angles. One carbon—carbon
stretching frequency was changed to be the reaction coordinate in
the activated complex. The models for the calculations (including
vibrational frequencies, moments of inertia, parameters for the
approximation formulae?®®) are presented in Table III.
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Abstract:

The rates of acid-catalyzed hydrolysis of a number of acetals and ketals formed from 1- and 2-naph-

thaldehyde and 1- and 2-naphthyl methyl ketones with 2,2-disubstituted 1,3-propanediols have been measured at

at 34.3°,

The equilibrium constants for the acetals and some ketals were also determined at 34.3°.

From the

results it appears likely that the rate-determining step for hydrolysis of the acetals may occur at the cleavage into

two moiety step rather than in the ring-opening step.

thylene glycol has been the reagent of choice when-
ever conversion of a ketone to a cyclic ketal was
desired. In general, ketones react rapidly with ethylene
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glycol and the resulting ketals (1,3-dioxolanes) are rea-
sonably stable toward hydrolysis. The use of 1,3-pro-
panediol is less desirable not only because the rate of

tional Science Foundation and formed part of the Ph.D. Thesis of R.
E. D., the Ohio State University, 1968,
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