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Abstract: The i-C4H 0-benzyl acetate (BzOAc) reaction system was investigated by pulsed, time-resolved chemical ionization
mass spectrometry. The following novel observations were made: (a) The rate constant, kg, for i-C4H o + BzOAc — products
decreases from 24 X 10719 at 320 K to 0.61 X 10719 ¢m3/mol s at 520 K, with a negative temperature dependence of k¢ «
T—6-T~10 (b) The Bzt and BzOAcH™ ions are formed from the competitive fast decomposition of (1-C4Hge*-BzOAc)*; the
difference between the activation energies for the two processes is 13.6 kcal/mol. (c) The Bz™ ion initiates a sequence of elimi-
native ionic polymerization reactions of the general form (C;H7(n — 1)C7Hg)* + BzOAc — (C7H7nC7Hg)* + HOAcC (n
= 0-4). The process appears to proceed at about collision rate and without an activation energy. (d) The polymer ions (C;H7-
C7Hg)*, (C7H7:2C7H¢)*, and (C7H7:3C7H¢) T undergo thermal decomposition with the loss of H», possibly to form proton-
ated anthracene ions. These reactions are in competition with further polymerization. The rate constant for thermal H» loss,
(C7H7:C7Hg)T — Ci4H 1t + H,, at 470 K is 1.3 X 10% s~1, (e) The C;H;* ion formed from BzOAc in CH, protonates
BzOAc; that formed in i-C4H g does not. (f) The thermodynamic values for BZOAcH* + BzOAc — (BzOAc),H™ are AH®
= —28.9 keal/mol, AS® = —34.7 eu. (g) Continuous ionization CIMS appears to correspond to ions formed in 5-15 us reac-
tion time. (h) Analytical chemical ionization experiments using i-C4H o should be performed at the lowest temperature com-

patible with other experimental requirements.

Since the introduction of chemical ionization mass spec-
trometry (CIMS) about a decade ago,!? the technique has
been applied to the analysis of a large variety of substances.
Despite the widespread application, the mechanism and ki-
netics of the processes leading to the observed CIMS spectra
of complex molecules have scarcely been investigated. One of
the earlier attempts to make such an investigation was directed
at the examination of temperature and pressure effects in the
i-C4H g CIMS spectra of benzyl acetate (BzOAc) and related
compounds.3-6 The most significant ions observed in the i-
C4H10-BzOAc system were Bz (C7H,*, m/e 91), BZOAcH*
(m/e 151), (BzOAc),H™* (m/e 301), Bz*-BzOAc (m/e 241),
and Bz*-BzOAc-HOAc (m/e 181). The kinetic studies were
directed mostly at the formation of the Bzt fragment ion and
MH*-HOACc fragment ions in other acetates. In that work,
which was done in this laboratory using a conventional con-
tinuous ionization technique, it was assumed that ions are
formed in the ion source in a thin ribbon at the level of the
entrance of the ionizing electron beam to the ion source. These
ions were then assumed to undergo chemical reactions while
diffusing from the ionization area to the ion exit slit. The re-
action sequence of major interest was assumed to be the for-
mation of protonated quasi-molecular ions (MH™*) by proton
transfer from t-C4Hy™ to the additive molecules, followed by
the thermal decomposition of the MH™ ions.

Following the introduction of pulsed ionization technique
in our laboratory, we undertook to reexamine the mechanism
of reactions in the i-C4Ho-BzOAc system. As will be seen,
the results require us to modify our idea about the mechanism
of the formation of the protonated molecular ion and the

fragment ions; they lead to the observation of previously un-
observed reactions; and they yield more reliable measurements
of rate and equilibrium constants for the principal reactions
in this CIMS system. Thus the results illustrate the use of the
pulsed technique to clarify the mechanisms of complex CIMS
processes.

Experimental Section

The present work was conducted on the Rockefeller University
chemical physics mass spectrometer used in the pulsed mode.”# The
important feature of this technique is that ions are generated by a short
pulse of ionizing electrons, usually of 8-20-us duration in this work,
and the intensities of the ions issuing from the source are recorded
explicitly as a function of the residence times (i.e., reaction times) of
the ions in the ionization chamber. Assumptions about the spatial
distribution of initial ionization and about ion residence times, which
were required in the previous work with continuous ionization, are not
necessary, and the change of ion intensities with reaction time is di-
rectly observable.

Mixtures of benzyl acetate (BzOAc) in i-C4Ho or CHy4 were
prepared in a heated bulb, and the mixture was allowed to flow into
the source in a stream of additional reactant gas. The technique was
described in a previous publication.’ Usually 1-50 uL of BzZOAc was
used, leading to a partial pressure of 0.15-7.5 mTorr of BzOAc in
0.5-1.0 Torr of reactant gas in the source. Materials used in this study
were benzyl acetate and 2,6-dimethylaniline, MCB, purity >99%,
isobutane, Matheson, instrumental grade; methane, Matheson, ultra
high purity grade.

Results and Discussions

1. Time-Resolved CIMS of the i-C4H,90-BzOAc System.
Examples of time-resolved CIMS in the i{-C4H;0-BzOAc
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Figure 1. Temporal ion profiles and continuous ionization mass spectrum
in the i-C4Hg~BzOAc system at 362 K, Piora1 = 0.78 and Pgzoac = 0.67
X 1073 Torr.

system will be discussed and compared with continuous CIMS
in this section. Individual reactions of interest will be discussed
in following sections.

An example of the time-ion intensity profiles in the i-
C4H,0-BzOACc system at the relatively low temperature of 362
K at a total pressure of 0.78 Torr and partial pressure of
BzOAc of 0.67 X 10~3 Torr is shown in Figure 1.

The major feature of the system is the decay of the r-C4Ho*
ions and the formation of BZOAcH™* (m/e 151) with the sub-
sequent formation of (BzOAc),H* (m/e 301). The intensity
of BZOAcH™ goes through a maximum, which is characteristic
of an intermediate in a series of consecutive reactions.

In Figure | we observe a metastable ion at m/e 89.7, with
a time profile parallel to that of the (BzOAc),H* (m/e 301)
ion; a similar relation between g0 7 and I3q; is observed also
in Figure 2. In pressure studies aimed at clarifying the origin
of this metastable we observed that the intensity ratio Ig97/130;
increased with increasing source pressure, in particular above
| Torr. We also noted that the shape of the metastable peak
broadened and the position of the maximum shifted between
mje 89.5 and 90.5 as the field strength between our ion exit slit
and the focusing electrodes was varied between 50 and 950
V/cm. These observations suggest that this metastable is the
product of a collisionally induced dissociation of the
(BzOAc),H* dimer ion outside the ion exit slit.

As for the major reactant ions apart from 7-CsHot, the
C3H-* ion (m/e 43) is not observed once the ionizing beam has
ended (after about 20 us). This is due to the fast disappearance
of C3H7* in the reaction C3H;t + i-C4Hig — C3Hg + ¢-
C4Hot. On the other hand, the stable C3H3* ion (m/e 39) does
not react with any component of the system, and its intensity
remains a constant fraction of the total ion current during
observable reaction times.

Figure 2 illustrates the time-resolved spectrum of the i-
C4H10-BzOAc system at a higher temperature and BzOAc
concentration than those in Figure 1, i.e., 470 Kand 11.9 X
1073 Torr. This spectrum is quite complex, and is dominated
at low residence times by the Bz* ion (m/e 91) and at long
residence times by a set of ions which are products of the re-
action of Bz* with BzOAc. These are ions formed by con-
densation reactions with elimination of HOAc, namely,
CisHy3t (CH2C7He?t), m/e 181; CyHypet (CsHy-
(C7H(,)2)+, m/e 27 1; C23H25+ (C7H7'(C7H(,)3)+, m/e 361', and
CisHyt (C7H7(C7Hg)a)*, m/e 451 (not shown on Figure 2).
Another set of ions are formed by loss of H> from the above
iOl’lS, i.C., C14H13+ hnd C14H11+ (m/e 179) + Hz; C21H19+ hnd
C21H17+ (m/e 269) + Hz; and C23H25+ hnd C23H23+ (m/e 361)

5577

Conlmuous Time Resolved Spectrum

50 specitum

57, 1-CHy ——> x|

\\

4:L 57

‘ |

: :

! x 179

30 - .

8, BeiT kg

Relahive intensily, 100 T, /31

19, B,08¢4"
. I_?S‘BngwG)-H?\ T N
301, (8; J8ckh H '\\‘. pe . = N
837 N\ :/ % \: § — ‘_26
B, \\,; ;//‘/57 ‘/Bf;g:;g?-e——§j3=5 9
N w&‘ 8973/a§5§8::v—"" —v 9
a 269‘81\\,7}16\2%2 | /'_67:_“5—-—v—r v vl
: —r —
0 25 40 [ 80 100

Reactior fime (psec)

Figure 2. Temporal ion profiles and continuous ionization mass spectrum
in the i-C4H9-BzOAc system at 470 K, P o1 = 0.80 and Pgoac = 11.9
X 1073 Torr.

+ H,. The reactions occurring were deduced from the stoi-
chiometric information provided by m/e values and from the
temporal variations of the ionic intensities. A more detailed
discussion of the reactions will be given later in the paper. In
addition, a continuous ionization {-C4H ;9 CIMS spectrum was
obtained of p-fluorobenzyl acetate, and this exhibited con-
densation ions containing fluorine atoms. The number of F
atoms was seen to be equal to the number of C7 residues in the
ion, and this information constituted a confirmation of the
stoichiometry and the postulated structure of the condensation
ions formed in benzyl acetate.

For convenience, the group of ions generated from Bz*, i.e.,
mje 91, 181, 179, 271, 269, 361, and 359, will be referred to
as the Bz* group ions; the ions 151, 301, and 89.7 as the
BzOAcH™ ions. The sum of ion intensities in these groups will
be referred to as {Bz*} and {BzOAcH}.

Since the C;H,™" ion is generated as a decomposition product
of BzOAc in a relatively low-energy system, we consider it to
be the benzyl ion, Bz*. This ion has been shown to have a
lifetime >10~3 s in the gas phase.® Other structures or a mix-
ture of structures is also possible, and in fact are indicated to
exist in the CH4-BzOAc system, as will be shown later.

A schematic representation for reactions in the i-C4H o~
BzOAc system that can account for the ion profiles observed
in Figures | and 2 is given in Scheme I. A detailed justification
for this scheme of reactions, based on ion intensity ratios as a
function of reaction time (Figure 3) and other kinetic argu-
ments, and further discussion of the reactions shown in it will
be given in the sections to follow. Rate constants for some of
the reactions are summarized in Table I.

2. Kinetics of the Reaction ~-C4Ho* + BzOAc £
Products: The Negative Temperature Dependence of ky. The
rate constant, kr, for the overall reaction t-C4Hot + BzOAc
— products can be found from the rate of disappearance of the
t-C4Hot ion. For example, rate constants obtained at three
temperatures from the slopes of plots of In (I57%/Z1) vs. time
give k323 = 24 X 10710, k440 = 2,8 X 10710, and k(520 = 0.61
X 10710 ¢m3/mol s. The calculated collision rate between -
C4Ho* and BzOAc is 17 X 10710 ¢m3/mol s. Thus the collision
efficiency for the H* transfer reaction decreases from about
unity at 320 K to 0.035 at 520 K.

The temperature dependence of &y, in the form of In k¢ vs.
In T, is shown in Figure 4. The magnitude of the negative
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temperature coefficient can be expressed approximately as k¢
« T~6 at the lower temperature range and k; « T-10 at the
higher temperature range. Alternatively, a function of the form
ki = CT~" exp(—E,/RT), withn =12 £ 2, E, =3 + 2
kcal/mol would also describe the experimental temperature
dependence of k¢, as shown by the broken line in Figure 4. Thus
the curvature of the experimental plot in Figure 4 may indicate
the presence of small activation energy, largely overwhelmed
by a large negative preexponential temperature coefficient.

A pressure study, indicated by the points in the box in Figure
4, shows that the reaction t-C4Ho+ + BzOAc — products is,
as expected, second order, i.¢., first order in both 7-C4Hot+ and
BzOAc. It is of much interest that we observe a large negative
temperature dependence for this bimolecular proton transfer
reaction. Although we did observe significant negative tem-
perature coefficients for bimolecular hydride ion transfer re-
actions,”19 all ion-molecule proton transfer reactions whose
temperature coefficients were measured to date displayed zero
or very small temperature dependence.!!

It is conceivable that the negative temperature dependence
in the present H* transfer reaction would originate from the
complexity of the reactants, or from the fact that substantial
rearrangement, probably including a cyclic intermediate, is
required for proton transfer in the reaction complex (see
Scheme I1I). To check whether the complexity of the reactant
accounts for the negative temperature dependence, we mea-
sured the rate constant for an H* transfer reaction in a system
of comparable complexity, t-C4Ho+ + 2,6-(CH;3),CsH4NH,
- 2,6-(CH3)2C(,H4NH3+ + C4Hg. We found that at 368 K
ke=10+3;at475Kkr=15+3;and at 560K kr= (15 £ 3)
X 10710 ¢cm3/mol s. Thus, this reaction proceeds at about
collision rate, without a significant temperature dependence.
Of course, the reaction involving BzOAc is less exothermic
than that of the amine, which may account for the difference
in behavior of the two reactions.

3. Kinetics of the Reaction t-C4Ho™ + BzOAc — Products:
The Mechanism of the Formation of BzZOAcH* and Bz*. The
mechanism of formation of the C;H,;* fragment ion is a
question of major interest in the present system. As noted
earlier, in previous work it was assumed that it is formed by
the thermal decomposition of BZOAcH™, i.e., Scheme II.

Scheme 11

M
1-C4Hot + BzOAc — BzOAcH** — BzOAcH™ (thermal)

0

T Bzt + HOAc

d

If this sequence occurs the sum of intensities in the {BzOAcH*}
group of ions should decrease with increasing reaction time,
with an equal increase in the sum of intensities of the {Bzt}
group ions. The examination of Figure 2 and Figure 3a shows
that such a change is indeed observed, but at a rather slow rate;
i.e., the intensity ratio {Bz*}/{BzOAcH™}increases only by 15%
in 100-us reaction time. It is clear that this process must be very
slow, with a half-life of several hundred microseconds. In
Figure 2 we observe a decrease of #40% in the intensity of i-
C4Ho™ in 50-us reaction time. If Scheme II were correct, with
1/kq > 100 us, we would observe a corresponding increase in
BzOAcH™ in this time, i.e., the BZOAcH™ ions would be
formed and would not decompose in the first 50 us. However,
we observe an increase in the m/e 91, 181, and 179 ion inten-
sities simultaneous with the disappearance of 1-CsHo* in the
first 50 us. From these observations it is obvious that the major
mechanism for the formation of Bz* is not the slow thermal
decomposition of BZOAcH™. Rather, we think the data sup-
port the hypothesis that Bz* and BzOAcH™ are competitive
products of the reaction ¢-C4Hot + BzOAc — products, as
shown in Scheme I, with the ratio Bz*/BzOAcH* = k;/k,
increasing with increasing temperature. We note that the

Table I. Rate Constants and Thermodynamic Values Measured in the i-C4H;o + BzOAc and CH, + BzOAc Reaction Systems

Quantity
Reaction Temp, K measured Result
k
1-C4Hs™ + BzOAc ———r>products (BzOAcHT* and Bzt) 323 ks 24 X 1079 ¢m3/mol s
440 2.8 x 1010
520 0.61 X 1010
k
C7H7* + BzOAc —> C,H5(CHg)* + HOAc 410 ks 7.1X 10710
520 4.6 X 10710
572 23X 10710
k6
C7H7+(C7Hg)* —> C14H ;+ + H, 470 ke 1.3 X 104sec™!
BzOAcH* + BzOAc % (BzOAc),H* 360 ks 28 X 10719 ¢m3/mol s
AH® —28.9 kcal/mol
AS® —34.7 cal/deg mol
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structures of the ions shown in Scheme III and elsewhere are
not known, and represent only some plausible possibilities.

Alternatively, the following sequence could occur (Scheme
V). If Scheme IV were operative the ratio of {BzOAcH*}/
{Bz*} would be proportional to the pressure of i-C4H;o. We
tested this possibility in a reaction system at 470 K with Pg,0ac
= 9.0 X 1073 Torr and P;.c u,, = 0.4-1.5 Torr. We found that
the ratio of the sum of the ions in the BZOAcH™ group to the
sum of the ions in the Bz* group is independent of the i-C4H o
pressure (Figure 5). Thus Scheme IV does not seem to be
correct, and the formation of Bz* appears to be due to the
competitive decomposition of £-C4Ho*-BzOAc* to form Bz*
or BZOAcH™, as shown in Schemes I and I11. Assuming that
Scheme |11 is operative, it is possible to get a measure for the
relative activation energies and preexponential factors of k»
and k; from the temperature dependence of {Bz'}/
{BzOAcH™*}. This treatment is not rigorously correct, since
t-C4Ho -B2OAc* is probably not a thermalized population,
but the approximate results are still of interest. A plot of
{Bz*}/{BzOAcH*} vs. 103/T is shown in Figure 6. We as-
sume

{Bz*} k3 _ A3 e—(Eas—Ea)/RT

{BzOAcHY] k» A,
From the plot of Figure 6 we obtain Ea3 — Ea; = 13.6 kcal/
mol. It has been shown? that a difference of this magnitude
between the activation energies is compatible with the differ-
ence between the AH° values for these reactions. Also from
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{BzOAcH™}/{Bz*} groups) is independent of i-C4H ) pressure: X, points
obtained by continuous ionization; @, check points obtained by the time-
resolved technique. 7 = 470 K, Przoac = 9.0 X 1073 Torr.

Figure 6 we obtain: log A3 — log A2 = 6.7. The reaction in-
termediate associated with k> (Scheme III) is highly con-
strained and of low entropy, and thus this result is reason-
able.

4. Reactions of Bz* (C7yH+") and its Product Ions: Elimina-
tive Polymerization and Thermal H, Loss. As we note in

Scheme 111
H-=-—--- 0 +OH
HC | |
l +/OCH3 C—CH; ‘
CHC—0L_ — 0{_ + i-CH,
| CHyCeH, CH,CH,
CH,

t.C;H,* + BzOAc — t-CH," - BzOAc

AN .
|

C—CH;

(CHB)BCQz;

||
— CH,CH, + (CH),COCCH, (or C.Hy + CH,COOH)

CH,C¢H,
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Scheme IV
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Scheme V
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Scheme I, Bzt formed as a fragment ion in the i-C4H o +
BzOAc system leads to a sequence of reactions which can be
characterized as eliminative ionic polymerization with the loss
of an HOAc molecule in each step. The general formula is: A+
+ BzOAc — (A + C;Hg)* + HOAc. The ions that we observe
in this series are C7Hs* (mfe 91), CisHist (m/e 181),
CaiHiot (m/e 271), CasHas™t (m/e 361), and CisHa*t (m/e
451). The last ion is only observed under continuous ionization,
i.e., high sensitivity conditions, at very high concentrations of
BzOAc. This sequence of reactions also branches, with H; loss
reactions, to give the m/e 181 — 2 = 179 ion, which is the major
reaction product in Figure 2; the m/e 271 — 2 = 269 ion and
the m/e 361 — 2 = 359 ions are also seen.

Eliminative gaseous ionic polymerization is an unusual and
novel type of reaction, and we investigated the kinetics of some
of these processes. The first step in the process is the reaction
C;H;+t + BzOAc — Ci4Hij3t + HOAc (ks). A plausible
mechanism for the displacement of HOAc from BzOAc by
CsH5% involves the intermediate (m/e 241), as shown in
Scheme V.

It might be expected that this process would require a sig-
nificant activation energy. To examine this, we measured ks
at a range of temperatures, and observed k5410 = 7.1 X 10~'0,
ks*80 =36 X 10710, k5320 = 4,6 X 1019, and k5572 = 2.3 X
10719 ¢m3/mol s. Some scattering of the data and possibly a
small negative temperature dependence is seen, but no sig-

Scheme VI
CH,"

H
i H
CH,” \EZ\"' Ié
C[ Oks O:cjzj =
—_—
H, H,

m/e 181

+ BzOAcl—HOAc
k-

~HOAc
+ BzOAc —

m/e179
protonated
anthracene?

+

CH, CH
CH, RN CH,
H, H,
m/e 271 m/e 269
+ BzOAcl ~HOAc
o 909
i
: * CH, —H, : .,CH_y :
) C
C;Iél H,
m/e m/e 359

nificant activation energy is present. This indicates that the
energy released upon the formation of the Bz+-BzOAc complex
into the internal degrees of freedom is sufficient to overcome
the energy barrier for this reaction.

If the m/e 181 ion indeed possesses the ortho structure as
shown in Scheme V, then the consequent formation of the m/e
179 ion can be seen as cyclization with Hj loss, leading prob-
ably to a protonated anthracene ion (Scheme VI). This process
is apparently in competition with reaction 7, which leads to
higher mass products. If reactions 6 and 7 are indeed com-
petitive processes, then the ratio of the products of these re-
actions should be 1179/(1271 + Iy60 + I371 + I359) = k(,/k7 =
constant (with respect to time). The independence of this ion
intensity ratio on reaction time is indeed observed (Figure 3c).
Likewise, the independence of I69/(7361 + I359) on reaction
time (Figure 3d) shows that ions 269 and 361 are formed as
products of competitive reactions (H; loss and eliminative
polymerization) of ion 271.

As we have just shown, ion intensity ratio considerations
indicate that the m/e 179 ion is formed in competition with mi/e
271. In Schemes 1 and VI we postulate that 179 is formed by
a unimolecular reaction of the m/e 181 ion, while 271 is the
product of a bimolecular reaction of this ion with BzOAc. This
mechanism suggests that (7371 + ¢y + I361 + I359)/1179 should
be proportional to Pp,oac. This relation is indeed observed
(Figure 7). The kinetic data is thus completely consistent with
the reaction sequence of Scheme I, which shows a process of
eliminative polymerization to form C;H7:(C7He)» ™, where
each polymerization step is also in competition with H; elim-
ination from the ionic precursor of that step.

The observation of gaseous ionic polymerization in benzyl
acetate motivated us to check whether such a process may
occur also in the condensed phase upon the protonation of
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formed therefrom vs. the m/e 179 ion, as a function of the density of
BzAOc in the ion source. Experimental conditions: T = 470 K, P;—c4H0
= 0.80 Torr.

BzOAc. Indeed, upon the addition of concentrated H,SO4 to
BzOAc we observed the formation of a brown polymer from
which a white gluey material separated out upon further
contact with the BzZOAc-H,SO; mixture; this material turned
hard and brittle upon the removal of the solvent. The material
seemed to melt without decomposition and was soluble in tol-
uene. These results suggest that the material is an oligomer of
hydrocarbon units, and it may well be the analogue of the
polymer observed in the gas phase. The polymerization seems
to depend upon the presence of the benzyl moiety, for neither
phenyl acetate nor tert-butyl acetate exhibited any reaction
when mixed with H,SO4. No condensation has been observed
in the gas phase with these acetates, and we thus observe a
parallelism between the tendency to polymerize in the gas and
condensed phases in these acetates.

The time dependence of the ion intensities in the i-
C4H,p-BzOAc system and knowledge of the reaction sequence
in Scheme I can be used to obtain further quantitative infor-
mation on this reaction system. In particular, we wish to cal-
culate the rate constant for Hs loss from C14H 3% (m/e 181)
and to show that this is indeed a thermally activated process.
From the rate of disappearance of the -C4Hg™" ion in Figure
2 and the known concentration of BzZOAc we can calculate a
value of 2.2 X 10%s~1 for the quantity (k@ + k%) (BzOAc),
where the k; are rate constants in the reaction

ke Bz" + neutrals

t-C;H," + BzOAc

" BzOAcH* + neutrals

The branching ratio, k¢/k¢? = {Bz*}/{BzOAcH™*}, may be
observed from Figure 3a to be 2.8; therefore the rate of for-
mation of Bz*, k¢?,is 1.6 X 104s~1 It can be shown!2 that in
the sequential reaction A (k,) — B (k) — C the following
relation holds: k,/kp = (B)m/(A) where (B), is the maximum
concentration of B as a function of reaction time and (A4) is the
corresponding concentration of A. Thus we may write k¢*/
ks(BzOAc) = (I91)m/Is7, and the experimental value of this
ratio from Figure 2is0.70. Since k2 = 1.6 X 10*s~1, we find
that the rate of formation of 1817, i.e., k5(BzOAc), is 2.3 X
10%s~1. To find the rate of disappearance of the m/e 181 ion
the same procedure is used, and we write ks(BzOAc)/(k¢ +
k7(BzOAc)) = (I181)m/Io1, the value of which may be ob-
tained from Figure 2 as 1.3. Thus (k¢ + k7(BzOAc)) = 1.8 X
1051, The ratio k¢/k7(BzOAc) = 1.9 is found from the ratio
of the products of the parallel reaction in which the m/e 181
ion disappears. From the two expressions containing k¢ and
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Figure 8, Time resolved and continuous ionization mass spectrum of the
CH4-BzOAc system at 360 K, Pioia1 = 0.80 and Pgoac = 1.2 X 1073
Torr.

k7 a value for kg can be calculated. Consequently, the total
calculation gives the result that for the reaction C14Hj3% (ke)
— C14H T + Ho, the value of kg is 1.1 X 10*s~!, This rate
constant corresponds to a half-life of the C4H;3* ions of 54
us. During this time each Cy4H, 3% ion undergoes about 900
collisions with i-C4H ¢ molecules; this is surely sufficient to
yield a thermal population of these ions. We thus conclude that
the elimination of H from this ion is indeed a thermally acti-
vated decomposition process.

5. The CH4~BzOAc System. Time-resolved and continuous
mass spectra of the CH4-BzOAc system at 360 K are shown
in Figure 8. Compared with the i-C4H;o-BzOAc system at the
same temperature (Figure 1), we observe that while in i-C4H g
at 360 K no C;H* fragment is observed, it is the predominant
ion in CHy. Increased fragment formation in CH4 vs. i-C4H o
CIMS is commonly observed and is related to the exother-
micity of proton transfer from CHs* and C,Hs™* to BzOAc.

The major reaction in the CH4-BzOAc system in Figure 8
is the disappearance of the C;H7* ion with the simultaneous
formation of 181+, 179%, 241% and 301* as major products.
The first two ions are similar to those observed in the i-
C4H o-BzOAc system as had been discussed before. The ion
at mfe 241 is apparently C7H,+-BzOAc, which was postulated
as an intermediate in Scheme V. Presumably at 360 K its
lifetime is long enough to be stabilized by collision with CH4
molecules. The novel feature of the CH4-BzOAc system is the
formation of the m/e 301 ion with the disappearance of C;H7*.
As we noted before, the {Bz*}/{BzOAcH™] ratio in the i-
C4Ho-BzOAc system is constant or slightly decreasing with
reaction time; however, in the CH4-BzOAc system the
BzOAcHT group is obviously increasing with time. These
observations indicate the reaction scheme in the CH;~-BzOAc¢
system as shown in Scheme VII.

The fact that in this system C7H;* can protonate BzOAc
indicates that it is not Bz*, but a higher energy C;H7™* isomer.
Such an isomer may be formed as a consequence of the high
exothermicity (70 kcal/mol) of the H* transfer from CHs*
to BzOAc.

Meot-Ner, Hunter, Field /| Decompositions in the i-C4H)o~-Benzyl Acetate System
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Scheme VII

CH,", CH,* + BzOAc —» CH,*
m/e91
C.H.;* - BzOAc

M/' m/e 241
BzOAc + * +
Ra—— C7H7 » BzOAc — CMng + HOAc

\ m/e 181

BzOAcH*
m/e 151

B0Ae,  (Bz0Ac)H*

m/e 301

5. The Reaction BzZOAcH* + BzOAc (.LJ‘- (BzOAc),H.
As noted in Figure 1 the dimer ion (BzOAc);H™* (and the
corresponding metastable at m/e 89.7) is formed rapidly at low
temperatures and is observed to be the final product of the ionic
reactions under those conditions, At higher temperatures the
ratio I301/1,s) is observed to achieve a finite constant ratio; i.e.,
the time dependence of the ratio (130 + 759.7)/1151 becomes
essentially constant after 70-us reaction time (Figure 3b). In
pulsed high-pressure mass spectrometric studies of ion-mol-
ecule clustering this is usually interpreted to indicate equilib-
rium in the clustering reaction. The equilibrium constant for
the (BzOAc),H™* ion formation is written as K = (I30; +
Is9.7)/(I151)(PBz0Ac); Observations at different temperatures
yield a van’t Hoff plot as shown in Figure 9. The thermody-
namic values obtained from this plot are: AH® = —28.9 kcal/
mol and AS® = —34.9 cal/deg mol. These values for the pro-
tonated dimer formation process are similar to those found in
other oxygen containing molecules, e.g., H;O*.H,O,
CH3OH2+-CH3OH, and (CH3)2OH+'(CH3)2O.13 Thus it

C;H-

0. ,_.0
CHB—C< SHY >
?f \O/

C7H7

appears that the possibility of bidentate bonding in the acetate
dimer, i.e., 1, does not affect significantly the thermodynamics
of the process.

Because of the great complexity of the reaction system it is
hard to obtain kinetic data for the association reaction at the
higher temperature range. At low temperature, however, the

C—CH;,

formation of (BzOAc),H* constitutes a system of simple
consecutive irreversible reactions

BzOAc BzOAc
t-C4Hgt —> BzOAcHt —> (BzOAc),H*
kf ka

Under these conditions k4 = kfl57/(I151)m, where Is7 and
(I1s1+)m are the intensities of these ions when (7151+) goes
through a maximum, e.g., at ~#38 us in Figure 1. k¢is obtained
from the rate of disappearance of t-C4Hg*, and we find k4 =
29X 10719 ¢m3/mol s. At 360 K, the collision rate of
BzOAcH™ with BzOAc is calculated as 20 X 10719 ¢m3/mol
s; thus the reaction proceeds at about collision rate at these
temperatures; i.e., each (BzOAc),H** complex formed by a
collision of BZOAcH™* with BzOAc lives long enough to be
stabilized by collision. This result is reasonable when one takes
into account the great number of degrees of vibrational free-
dom in the reactants and the large exothermicity of the reac-
tion.

In our previous work,3 the ratio I391+/1151+ obtained from
continuous data were assumed to represent the equilibrium ion
ratio. From the results given in the present paper it is evident
that equilibrium is not reached under continuous ionization
conditions (see below), and the thermodynamic values obtained
in the continuous study are incorrect.

6. Comparison of Continuous and Time-Resolved Mass
Spectra. Figures 1, 2, and 8 show continuous and time-resolved
mass spectra of i-C4H;9p-BzOAc and CH4-BzOAc systems.
The plots in the time-resolved mass spectra start immediately
after the end of the ionizing electron pulse; time zero on these
plots is the start of the pulse. From comparison of the contin-
uous and time-resolved spectra it is evident that the ion dis-
tributions in the continuous spectra correspond to reaction
times earlier than the end of the electron pulse. For example,
the continuous intensities correspond to the extrapolation of
the time-resolved curves to ~15 us in Figure 1, and 5-8 us in
Figures 2 and 7,

In our apparatus, the distance between the electron entrance
slit to the source and the ion exit slit is 2 mm. Ion diffusion
times over this distance under our conditions are usually 30-50
us.3 The fact that under continuous ionization conditions we
observe spectra corresponding to much shorter reaction times
indicates that ionization is taking place not only at the level of
electron entrance, but also very close to the ion exit slit, and
probably over most of the volume of the gas in the source. This
may be due to ionization by fast electrons scattered over the
whole volume of gas in the source. The ions formed near the
ion exit slit are expected to be collected with greater efficiency
than those formed in the depth of the source. This will explain
our observations that continuous spectra usually correspond
to 5-15-us reaction times.

7. Implications for Analytical Chemical Ionization Mass
Spectrometry. We showed in section 2 that the rate constant
for the reaction of t-C4Ho% ion with BzOAc decreased by a
factor of approximately 30 as the temperature of the mass
spectrometer ion source increased from 323 to 520 K (50-247
°C). The analytical sensitivity of i-C4H;o~CIMS for benzyl
acetate will consequently be rather small at about 250 °C, a
source temperature which is not particularly high by analytical
standards. We have pointed out here and in other work!> that
both the magnitude of ion-molecule rate constants and their
temperature coefficients are related to the exothermicities of
the reactions, and from the proton affinities given by Yam-
dagni and Kebarle!® we estimate that the exothermicity of the
proton transfer reaction between ¢-C4Hgo" and BzOAc is about
5 kcal/mol, i.e., a rather small value. In many analytical ap-
plications of CIMS the reaction gas is chosen to make the ex-
othermicity of the chemical ionization reaction small to de-
crease the amount of fragmentation of the sample. Our results
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here show that the analyst must keep in mind the possibility
that with a low exothermicity the sensitivity may be relatively
low. Beyond that, to achieve best sensitivity he is advised to
operate the mass spectrometer ion source at the lowest tem-
perature that is compatible with the other experimental re-
quirements of the system being investigated.
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Abstract: Ion-assisted dehalogenation reactions of halobenzenes provide a convenient source of phenylium ions. Gas-phase re-
actions of phenylium ions with hydrogen, alkanes, alkyl halides, alkenes, and arenes have been studied by ion cyclotron reso-
nance spectroscopy. Phenylium ions are strong electrophiles, attacking o as well as = and nonbonding electrons. The reactivity

of phenylium ions has carbenoid characteristics.

While relatively little is known about the gas-phase chem-
istry of phenylium ions C¢Hs™, the literature indicates a re-
newal of interest in the electronic structure and reactions of
this elusive species.

The formation and reactions of phenylium ions in the liquid
phase have been reviewed by Richey and Richey.! Such re-
actions as addition of Lewis bases, addition to w-electron sys-
tems, and hydride transfer have been reported for aryl cations
in solution. However, a mechanistic ambiguity has plagued the
solution experiments; alternative pathways which include as
reactive intermediates species other than aryl cations, e.g., free
radicals and adducts of nucleophiles to diazonium ions, have
proven difficult to exclude. The claim has recently been revived
that dediazotization of phenyl diazonium ion produces phenyl
cations in solution.?

Semiempirical SCF calculations of the INDO type have
been carried out for the phenylium and 4-aminophenylium
jons.>* A singlet ground state with an empty ¢ orbital has been
predicted on the basis of these calculations for the unsubsti-
tuted system and nearly degenerate triplet and singlet lowest
states for the 4-aminophenylium ion, with vacancies in = and
o orbitals, respectively. Recent ab initio calculations have been
interpreted as supporting the assignment of a singlet ground
state for the phenylium ion.” Stabilization of an empty o orbital
of substituted phenylium ions via “through-bond” interactions
has been studied by extended-Hiickel molecular orbital cal-
culations.5

In order to explain the discrepancy between the ionization
potential of phenyl radicals deduced from appearance poten-

* Address correspondence to this author at Washington University.

tials of C¢Hst (8.80 eV) and the value obtained from direct
ionization of the radical (9.2 eV)7 it has been suggested that
the C¢Hs* ion obtained from halobenzenes by electron impact
may not possess the phenylium ion structure. Recently, how-
ever, collision activation spectra of substituted toluenes have
been interpreted as being due to o-, m-, and p-CH;CsH4*.8
The phenylium ion structure for the C¢Hs* ion formed by loss
of H, from protonated benzene has been supported by an ele-
gant argument based on the conservation of orbital symme-
try.?

We have not, however, found any data describing the gas-
phase reactions of the phenylium ion. The report which follows
contains several such reactions. In the course of ion-molecule
reaction studies designed to shed light on the mechanism of
radiation-induced protodehalogenation of halobenzenes,!° a
convenient source of phenylium ions was discovered which
prompted this study of their ion-molecule reactions. The re-
actions of C¢Hs*, with D», CHy4, CD4, CH3F, CH3Cl, CH;Br,
CH,Cl,, CaHg, CyHy, propene, cyclopropane, C¢HsCl, and
Ce¢H;F, are reported here.

Experimental Section

The ion cyclotron resonance spectroscopic techniques employed in
this study have been described in detail.!! The experiments were
performed with an ionizing electron energy just sufficient to produce
the ions of interest (typically 16 to 20 eV). The total pressure in the
reaction cell was 1073 Torr. Double resonance experiments were
carried out under strong field conditions!? with an accelerating field
of 0.7 V/cm. All gaseous reagents were purchased from Matheson
Co. and used without further purification. Liquid reagents were
purchased from standard commercial suppliers and purified by
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