232 J. Phys. Chem. A 2010, 114, 232-240

Heats of Formation of 7-Butyl Peroxy Radical and #-Butyl Diazyl Ion: RRKM vs SSACM
Rate Theories in Systems with Kinetic and Competitive Shifts
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The dissociations of energy-selected di-z-butyl peroxide and di-#-butyl diazene ions have been studied by
threshold photoelectron—photoion coincidence (TPEPICO) spectroscopy. Di-z-butyl peroxide ions dissociate
via two parallel channels: (1) methyl loss at a 0 K onset (Ey) of 9.58 £ 0.04 eV followed by a sequential
dissociation of the daughter ion to produce C4HsO" and acetone; and (2) the dominant dissociation channel,
producing #-butyl ion and #-butyl peroxy radical at an Ey of 9.758 + 0.020 eV. Di-#-butyl diazene ions dissociate
through three parallel channels: (1) a rearrangement to form isobutene ion; (2) C—N bond cleavage with the
charge staying on the 7-butyl diazyl species (Ey = 8.069 £ 0.050 eV); and (3) C—N bond cleavage with the
charge instead on the #-butyl (Ey = 8.122 £ 0.050 eV); the coproduct for this latter channel is a weakly, or
possibly unbound, N, -+ #-butyl structure. Both the peroxide and diazene ion dissociations produce metastable
daughters, and the dissociation rates are modeled with two rate theories: the Rice—Ramsperger—Kassel —Marcus
(RRKM) theory and a simplified version of the statistical adiabatic channel model (SSACM). Due to a large
kinetic shift, RRKM incorrectly models the peroxide ion rate curve. Using SSACM, the heat of formation of
t-butyl peroxy radical is determined to be AHGx = — 81.1 £ 3.9 kJ mol !, and, using B3LYP/6-311++G(d,p)
thermal energy, AHSosx = — 109.7 4 3.9 kJ mol™!. Due to a competitive shift of the higher energy channel
onsets, RRKM also incorrectly models the diazene rate curves. The 298 K heat of formation of the #-butyl
diazyl ion, which is bound by 14 kJ mol™!, is determined to be 701.2 4 5.9 kJ mol .

Introduction

Alkyl peroxy radicals are key intermediates in both combus-
tion processes and in the atmospheric oxidation of organic
compounds and may play an important role in a range of
pathological processes.!? Accurate thermochemical values are
important in the understanding of these systems. However,
because peroxy radicals are fairly reactive intermediates with
fleeting lifetimes, experimental observation of their properties
is challenging. In particular, few experimental alkyl peroxy
radical enthalpies of formation have been reported, and even
those have relatively large uncertainties on the order of 5—10
kJ mol~!.3* Theoretical studies of alkyl peroxy radical thermo-
chemistry are more numerous;> however, comparison to
experimental values is needed to confirm or refute the accuracy
of calculations on these open shell compounds.

The thermochemistry of alkyl diazyl radicals (the nitrogen
analogues to peroxy species) is also poorly known. Despite a
lengthy history of mechanistic and kinetics studies on alkyl
diazyl dissociation,'? only a handful of alkyl diazyl radical'!'?
and no alkyl diazyl ion heats of formation have been reported.
In particular, there has been debate spanning eight decades'®!*
over whether or not alkyl diazyl radicals are formed as
intermediates in the decomposition of various alkyl diazenes
to alkyl radicals and N».

Threshold photoelectron—photoion coincidence (TPEPICO)
spectroscopy is, in general, an attractive experimental route to
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radical heats of formation. TPEPICO determines the 0 K onset
(Ep) of a neutral molecule dissociating to a fragment ion, a
fragment radical, and an electron. If the heat of formation of
both the parent molecule and the daughter ion are well-known,
then the heat of formation of the radical is determined by

AH; [radical] = E, + AH{[molecule] — AHE[ion]
M

TPEPICO of alkyl peroxide compounds should give access
to the thermochemistry of alkyl peroxy radicals because, unlike
peroxide neutrals that decompose by O—O bond cleavage, the
weakest bond in alkyl peroxide radical ions is typically the C—O
bond.? Unfortunately, many alkyl peroxide compounds tend to
be difficult to investigate as the neutrals readily dissociate in
the gas phase. A notable exception is di-z-butyl peroxide,
(CHj3);COOC(CHj3);, which has previously been observed to
dissociate upon electron impact to the 7-butyl ion and #-butyl
peroxy radical.'”” An accurate determination of E, for this
channel allows for the derivation of the enthalpy of formation
of the t-butyl peroxy radical.

Mayer et al.'® have recently shown that di-z-butyl diazene
ions (the nitrogen analogue of di-z-butyl peroxide) similarly
fragment primarily to produce the #-butyl ion (m/z = 57) and
the #-C,HoNN™ (m/z = 85) as a minor product. Because the
heat of formation of the diazene neutral and t-butyl radical'’
and ion'® are well established, the measured E, values for this
system (7.83 eV for m/z = 85 and 7.94 eV for m/z = 57) would
yield both the #-butyl diazyl radical and #-butyl diazyl ion heats
of formation. However, inspection of the Mayer et al. TPEPICO
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results for both of these channels suggests that the dissociation
rates were modeled incorrectly and the reported onsets are too
low.

There exists a long-standing issue in modeling the dissociation
rates of large ions with many low energy modes such as those
investigated here. Often these dissociations occur with minimum
rates too slow to be measured directly on the microsecond time
scale typical for mass spectrometry experiments, resulting in a
kinetic shift' between the thermochemical and observed dis-
sociation onsets; product ions may not be detected several
hundred millielectronvolts to several electronvolts above the
dissociation threshold. In order to determine E, correctly, the
dissociation rate curve must be extrapolated to low ion internal
energies from rates measured directly at higher energies. The
dissociations are often barrierless (indeed, extracting thermo-
chemical values from measured onsets requires the absence of
a reverse barrier) and lack a well-defined transition state, which
is contrary to an assumption of the rigid-activated complex
Rice—Ramsperger—Kassel —Marcus (RRKM) theory.?’ Despite
this, RRKM still correctly describes the rate curves of a
barrierless ionic dissociation in at least one instance (that of
iodobenzene ion),?! and its simplicity makes it an attractive
alternative to the more appropriate but arduous methods,
variational transition state theory (VTST)?*-* or the statistical
adiabatic channel model (SACM)? combined with classical
trajectory calculations. The difficulty lies in identifying when
RRKM will fail to describe the rate curve, and a more rigorous
method must be applied. Troe and co-workers have recently
shown that this issue can be side-stepped by employing a
simplified version of SACM (SSACM),?® requiring no more
input or calculation than RRKM.?'?” Here we analyze the
dissociations of di-z-butyl peroxide ions, which occur with a
large kinetic shift, and di-#-butyl diazene ions, which occur with
almost no kinetic shift, by both RRKM and SSACM and
compare the thermochemical values derived using the different
rate theories.

Experimental Methods

Two different threshold photoelectron photoion coincidence
setups were used. The di-#-butyl peroxide data were obtained
on the TPEPICO apparatus in Chapel Hill, which has previously
been described in detail.®3° The di--butyl diazene was
investigated using the imaging PEPICO (iPEPICO) experiment’!
at the vacuum ultraviolet (VUV) beamline of the Swiss Light
Source (SLS) in Villigen, Switzerland.*> A number of points
were repeated in Chapel Hill in order to verify reproducibility
of the results. In both set-ups, sample vapor (di-z-butyl peroxide
and di-#-butyl diazene, obtained from Sigma-Aldrich and used
without further purification) is introduced to a high-vacuum
chamber, ionized by continuously tunable VUV radiation, and
threshold (zero-kinetic energy) electrons, and their corresponding
ions are detected in coincidence to produce time-of-flight (TOF)
mass spectra of energy-selected ions.

In the Chapel Hill experiment, sample vapor passes through
several inches of copper tubing and a stainless steel needle held
at a constant temperature (di-z-butyl peroxide: 255 £+ 1 K; di-
t-butyl diazene: 295 K). Previous experiments suggest that the
transit time is sufficient for the sample to reach thermal
equilibrium.?® Molecules are ionized by VUV light from a
hydrogen discharge lamp dispersed by a 1 m focal length
monochromator providing a resolution of 8 meV (~1 A) at 10
eV. Photoions and photoelectrons are accelerated in opposite
directions by a constant 20 V cm™! field. Electrons are focused
by velocity focusing electron optics so that those with zero
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velocity transverse to the axis of propagation (including both
threshold electrons and excited electrons with a velocity vector
that points directly along the axis of propagation) are detected
by a Channeltron electron multiplier masked by a 1 mm aperture.
A second Channeltron detector sits off-axis masked by a
rectangular 2 mm x 5 mm aperture and collects a representative
portion of electrons with nonzero kinetic energy to be used in
a scheme to correct data for hot-electron contamination.? Ions
are accelerated in two stages to ensure space focusing, followed
by a 26 cm drift region, and a deceleration voltage and second
5 cm drift region in order to separate stable parent ions from
fragment ions born in the first drift region. Ions are detected by
tandem microchannel plates. Each detected electron provides a
start signal to a time-to-pulse-height converter, and the subse-
quently detected ion provides a stop signal. The output pulses
are collected by multichannel analyzer boards to produce two
TOF mass spectra, one each for electrons detected by the on-
axis “center” Channeltron or the off-axis Channeltron. Subtrac-
tion of the latter spectrum from the corresponding center
spectrum results in an energy-selected TOF spectrum, so that
the internal energy of each parent ion is defined by the sum of
the photon energy and the ion’s initial thermal energy less the
adiabatic ionization energy.

The iPEPICO experiment at the SLS uses dispersed light from
the X04DB bending magnet beamline as the source of VUV
radiation.’! The other major difference between it and the Chapel
Hill set up is that the electron and ion extraction field is 80 V
cm™!, and the velocity-focused electrons are collected on a
Roentdek DLD40 imaging detector, which provides a combined
electron and photon resolution of 2 meV. Finally, instead of a
single start—single stop coincidence scheme with time-to-pulse-
height converters, the iPEPICO data acquisition operates in the
multistart—multistop mode, and can thus accommodate the much
higher acquisition rates resulting from the 3 orders of magnitude
higher photon flux (10'! vs 10% s™! in the Chapel Hill setup).*’
Hot electron subtraction is accomplished by using the coinci-
dence counts associated with user-defined regions of the imaging
plate.

In both experiments, peak shapes and arrival times in the
TOF spectra are functions of not just the mass, but also the
dissociation time of the ions. Parent ions that do not dissociate
during the TOF appear as a sharp peak with a characteristic
shape representing the initial velocity distribution of molecules
in the ionization region. Fragment ions that dissociate within
about 1077 s of ionization appear at a TOF characteristic of the
fragment mass. lons that dissociate at a slightly longer time
have already traveled noticeably along the propagation axis and
as a result appear at a slightly longer TOF, resulting in an
asymmetric fragment ion peak shape reflecting the rate of the
dissociation of the parent ion. Ions that dissociate while in the
first drift region are left with less kinetic energy than those
formed immediately after ionization and are therefore deceler-
ated more than parent ions, causing these fragments to appear
at a longer TOF than the parent ion peak.

Analysis of the data by SSACM or RRKM requires the
density of states of the dissociating ion as well as the number
of states of products ions and neutrals and transition states. These
are calculated by the Beyer—Swinehart direct count method®
using harmonic vibrational frequencies and rotational constants
calculated with Gaussian 03 quantum chemical software.3*
Geometries for reactant and product molecules and ions are
optimized and unscaled® frequencies determined using the
B3LYP functional with the 6-311++G(d,p) basis set. The
simple bond cleavage channels are assumed to be barrierless,
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Figure 1. TPEPICO TOF distributions for di-#-butyl peroxide.
Experimental (black lines) and best-fit simulated SSACM (red lines,
see text) and RRKM (dashed blue lines) TOF spectra at the indicated
photon energies. The degree of asymmetry of the metastable daughter
ion peaks is indicative of the dissociation rate. Insets show an expanded
view of the r-butyl daughter ion along with SSACM simulated fits at
the high and low uncertainty limits of the onset to channel 3 (gray
lines).

lacking a transition state at an energetic maximum. Instead,
transition state structures and frequencies used in the RRKM
rate analysis are determined by a constrained optimization of
the dissociating ion with the breaking bond stretched to about
4 A. The five lowest frequencies of the resulting structure are
the transitional modes decaying from vibrations into orbital
motions of the products and are treated as optimizable param-
eters in the RRKM analysis.

Results and Analysis

I. Di-z-butyl Peroxide. Representative TOF spectra of di-
t-butyl peroxide at several photon energies are shown in
Figure 1. The relative abundances of the parent and daughter
ions as a function of photon energy (i.e., the breakdown
diagram) appear in Figure 2. The solid lines through the data
points are a result of our modeling that takes into account
the initial thermal energy of the sample and the slow
dissociation of the parent ions. It is evident that two channels
compete at low ion internal energies, with C—O bond
cleavage dominating the product branching over methyl-loss.
At higher energies, a small abundance of C4H,O" product
appears. It is tempting to assume the C4HoO™ ion results from
a simple O—O bond cleavage of the parent ion, which would
produce the r-butoxy radical; however, calculations at the
B3LYP/6-311++G(d,p) level suggest a more complex mech-
anism. The methyl-loss product can be viewed as an adduct
of t-butoxy and acetone groups, C4HyO—OC(CH3),", which
is metastable with respect to dissociation to acetone and
C,HyO™. Modeling of the breakdown diagram suggests that
this C4HoO™ is a product of the sequential dissociation of
the acetone-7-butoxy ion complex rather than the simple O—O
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Figure 2. Breakdown diagram of di-z-butyl-peroxide. Circles are
experimentally determined abundances, curves are best-fit simulations

(see text). The sum of all products from Channel (2) are shown together
(black circles and line).

bond break. We suggest, therefore, that the pathways for the
dissociation of the di-#-butyl peroxide ion are as follows:

(CH,);COOC(CH,);" — CH;" + (CH,),COOC(CH,),"
(2a)

(CH,),COOC(CH,);" — (CH,),CO + C,H,0"
(2b)

(CH,);COOC(CH,)," — (CH,),CO00" + C,H," (3)

Reactions 2 and 3 are in parallel, and reaction 2b is a
sequential loss of acetone from the product of reaction 2a.
Finally, calculations at the B3LYP/6-311++G(d,p) level suggest
that the simple bond cleavage product ion of the sequential
dissociation, +-C4HsO™, is unstable and will isomerize to another
structure, such as CH;OC(CH3),". This is in agreement with
prior investigations of the C3H;O% species, which suggest
several stable isomers including HOC(CH;),", but not the
isopropoxy ion.3

Modeling the Di-t-butyl Peroxide Ion Dissociation. The
breakdown diagram in Figure 2 shows the fractional abundance
of all ions as a function of the photon energy. The slow
crossover for parent and fragment ions is a result of the di-#-
butyl peroxide thermal energy distribution ((Ey) ~ 0.4 V) in
the ion source and the slow (and varying) rate constant for
dissociation. As the photon energy is increased, an ever greater
percentage of ions have sufficient energy to dissociate. Once
the photon energy is equal to or greater than Ej, all ions have
sufficient energy to dissociate, however many of them may not
have sufficient time to dissociate before being detected and will
still be observed as parent di-z-butyl peroxide ions. In this case,
only at photon energies well above threshold is the dissociation
rate sufficiently high for all ions to dissociate on the time scale
of the experiment. This causes the breakdown diagram to be
instrument dependent in that the cross over energy (9.81 eV in
Figure 2) can be shifted to lower energy by storing the ions
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longer in the ionization region to permit them to dissociate.
However, a practical limit is imposed by infrared radiative
decay,’” which stabilizes the parent ions at times longer than
0.01 s. As a result, the only way to extract the dissociation limit
is to measure the decay rate constants over as large an ion energy
range as possible and to use unimolecular rate theory to
extrapolate from the experimentally measured region down to
threshold.

The rate of the dissociation, k(E), may be calculated using
RRKM theory as a function of the internal energy of the ion

by

oN'(hv + E,, — Ey)
ho(hv + E, — 1E)

k(hv + E,, — 1IE) = “)

where o is the symmetry factor of the dissociation, N' is the
sum of states of the transition state, hv is the photon energy,
Ey, is the thermal energy of the ion, IE is the adiabatic ionization
energy of the neutral, / is Planck’s constant, and p is the density
of states of the dissociating ion. Reactions 2a and 3 appear to
be simple bond cleavages, likely without any significant
rearrangement of the dissociating molecule. As a result, the
potential along the reaction coordinate will rise smoothly to the
dissociated asymptote without ever passing through a maximum.
With no energetic maximum, the location of the transition state
is unclear, but can be defined by an entropic minimum along
the reaction coordinate.”® The location of this minimum is a
function of the ion internal energy.

As previously stated, RRKM has not been very successful
in modeling the dissociation rate curves of several ionic
dissociations with large kinetic shifts.?!*” Nonetheless, we
employ RRKM here along with SSACM in order to further
compare the efficacies of the two rate theories. A thorough
description of using RRKM to determine E, in TPEPICO
experiments can be found elsewhere.?®

The starting point for the SSACM model assumes that the
dissociation rate at energies close to the dissociation limit, where
the transition state is at infinite product separation, will follow
the orbiting transition state phase space theory (PST).*!
However, as the ion internal energy increases, the transition
state moves closer in and any anisotropy of the potential along
the reaction coordinate reduces the rate from that predicted by
PST. SSACM accounts for anisotropy along the reaction
coordinate by scaling the PST number of states of the orbital
motion of the fragments by a “rigidity factor.” In the language
of eq 4, SSACM is employed by

NE) = peonserved BV INpst(ENfyi5ia(E)] ©)

where N'pgr is the PST number of states of the orbital motion
of the products, peonserved 18 the density of states of the conserved
modes, fiigiq 1S a rigidity factor, and * indicates a convolution.

Troe has derived analytical forms for energy dependent fiigia
for several simple characteristic potentials.?**? Here we employ
the form

frgaB) = o (E-Eole (6)

where c is treated as an optimizable parameter, but should show
an increasing trend with the polarizability of the leaving neutral
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Figure 3. Threshold photoelectron spectrum of di-#-butyl peroxide at
room temperature (red) and 235 K (blue) taken with the Chapel Hill
TPEPICO apparatus, and at room temperature taken with the iPEPICO
apparatus (black). Arrow indicates the adiabatic ionization potential
calculated by the G3B3 method.

fragment. Note that like the RRKM analysis of the dissociation,
SSACM has only two adjustable parameters, ¢ and E,, for each
channel.

Both p(E) and N'(E) are calculated by the Beyer—Swinehart
direct count method using the harmonic approximation for all
modes, including those that are internal rotations. Treating
internal rotations as Pitzer rotors would be more appropriate;
however in this case, even at the highest excess energy sampled
(~2 eV in the di-t-butyl peroxide ion) the low energy modes
have ~5 kJ mol~! on average, well below the barrier to methyl
rotation. The true p(E) should be well-approximated by the
harmonic assumption and, in any case, moderate underestimation
of p(E) is accounted for by optimization to a higher value of
the ¢ fit parameter.

We have previously described the methods for analyzing
parallel and sequential ionic dissociations using RRKM by
simultaneously optimizing simulations of the breakdown dia-
gram and TOF spectra.’® The method here is identical with the
exception of employing SSACM in place of RRKM for channels
2a and 3 (The rate of channel 2b, involving a rearrangement
and a reverse barrier is modeled by RRKM).

The analysis depends on the accuracy of the adiabatic
ionization energy (IE) of di-z-butyl peroxide to determine the
ion internal energy distribution based on the photon energy.
Although Batich and Adam* measured the photoelectron
spectrum of di-z-butyl peroxide, the spectrum is broad and
vibrationally unresolved, making determination of an adiabatic
ionization energy difficult. It is unclear whether the slowly rising
PES at low energies is a result of hot bands, which would
suggest an [E close to the reported vertical IE of 8.78 eV, or if
it is due to low ionization efficiency near the IE due to poor
Franck—Condon overlap, suggesting an IE below 8.5 eV. To
resolve this issue, we recorded threshold photoelectron spectra
(TPES) at varying temperatures following a methodology
described elsewhere.* Figure 3 shows TPES recorded at room
temperature (295 K) and at 235 K. The spectra appear identical,
suggesting that the shallow leading edge is not a result of hot
bands, and that the IE lies near the onset of the signal between
8.25 and 8.4 eV. Calculations at the G3B3 level of (z-
C4H9)OO(I—C4H9) and (l‘-C4H9)OO(I‘-C4H9)Jr yleld an IE of 8.32
eV, in excellent agreement with our experimental spectra and
we rely on this value for our analysis. An additional TPES taken
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TABLE 1: Di-t-butyl Peroxide Ion Dissociation Best-Fit Rate Parameters (See Text) and E,

SSACM analysis

RRKM analysis

channel daughter ion Ey (eV) ¢ (em™) Ey (eV) ASeoox (J mol™! K1)
2a (t-C4Ho)OOC(CH3), " 9.578 £ 0.040 38 9.448 16
3 +-C,Ho" 9.758 £ 0.020 228 9.671 60

using the iPEPICO setup, without temperature control of the
sample temperature, but at a significantly higher photon resolu-
tion than the Chapel Hill setup and lower noise due to constant
photon intensity as a function of wavelength, is also in excellent
agreement.

The best-fit simulated breakdown diagram and TOF spectra
are shown in Figures 1 and 2. The best-fit parameters for each
channel are shown in Table 1. The uncertainties in the onsets
are determined by the highest and lowest onsets for which no
acceptable fit to the experimental data are possible. Examples
of these limiting fits for the onset to channel (3) are shown in
the insets of Figure 1. Limiting fits to the breakdown diagram
are essentially coincident with the best-fit curve as the break-
down diagram may be reproduced with a wide range of onsets
by compensating with faster or slower dissociation rates. In other
words, the additional rate information contained in the TOF
spectra is vital to accurately determining the onsets. It is
important to note that despite significantly different best-fit
values of Ey, both the RRKM and SSACM analyses fit the data
throughout the experimentally measured range (Figures 1 and
2). That is, the fit to the data does not provide any clues about
the appropriateness of the rate theory to extrapolate to the correct
dissociation onset.

The best-fit rate curves calculated using SSACM and RRKM
are compared in Figure 4. While the curves are nearly coincident
over the range for which we can directly measure dissociation
rates (~10° < k < 107 s71), the curves deviate outside of, and in
particular below, that range. That the rate curves deviate from
one another by so much over an apparently small extrapolation
suggests that any rate extrapolation must be done with great
care, and that in order to obtain an accurate Ej it is imperative
to directly measure the rates at as low an energy as possible.

Table 1 also shows the best-fit £, determined by extrapolating
near-threshold dissociation rates with RRKM. As seen in other
studies of compounds with large kinetic shift,!*” RRKM
significantly underestimates E, relative to SSACM. While

8 -
10 Ks
10% =
—~ 104 —
% 1024k .
Waeo /o T
10‘2 — ! 9t-C4H900C(CH3)2++CH3
10* = ke t-C4Hg* + t-C4HgO0"
3
10°
T T T T T 1
12 14 16 18 20 22 24

lon internal energy (eV)

Figure 4. Best fit rate curves determined by SSACM (solid lines) and
RAC-RRKM (dashed lines) rate theories for dissociation channels (2)
and (3) (see text) of di-z-butyl peroxide ions. Shaded area indicates
experimental window of directly measurable rates.

RRKM is often inappropriate for modeling slow, barrierless
ionic dissociations, there is no fundamental reason to believe
that SSACM is appropriate in all such cases. SSACM results
have been corroborated by either comparison to full SACM/
CT treatments or to known dissociation onsets in only a handful
of compounds, all of which are CsHsX* (X = H, n-C4Ho, Cl,
Br, I). As such, the analysis and derived onsets should be viewed
with an appropriately skeptical eye and evaluated in the light
of future evidence of SSACM’s efficacy.

II. Di-£-butyl Diazene. The Mayer group recently reported
TPEPICO measurements of di-z-butyl-diazene.'® Here we report
equivalent measurements that are in excellent agreement with
the Mayer data; however, our analysis differs in several key
respects. Most importantly, we note that the parent ion dissoci-
ates with almost no kinetic shift, and as a result the 0 K onsets
from which thermochemical data may be derived are signifi-
cantly higher than those previously reported.

The measured breakdown diagram of di-#-butyl diazene
appears in Figure 5. The SLS data shown were collected using
an 80 V cm™! extraction field, which better separates the mass
56 and mass 57 peaks in the TOF spectra (Figure 6). Measure-
ments were repeated in Chapel Hill at several photon energies
using a 20 V cm™! field and were in excellent agreement with
the SLS data.

(+-C4Hg)NN(t-C4Ho)™ dissociates through three parallel channels:

(t-C,Hy)NN(r-C,H,)" — C,Hy" + (1-C,H,)NNH

(7
— (--C,;H)NN" + 1 — C,H,’ (8)
— 1-C,Hy + (+-C,Hy)+**NN’ )

Although both (#-C4Ho)OO(t-C4Ho)t and (#-C4Ho)NN(z-
C,Hy)™ dissociate to produce -C4Ho" as the primary product,

100 —
80 —
[0]
[&]
S 60
©
c
3 40
< t-C4HoNN*
R E(=8.068+0.050
20
O —
7.6 7.8 8.0 8.2

Photon energy (eV)

Figure 5. Breakdown diagram of di-z-butyl diazene ions collected with
the iPEPICO setup at room temperature. Circles are experimental
abundances; lines are best-fit simulations using either SSACM or
RRKM rate theories (see text).



RRKM vs SSACM Rate Theories

£CHy £-C4HoNNEC Hg*
7.700eV
- t-C4,HoNN*
Sk Aot il
©
- 7.800 eV
0]
&
3
sl A A \
k= — Exp.
S 7.900eV - = SSACM
— = RRKM
L N
I I I I
12 14 16 18 20
TOF (us)

Figure 6. Experimental (black) and simulated (SSACM red, RRKM
blue; nearly coincident) iPEPICO TOF distributions for di-z-butyl
diazene ions at the indicated photon energies.
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Figure 7. Best-fit rate curves of di-t-butyl-diazene ion dissociations
determined using RRKM or SSACM rate theories (see text).

the dissociation pathways of the two species are quite different.
Channel (7) has the lowest onset energy, and requires a
rearrangement in order to form the isobutene ion. As such, it
likely proceeds over a reverse barrier, and the data show it to
occur at a much slower rate than the simple bond cleavage
channels, which quickly grow in to dominate the reaction. Due
to the reverse barrier, no thermochemical data can be derived
from the onset to channel (7). Although we cannot entirely
resolve the minor metastable mass 56 peak of channel (7) and
the mass 57 peak of channel (9), it appears that channel (9)
occurs fast on the time scale of our experiment, while both
channels (7) and (8) appear as metastables.

Channels (8) and (9) both cleave the same C—N bond, with
channel (8) placing the charge on the C;HoNN™ species, and
channel (9) placing the charge on the #-butyl. As we will show
below by comparison of the experimental E, values of these
channels and calculated energetics, the coproduct in channel
(9) is a loosely bound adduct between the #-butyl radical and
the N, molecule, whose calculated energy is close to the energy
of the fully dissociated products of #-butyl radical + N, + #-butyl
ion. In other words, the reaction does not appear to pass through
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TABLE 2: Di-t-butyl Diazene Ion Dissociation Best-Fit E,
SSACM analysis RRKM analysis

Ey c Ey ASgoox
channel daughter ion eV) (em™) (eV) Jmol 'K
7 C4Hg™ 8.002¢ 8.023 -9
8 (--C4Ho)NN™' 8.069 £ 0.050 4.1  8.027 60
9 +-C4Hy™ 8.122 + 0.050 2.9 8.074 25

“The rate of channel 7 is modeled using RRKM.

a stable structure of the #-butyl diazyl radical, although a bound
excited state structure was calculated (see Thermochemistry
section). On the other hand, we will show that the #-butyl diazyl
ion produced by channel (8) is stable so that the enthalpy of
formation of this ion may be derived from the onset to this
channel.

Fits were carried out for the 80 and 20 V cm™! data using
both RRKM and SSACM rate theories. In order to properly
model metastable dissociation rates, an accurate adiabatic
ionization energy of the di-#-butyl-diazene neutral is needed.
Mayer et al. report an experimental IE of 7.55 eV determined
by threshold photoelectron spectroscopy and a G3 calculated
value of 7.4 eV.'® In order to account for the uncertainty in the
IE, the data were modeled at a range of values between 7.4 and
7.7 eV. The best fits were found by assuming an IE of 7.5 eV,
and the variation in E, with different IE values is incorporated
into the reported E, uncertainties.

The best-fit onsets to the 20 and 80 V c¢cm™' data were
essentially identical. Modeled breakdown diagrams (Figure 5)
and TOF spectra (Figure 6) show that both rate theories (RRKM
and SSACM) provide good fits to the data. However, as in the
case of the peroxide data, the derived onsets depended on
whether SSACM or RRKM was used to model the data (Table
2). In the analysis, we assume that the rate constant for reaction
7 is properly modeled by RRKM theory because it is a tight
transition state. The derived RRKM and SSACM onsets for
reaction 8 differ by 40 meV. For reaction 9 this difference
increases to 50 meV. Because the competition of these reactions
with the lowest energy channel moves the observed signals to
higher energies, they require a larger extrapolation to the onset.
As in the case of the peroxide data, we accept the SSACM
onsets as more reliable. The SSACM-derived onsets for channels
(8) and (9), 8.068 £ 0.050 and 8.126 £ 0.050 eV, respectively,
are 0.238 and 0.186 eV higher than those reported by Mayer et
al.'

As in the di-#-butyl peroxide ion dissociation, we are unable
to distinguish between the RRKM and SSACM modeled fits.
Although the RRKM fits also diverge from the measured
abundances at higher photon energies, it is not apparent that
this is a failure of the modeling. Based on the measured onset
for channel (8), the ¢-butyl diazyl ion is just 14 kJ mol™! more
stable than the dissociated products t-C4Hg™ and N,. Thus,
t-butyl diazyl ions with even moderate internal excitation will
dissociate to -C4Ho". Because the product ion of the sequential
dissociation is the same as that produced directly by channel
(9), the t-C4Hy™ experimental abundance may be elevated over
that calculated without assuming sequential dissociation.

Unlike the di-#-butyl peroxide ion dissociation (see below),
the RRKM and SSACM onsets are too close together in energy
to distinguish between them by ab initio thermochemistry.
Because channels (8) and (9) differ by which fragment retains
the charge, their onsets should differ by the ionization energies
of the two fragments. Calculations using various model chem-
istries reproduce the known IE of +-C4Hy and suggest that the
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onset to (8) should be lower than the onset to (9) by 81 meV
(G2), 106 meV (G3B3), and 86 meV (CBS-APNO). This is in
reasonable agreement with the SSACM-derived onsets, which
differ by 60 meV, while the RRKM-derived onsets differ by
45 meV. Additionally, Mayer reports G3 calculated endother-
micities of (I—C4H9)N1\I(l‘—C4I’Ig)+ - (I—C4H9)N1\IJr + I-C4H9 and
(I-C4H9)NN(I‘-C4H9)Jr - (t-C4H9)NN + l‘-C4H9Jr to be 52 and
62 kJ mol ™!, respectively, suggesting Ey for channels (8) and
(9) to be 8.04 and 8.14 eV. Although the G3 values are in
excellent agreement with the SSACM-derived onsets, the
uncertainty of the calculations (on the order of 10 kJ mol™')
does not rule out the RRKM-derived values.

Thermochemistry. The derived r-butyl peroxy radical heat
of formation depends on the heats of formation of di-s-butyl
peroxide and #-C4Ho™, and the thermochemistry of those two
compounds are briefly reviewed here. The heat of formation of
di-#-butyl peroxide has been of interest because of its use as an
initiator in photoacoustic calorimetry experiments. The gas phase
heat of formation has been established by determination of the
liquid phase heat of formation by combustion calorimetry*46
and of the enthalpy of vaporization by varying methods.*> There
is little variation in reported values of the heat of combustion,
but the reported enthalpy of vaporization ranges from 31.0 to
40.1 kJ mol~!. Here we rely on the most recent and careful
determination of both the heat of combustion and vaporization
by Diogo et al.,* yielding a gas phase heat of formation of
—341.5 4+ 2.2 kJ mol ™!, a value accepted by the photoacoustic
calorimetry community.*’ We note that the most recent compila-
tion of thermochemical data by Pedley*® predates the Diogo et
al. measurements and reports a significantly different heat of
formation based on a much lower value of the enthalpy of
vaporization. Additionally, although the NIST webbook database
suggests a slightly different value of the di-#-butyl peroxide heat
of formation by rejecting the recent enthalpy of vaporization
measurement in favor of a slightly higher value determined in
1951, we see no justification for using the older value.

Two stable ionic C4Ho" structures have been identified: the
s-butyl ion and the branched #-butyl ion,* the latter being more
stable and the obvious product in the dissociation of the di-z-
butyl peroxide. The heat of formation of the #-butyl ion has
recently been determined by our group by TPEPICO spectros-
copy of neopentane. The 0 K value of 737.1 £ 2.5 kJ mol ™! is
in good agreement with previous measurements,’®! but has
more appropriately assigned uncertainty.

The 0 K heat of formation of the (+-C;Hg)OO" radical is
determined by (1) along with the 0 K heat of formation of
t-C4Ho™ and (t-C4Ho)OO(2-C4Hy). The latter is calculated by
applying a thermal correction to the known 298 K heat of
formation by the standard thermochemical cycle. Several of the
normal modes in di-z-butyl peroxide are internal rotations, for
which the harmonic approximation may be poor. McClurg et
al.’? derived an analytical approximation to the hindered rotor
density of states (later corrected by Knyazev®*) with which they
report an analytical correction to account for deviation of internal
rotations from harmonic behavior. Barriers to rotation for the
coupled internal modes were determined by a series of
constrained optimizations at the B3LYP/6-311++G(d,p) level
mimicking the calculated normal modes. The barriers were
sufficiently high (>30 kJ mol™!) that the sum of the corrections
is negligible (~0.1 kJ mol™') The Hagx — Hox thermal
correction and the 0 K heats of formation of di-#-butyl peroxide
and t-butyl peroxy radical are shown in Table 3.

The 298 K heat of formation of #-butyl peroxy radical, —109.7
=+ 3.9 kJ mol™!, is determined from the 0 K heat of formation
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TABLE 3: Derived and Ancillary Thermochemical Data (kJ
mol 1)

AHR o Hios-0k AHRo5x
(t-C4Hg)OO(t-C4Hy)  —285.9 37.7 —341.5 £2.2¢
t-C4Hy 74.9 19.2 51.8 £2°
+-C4Ho™ 737.1 19.0 7143 £2.5¢
(t-C4Ho)OO* —81.1 22.4 —109.7 £3.9¢
(t-C4Ho)NN(-C4Hy) 20.0 36.9 —36.4 +2.8¢
+-C4HoNN™ 723.6 28.5 701.2 + 5.9¢
+-C4HoNNY 66.5£6.1

“Diogo et al. ¥ ”Berkowitz et al. '7 ¢Stevens et al.'® ¢This
work. ¢ Montgomery et al.** /May be a bound species at 0 K, but
not at 298 K; see text.

by applying a similar thermal correction including corrections
for internal rotation. This is the most precise experimental
determination of the heat of formation of the r-butyl peroxy
radical that we are aware of. Blanksby et al. report a bond
dissociation energy of 7-butyl hydrogen peroxide, from which
they derive a -butyl peroxy radical heat of formation of —105.4
4+ 10.5 kJ mol~'.3 However, if a more recent determination of
the #-butyl hydrogen peroxide'® heat of formation is used as an
anchor, the radical heat of formation is adjusted to —99.6 kJ
mol~!, at the edge of reasonable agreement with the current
value. Both experimental values are in reasonable agreement
with the value of —103.3 kJ mol™! calculated by isodesmic
reactions using the high level CBS-QB3 and CBS-APNO ab
initio methods, but the reported sub-kJ accuracy in the calculated
value appears to be exceptionally optimistic.’ Less-reliable
calculated values by the G3 method (without employing
isodesmic calculations), —103.2 kJ mol~!,% and by lower-level
calculations and group additivity, —105.4 kJ mol~1,% are also
in acceptable agreement with our value.

The experimentally derived heat of formation using the onset
determined with RRKM is —119.2 & 4 kJ mol ™!, well outside
of mutual uncertainty with the SSACM derived result, the
previous experimental value, and the calculated values. We
suggest that the better agreement of the SSACM value provides
further evidence that SSACM correctly extrapolates the rates
barrierless ionic dissociations down to threshold, whereas
RRKM overestimates the kinetic shift in such systems.

Along with the previously determined di-z-butyl peroxide and
t-butyl radical heats of formation, the #-butyl peroxy radical heat
of formation defines the C—O bond dissociation enthalpy (BDE)
of neutral di-z-butyl peroxide to be 283.8 4= 4.1 kJ mol~!. This
number is in contrast to the previously reported value of 295.8
+ 8.4 kJ mol ™! derived by Luo."

Thermochemical data can also be derived from the di-#-butyl
diazene onsets by anchoring onto the neutral heat of formation
and the 7-butyl radical and ion heats of formation. Engel and
co-workers determined the di-#-butyl diazene gas phase heat of
formation through several calorimetry experiments and report
an evaluated 298 K value of —36.4 & 2.8 kJ mol~!.>* The heats
of formation of #-butyl radical and ion are discussed above.
However, the TPEPICO experiment gives no direct information
about the identity of the neutral coproduct(s) of a dissociation.
In order to extract thermochemical data from the measured E,
values, the coproducts must be identified, so that an appropriate
heat of formation may be assigned. The identification can often
be made by employing high level calculations to approximate
the energetics of possible product channels.

If we assume a simple bond cleavage for channel (8), the
expected products are #-butyl diazyl ion and #-butyl radical. If
this is the case, the measured E, implies a heat of formation of
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t-butyl diazyl ion of AHfox = 723.6 £ 6 kJ mol™! and 0 K
C—N BDE of 13 kJ mol™!. Calculations using the G3B3 model
chemistry suggest an identical BDE of 13.0 kJ mol™!, and we
can safely assume that the channel produces 7-butyl radical and
a weakly bound ion structure with C; symmetry.

Making a similar assumption for channel (9), the expected
products are ¢-butyl diazyl radical and the 7-butyl ion. Because
the 7-butyl ion heat of formation is well-known, the measured
E, implies a heat of formation of #-butyl diazyl radical of AHfk
=66.5 4+ 6.1 kJ mol ™! and a 0 K C—N BDE of only 8.4 & 6.5
kJ mol~!. A structure that corresponds to such a weakly bound
species, and one that seems to be a stationary point on the
B3LYP/6-311++G(d,p) potential energy surface, was found by
assuming an elongated C—N bond. However, we note that at
this level of theory, three low-energy internal modes are
described by imaginary frequencies, which may indicate that
this is not a proper minimum energy structure. It is also possible
that these small imaginary frequencies, taken along with the
vanishingly small forces calculated at this geometry, may be
indicative of the inability of DFT to describe van der Waals
interactions reliably. The calculated 0 K BDE of this structure
is 2.8 kJ mol™!, which is in good agreement with the
experimental value. Such a small binding energy, which is
considerably smaller than the 298 K thermal energy of about
25 kJ mol™!, means that this species is essentially unbound,
which is a conclusion that was also reached by the Mayer
group.'®

It is interesting to compare the #-butyl diazyl radical and ionic
structures and energetics. They both have very long C—N bonds
and are weakly bound, the former by a few kJ mol™' and the
latter by 13 kJ mol~!. The ionic structure is certainly stable
because it is observed in the TOF spectra. However, we have
no way of knowing how long the neutral radical structure
remains together. In both cases, though, the bonding seems to
be of a van der Waals type, with the stronger ionic bond being
aided by ion induced dipole forces.

It is worth reporting that we found a higher energy structure
for the #-C4HoNN radical that lies 79 kJ mol™! above its
dissociation limit using the G3B3 model chemistry. Unlike the
lower energy structure, its C—N bond distance was more in
line with a covalent bond and is clearly a minimum in the PE
surface. The calculated energies of the methyl, ethyl, and
isopropyl analogues of this structure agree well with the reported
heats of formation for those radicals determined by the rate of
decomposition of neutral dialkyl diazenes.'!

Summary

The r-butyl peroxy radical heat of formation has been
determined by measuring the ionic dissociation onset of di-z-
butyl peroxy by TPEPICO spectroscopy. A simplified version
of the statistical adiabatic channel model was used to extrapolate
the dissociation rate from measured values at higher ion internal
energies down to the dissociation threshold. The reasonable
agreement between the 298 K heat of formation of —109.7 £+
3.9 kJ mol™! with previous values lends further support to the
efficacy of the SSACM.

The #-butyl diazyl ion heat of formation has been determined
by iPEPICO spectroscopy of di-#-butyl diazene, while the 7-butyl
diazyl radical is shown to be an essentially unbound species.
The experimental values were in good agreement with high-
level ab initio calculations.

In both systems, E, values determined using RRKM were
significantly lower than those determined using SSACM. The
di-#-butyl peroxide ion dissociation occurs with a large kinetic
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shift, and previous work has shown that, as a result, RRKM
will likely overestimate that shift. The di-z-butyl diazene ion
dissociation occurs with only a small kinetic shift; however,
this work presents evidence that RRKM may also overestimate
the competitive shift in a parallel, barrierless ionic dissociation.
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