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The use of optoacoustic spectroscopy permits both the monitoring of the overtone excitation of ¢-
butylhydroperoxide (:-BuOOH) and the in situ detection of the resulting reaction product ¢-butanol {z-
BuOH). The sample is contained in a reaction cell, equipped with a microphone, in which all surfaces have
been specially passivated. The cell is placed inside the cavity of a dye laser tuned to excite the 5-0 O-H stretch
of the t-BuOOH at 619.0 nm. The dissociation process yields directly -OH and 7-BuO., and the latter readily
abstracts a hydrogen atom from a parent molecule to form ¢-butanol (r-BuOH]. The appearance rate of ¢-
BuOH is obtained by ratioing the area under the 5-0 O~H stretch of z-BuOH to that of a combination band of
t-BuOOH. At low pressures, below 40 Torr, a plot of the reciprocal of the -BuOH appearance rate versus
total pressure shows near linear behavior. This linearlity can be well described by a statistical madel (RRKM)
when careful averaging of the dissociation rate over the thermal energy distribution of the photoactivated
molecules is included. At pressures above 40 Torr, a marked deviation from linearity appears. This deviation
is fit to a kinetic mode! in which the dissociation rate of an energy nonrandomized molecule competes with
the rate of intramolecular energy relaxation. This places a lower bound of >35.0xX 10" s~' on the rate of
energy randomization. A discussion of this model in the context of other possible kinetic schemes as well as
other photoactivated and chemically activated systems is presented.

I. INTRODUCTION

One of the most provocative questions in chemical
dynamics over the last three decades has been the range
of validity of ergodic theories of unimolecular reaction.
The history of experiments that deal with this question
began with attempts in the 1950’s and 1960’s to distin-
guish experimentally between statistical (RRKM) and
nonstatistical (Slater) theories of thermal unimolecular
processes.! The ergodic theories were very successful
in rationalizing the bulk of this data. 2 More recent work
has concentrated on chemical® and photochemical, *-°
rather than thermal activation methods. A driving force
for this continuing investigation is the presumption that
given a sufficiently selective activation method and a
sufficiently short reaction timescale, deviations from
ergodic behavior must become apparent.

Among the most elegant work in this field is that of
Rabinovitch and co-workers.® In a series of experi-
ments which has extended over most of the three-decade
history of this field, this group established and validated
an experimental procedure for determining the relative
rates of nonstatistical reaction and intramolecular re-
laxation. In these experiments selective excitation of
a molecule is achieved by means of chemical activation.
This excitation mechanism consists of the addition of a
radical to a stable molecule producing a quasistable
molecule which unimolecularly dissociates with a char-
acteristic rate. The excess chemical energy released
through the addition process is initially localized at the
gite of the addition. The rate of intramolecular relaxa-
tion of this initial localized energy is the quantity of in-
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terest. To determine this rate the decomposition rate
is studied as a function of pressure. As the pressure is
increased the rate of collisional stabilization competes
with dissociation. Plots of decomposition rate versus
pressure give insight into the rate of intramolecular en~
ergy relaxation. These plots may be either linear or
curved,

Linearity is the expected result of reaction exclu-
sively from an energy-randomized reactant. Curva-
ture can be understood based on a model that permits
some reaction to occur from a distribution of the inter-
nal energy over only a subset of the total phase space.
Whether this nonrandom component is observable or not
depends on the structural relationship between the site
of energy deposition by the activating reaction and the
reaction coordinate for unimolecular decay.

These concepts are perhaps best illustrated by the
unimolecular decomposition of the adduct formed in the
reaction of methylene with neopentyl cyclobutane (see
Fig. 1).® Two of the possible “hot” products that result
depending upon whether CH, inserts into a C—H bond of
the ring or the alkyl chain are shown as path “a” and
path “b, ” respectively. The pressure dependence of
the rate of product formation via path a is curved while
that of path b is linear. Ko and Rabinovitch® interpret
this data to indicate that deposition of energy into the
ring by path a causes cyclobutane ring cleavage to be
sufficiently fast to compete with energy randomization.
For path & this is not the case because excitation by
path b is remote from the reaction center, and no de-
composition can ensue until randomization has occurred.
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FIG. 1. Chemical activation experiment of Ko and Rabinovitch (Ref. 6) showing competing decay channels in CH,: neopentyl
cyclobutane. Path “@” (energy deposition on the ring) displays nonergodic behavior at high pressure. Path ‘“b” (energy deposition

on the chain) does not.

Similar studies have been carried out by Rabinovitch
and co-workers on fluoroalkylcyclopropanes, | alkylcy-
clobutanes, ® and hexenes.? In all cases the adduct con-
tains excitation much in excess of the activation energy
for decomposition. Moreover, the efficiency of inter-
mode energy coupling is expected to increase rapidly
with increasing excitation, and the chemical activation
method does not prepare a narrow distribution of adduct
energy states.

Agide from these experiments, there are very few
examples in unimolecular dynamics of polyatomics acti-
vated by any method that cannot be adequately rational-
ized using statistical theory and presuming ergodic be-
havior. Of particular pertinence to this work is the
study by Reddy and Berry10 on the pressure dependence
of the isomerization rate of allyl isocyanide activated by
single-photon absorption to a high-lying vibrational
overtone. While the pressure behavior was linear the
dissociation rates extracted from the data were not in
uniform agreement with calculated RRKM rates. It was
inferred that the process was nonergodic from the ob-
servation of nonmonotonic energy dependence of the uni-
molecular rate constants resulting from excitation into
overtone bands of different C~H stretches.

The experiment which we wish to report utilizes over-
tone pumping to initiate unimolecular reaction in a mole-
cule specifically chosen to mimic the behavior of the
chemical activation systems. Tert{-butylhydroperoxide
(t-BuOOH) possesses a number of features which make

it attractive for experiments of this kind:

(1) It contains both O-H and C~H oscillators. Be-
cause of the high frequency and anharmonicity of these
local modes, !! they might both be expected to have rea-
sonable intensity in Av =5, 6 as is required to exceed
the threshold energy for decomposition (43 kcal/mol), 12

(2) It has a low energy reaction pathway that involves
a simple reaction coordinate. The Arrhenius parame-
ters for (CH,);COOH ~ (CHy);CO . + . OH have been well
documented. 13

(3) The bulk of the vibrational state density involves
displacements of the hydrocarbon portion of the mole-
cule. Excitation of the O-H stretching overtone ini~
tially deposits energy remote from this energy sink and
separated from it by the O-O bond. Therefore, as in
the Rabinovitch experiments, the competition between
nonergodic reaction and intramolecular relaxation may
be different for excitation into pure O-H, C~H, or com-
bination band overtones.

Our experiments are carried out using an intracavity
optoacoustic cell for both spectroscopy*~1¢ and photo-
chemistry. Overtone pumping of the reactant t-BuOOH
initiates the chemistry, and overtone probing of the
O-H transition of the product ¢~butyl alcohol (¢-BuOH)
is used to monitor the rate of product formation. These
techniques allow the reaction to be followed continuously
and nondisruptively.
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FIG. 2. Experimental setup (see the text),
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. is di ipchart der.
The quantitative detection of {~BuOOH and its photoly- T 18 displayed on a stripchart recorder

sis product ¢-BuOH requires the use of special proce- The reaction cell is placed inside the dye laser cavity.
dures because of the heterogeneous decomposition of ?- It is equipped with a 1 in. condenser-type microphone
BuOOH to form ¢{-BuOH on glass and metal surfaces, (Briiel and Kjael Model 4144). The optoacoustic reac-
As a consequence, conventional GC is ruled out. More- tion cell is constructed so that :~-BuQOOH can be main-
over, spectroscopic techniques, such as FTIR, prove tained for extended periods of time without significant
awkward because of gas handling problems. Instead, decomposition. This is accomplished as follows: First,
in situ detection of {~-BuOOH and ¢{-BuOH is carried out the pyrex walls of the cell are coated with fluorocarbon
by observing the optoacoustic signal arising from over- polymer.'® A mixture of hexafluoropropylene (300

tone absorptions of both compounds. In this method, Torr) and di-¢-butylperoxide (20 Torr) is heated to
absorption results in a pressure change which is de- 280°C for 10 h inside the cell, After this treatment,
tected by a microphone placed inside the cell. This per- the cell walls appear slightly opaque and water poured
mits direct measurement of the concentration ratio into the cell shows no miniscus. Second, the micro-
[t-BuOH]/[t-BuOOH] during the course of photolysis. phone face is painted with fluorocarbon wax'® dissolved

in a small amount of acetone., The microphone is placed
in the cell so that only its face is exposed. Next the
teflon-coated windows are removed and a mixture of 5%
F, in Ar is passed through the cell for 48 h. New quartz
windows are attached using epoxy {Torr Seal) and the
cell is evacuated while being baked at 70°C. After out-
gasing has ceased (about 1 week), the reaction vessel is
filled with ¢~-BuOOH (7 Torr) and “seasoned” for 24 h.
This last step is repeated seven times. Following this
treatment on the order of 1% of the ¢-BuOOH is con-
verted to {~BuOH by wall reaction during a 12 h period.
Exposure to ambient room light has no effect on this
background rate of decomposition.

Figure 2 is a schematic diagram of the apparatus.
An argon ion laser (Coherent Model CR18), modulated
at 500-800 Hz, pumps a homebuilt linear dye laser!’
operating with rhodamine in ethylene glycol. The wave-
length of the dye laser is scanned by means of a motor-
driven three-plate birefringent filter (Coherent Radia-
tion) affording a resolution of ~2 cm™. Power in the
cavity is monitored by a photodiode from a reflection off
the birefringent filter through a polarizer. The intra-
cavity power varies between 40 and 120 W as the pump
laser varies from 4-15 W (all green lines). An intra-
cavity laser power of 40 W corresponds to ~6 mV photo-
diode signal. The intracavity power measurements are

calibrated by using the known transmittance of the back Samples of {-BuOOH (Lucidol Pennwalt) are vacuum
mirror of the cavity. Both the optoacoustic signal from distilled over magnesium sulphate. Less than 2% of
the microphone and the signal from the photodiode are t-BuOH is present after distillation, as determined by
processed by lock-in amplifiers (PAR Model 163). The gas-phase infrared absorption measurements.
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FIG. 3, Visible overtone spectrum of 7 Torr {-BuOOH plus

0.5 Torr t-BuOH. Absolute cross sections were obtained by
comparison with C—H overtone absorption strengths of ben-

zene. The top trace is the optogalvanic spectrum of Ne used
for calibration purposes.

11i. OVERTONE SPECTRA

Figure 3 shows a typical spectrum of £-BuOOH and ¢-
BuOH in the 600-630 nm region. Peaks are assigned
based on their positions, profiles, and strengths. For
t-BuOOH the band at 619, 0 nm is identified as the 5-0
transition (fourth overtone) of the O-H stretch. The
4-0 and 6~0 transitions at 751.0 and 531.9 nm can also
be observed using the present experimental setup. The
v=0 transition energies of the O-H stretch are given by
the relation?’

E')_0=1)(A +'UB) s (1)

where the constants A and B have the values 3692 and
-92.2 cm™, respectively. A similar v—0 progression
arises for overtones of the C—H stretch and leads to
the assignment of the broad peak at 625.0 nm to the 6~0
transition (fifth overtone). A very broad and weak fea-
ture centered near 549.0 nm is also observed and as-
signed to the next member (sixth overtone) of this pro-
gression., The fourth overtone of this progression is
partially obscured by a strong OH combination band but
seems to be centered around 736.5 nm. These assign-
ments can be fit to Eq. (1) with A =2985 and B=~53.1
em™. As further support for these assignments, the
O-H overtones are strong and unstructured while the
C-H overtones in the same spectral region are much
less intense corresponding to their higher overtone
number. Furthermore, the C~H overtones have an
asymmetric profile.

In addition, broad bands appear 260+ 20 cm™ to the
blue of the O-H stretching overtone in the same wave-
length region. An example is the feature centered at
609.5 nm in Fig. 3. This progression is assigned to
combination bands consisting of v quanta of the O-H
stretch plus one quantum of a skeletal bending mode,
most probably the C~O-0O bend having a fundamental
frequency of ~270 cm™.# The feature at 603.0 nm is
another combination band likely involving one quantum
of a different skeletal mode. A companion feature at

519.5 nm is also observed.

For {-BuOH Fig. 3 shows the 5-0 transition of the
O-H stretch at 606.4 nm, while the 6-0 transition is
observed to occur at 519.0 nm. Both of these bands
show the characteristic “P, Q, R” profile of the {~-BuOH
O-~H fundamental. They belong to a progression whose
transition energies are reproduced by Eq. (1) with
A=3725 and B=-85.3 cm™!,

Sharp lines also appear in the optoacoustic spectrum
(see Fig. 3) but are readily identified as coming from
water vapor. Water is present in the prephotolyzed
sample and is also a product of the photolysis. For-
tunately, these lines do not interfere with the bands of
t-BuOOH or those of {-BuOH used to quantify the latter.
Table I summarizes the spectral assignments.

Absolute absorption cross sections for {-BuOOH and
t-BuOH overtones are determined by comparison with
the signal strength from benzene vapor, using the pre-
viously reported absolute absorption cross sections for
the C—H overtones of the latter. *

IV. ANALYSIS OF KINETIC DATA

Overtone spectra are taken before and after a period
of irradiation, usually 1 h. Typical pre- and post-pho-
tolysis spectra are shown in Fig. 4. The rate of ¢-
BuOH production is determined by ratioing the difference
in the area of the t-BuOH 5-0 O-H stretch at 606.4 nm
in the pre- and post-photolyzed spectra to the area of the
t-BuOOH O-H combination band at 609.5 nm. The pho-
tolysis rate is found to vary with gas pressure, laser
wavelength, and laser power.

Baselines for the spectra are drawn by hand. Areas
are measured with a planimeter and in any given run the
[t-BuOH]/[t~-BuOOH] ratio is reproducible to within 10%.
Because the total conversion of {~-BuOOH to t-BuOH is
typically less than 2% between measurements, the value
of [t-BuOOH] is treated as constant in calculation of the
ratio. However, the {~-BuOH produced from the back-

TABLE I, Observed overtone features in a mixture of £-BuOOH
and ¢{-BuOH.

Wavelength (nm) Asgignment
t-BuOOH

751.0 4—0 O—H stretch

736.5 5—0 C-H stretch

738.1 4—-0 O—-H stretch+1-0 C—0-0 bend
619.0 5—0 O—H stretch

625.0 6—0 C-H stretch

609.5 5-0 O—H stretch+1-0 C—0-0O bend
603.0 5-0 O-H stretch+ ?

531.9 6—0 O—H stretch

549.0 7-0 C—~H stretch

524.4 6—0 O—H stretch+1-0 C—0-0 bend
519.5 6—0 O—H stretch+ ?

t-BuOH
606.4 5—0 O-H stretch
519.0 6—0 O—H stretch
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and is directly proportional to the photodiode signal

(units of mV), and 7 is the irradiation time (units of h).

At each pressure, k,,, is obtained at several reaction
after photolysis (3 hrs) times and lager powers. Figure 6 displays this data in

the form of a Stern—-Volmer plot where the reciprocal

/ of k,,, is plotted against the total pressure in the reac-
' tion cell. No systematic variation is found at a given
total pressure with any of these variables. In particu-
lar, data at 1 Torr {-BuOOH and 159 Torr SF; {open
circle) and 7 Torr {~-BuQOH and 153 Torr SF; (closed
circle) overlap within their uncertainties, The error
limits represent one standard deviation from the mean
at each pressure. In a few runs with other bath gases
(toluene or 1, 4 cyclohexadiene), once more no obvious
change in k;,fp is observed at a given total pressure.
Similarly, variation of laser power by a factor of 3
causes no change in the apparent rate constant cutside
of experimental error limits. Irradiation at frequen-
cies outside the overtone band profiles gives no reaction
above background.

before photolysis

Figure 6 shows a near linear variation of kj, with
pressure between 1 and 40 Torr. At higher total pres-
sures k1, deviates markedly from linearity and ap-
proaches a constant value corresponding to a ¢{-BuOOH
photolysis rate 10% of the rate at 1 Torr (the lowest
pressure studied).

1

[0 P 1 —1

1
620 610

1
600 nm

Figure 7 shows complementary data taken by excita-
FIG. 4. Overtone spectra before (lower trace) and after (up- tion of the ¢~-BuOOH combination band at its peak (608.8
per trace) excitation of sample at 619, 0 nm for 3 hr, with nm). The low-pressure slope mirrors that of Fig. 6.

~40 W of laser power. The 5—0 O-H stretch of {-BuOH,

marked by an arrow, is seen to grow in. However, the small amount of conversion to t-BuOH at

ground reaction cannot be neglected as seen in Fig, 5, 0.26
This figure demonstrates that in the passivated cell, at

typical laser powers and 7 Torr vapor pressure of ¢- b -
BuOOH, background reaction is less than 20% of the -
light-induced reaction, and that furthermore, succes- °~2°L F
sive reaction or background periods give reproducible

product yields. At high pressures, corresponding to

low photolysis yields, the background reaction contrib-

utes significantly to the observed production of {-BuOH. 0.15
Consequently, the rate of dark reaction is determined T g

before and after each run. It is used to correct the ap- 3lo r 3
parent {-BuOH appearance rate to obtain the actual ratio & 'f r

R of [t-BuOH] to [¢-BuOOH] caused by photolysis accord- e
ing to the expression

—

T—TT

[t-BuOOH] :

The total pressure in the reaction cell is varied from 0.05
1 Torr (the limit for observing the [¢~-BuOH]/[ t-BuOOH]
ratio by optoacoustic means) to 160 Torr. Between 1
and 7 Torr pure {-BuQOH is used while above 7 Torr
two types of experiments are performed. Sulfur hexa- 0.00 .
fluoride gas is added to either 1 or 7 Torr of -BuOOH. o 10 20 30 40

TIME (hrs)

FIG. 5. Plot of the ratio of area under 5—-0 O—H stretch peak
of t-BuOH to area under 5~0 O—H stretch+1-0 C—0-0 bend

R = [£=BuOHl gy —[2-BuOH]oy 450,09 @) ;/1"
ﬁ

PR S SR WA SO NS S SN T S GOSN S S |

Let %,,;, denote the normalized rate of appearance of
t-BuOH from ¢-BuOOH by overtone activation, i.e.,

b = R combination band of {-BuOOH as a function of time. The solid
app = [hV]T ’ (3) line represents the laser on at frequency 619.0 nm and power
~35 W. The dashed line represents laser off and is a meagure-
where {nv] is the photon density in the reaction cell, ment of the background reaction.
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app

FIG. 6. Plot of the inverse of the rate
of t-BuOH appearance (k;,’,,) vs total
pressure for excitation at 619.0 nm,
Below 7 Torr the experimental points
represent pure {~-BuOOH. Above 7
Torr two types of experiments are per-
formed, 7 Torr t-BuOOH+ remainder
SF; (solid points) and 1 Torr ¢-BuOOH
+remainder SFg (open points). The
open triangle at zero pressure is ob-
tained by a calculation assuming each
absorbed photon causes dissociation
and no chain mechanism leading to ¢~
BuOH is present. The lines repre~
sent model calculations presented in
the text.,

|
120

I
0] 40 80
PRESSURE (torr)

higher pressures caused by the weaker absorption
strength of this combination band prevented accurate
determination of k;}, at these pressures. Consequently,
it was not possible to conclude whether k., deviates
from linearity at higher pressures for excitation of this
combination band.

V. DISCUSSION

A. Simple kinetic scheme based on statistical
decomposition of photoactivated t-BuOOH followed by
hydrogen abstraction

The following is a kinetic model that incorporates all
the elements of this experiment in the simplest possible

way':
k
hv + t-BuOOH — ¢-BuOOH' , (R1)
t-BuOOH' 22 {-BuO- +. OH , (R2)
k3
M + t-BuOOH' — M + t-BuOOH , (R3)
£~BuOOH + t-BuO- -4 {-BuOH + {~BuQO- , (R4)
t~BuQOH + . OH £ H,0+¢-Bu0O . , (R5)
t-BuOO- ¥ termination . (R6)

|
160

Absorption (R1) leads to an excited reactant molecule
t-BuOOH!', indistinguishable from the precursor to dis-
sociation. The O-O bond cleavage (R2) occurs from

the vibrationally excited molecule in competition with
collisional quenching (R3). Teri-butyl alcohol is formed
by hydrogen abstraction from another molecule of per-
oxide (R4). The rate of {-BuOH formation is kinetically
equivalent to the rate of ¢-butoxyl radical formation.

At steady state this rate is given by

-Ei—[t—BuOH] — E&M‘QO_H] . (4)

dt by + By M|
Reference to Eqs. (2) and (3) shows that

d
7 t[t—BuOH]

ka0 = [;-BaOOH][ 7]

1. S
kg + Ry M]

=k, P. (5)

Hence, k,, is, in effect, the rate constant for photoex-
citation (k) times a pressure-dependent probability P
that an activated molecule will react, where

P=p,/(ky + ky[M]) . (6)

This kinetic scheme predicts that a plot of &%, versus

J. Chem. Phys., Vol. 77, No. 9, 1 November 1982
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FIG. 7. Plot of the inverse of the rate of ¢-BuOH appearance
(k;},) vs pressure for excitdation at 608. 8 nm. The points rep-
resent 7 Torr ¢-BuOOH plus remainder SF;. The open triangle
at zero pressure is obtained by a calculation assuming each
absorbed photon causes dissociation and no chain mechanism
leading to :-BuOH is present. The large error bars at high
pressure result from the small amount of photolysis yield
above background.

total pressure [M] should yield a straight line with in-
tercept k;' and slope ky/(kk,).

The marked nonlinearity of the experimental data
makes it clear that this simple mechanism is inadequate.

To demonstrate the magnitude of the discrepancy be-

4453

tween the predictions of this mechanism and the experi-
mental results, values of ky/k, as a function of [M] have
been calculated. kg is calculated assuming every colli-
sion of ¢~-BuOOH' with [M] leads to deactivation (strong
collision assumption). Based on a hard sphere collision
diameter of 5 A, % the calculated value of ks is 8% 10°
s1Torr'!, RRKM theory has been used to calculate &,
as a function of internal energy (Fig. 8). For details of
the calculation see Appendix A. These calculations are
based on the well-established Arrhenius parameters for
t-BuOOH dissociation, and employ frequencies that are
essentially the same as those used in previous RRKM
calculations on peroxides.?! The resulting values are
in excellent agreement with existing thermal®® and
photochemical® rate data on ¢~-BuOOH decomposition.

Also shown in Fig. 8 is the internal energy distribu-
tion function for the ensemble of ~-BuQOH' excited at
619.0 nm. The corresponding function for excitation at
608, 8 nm is identical but the origin is shifted by 270
em™ to higher energy. These distributions are calcu-
lated as the room temperature thermal distribution
fE)=n(E)/ny=g(E) exp(- E/kT) with the origin at the
photon energy. Here g(E) is the density of harmonic
oscillator states at energy E above the zero point energy
using the Stein and Rabinovitch algorithm?®®; use of this
distribution of excited molecules is equivalent to the
statement that the excitation of hot bands is statistical.
To the extent that this is not true the distribution is in-
correct. If k, is taken to be the RRKM rate constant
B(E) at the mean energy E of this distribution, then &,
=4x10% 571,

Assuming this mechanism fits the data at the lowest
pressure point (1 Torr), a “best fit” value for %, can be
determined from Eq. (5). This value of k; along with the
hard-sphere estimate of k; and the value of %,(E) calcu-
lated above defines the slope of the plot of &, vs [M]
predicted by the mechanism (R1)-(R6). In Fig. 6 this
prediction is shown as the dotted line. It obviously fails
to represent the experimental data at all pressures
above 1 Torr.

FIG. 8. Plot of calculated dissocia-
tion rate (RRKM) of ¢-BuOOH as a
function of energy above threshold
(E¢). The arrows on the energy axis
represent the energy of the photons
used (619.0 and 608. 8 nm). Super-
imposed upon the plot is a Maxwell-
Boltzmann population distribution for
t-BuOOH at room temperature (solid
line). The average is denoted by (E).
Also superimposed is the reacting dis-
distribution P(E,[M]) for a 1 Torr
pressure (dashed line).
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TABLE II. Chemistry of the tert-butoxyl radical at 300 K.

Chandler, Farneth, and Zare: Mode-selective chemistry

AH, Literature
Reaction (keal/mol)? k(s™)P source
(1) ¢-Bu0. — O +CH,4 +5.8 1x10% Reference 29
(2) t-BuO. +¢{-BuOOH —¢-BuOH +£-BuQO. - 14 9x104 References 30
and 31
(3) t-BuO+ +#-BuOOH — ¢t -BuOH + - BuOOH -6 3x 10! References 30
and 31
(4) t-BuO- +O ——t—BuOH+O -30 7.8x104 References 30

and 36

30btained from Ref. 31.

®For bimolecular reactions 7 Torr of hydrogen atom donor was used. These rates are corrected
for the number of equivalent hydrogen atoms [i.e., 9 in (3) and 4 in (4)].

Simplifications of several types have been made in the
preceding analysis. These may be divided into four
areas: (1) the calculation of k,; (2) the postdissociation
radical chemistry; (3) the assumptions about the nature
of the excited molecules; and (4) the possibility of con-
tributions from other kinetic pathways. Each of these
are considered in an attempt to make the model more
realistic or justify its assumptions,

B. Average over the thermal distribution of
photoactivated -BuOOH

Because of the finite spread in energies of ¢-BuQOH!,
it is naive to identify &, with #(E) where E is the mean
of the thermal energy distribution. As Fig. 8 shows,
k(E) changes too rapidly with E for this commonly-used
approximation to be valid. At a given pressure, mole-
cules at the low end of the energy distribution are more
likely to be collisionally quenched than those at the high
end. Therefore, %, must be calculated by integration
over the full energy distribution. That is, the proba-
bility to reaction is both E and [M] dependent:

__ ky(E) 1
T By(E) +Ry[M] °

Then Eq. (5) becomes

b k,(E)
— —_—rN
Fans = kit wa ky(E) + kg M]

where f(E) is the energy distribution generated by photo-
excitation (Fig. 8). As before, f(E) is taken to be a
Maxwell-Boltzmann distribution. Using k; as a fitting
parameter as in Sec. A, but calculating %,,, by numeri-
cal integration of Eq. (8) at each pressure gives the
dashed curve of Fig. 6. While this plot shows curva-
ture in the appropriate direction within the experimental
pressure range, the curvature is clearly not sufficiently
large to fit the data. However, at the lowest pressure,
where the dashed line is fairly linear the slope is ~5
times smaller than that of the dotted line and gives fair
agreement with the low pressure data.

P=P(E,[M))

AE)dE , (8)

C. Postdissociation radical chemistry

Previous work on the thermal and photochemical pro-
duction of t-BuO* from {-BuOOH has demonstrated that

unimolecular dissociation to acetone and - CH; can com-
pete with hydrogen abstraction R(4)27%;

t-BuO -~ >=0+- CHj . (R7)

The energy required for reaction (R7) could come from
the internal energy of the “hot” t-butoxyl radicals
formed in reaction (R2), or from collisional activation
of thermalized {-butoxyl radicals. However, no acetone
is observed by FTIR when a 7 Torr sample of t-BuOOH
is photolyzed at 619.0 nm. It is estimated that the yield
of acetone must be less than 5% of the ¢{-BuOH yield.
The arguments below suggest that this is the expected
result,

The energy required for reaction (R7) is 5368 cm™, 12

In other words, only t-BuOOH' with E'> E, + 5368 cm™
have sufficient energy for acetone formation. Conse-
quently, chemically activated formation of acetone
should be insignificant given the energy distribution func-
tion of Fig. 8, the dispersal of energy that will accom-
pany dissociation, and the additional energy above the
5368 cm™! threshold that will be necessary for reaction
(R'7) to compete with collisional quenching.

Absolute first order rate constants for thermal reac-
tions (R4) and (R7) calculated from the literature at
[t-BuOOH] =1 Torr and 7 =298 K are k,;=1x10? 1%
and k,{t-BuOOH]=13,.5%x10° s7!,3% Hence, the largest
ratio of acetone to {-BuOH expected in the present ex-
periment is T%. At pressures above 1 Torr this ratio
will decrease as reaction (R4) dominates reaction (R7)
with increasing £-BuOOH concentration, The production
of acetone may contribute a small curvature to the low
pressure data of Figs. 6 and 7 but make insignificant
contribution above 7 Torr. The possible fates of the ¢-
BuO- radical are summarized in Table II for a pressure
of 7 Torr t-BuOOH.

While hydrogen abstraction from {-BuOOH appears to
be by far the most rapid reaction pathway available to
primary radicals, an additional complication is the pos-
sibility of secondary chemistry of the ¢-butylperoxyl
radicals {~-BuQO- to form {-BuOH. A plausible route
from {-BuOQO: to t-BuO- has been clearly defined in the
wealth of previous studies of {-BuQO* chemistry.’! It
involves the formation and decay of a tetroxide in a radi-
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cal-radical reaction:

&
2¢-Bu0O- = [¢-BuOOOOBu-t]~ 2t-BuO- +Q, . (R8)

Reaction (R8) constitutes a propagation step in a radical
chain leading to {-BuOH. Whether such a chain occurs
or not depends on the likelihood of reaction (R8) rela-
tive to other possible fates of the {~-BuQO- radicals. In
order for a radical chain to rationalize the turnover at
high pressure in Fig. 6, the chain length must increase
with increasing pressure. If the radical chain length
were independent of pressure, its presence would simply
act as a constant amplifier of the {-BuOH product.

One set of circumstances that would generate a quali-
tatively correct pressure dependence as a result of sec~
ondary radical chemistry would be a pressure-dependent
termination rate. This could result if the chain termin-
ation rate were limited by diffusion from the photolysis
region of the cell to the cell walls. The hypothesis is
that as pressure increases, fewer {-BuQO- are produced
by laser photolysis, but diffusion of /-BuQO. to the
walls takes longer. This allows the chain propagation
step (R8) to continue producing secondary ¢-BuO-. The
pressure dependence of the rate of production of t-BuOH
then would depend on the balance between {-BuOH pro-
duced from #-BuOO-. via reaction (R8) and ¢-BuOH pro-
duced by {-BuOOH' dissociation. The ratio p of the
rates of production of {-BuOH from these two sources
is given by

_ kg[¢-Bu0O - |2
p= kyko[ v ][t-BuOOH]/(k, + ks[M])

(9

In order to evaluate p, the steady-state concentration
of [¢-Bu0OO- ] must be calculated.

At 200 Torr diffusion to the cell walls through a dis-
tance of 3 mm requires about 0.05 s. In this time ~5
% 10'? t-BuOOH molecules are dissociated under typical
photolysis conditions, producing on the order of ~ 1013
t-BuOO - radicals. Substituting this steady-state con-
centration into Eq. (8), and using the value of k=1
x10° g7 M1 ¥ results in a value for p of ~10°", The
conclusion is that the rate of production of {~-BuOH via
photodissociation is seven orders of magnitude greater
than the rate of production of ¢{-BuOH via reaction (R8)
agssuming the chain is terminated by diffusion to the
walls. A chain length controlled by diffusion clearly
cannot account for the observed pressure dependence.
Of course, there is no information that directly implies
wall termination in these experiments. So chain mecha-
nisms in which the pressure dependence arises from
some other type of termination step cannot be ruled out
unequivocally.

Nevertheless, any contribution to the total yield of
t-BuOH from pressure-dependent secondary chemistry
of the {-BuOO - radical appears doubtful based on the
following two experiments:

(1) Photolysis of t-BuOOH vapor at 325. 0 nm using
a 3 mW He-Cd laser gives an almost pressure-indepen-
dent yield of -BuOH. Dissociation from this excited
state proceeds with a quantum yield of unity, even in
solution.? Laser power was chosen to give #~-BuOH
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production rates comparable to the overtone experi-
ments. Under these conditions, the excited precursor
to the primary radicals cannot be quenched. Hence,
observation of pressure-dependent {-BuOH production
rates in this experiment would imply that secondary
sources of alcohol could be pressure sensitive, In con-
trast, very little pressure effect is observed. At 200
Torr there is a 10% increase in the yield of {-BuOH
above that obtained at 7 Torr. This increase is ex-
pected from consideration of the pressure dependence
of the branching ratio of the highly excited {-BuO-,
produced from dissociation of the prepared electronic
state, into either acetone or {-BuOH, according to reac-
tions (R4) and (R7), and is in any case much smaller
than would be required to rationalize the overtone data.

(2) Addition of radical quenchers leads to no change
in the observed ¢{-BuOH yield. At 1, 4-cyclohexadiene
concentrations three times as great as that of 1-BuOOH,
1, 4-cyclohexadienyl should replace :-BuQO- as the
dominant radical species:

t-Bu00- +[_] ¥ t-BuOOH + O .

This reaction is 17 keal/mol exothermic®! and would be
predicted to occur at a rate that would dominate reac-
tion (R8), The relative rates of reactions (R8) and (R9)
are calculated to be ~ 1073 and 10%, respectively, for 7
Torr total pressure, using the k, value 8x10' Mts™,3
Since negligible change in the apparent {-BuOH produc-
tion rate occurs under these conditions, secondary
sources of {-BuOH arising from reaction (R8) are highly
unlikely.

(R9)

Table III summarizes the reactions pertinent to the
fate of t-BuOO- radicals. From the above it is con-
cluded that postdissociation radical chemistry cannot
explain the deviation of {~-BuOH production from linear-
ity at high pressure.

D. Kinetic scheme based on a combination of
nonstatistical and statistical unimolecular decomposition

If there are two excited precursors that lead to pri-
mary radicals, one dissociating at a fast rate, such
that it is unquenched by collisions, and the other at the
previously discussed RRKM rate, then all the data of
Fig. 6 can be rationalized. The simple kinetic scheme
(R1)-(R6) is modified to include a fast precursor by re-
placing reaction (R1) with the following “Rabinovitch-
like” decomposition mechanism:

t-BuOOH + v "2 {-BuOOH"" , (R10)
t-BuOOH™ % ¢_BuO. 1. OH, (R11)
t-BuOOH" 2 ¢-BuOOH" . (R12)

Here t-BuOOH" represents a vibrationally excited ¢-
BuOOH molecule whose energy distribution is not totally
randomized. This species can relax to a randomized
t-BuQOH' via reaction (R12). At low pressures, reac-
tion (R2) is the principal source of product, and the
pressure dependence conforms with that suggested by
the simple kinetic scheme (R1)~-(R6). However, reac-
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TABLE IIIl. Chemistry of the tert-butylperoxyl radical at 300 K.

AH, Literature
Reaction (kcal/mol) k (s7h)2 source
(1) 26-BuOO-— 2¢-BuO-+ 0, —4.8 ~10"5 Reference 32
(2) t-BuOO- +t-BuOOH —¢t-BuOOH +t-f3u00H +9 ~1077 Reference 33
(3) ¢-Bu0O- —~walls ~10?
(4) £-Bu0O" + O —¢-BuOOH + O -17 3x107? Reference 33

2For (1) a steady state concentration of t-BuOO*=1x10"8 M is used, see the text. For (2) and
(4) 7 Torr of H atom donor is used. For (3) we use a 0.3 cm path length at 7 Torr pressure.

tion (R11) becomes an increasingly important source of
product at higher pressures as collisional quenching
[reaction (R3)] overtakes dissociation of the energy -
randomized ¢-BuOOH! via reaction (R2). Furthermore,
the initial precursor ¢-BuQOH!'' is capable of displaying
different pressure-dependent behavior than {-BuOOH'
since energy distribution as well as energy content will
influence the dissociation rates. When reactions (R10)-
(R12) is incorporated into the kinetic scheme, kapy i8
no longer described by Eq. (8) but instead by the rela-
tion

kup = k10 _/; :'w [(-I@(_E];z%)

37 ) kyq ]
X + (E)dE .
(ku thRyp) Ry tky fE)

Here kyy/(kyy + kyy) is the fraction of excited molecules
that dissociate via reaction (R11) and is experimentally
determined, [ky(E)/(ky(E) + ksl MD I kys/(Byg + Eyo)] the
fraction that dissociates via reaction (R2), and [k{M]/
(By(E) + ko[ M) kyp/(Ryy + Byp)] the fraction that is colli-
sionally deactivated.

(10)

The solid curve of Fig. 6 shows the fit of Eq. (10)
assuming k¢, =k, obtained earlier from Eq. (8). The
high pressure asymptote of our data (Fig. 6) determines
the value of k“/(ku + klZ)' Although both k“ and k12 are
energy dependent, only the average ratio kyy/(kyy + kyp)
is determined and this fraction is treated as a constant
in the integration of Eq. (10). This treatment gives a
very acceptable description of the form of the pressure
dependence of &}, at all pressures studied.

The ratio of the high pressure limiting value of k;:,
to the zero pressure intercept yields the fraction of ex-
cited molecules that react before energy randomization
ky/(Ryy + Ryp). Values for the zero pressure intercept
are available from three sources: (1) by linear extrapo-
lation of the low-pressure data [(£;} ), 2.0]; (2) from
the value of k¢, for the best fit theoretical curve of Eq.
(10) [(rZL)o=0.05]; (3) by calculation of the number of
excited molecules per unit time from measured values
of the absorption cross section and intracavity photon
density [(k7,),=0.35]. The extrapolation of the low-
pressure data gives a value too large because even in
the low-pressure region where the statistical decompo-
sition rate [the first term of Eq. (10)] dominates, k),
is expected to be nonlinear in pressure. This is the
lesson of Eq. (8) and results from the finite width of the

energy distribution of photoexcited molecules. In addi-
tion, increased branching of {-BuQO- to acetone at the
expense of {~-BuOH contributes to a nonlinear increase
in rate at low pressures. The factor of 7 difference be-
tween the calculated intercept (0.35) and the theoretical
fit (0.05) is somewhat more puzzling. However, we are
reluctant to attach any significance to this difference due
to the difficulty in calculating the intercept accurately,
and assumptions inherent in the theoretical fit. For ex-
ample, either weak collision effects, or an energy dis-
tribution function that is skewed toward higher energies
than the assumed Maxwell-Boltzmann function (due per-
haps to enhanced absorption cross section of some hot
bands) would give better agreement as would relatively
small changes in the {~-BuOOH dissociation energy used
in the RRKM calculations. Errors in the measured ab-
sorption cross section or the calibration data could
easily amount to a factor of 2 or 3.

The uncertainties inherent in the determination of %,
from the fit seem greater than those of the calculation.
Therefore where a value for ky, is required in the fol-
lowing paragraphs the calculated intercept of 0.35 will
be used.

At 160 Torr, the data shows that production of :~-BuOH
is essentially pressure independent. The ratio of this
high pressure limit to the intercept gives k,;/(k;; +Ey0)
=10"?, It is the consensus of previous work both ex-
perimental®*4%5 and theoretical® that rate constants for
energy redistribution in highly vibrationally excited
polyatomics k;, will be on the order of 10!*-10" g™!, In
combination, these numbers suggest a rate constant for
the unimolecular decay of the nonrandomly activated
molecule of the order of 101° g1,

This limit for k;; can be rationalized by an RRKM
rate constant, using identical values of reaction thresh-
old and total energy but assuming that the energy is
shared only within a portion of the molecule, called a
“part molecule.”® If the part molecule is chosen to in-
clude all oscillators except those involving C~H and
CH, motions, the calculated unimolecular rate constant
at E for the distribution in Fig. 8 is &y (E)=3x10° g1,
If the part molecule is selected to be only the C-O-O-H
moiety the calculated rate would be on the order of 10!
8”1, These estimates serve to show that the fitting of
the data to the proposed Rabinovitch-like mechanism
provides reasonable limits for &y, and ky,, i.e., the
pressure-dependent decomposition rate of photoactivated
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t-BuOOH can be satisfactorily explained by invoking a
kinetic scheme involving dissociation from precursors
having both nonrandomized and randomized vibrational
energy distributions.

£. Other possible kinetic schemes

1t is clear that any mechanism that produces a con-
stant ¢-BuOH yield of ~ 1% of photoexcited ¢-BuOOH in-
dependent of pressure will be successful in fitting the
high-pressure data of Fig. 6. In this section, four pos-
sible schemes are presented which could contribute to
the observed ¢-BuOH production:

(1) The possibility exists that bulk heating of the sam-
ple due to laser absorption could lead to thermal dis-
sociation of {~-BuOOH. However, it is unlikely that this
mechanism contributes significant amounts of ¢{-BuOH.
Experiments at a constant total pressure and different
t-BuQOH partial pressures (1 and 7 Torr), and there-
fore different amounts of heating, give identical results,

(2) Coherent absorption of two photons would place
the {-BuOOH into an electronic state whose dissociation
would be rapid on the collisional timescale. To test for
the likelihood of this, a power dependence of the {-BuOH
production was carried out at the highest pressure {160
Torr). When the laser power is varied by a factor of 2
a linear power dependence i3 observed indicating that a
coherent two-photon effect is not responsible for the ob-
served rates.

(3) A particularly troublesome possibility is that of
a laser-induced reaction at the windows of the cell.
Tert-BuOOH absorbed on to the windows may dissociate
more efficiently than gas-phase {-BuOOH. Two ohserva-
tions are made which argue against this mechanism
being responsible for the shape of the high-pressure
data of Fig. 6. The first is that the data are very con-
sistent from one run to the next on the same sample as
well as from one experiment to the next. Other experi-
menters who have seen window effects have noted their
irreproducibility.37 The second observation is that the
dissociation rate follows the shape of the gas-phase ab~
sorption curve while that of {~-BuOQH adsorbed on the
windows would most likely be substantially broadened
and red shifted.

(4) It is well established that collisions not only de-
activate excited molecules but can also further activate
them, 1'¥ The question arises: What is the possibility
that a few collisions add sufficient energy to 1% of the
t-BuOOH' in order to increase the reaction rate enough
to explain the results. A reaction rate on the order of
10° 57! is needed. Examination of Fig. 8 shows that in
order to obtain an RRKM rate of this magnitude the ¢-
BuOOH" would have to obtain through collisions ~ 8000
em™ energy above E. Since the typical collision partner
(SF,) has an average <1000 cm™ of energy to contribute
at least four successive energy-contributing collisions
would be necessary to explain our observed rate, a
highly unlikely scenerio for such large polyatomics at
room temperature. This scenerio would also predict a
large distribution of reaction rates while the data is
very adequately modeled with only a convolution of two
rates, the RRKM rate, as obtained in Sec, B, and a
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rate significantly faster than our collisional rate.

As is characteristic of kinetic studies, one is only able
to find schemes that are consistent with observations
but consistency is not a demonstration of uniqueness.
Many controls were performed to check for experimen-
tal artifacts. Nevertheless, the possibility of some un-
discovered source of laser-produced ¢-BuOH at high
pressures still remains. The proposed scheme is
recommended not only by its consistency with the ex-
perimental observation, but also by its precedent in
similar chemical activation experiments. The proposed
mechanism (R2)-(R12) suggests several additional ex-
periments that are worth pursuing. One is that the
fraction ky;/(kyy + ky,) of photoactivated ¢-BuOOH' that
dissociates prior to energy randomization will increase
with increasing excitation of the O-H overtone. An-
other is that excitation into the C~H overtone should
produce ¢~-BuOOH™ with a different ky(/(kyy + ky,) ratio.
In particular, it is anticipated that C~H overtone exci~
tation should exhibit a linear pressure dependence to
much higher total pressures than O-H overtone excita-
tion. While such an experimental study is very difficult
for t-BuOOH because of the weakness of the C~H over-
tones compared to the rate of background reaction, this
point might be investigated using other molecular sys-
tems.

Finally, it should be noted that the possibility of
mode-specific chemistry is definitely indicated by this
work, since a small fraction (~ 1%) of the photoexcited
molecules appear to decompose from nonstatistically
prepared precursors. Deviations from RRKM behavior
in the unimolecular decomposition of {~-BuOOH might be
studied by direct detection of the products® but on a ps
time scale. Another such means is to use collisional
deactivation as a clock to achieve the same effective
timescale, as done here. Although the quantum yields
from energy nonrandomized molecules may be quite
small, this further suggests that under certain circum-
stances these effects might be most apparent in con-
densed media.
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APPENDIX A: PARAMETERS FOR RRKM
CALCULATIONS
RRKM rate constants for the unimolecular decompo-

sition of ¢-butylhydroperoxide were calculated using
Eq. (A1);

t
By (E¥) = L'Q; Yt P(EYR)
70Ty NX(EX)

L* =reaction path degeneracy =1, (Q}/Q,)=ratic of
adiabatic partition functions=1.25,3° 321  P(E} ) =sum

(A1)
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of vibrational states of activated complex from E; to

E, +E', and N*(E *) = density of vibrational states of re-
actant at energy E*, State sums and densities were cal-
culated using the algorithm described in Ref. 26, All
internal degrees of freedom were agssumed to be har-
monic oscillators, Frequencies were chosen in accord
with previous RRKM calculations on di-t-butylperoxide21
for the oscillators that these molecules share, and O-H
stretching, and O-O-H bending frequencies were esti-
mated. Activated complex frequencies were obtained
by lowering the O-O rotation barrier and reducing the
O-0 stretch and the C-C-0, C-0-0, and O-O-H bend-
ing frequencies io fit the known thermal A factor.®® E,
was taken as 40. 7 kcal/mol (14270 ecm™) (E_ = 42. 2 kcal/
mol).!* The calculated value of &, (500°C) using these
parameters agrees exactly with that obtained from the
measured Arrhenius parameters.'® The actual frequen-
cies used (and their degeneracies) are listed below:

t-BuOOH—3200, 2960(9), 1425(9), 1256(3), 1031(3),
940(4), 914, 523(2), 444(2), 268(3), 178(3), 50(2).

Activated complex—3200, 2960(9), 1425(9), 1256(3),
1031(3), 940(4), 523, 444(2), 268(2), 178(2), 85(3),
50, 10,
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in,
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