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EPR of Transient Free Radicals during Photochemical Reactions in High Temperature and
Pressure Gases
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Well-resolved EPR spectra are reported for transient organic radicals produced by photolysis of ketones in
gas phase solutions at pressures and temperatures of up to 150 bar and 720 K. Under these conditions
o-cleavage is more important than at ambient temperatures, and for excited acetone the rate constant is estimated
as>7 x 10’ st at 600 K and 140 bar. The EPR line widths are found to be controlled by-spiational
interaction and are well predicted from theory for radicals with radli25 nm. Analysis of the hydroxy

proton coupling of the 2-hydroxy-2-propyl radical gives a rotation barrier of 18.1 kJ'abbut the G—OH

bond. This increases to 22.7 kJ mbbn addition of acetone which is attributed to hydrogen bonding.

Introduction The sample is heated using a commercial device (Wilmad
Radicals are important intermediates in many chemical and "WG-838, 836) by flowing hot nitrogen at 15 L ntidthrough
biological processes, and electron paramagnetic resonance (EPRJ® EPR Dewar surrounding the capillary. The temperature is
spectroscopy allows their direct identificatibnSo far, EPR ~ Measured with a thermocouple between the Dewar and the
has been confined mainly to radicals in condensed phasesC@pillary at the top of the cavity and gives the temperature of
though they are also extremely important in gas phase reactions!"€ Nitrogen. A temperature-dependent correction factor is
such as pyrolysis and combustidnThis situation may have applied to take account of the drpp in temperature between the
arisen because of a general belief that the -spitational center and the top of the cavity. Given temperatures are

interaction leads to extreme broadening of EPR resonances forStimated to be accurate 4610 K. Thus far, temperatures up
nearly all polyatomic radical species in the gas phase. However,!0 800 K were achieved, though this is not the maximum
Schaafsma and Kivelson found resolved hyperfine structure for OPtainable. Occasionally, a black paramagnetic deposit collected
a stable gas phase nitroxide radical provided a high pressure@n the inner capillary wall. This was removed by flowing 4 M
was applied. This increases the collisional relaxation of the HNOs at 450 K and 70 bar for 30 min.

rotational angular momentum and hence narrows the EPR lines. Irradiation of the sample uses the filtered light (aqueous Ni/
Livingston and Zeldes have extended this work to large sized Co sulfate, 260 nn 4 < 340 nm) of a 1000 W Hg Xe lamp
transient organic radicals formed by pyrolysis above the critical (Hanovia) focused onto the sample through the irradiation port

point of the solvents® and obtained line widths of 1660 uT. of the EPR cavity. The front and back plates of the cavity were
Recently, Krusicet al. also reported gas phase EPR spectra of altered to include water cooling. Extra signalsgat 2 arise
some persistent radicdls. from the quartz and from radicals absorbed on it.

Here, we present results of a gas phase EPR study aiming at The ketones were obtained in their purest available com-
medium and small sized transient radicals produced by pho- mercial forms and the solvents in HPLC grade and used as
tolysis or pyrolysis above the critical point of the solvents. The supplied. The solutions used contained1® vol % ketone.
use of photolysis under such conditions is also novel, though a
few related results have been reported for the high temperaturegeasyits and Discussion
liguid phase’

Observed Radicals and Reactions.Figure 1 shows EPR
spectra obtained during photolysis of acetone in propan-2-ol

The apparatus is based on the design of Livingston and and toluene. They were recorded above the critical points of
Zeldes! A solution is deoxygenated by helium purging and the solvents, which are 508 K, 53.1 bar and 594 K, 41.1 bar
then pumped through a high pressure flow system with a HPLC for propan-2-ol and toluene, respectivefyand are due to

Experimental Section

pump (SMI Concept Series lll) at rates of typically 65 mL radicals derived by hydrogen abstraction from the solvents, i.e.,
min~!. Stainless steel high pressure connecting tubing is used2-hydroxy-2-propyl and benzyl. Analogously, with cyclopen-
except for a quartz capillary section (Heralux, c=d4.8 mm, tane, methanol, and ethanol at 600 K and 140 bar, cyclopentyl,

i.d. = 1.4 mm) which traverses the TE102 cavity of the EPR hydroxymethyl, and 1-hydroxy-1-ethyl radicals were detected.
spectrometer (Bruker X-band ESP 300). The metal to glass Interestingly, at room temperature the photolysis of acetone in
connections follow a published design.The pressure is toluene, cyclopentane, methanol, and ethanol leads to the
controlled by a needle valve and is measured by the pump’s observation of both the solvent-derived and the acetone-derived
transducer and a second one just before the needle valve. Ir2-hydroxy-2-propyl radicals, whereas at high temperature only
room temperature tests the capillary shattered at pressures ofhe solvent-derived species are detected.

300-350 bar, the actual capillary used for high temperature |t js well-known that at room temperature excited acetone
experiments was tested at 200 bar for 1 h, and 150 bar was sehredominantly reacts by a photoreduction reaction with all of
as the maximum pressure using the safety trip of the HPLC the solvents, SH, used hete.

pump.
® Abstract published ifAdvance ACS Abstract#pril 1, 1997. CHBCOCFE* + SH— H3CC(OH)CH3 +S (1)
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in benzene at 610 K and 140 bar. Only the central six lines of the
tert-butyl radical are shown. One line is shown with greater resolution

I I mT in (b) and again, but at 50 bar, in (c).
—

Figure 1. EPR spectra obtained by photolysis of 10% acetone solutions ; ;
in (a) propan-2-ol at 580 K and 140 bar and (b) toluene at 630 K and as the major reaction product at 600 K, 140 bar but not at

140 bar. Only the central five pairs of lines of the 2-hydroxy-2-propyl amb|e.nt temperature anq pressure. |t efxempllflesl an expected
radical are shown in (a). The large central signal is thought to be due trend in radical and excited state chemistry. At high temper-
to radicals absorbed on the capillary walls. The signal marked with an atures, the rate constants will approach the frequency factor
asterisk arises from the Dewar. limit, which for fragmentation reactions is typically~ 10—

_ ) 10" s, and for hydrogen transfer (and radical addition
Except for propan-2-ol, this process cannot explain the high reactions)A ~ 10°—10° M1 s~1.1516 Consequently, at high

temperature and pressure spectra, since 2-hydroxy-2-propylemperatures the fragmentations will dominate for usual solvent
radicals are not observed, and therefore, a change in mechanisnggncentrations.

— (b) (©)
|
(b) [ﬂ S
‘ ‘ ' ‘ 0.1 mT
| —>
} Figure 2. (a) EPR spectra obtained by photolysis ofeti-butyl ketone

WWM \
|

with temperature must occur. _ Photoreactions of several other ketones were also investigated.

Presumably at the high temperatures excited acetone U”de’Photonsis of ditert-butyl ketone in benzene productesit-buty!
goesa-cleavage more rapidly than at room temperature radicals in an analogous manner to the reactions 2 and 3 of
CH,COCH,* — CH3 " CH3CO @) acetone, Figure 2a, and second-order hyperfine structure could

be detected, Figure 2b,c. Photolysis in propan-2-ol led to the
observation of 2-hydroxy-2-propyl antdrt-butyl radicals in a
concentration ratio of 7:2 at 580 K and 140 bar. The radical
termination constant,kg may be extrapolated from the mean
CH,C0 — CH, + CO ©) for the two radicals of 1.5< 10° M~1 s71 at 298 K718t0 1.5
x 101 M~1s1at 580 K, ask; is proportional toT/y for liquids
The methyl radical then abstracts a hydrogen atom from the and high pressure gas¥s® Calibration of the spectrometer

and the acetyl radical decarbonylates, thereafter. At 600 K this
process has a rate constant of &5.0f s1.10

solvent to give the observed species. indicates a radical concentration of 2 107 M, which is
_ . approximately 1 order of magnitude lower than that attainable
CH;+SH—CH,+ S 4) at room temperatur®. In a simple steady state photochemical

scheme where radicals are created at a constant rate and only
Arrhenius parameters for this reactlérgive a rate constant,  self-terminate, the radical concentration should be proportional
kans Of 2 x 1P M1 s71 for both conditions given in Figure 1.  to (2k)~Y2 This predicts a drop in radical concentration by a
The molarity of the solvents is estimated using the ideal gas factor of 10 between 298 and 580 K, as observed. From these
law as 3 M, and hence reaction 4 is rapid enough to explain data an abstraction rate constant of 30* M1 s™1is estimated,
the results. Due to the small size of the methyl radical, its EPR which is much higher than that predicted from Arrhenius
line is estimated:(ide infra Figure 3b) to be broadened te).2 parameters of & 10? M~1 s71.20 The Arrhenius parameters
mT by the spir-rotational interaction. When this is combined were extracted from data obtained between 299 and 354 K, and
with the short lifetime due to reaction 4, methyl becomes the large extrapolation required may explain the discrepancy.

unobservable under our conditions. Photolysis of 2,4-dimethylpentan-3-one follows an analogous
The Arrhenius parameters for reaction 1 are not known; pattern to acetone and trt-butyl ketone. Here, hydrogen
however, they have been measured for acetophelfamieich abstraction from the ketone itself by the 2-propyl radical proved

has similar rate constants as acetone at room tempetdture. to be an important reaction. In benzene the predominant signal
Using the values for cyclohexane as solvent gives a rate constanarose from the 2,4-dimethyl-2-pentan-3-oyl radical with a
of 7 x 106 M1 s1 at 600 K, which when combined with the  smaller signal from the 2-propyl radical. At 620 K and 8%
concentration of solvent, 3 M, leads to a photoreduction lifetime ketone the radicals appeared in the ratio 2:1, which when
of 50 ns for excited acetone. For 2-hydroxy-2-propyl radicals combined with the estimate for the total radical concentration
to be unobservable thecleavage must occur at least&times and X; gives an abstraction rate constant of approximateky 1
faster than this; i.e., the rate constant must be larger than 7 1P M~1s™1,
10’ s71 at 600 K. This value is greater than predicted from Photoreduction of the excited ketone was found dominant
low pressure (0.26 bar) gas phase data &f B s1; however, for acetophenone in propan-2-ol, and at temperatures up to 720
o-cleavage is known to become faster with increasing predéure. K the 1-hydroxy-1-phenyl-1-ethyl radical was observed. As at
This change in mechanism from photoreductiontcleavage room temperature, the 2-hydroxy-2-propyl radicals were absent,
is also strongly supported by the GLC observation of methane due to their rapid hydrogen atom transfer to acetophefone.
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140 time. In high pressure gases diffusional behavior occurs since
the mean free path is not large compared to the interparticle

distance. Thusg; may be estimated from
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wherey is the viscosity of the fluid.z2 is given by
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wherer; is the reorientational correlation time
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250 The second term in eq 5 is only valid if the reorientational and
rotational motions are not correlated, i.e., when> 1, or 7,

200 > 71. In the latter limit, eq 5 may be simplified 4®
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whereAg = g — 2.002 31 for the parallel and perpendicular
components of the radical tensor.

Equation 9 describes the line widths quantitatively in many
of the cases discussed here. For 2-hydroxy-2-propyl a linear
increase of the peak-to-peak line widthHy,, with T/y was
found (Figure 3a). Using the literature value of 0.26 nm for
the radius of the radickl and assuming a Gaussian line shape,
the slope leads tAg? + 2Ag? = 3.8 x 1076, Unfortunately,
the g factor anisotropy of 2-hydroxy-2-propyl is unknown, but
from analogous radica%a value of (2-4) x 10-%is expected.
For radicals with line widths not affected by unresolved

50
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Figure 3. (a) Variation of the 2-hydroxy-2-propyl radical linewidth
with T/5. (b) Variation of line widths withT/r3;. From left to right the
radicals are diphenylmethyl, 1-hydroxy-1-phenyl-1-ethyl, berteyt;
butyl, 2-hydroxy-2-propyl, 1-hydroxy-1-ethyl, and hydroxymethyl.

TABLE 1: Variation of Line Width with Radical at 140

bara
1105 AHy/ Y oy cquplings and withr > Q.25 nm (Table 1), a linear correlation
radical vm TIK ﬁs 2 T 101 10213 with T/r3y was found (Figure 3b). Here the slope leadAgy
u S S .

- + 2Ag# = 3.0x 1075, again as expected. The excellent accord
g:zgﬂoH 8'%2 258 4312 igg g'g ;'g between theory and experiment is surprising since eq 9 is valid
(CI-3|3)2COH 0.26 580 50 60 30 46 only for t, > 71, which from the data of Table 1 does not appear
(CHg)sC 028 610 58 43 23 6.3 to be the case. This suggests that eq 8 may underestimate the
PhtH, 0.315 630 79 28 2.4 11.9 reorientational correlation time under these conditions. For the
PhQOH)CH; 0.33 580 50 28 4.9 14.1 relatively small hydroxymethyl and 1-hydroxy-1-ethyl radicals
PhC 0.38 700 60 20 49 16.1 a reorientational contribution to relaxation is important and leads

a Radii were taken from the literature® or estimated using refs 27

to a significant increase in line width beyond that predicted by

and 28. Viscosities were taken directly from, or by extrapolation of, eq 9.

literature dat&. Values of and AHp, are estimated to be accurate to

+10%.

A detailed investigation of the pressure dependence of the
line width was not conducted because the changes were rather

small in the measurable range. Nevertheless, an effect is seen
in the second-order structure of thert-butyl radical (Figure
2b,c). On decreasing the pressure from 140 to 50 bar the line
width of tert-butyl increases from 43 to 53T, which matches
the increase im~! from 1.7 x 10°t0 2.1 x 10* N1 st m?8

Hyperfine Coupling Constants. Most coupling constants
> ; . of the observed radicals agree well with room temperature’tiata.
. L'ne.W'dths' Figures 13 aqd Tablg 1 show that the EPR An exception is the hydro>geyproton coupling of thep2-hydroxy-
line widths vary markedly with radical, temperature, and > . L ? h

. LS - -propyl radical which increases almost linearly with temper-
pressure. Electron spin _relaxa_tloq in the gas phase is .thothtature in the range 280710 K from 0.05 to 0.48 mT. This
g/rtr)w?nrgf::gI?/a?i?czrc;tt&?sgrdzﬂof) 'irr']tzrﬁgitéopﬁisi%rn?rri]b?ﬁ;g:y behavior was previo_usly reportgd for a much narrower temper-
21 ature range and assigned to an increase of the rotation rate about
the G—OH bond?>26 A marked difference of the temperature

dependence is observed when the radical was produced ther-
mally by ditert-butyl peroxide and by photoreaction of acetone
(Figure 4). In the thermal experiments addition of acetone
caused a decrease of the hyperfine coupling. This points to an
interaction, probably a hydrogen bond between the 2-hydroxy-
2-propyl radical and the ketone, that increases the barrier to
rotation even at high temperatures.

As in previous work the pyrolysis of neat diphenylmethane
in benzene at 700 K was investigated, and diphenylmethyl
radicals were observed due to an unknown mechanism. Also,
2-hydroxy-2-propyl radicals were found during thermolysis of
5% ditert-butyl peroxide in propan-2-ol in the temperature
range 446-530 K.

(T) ™t = (T,) " = 2IkT/9"¥{ (2C + C)°r, +
2(C,— CD)ZTQ} (5)
where C; and Cy are the diagonal components of the spin

rotational interaction tensot,is the moment of inertia of the
radical, T is the temperature, and is the rotational correlation
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0.6 - shown that transient radicals even as small as hydroxymethyl
can be detected by EPR in high pressure and temperature gases.
Due to the unfavorable temperature and filling factor, the signal
intensities are at the detection limit of present spectrometers
but may possibly be improved by additional optimization.
Hence, EPR may become widely applicable in the study of the
mechanisms and kinetics of radical reactions in the gas phase
z 0.2 5 as it is for the condensed phases.
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Figure 4. (a) Variation of hydroxy-proton coupling of the 2-hydroxy-
2-propyl radical with temperature. The radical was produced by acetone
photolysis ©O) and ditert-butyl peroxide pyrolysis & ); values below
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