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1.0 nm for Ag+ and R = 1.5 nm for NO3- (Figures 7 and 9). 
To obtain similar rw/ r  values for Cr0:- required the reaction 

radius to be 3 nm. 
Thus the scavengers that have a repulsive Coulombic interaction 

with the electron react a t  greater distances than do those with 
an attractive Coulombic interaction. 

Energies of Activation. Generally the negative ions in the 
present study have energies of activation lower than those of 
positive ions. The negative ions NO3- and Cr042- are large 
compared to the positive ions Ag+ and Cu2+. Both negative ions 
act as structure breakers (decreasing q) ,  while the positive ions 
act as structure makers (increasing q).15 

The energies of activation in pure water are in the order Ag+ 
> Cu2+ for positive ions and c1-0~~- > NO3- for negative ions 
(Figure 10). Thus the charge effects are manifested as energies 
and entropies of activation (Table I). When the ions are positive, 
there is greater attractive Coulombic interaction between the 
electron and the ion with the larger charge; Cu2+ has a larger 
charge than Ag+ and has a lower E2 value. Of the negative ions 

CrOd2- has a greater repulsive Coulombic interaction with the 
electron and thus the energy of activation is higher than for NO3-. 

In alcohol/water mixtures the E2 values for reaction with Ag+ 
decreases in zone a, are constant in zone b, and decrease in zones 
c and d. Similar composition dependence is displayed for the 
reaction with the nitrobenzene molecule.2 Since these reactions 
are nearly diffusion controlled, the E2 values correlate with energy 
of activation for viscous flow Eve2 

The values of E2 in alcohol/water mixtures for the reaction with 
negative ions display similar composition dependence in zones c 
and d (Figure 10). But in zone b, the E2 values increase with 
decreasing water content. This region corresponds to a relatively 
low dielectric constant of the solvent and consequently to a greater 
repulsive interaction between the electron and the scavenger. The 
energy barrier for close approach is manifested as larger energies 
of activation. 

Registry No. Ag', 14701-21-4; Cuz+, 15158-1 1-9; NO3-, 14797-55-8; 
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This paper describes the time-resolved detection of CF3, C2F6, and CO following the infrared multiphoton dissociation of 
hexafluoroacetone. The primary photolysis mechanism has been established as follows: (CF3),C0 - 2CF3 + CO; 2CF3 - C2F6. Determination of the CO and C2F6 formed in a single photolysis pulse leads to a measure of an infrared line strength 
and v3 band strength for CF3. Quantification of the CF3 in this manner allows a study of its reaction kinetics. The reactions 
of CF, with added O2 and NO were found to have third-body rate constants of (2.1 f 0.5) X 
cm6 molecule-2 8, respectively, at room temperature in the presence of 600 mTorr of hexafluoroacetone. 

and (2.8 i 0.7) X 

Introduction 
The infrared multiphoton dissociation (IRMPD) of hexa- 

fluoroacetone (hfa) was first realized in the late 1970s' and 
subsequent studies showed that the process could be made iso- 
topically selective for 13C and 180.2-4 While other  report^^,^ on 
IRMPD of hfa have appeared in the literature, the primary 
photolysis mechanism has not been firmly established, although 
a free radical mechanism is suggested by the products of IRMPD 
of pentafluoroacetone observed by Drouin et a1.' In this paper, 
the dissociation products of hexafluoroacetone (CF3, CO, and 
C2F6) are detected by infrared tunable diode laser (TLD) kinetic 
spectroscopy within 25 ps following the photolysis laser pulse. In 
addition, absolute determination of the C2F6 and CO formed in 
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the photolysis pulse enables the quantification of CF3 and thus 
a measure of an infrared line strength and band strength for CF3 
v3. TLD absorption spectroscopy has previously been used in free 
radical studies to determine the line strength and band strength 
of CN,* H02,9 and CF2.lo Finally, the kinetics of CF3 decay 
following the photolysis pulse are examined both in pure hfa and 
in the presence of added O2 and NO. 

Experimental Section 
Our TLD transient detection scheme has previously been de- 

scribed in detail for the detection of CF2,l1 and a more recent 
publication describing CF3 detection has followed.12 Briefly, the 
precursor hfa is flowed through a capillary cell (15 cm in length 
and 1 mm in diameter). The synchronized TLD beam and TEA 
C02  photolysis beam (operating on lOR(10) at 969.15 cm-' with 
fluences in the capillary ranging from 10 to 35 J cm-*) are made 
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collinear and focused into the capillary cell. After traversing the 
cell, the two beams are separated on a diffraction grating, and 
the TLD probe is focused onto a fast response time (400 ns) 
infrared detector. The TLD frequency is modulated at 40 kHz 
back and forth across an absorption feature of either CF,, CO, 
or C2F6. The detector signal (a measure of the IR transmission 
of the TLD beam through the capillary as a function of time) is 
collected on a digital storage oscilloscope, and the signal averaged 
for 32 CO, laser pulses. A background signal (with the COz laser 
beam blocked) is also collected. Both signals are transferred to 
a IBM PC, where background subtraction is performed. CO is 
detected on the P(23) line at  2046.277 cm-' and quantified by 
using known line-strength data.', C2F6 was detected near 1263 
cm-l, and quantified by plotting ao, the absorption coefficient per 
centimeter at line center, versus pressure for standard C2F6 samples 
of known pressure. (Calibrations were not done in the presence 
of hfa since sample pressures were less than 1 Torr, where no 
pressure broadening effects are observed.) CF3 was detected on 
the 'R,,(20) absorption line at 1264.739 cm-'.14 

Stable product analysis is done by Fourier transform and TLD 
IR absorption spectroscopy. For this purpose, irradiations are 
performed in a conventional Pyrex photolysis cell (10 cm in length 
and 2.5 cm in diameter) into which a TEA CO, laser beam is 
focused by a 25-cm focal length BaF, lens. COz laser beam energy 
measurements are made with a Gentec ED-500 joule meter, and 
the size of the beam at the focus is determined from the burn spot 
on thermal paper. Irradiations were again performed by using 
the lOR(10) CO, laser line, with peak focal fluences in the range 
3-16 J cm-,, 

Results and Discussion 
Dissociation Mechanism. There appears to be only one report 

in the literature regarding the thermolysis of hfa.I5 In that work, 
the authors report two primary dissociation mechanisms: 
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(CF3)zCO - CF3COF + CF2 (1) - C2F6 + CO (2) 

with the first reaction dominating at  high temperature (above 850 
K) and the second dominating at lower temperatures. The low 
preexponential factor ( 109q determined for k, led to the conclusion 
that reaction 2 proceeded via direct elimination of C2F6 rather 
than via the sequential production of two CF3 molecules (eq 3), 
which then combine to form C2F6 (eq 4): 

(3a) 

(3b) 

X F ,  - C2F6 (4) 

(CF3)2CO + CF3CO + CF3 

CF3CO -+ CF3 + C O  
M 

In contrast, the photolysis of (CF3),C0 in both the near UVi6 
and the vacuum UVI7 has been shown to occur via the reaction 
pathway (3) and (4). To the best of our knowledge, none of the 
IRMPD studies conducted to date1" has confirmed whether the 
dissociation of hfa occurs via direct production of C2F6 or via 
successive elimination of two CF3 molecules, though the products 
of IRMPD of pentafluoroacetone do suggest a free radical 
m e c h a n i ~ m . ~  Thus, the first step in our study was to determine 
the IRMPD mechanism. 

Preliminary experiments were carried out by irradiating 1 Torr 
of hfa in standard photolysis cells at peak COz laser fluences (at 
the focus) ranging from 3 to 16 J an-,. FT-IR analysis showed 
the presence of CzF6, and an absorption feature at 1896 cm-I was 
assigned to CFjCOF. TLD absorption spectroscopy confirmed 
the presence of CO and C2F6 and also showed evidence for some 
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Figure 1. Transient tunable diode laser absorption signal from CFs 
created in the IRMPD of 600 mTorr of hfa in a 1-mm capillary cell a t  
a fluence of 35 J an-*. Each modulation cycle (40 kHz) scans through 
the absorption feature (rR16(20)) at 1264.739 cm" twice, giving a pattern 
of pairs of peaks. 
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Figure 2. Transient absorption near 1263 cm-I immediately following 
the photolysis of 600 mTorr of hfa a t  a fluence of 35 J cm-* in a 1-mm 
capillary cell. The signal shows CF, decay initially and C2F6 growth at 
later time. 

C2F4. The yield of C2F4 relative to C2F6 was always less than 
10% over the fluence range studied and did not seem to indicate 
any trend with fluence. These observations led to the conclusion 
that the main dissociation channel involved (as expected) the 
formation of C2F6 via reaction 2 and/or 3 while a minor channel 
(less than 10%) led to the production of CF2 and CF3COF (re- 
action 1). Addition of H2 to the photolysis mixture led to the 
production of small amounts of CHF,, suggesting that CF3 pro- 
duction was occurring. 

To distinguish conclusively between reactions 2 and 3, we set 
out to detect CF3 using time-resolved TLD absorption spectros- 
copyi2 in the capillary cell setup described in the Experimental 
Section. Figure 1 shows that CF, is indeed formed following the 
IRMPD of hfa. Initial (peak) CF3 yields were varied by a factor 
of 5 by varying hfa pressure or laser fluence. Typically, about 
5-10% of the hfa is dissociated. In 15 separate cases, the product 
of peak yield times initial half-life is constant to &lo%. Therefore 
the CF, decay is second order, consistent with reaction 4, and wall 
effects are too slow to contribute significantly. Further, it was 
shown (see Figure 2) that no C2F6 is present immediately following 
the pulse but that the concentration of CzF6 increases with time 
following the pulse. (The time dependence of C2F6 growth is 
difficult to measure quantitatively because of the interference of 
CF, absorption at early time as seen in Figure 2.) Thus, it seems 
certain that the lRMPD of hexafluoroacetone predominantly 
involves the initial production of CF3 (reaction 3), followed by 
combination of CF3 to form C2F6 (reaction 4). 
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Figure 3. CO (+) and C2F6 (0) yield from IRMPD of 600 mTorr of hfa 
in a I-mm capillary cell as a function of COz laser fluence. 

A search was also made for CF,, CF4, and COF2 by using the 
transient TLD technique. No evidence of CF2 or CF, was found, 
indicating that less than about 2 mTorr of each of these species 
was formed after a C 0 2  laser pulse, even at the highest fluences 
used ( 3 5  J This would indicate that secondary dissociation 
of CF3 radicals to CF2 and disproportionation of two CF3 radicals 
to form CF2 and CF4 are unimportant mechanisms for CF3 decay. 
Also, it confirms our conclusion above, based on less than 10% 
CzF4 to C2F6 yield ratio, that reaction 1 may be neglected under 
these conditions. Trace amounts of COF2 (less than 5 mTorr per 
pulse) were noted, probably the result of CF3 reactions with the 
Pyrex walls of the cell, though we cannot rule out the possibility 
of a very low yield of F atoms, which may etch the wall. 

From the stoichiometry of reactions 3 and 4 ,  it is apparent that 
each dissociation of hfa produces one molecule of CO and two 
molecules of CF3 that combine (over a time scale of 400-500 ps) 
to form one molecule of C2F6. Thus, from a measurement of the 
CO yield 100 ps after the laser pulse and the C2F6 yield about 
500 gs after the laser pulse in one-pulse photolysis of hfa, it is 
possible to quantify the CF, and thus obtain its infrared absorption 
line strength and band strength. 

Vibrational Relaxation of CF,. It is important that the CF3 
be vibrationally and rotationally thermalized following photolysis, 
since detection is done in the vibrational ground state. The increase 
in the CF, absorption signal over the first 50 gs following the C 0 2  
laser pulse (see Figure 1 )  is attributed to cascading from vibra- 
tionally excited states and/or to collisionally induced dissociation 
occurring after the pulse. Since CF, has a vibrational energy level 
coincident with the parent hfa (near 1280 cm-I), the rate of CF, 
vibrational relaxation should be fairly rapid. Addition of N20 
(which also has a vibrational energy level coincident with CF,) 
to the photolysis mixture had no effect on either the rise time of 
the CF, signal or its peak yield. Thus, it is likely that CF, 
vibrational relaxation is near completion after about 50 ps. 

Product Yield as a Function of Fluence. A number of inde- 
pendent data sets over a range of conditions was required to 
properly quantify the C2F6 and CO (and thus the CF,) obtained 
in the IRMPD of hfa. Thus these yields were monitored in the 
capillary cell over a range of fluences with an initial hfa pressure 
of 600 mTorr. A plot of C2F6 yield (after CF, recombination is 
complete, about 500 ps) and CO yield (measured 100 ps after 
the pulse) versus fluence is given in Figure 3 .  As expected, the 
CO and C2F6 yields are equal within experimental error. From 
the stoichiometry of the dissociation, the initial CF, yield is twice 
the C2F6 and CO yields. Thus ao, the CF, absorption at  line 
center, can be related to twice the C2F6 or CO yield at each fluence 
studied (see Figure 4) .  

Before quantification can be done, it is important that the gas 
temperature following photolysis be known since aborption line 
strengths are temperature dependent. To measure this temper- 
ature, we added a small amount of N20 to the photolysis mixture 
and performed transient absorption measurements on the P(45) 

C F 3  P R E S S U R E  ( r n T o r r )  

Figure 4. Plot of CF3 absorption per centimeter at line center, ao, as a 
function of CF3 pressure. a. for CF3 is measured at a variety of C02 
laser fluences, and the CF3 pressure is obtained from the CO and C2Fs 
yields measured at each of these fluences and a knowledge of dissociation 
stoichiometry. 

N20 line at  1243.795 cm-' following photolysis a t  a fluence of 
35 J No noticeable increase in N20 absorption (within 10%) 
was noted over a time scale ranging from 50 ps to 20 ms, indicating 
no detectable temperature rise (less than 10 K) following the 
passage of the COz laser pulse. 

This lack of an observable temperature rise indicates that the 
activation energy for reaction 3b, suggested to be 83.1 kJ mol-',18 
is provided by internal energy at  the time of CF3C0 formation 
and/or by additional IR absorption during the laser pulse. 

Line Strength and Band Strength of CF,. The CF3 line strength 
can then be obtained by using the following r e l a t i ~ n : ' ~  

a. = (In 2 / ~ ) ' / ~ ( S / 6 f ~ ) ( P / 7 6 0 )  ( 5 )  

where S is the line strength, P is the pressure in Torr, and 6fD 
is the Doppler half-width at  half-maximum (hwhm) of the 
transition. Thus, the slope of the cyo versus P plot (Figure 4 )  is 
(In 2/ . ) ' /2)(s /6jD).  The Doppler hwhm for CF, is 9.44 X lo4 
cm-', and thus the line strength for IRI6(2O) of CF, (1243.739 
cm-') is determined to be (1.4 f 0.3)  X IO-2o cm molecule-'. 

The measure of this single CF, v, line strength allows the 
calculation of all other v 3  line strengths as well as an estimate of 
the v3 band strength. The general line-strength formula is as 
follows:'9 

s = (8T3f/3hcP) (N/Q&?,)gNKR?R? e x P ( - ( E ~ ~ / k r )  x 

wherefis the transition frequency in cm-', R: is the vibrational 
contribution to the transition moment, R: is the Honl-London 
factor, gNK is the degeneracy, ENK is the rotational energy of the 
lower level, and h, c, and p are Planck's constant, the velocity of 
light, and pressure, respectively. 

Since only gNK, R:,A and E N K  change with the particular line 
being considered, the ratio of one line strength to another can be 
easily determined. 

The band strength A,  the sum of all line strengths in the band, 
is 

A = ( 8 ~ ~ f o / 3 h c p ) ( N / Q , ) R , Z ( l  - e x ~ ( h c f o / W )  ( 7 )  

wherefo is the band origin.19 If it is assumed t h a t f z f o ,  then 
the band strength can be obtained from a line strength from the 
ratio of eq 6 and 7 :  

( 1  - exp(1 - h c f / k r ) )  ( 6 )  

A = [SQrI /[RrkVK) exp(-ENK/kT)l ( 8 )  
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GAS PRESSURE (Torr)  

Figure 5. Plot of the inverse of the CF3 half-life versus the NO (+) or 
O2 (X) pressure. The CF3 is created by the photolysis of 600 mTorr of 
hfa (in the presence of the added NO or O2 in a 1-mm capillary cell a t  
fluence of 35 J 

With our measured line strength, the degeneracy, the Boltzmann 
factor for IRI6(20), and Q, for CF3, the CF, v3 band strength is 
determined to be (3.2 f 0.8) X lo-'' cm molecule-', a factor of 
3 below the predicted value,21a a factor of 2 larger than our 
measured value for CF2 ul , l0  and a factor of 6 smaller than that 
of CF4 u3, one of the strongest absorptions known. 

To the extent that CF, decays during the 50 11s after the laser 
pulse and before our measurement of its initial "peak" absorption 
intensity, our values of line strength and band strength will be 
too low, and one might expect an error of up to 50%. However, 
this effect appears to be minor, because we see no significant C2F6 
at  that stage, within an experimental error of perhaps 10%. 

Absolute Reaction Kinetics. Knowledge of the line strength 
and hence the absolute CF3 concentration allows a study of CF3 
reaction kinetics. In the case of pure hfa photolysis, the only 
reaction of CF3 is decay via recombination (eq 3b). Thus, at 
constant third-body concentration 

d /d t  (CFJ = -2k4(CF3)2 (9)  

and CF, decay should be second order, as confirmed by our 
observations. The rate constant for CF3 recombination, k4, has 
been determined in our previous publicationI2 to be (2.2 f 0.5) 
X lo-', cm3 molecule-' s-' at  300 K, for a hfa pressure of 600 
mTorr. The high-pressure limit for reaction 4 has recently been 
determined to be 4 X 10-l2 cm3 molecule-' s - ' . ~ O  Thus it appears 
that with 600 mTorr of hfa as the third body, our measurements 
are in the falloff region, though the pressure dependence is still 
small.12 

In addition, the CF3 decay has been monitored in the presence 
of NO and 02. For these cases, CF3 decay can also occur via 

(10) 

(1 1) 

CF3 + 2X -+ CF3X + X 

CF, + X + M -  CF3X + M 

where X = 0, or NO. 

(21) (a) Newton, J. H.; Person, W. P. J .  Chem. Phys. 1978.68.2799, (b) 
Laguna, G. A.; Baughcum, S. L. Chem. Phys. Lett. 1982.88, 568 .  

Since the recombination rate cannot be neglected relative to 
reaction with the added gas, the analysis of Laguna and Baughcum 
was 

where (CF,), is the initial CF, concentration and tl/, is the time 
at which (CF,) = '/,(CFJo. Figure 5 shows a plot of l/t ,/2 versus 
(0,) or (NO). (The hfa pressure is constant at 600 mTorr.) In 
both cases, this plot gives a good straight line, whereas a plot versus 
(02)2 or (NO)2 is curved. We interpret this as meaning that hfa 
is a much better third body than either O2 or NO, and reaction 
11 dominates over (10). The slopes of these plots yield the rate 
constants for reaction 11, (2.1 f 0.5) X cm6 molecule-2 s-l 
in the case of X = O2 and (2.8 f 0.7) X cm6 molecule-2 s-' 
in case of X = NO. While the rate constant for CF3 reaction with 
O,, with hfa as third body, has not been previously reported, the 
rate constant with M = N2 has recently been found to be (1.9 
i 0.2) X cm6 molecule-* s- ' .~ '  This value is similar to our 
value with M = hfa, contrary to expectation, since N2 is a less 
efficient collision partner than hfa. To the best of our knowledge 
the only published rate constant for the reaction of CF3 and NO 
is a high-pressure-limited value of 1.6 X lo-'' cm3 molecule-' s-', 
measured at total pressures greater than 20 Torr.,, 

Conclusions 
In this paper, the IRMPD of hexafluoroacetone has been in- 

vestigated, by using a time-resolved TDL absorption technique 
to identify and measure absolute yields of transient and stable 
products of the photolysis. It was found that the major dissociation 
pathway led to the production of CO and two CF3 radicals, which 
then combine to form C2F6. The lack of significant yields of CF2 
or CF4 eliminates the possibility of secondary dissociation or 
disproportionation of CF3. Evidence for a second, minor, channel 
of dissociation, forming CF3COF and CF2 was found in many- 
pulse photolyses. The quantification of the C2F6 and CO formed 
in a single pulse allows determination of the absolute CF3 con- 
centration and thus a measure of the CF3 line strength ((1.4 f 
0.3) X cm molecule-') and the CF3 u3 band strength ((3.2 
f 0.8) X lo-'' cm molecule-') (neglecting the question of possible 
underestimation if any CF3 decays prior to the first point 50 ks 
after the laser pulse). In addition, the kinetics of several CF3 
reactions have been studied. The rate constant for recombination 
of CF, to form C2F6 was rneasuredl2 to be (2.2 f 0.5) X lo-', 
cm3 molecule-' s-l, while the rate constants for CF3 reacting with 
0, and NO were found to be (2.1 f 0.5) X and (2.8 f 0.7) 
x cm6 s-', respectively. 
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