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Abstract 

F2 laser ( 158 nm) photolysis of gas mixtures of CO 2 and hydrofluorocarbons (HFCs) gives the corresponding alcohols and ketones. The 
initial step of photolysis is a bond breaking reaction to give CO and an electronically excited oxygen atom O(~D). The excited atom is partially 
inserted into the HFC C-H bonds and is partially quenched to the triplet atom O(3P). The dependence of the yields of the alcohols on the gas 
pressure and the size of the HFC can be explained in terms of the formation of hot alcohols and coUisional relaxation. The insertion rate 
constant of O(~D) has been estimated to be (1.5+0.3)× 10 -~ cm 3 molecule ~ s -~ f~r CF3CF2CH 3 based on the quantum yield of 
CF3CF2CH2OH production. 
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1. Introduction 

The kinetics of the reaction between O(ZD) and hydro- 
fluorocarbons (HFCs) has been studied in relation to the 
depletion of the ozone layer in the stratosphere [ 1 ]. The basic 
reaction mechanism between O(~D) and hydrocarbons has 
been studied in detail in Ref. [2]. In the case of CH4, two 
processes co-exist: the insertion of O(~D) into the C-H bonds 
and the stripping of H to form CH 3 and OH radicals [ 3-11 ]. 
Similar processes presumably explain the reactions of hydro- 
carbons and HFCs with O( tD) .  One of the initial steps is the 
insertion of O(~D) into the C-H bonds and the formation of 
hot alcohols. The product distribution depends on the colli- 
sional relaxation and lifetimes of the hot molecules. In the 
case of HFCs, O(ID)  produces hot alcohols and is quenched. 
The branching ratio depends on the molecular structures of 
the HFCs. Warren et al. [ 12] have measured the removal rate 
constants of HFCs by O( tD) ,  generated by 03 photolysis 
using a 193 nm laser. The quenching rate constants of O (1D) 
were determined directly by measuring the O(3p) concenlra- 
tions using the technique of time-resolved vacuum UV atomic 
fluorescence. 
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The reactions and quenching rates between O(ID)  and 
HFCs have been analysed in this study on the basis of specific 
reaction products: alcohols. In a previous investigation [ 13], 
product analysis indicated that an O (~D) atom is inserted into 
the C-H bonds of CH4, CF3H and CF3CH 3 molecules, and 
the product distribution can be explained in terms of the 
collisional relaxation of the initial products of hot alcohols. 

O(~D) can be generated from many sources by UV-vac- 
uum UV photolysis of simple molecules: O3, O2, N20 and 
CO2. CO2 in particular is a good source, because the molar 
extinction coefficient (E) in the vacuum UV region is not too 
low and one of the products, CO, is inactive. Direct vacuum 
UV photolysis of CO2 has recently been carried out [ 14]. At 
the 158 nm laser line (where the HFC molecules treated show 
practically no absorption), the quantum yield of O(tD) for- 
mation is 0.94 and the remainder (0.06) is O(3P). 

The photon number at the 158 nm laser line was measured 
by chemical actinometry and compared with a commercial 
laser power meter. 

2. Experimental details 

2.1. Materials and laser 

Trifluoromethane (CHF3; stated purity, 98% minimum), 
1,1,l-trifluoroethane (CF3CH3; 99% minimum) and 
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1,1,1,2,2-pentafluoropropane (CF3CFECH3; 97% minimum) 
were purchased from PCR, and CO2 (99.995% minimum) 
was obtained from Sumitomo Seiki Co. The vacuum UV 
spectra of the gases used in this experiment were measured 
with an Acton Research Corporation VUVMS-502 spectrom- 
eter. The HFC molecules have practically no absorption at 
158 nm; therefore CO2 ( e = 6 3  M -~ cm -~) is selectively 
excited by light under the conditions described [ 15]. 

The excitation light source was an F2 laser (Lambda Physik 
LPF205). The typical output was 60 mJ per pulse (after 
correction factor of 1.48 + 0.08 for a Gentec ED500 power 
meter) with a pulse width of 20 ns full width at half-maximum 
(FWHM) and a repetition rate of 10 Hz. 

2.2. Photolysis of gas mixture of CO2 and HFC 

The mixtures of C O / (  100 Torr unless stated otherwise; 1 
Torr= 133.322 Pa) and HFC (30-900 Torr) were photo- 
lysed at room temperature for 50 s, i.e. by 500 irradiation 
shots through an MgF2 window. The sample cell had an inner 
diameter of 2 cm and was 8 cm in length. It was calculated 
that more than 99.8% of the incident laser energy was 
absorbed. The products were analysed using a Shimadzu GC- 
14A gas chromatograph equipped with a G-950 capillary 
column (40 m ×  1.2 mm, Chemical Inspection & Testing 
Institute) and an FID to determine the concentration of alco- 
hols. The concentration of CO was measured using a gas 
chromatograph with a WG-100 column (2 m, GL Science) 
and a TCD. 

3. Results and discussion 

3.1. Photoproducts and their pressure dependence 
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Fig. 1. (a) Effect of initial pressure of CF3CH3 on the quantum yield of 
production of CF3CH2OH during the photolysis of CO~/CF3CH3 mixtures 
in the presence of I00 Torr of CO 2. (b) Plots of I/~¢F~CH~.OH VS. 1/ 
[ CF3CH3 ]. 

C F 3 C H  3 ( 100-900 Torr) as shown in Fig. 1 (a).  In relation 
to this reaction, a study concerning the mechanism of HF 
formation from hot CF3CH2OH has been reported [ 16c]. 
Although a variety of minor products were detected by gas 
chromatography in the present reaction, it was not possible 
to identify them because, in most cases, authentic samples 
could not be obtained. 

3.1.1. CHF 3 
Irradiation of CO2/CHF 3 (100 Torr/100 Torr) mixtures 

in the sample cell with a 158 nm laser gave carbonyl fluoride 
(COF2) exclusively; trifluoromethanol (CF3OH) and the 
dimeric product hexafluoroethane ( C F 3 C F 3 )  w e r e  not 
observed. This is in agreement with the work of Aker et al. 
[16a] and Burks and Lin [16b,c], in which only HF was 
observed in the reaction of CHF3 with O(1D), generated by 
the UV photolysis of ozone, suggesting the formation of 
COF2. (Recently, it has been reported that COF2 is the dom- 
inant product in the reactions of O(ID) with CBrF3 and 
CBrF2CBrF2 [16d].) The formation of COF2 indicates that 
the initial product is CF3OH, which is known to decompose 
rapidly to COF2 and HF at room temperature [ 17 ]. However, 
it is interesting to note that the elimination of HF from ther- 
malized CF3OH is endothermic. Thus there is still an argu- 
ment for the fragmentation process [ 18]. 

3.1.2. CF~CI-I~ 
Similar photolysis of COz/CF3CH3 mixtures produced 

2,2,2-trifluoroethanol selectively, the yield of which 
increased linearly depending on the initial pressure of 

3.1.3. CF~CFeCH3 
In the case of CF3CF2CH 3, the yield of 2,2,3,3,3-penta- 

ftuoropropanol (CF3CF2CHzOH) increased almost linearly 
with an increase in the initial pressure of CF3CF2CH 3 up to 
200 Torr. However, the yield became almost constant when 
the initial pressure was greater than approximately 500 Torr 
(Fig. 2(a) ) .  Similar to the case of CF3CH3, several minor 
unknown products were observed by gas chromatography. 

3.2. Laser energy measurement and chemical actinometry 

Commercial power meters were compared with chemical 
actinometers at 193 and 248 nm [ 19] and at the excimer laser 
lines [20] and reasonable agreement was found between 
them. However, to date, no calibration of the 158 nm laser 
line has been made. The laser power evaluated in this paper 
was 1.48 _ 0.08 times the value indicated by a Gentec ED500 
Joulemeter, as calibrated against results obtained by CO2 
chemical actinometry. The power meter gave a correct value 
at 193 nm. 
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Fig. 2. (a) Effect of initial pressure of CF3CF2CH 3 on the quantum yield of 
production of CF3CF2CH2OH during the photolysis of CO2/CF3CF2CH 3 
mixtures in the presence of 100 Ton  of CO2. (b) Plots of I/~CF~CF2CH.,()H 
vs, 1 / [CF~CF:CH3I. 

mJ per pulse) against the cell volume. A power meter (Gen- 
tec ED500) indicated 45 mJ per pulse after the light had 
passed through the MgF2 window. The correction factor was 
1.48 times the value indicated by the power meter. 

3.3. Mechanism 

The reaction mechanism between O(~D) and hydrocar- 
bons has been established [ 2]. Although the same elemental 
processes are present in the reaction between O(~D) and 
HFCs, there are several distinctive features. O(~D) is 
quenched by HFC, the efficiency depending on the number 
of F atoms and the structure of the molecule [ 12,16a,22,231. 
The intermediate state hot molecule will have a longer life- 
time than that of the corresponding alcohols based on hydro- 
carbons. The bond dissociation energies of the C-C and C- 
F bonds for HFCs are higher than those of the corresponding 
alcohols. HF elimination will be one of the major fragmen- 
tation processes. Therefore the hot molecule probably under- 
goes a different pattern of fragmentation. 

The following mechanism can be proposed 
158 nm 

CO, , CO+O(ID:  0.94, 3p: 0.06) (1) 
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Fig. 3. Yield of CO produced during the photolysis of CO2/CF3CH 3 (300 
Torr/300 Ton.) mixtures vs. irradiation time. 

3.2.1. C02 photolysis 
The photochemistry of CO2 at 158 nm was expected to 

correspond to Eq. (1) (see Section 3.3) [14]. When gas 
mixtures of CO2/CF3CH 3 (300 Torr/300 Torr) were pho- 
tolysed for 20, 40 and 60 s, the CO pressure increased in 
proportion to the irradiation time as shown in Fig. 3. Although 
many different values for the quantum yield of formation of 
CO have been reported, we employed unity as the most reli- 
able value, following the results reported by Slanger and 
Black [ 21 ], who explained that the CO deficiencies obserwed 
in earlier work on CO2 photolysis were probably caused by 
heterogeneous processes. In the case of 50 s irradiation, the 
observed amount of CO was 32.5 Torr. Therefore the 
absorbed photon number was calculated to be 5.3 × 1017 pho- 
tons s 1, in other words 5.3 X 1016 photons per pulse (66.5 

ka 
R C H  3 + O ( I D )  ' " ) RCH2 + O H  

kf 
RCH2OH* > Fragmentation 

kROH 
RCH2OH* + M ) RCH2OH + M 

( 4 ) 

(5) 

(6) 

O ( 3 p )  + O ( 3 p I  ) 0 2 ( 7 )  

Photolysis of CO2 with the 158 nm laser gives CO and O (1D) 
with quantum yields of unity and 0.94 respectively (Eq. ( 1 ) ). 
In Eq. (2), O(ID) is quenched to give O(3P) by collision 
with HFC (quenching rate constant kq) and CO2 (quenching 
rate cons t an t  kq, ). In Eq. (3),  O ( I D) undergoes insertion into 
the C-H bonds of HFC (insertion rate constant ki) to give 
the corresponding hot alcohol (RCH2OH*). In Eq. (4), 
O ()D) abstracts a hydrogen atom from HFC to generate alkyl 
and hydroxyl radical pairs (hydrogen abstraction rate con- 
stant ka). In Eq. (5), the hot alcohol decomposes to give 
several products (fragmentation rate constant kf), and in Eq. 
(6) finally collapses to relaxed (cold) alcohols, losing the 
excess vibrational energy gained in collision with the added 
gases (deactivation rate constant of ROH* in collision with 
added gases kRou). As shown in Eqs. ( l ) and (2), the present 
system includes O(3p); however, it does not undergo inser- 
tion into the C-H bonds of HFC to give RCH2OH* because 
of the triplet spin. Most of the O (3p) atoms probably collapse 
to give triplet oxygen molecules through combination with 
other O(3P) atoms (Eq. (7))  [24]. 
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3.4. Determination of the rate constants 

On the basis of the above mechanism, the quantum yields 
of the alcohols can be expressed by 

k,[RCH3I 

(kq + k i + k a )  [ R C H 3 ]  + kn,[C02] 

kRoH[M] 
× (8) 

k f + k R o H [ M ]  

Under high pressure conditions, the last term, kRoH[M]/ 
( k f +  kRoH[M] ), will be close to unity, because kf is much 
smaller than kRo H [ M ]. Then the inverse of q~ROH can be given 
by 

ki ] ki[RCH3]_] (9) 

The slope of the plot of 1/q~ROH VS. 1/[RCH3] is 
1/CI)o(1D)Xkq,[CO2]/k~, and the intercept is 1/~OOD) 
× [ 1 + (kq + k,)/ki]. For CF3CH 3, the plot is apparently lin- 
ear (Fig. l ( b ) ) ,  but the intercept gives a negative value 
( - 3 . 9 ) .  This is probably because the assumption of 
kf<<kRoH[M] does not occur at the initial pressure of the 
C F 3 C H  3 employed ( 100-900 Torr) ; therefore, Eq. (9) is not 
suitable in this case. Related to this work, Green and Wayne 
[25] have measured the sum of k~ and ki for the reaction of 
O(~D) with CF3CH 3 in a static, competitive, experiment to 
be (1 .0+0.2)  X 10 -~° cm 3 molecule -~ s - l ,  relative to the 
rate constant for the reaction of O(~D) with N20, but did not 
analyse the alcohol produced. For CF3CF2CH 3, the linear plot 
of 1/qbCF3CVzcn2o H vs. 1/[CF3CFzCH3] gives 710 as the 
slope and 3.1 as the intercept (Fig. 2 (b) ) .  The ratios of kq,/ 
ki and (kq + k~)/ki were calculated to be 6.7 and 1.9 respec- 
tively. As kq, has been measured to be (1.2-t-0.09) × 10 -~° 
cm 3 molecule -~ s -~ [26], k~ is estimated to be 
(1 .5+0.3)  X 10 -IZ cm 3 molecule -1 s -1 

Two measurements have been made of the total rate con- 
stant for O(~D) removal in the reaction of O(~D) with CHF3: 
8.4 X 10- t2 cm 3 molecule- ~ s -  ~ based on an analysis of the 
O ( 3P )  concentration [ 22a], and 4.0 X 10- 11 c m  3 molecule- 1 
s-~ based on O(~D) concentration measurements [23]. In 
Ref. [23], it was also reported that the hydrogen abstraction 
rate is about 8% of the total reaction with CHF3, i.e. ka with 
CHF 3 is expected to be 0.3 X 10- i1 to 0.07 X 10- I1 c m  3 mol- 
ecule- t s-~. However, in the present product analysis, no 
formation of CF3CF3, as a dimeric product from CF3 radicals, 
was observed by gas chromatography for the reaction of 
O(1D) with CHF3 [13]. In addition, the yields of the 
unknown products were negligible due to the high pressure 
of C F 3 C H  3 and CF3CF2CH 3. Therefore ifk~ with C F 3 C F 2 C H  3 

is approximately 0.3 X 10- l~ cm 3 molecule- ~ s -  ~, kq can 
tentatively be estimated at ( 2 . 5 + 0 . 6 ) X  10 - ~  cm 3 mole- 
cule-  l s-~, and the branching ratio for quenching, kq/ 
(kq + k~ + k~), at approximately 0.58. It has been reported that 
the branching ratio depends on the number of F atoms; for 
example, 0 for CH4, 0.25 for CH3F, 0.77 for CHF3 and 0.54 

Table I 
Quantum yields of production of alcohols (qr~ou) and lifetimes of hot 
alcohols (tROll.) 

HFC ~ ROH q~o."  f rom (ps) 

Obsd. Calcd. b 

CH4 CH3OH 0.012 -I- 0.001 0.8 0.4 c 
CH3CH3 CH3CHzOH 0.013+0.001 > 4  12 c 
CF3CH 3 CF3CH2OH 0.066 + 0.001 - a 
CF3CF~CH3 CF3CF2CH2OH 0.19 ± 0,02 _ a 

a Determined with the gas mixture COJHFC (300 Tort/300 Torr); F 2 laser; 
power, 60 mJ per pulse ( 10 Hz); irradiation time, 50 s. 
t, Calculated estimated lifetime. 
c Ref. 127 ]. 
a See text. 

for CH3CHF2 [ 12,16a,22,23]. Compared with these values, 
the estimate calculated here is considered to be reasonable. 

3.5. Lifetime and yield of hot alcohol 

Table I shows the lifetimes of the hot alcohols (rROH*), 
calculated using kf in the fragmentation processes from hot 
alcohols, together with the quantum yields of the alcohols 
(q~ROH) produced by the photolysis of gas mixtures of CO2/ 
HFC and COffhydrocarbons (300 Torr/300 Torr). 

The lifetimes of the hot molecules (r)  are defined here as 
the inverse of the sum of the dissociation rate constants (kf) 
of the hot molecules at a fixed internal energy. Each kf denotes 
a specific rate constant and can be estimated using unimole- 
cular reaction theory [28]. At a fixed energy, r ( = 1/kf) 
corresponds to hp*/W, where h is Planck's constant, p* is 
the state density and W is the sum of the reaction routes. 

The introduction of C-F bonds is expected to make the 
lifetimes of the hot molecules longer than those of the cor- 
responding hydrocarbons because of several factors. Firstly, 
p* increases considerably more than W due to the effect of 
the low vibration modes of the C-F bonds (C-F  stretching 
mode, approximately 1140 c m -  t ). Indeed, it has been dem- 
onstrated that the lifetime of hot fluorotoluene ( C H 3 C 6 F s ,  

rF = 1300 ns) is 2.6 times longer than that of hot toluene 
(rH-----500 ns) with an internal energy of approximately 630 
kJ mol -  1 [29]. This is consistent with the fact that the vibra- 
tional frequency of the C-F bond is lower than that of the C-  
H bond (C-H stretching mode, approximately 2900 c m -  l ). 
Secondly, the major fragmentation process will be the HF 
elimination process instead of OH dissociation as in the case 
of hydrocarbons. The lowest activation energy has been esti- 
mated for the HF elimination process as shown in Table 2. 
The elimination rate constant has been discussed for CF3CH3 
on the RRKM basis [30], and the constant is 109 S -1  with 
an energy of 450 kJ mol-*. Therefore the corresponding 
constant for CF3CH2OH* with an energy value of 565.5 kJ 
mol-  ~ may be of the order of 10 t° s -  t. The constant for the 
large sized molecule CF3CF2CH2OH* is estimated to be sev- 
eral times smaller than that of CF3CH2OH*. The lifetime of 
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Table 2 
Fragmentation processes from hot alcohols and calculated dissociation rate 
constants 

Fragmentation Ea ~ kt hx 
process (kJ mol 1) (109S-l )  

CH~CH2OH* ~ CH3CH2 + OH 382 55 
CH 3 + CH2OH 343 26 
C2H4 + HzO 298 2.5 
H2 + CH3CHO 469 < 1 
H + CH2CH2OH 394 0.4 
H + CH3CHOH 389 0.6 

CF~CH2OH* "~ CF~CH 2 + OH 394 0.5 
CF3 + CH2OH 423 < 0.1 
CF2CH2 + HOF - 
HF + CHF,CHO 297 d 
F + CFzCHzOH 545 < 0.1 
H + CF3CHOH 425 d < 0.1 

hol produced in the case of CF3CF2CH 3, using O(~D) gen- 
erated by vacuum UV (158 nm) laser photolysis of CO2. A 
laser power meter (Gentec ED500) was calibrated at 158 nm 
By comparison with a CO2 chemical actinometer, and the 
correction factor was estimated to be 1.48 + 0.08. 
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Dissociation energy at 300 K [27,30,31 ]. 
Ref. [27] for CH~CH3 and this work for CF3CH 3 with vibrational fre- 

quencies reported in Ref. [32]. 
Dissociation rate constant. 

a Dissociation energy based on the data for CF3CH 3 [31 ]. 
e See text. 

CF3CH2OH* is probably of the order of I00 ps and that of 
CF3CF:CH2OH* is probably of the order of 500 ps. Thirdly, 
the dissociation energies of the C-O, C-C and C-H bonds 
increase as shown in Table 2. The process of C--C bond 
cleavage (Ed=343 kJ m o l - l ) ,  for instance from 
CH3CH2OH*, contributes about one-third of the total frag- 
mentation process, whereas this process for CF3CH2OH* 
(Ed = 423 kJ mol - ~ ) will be negligible. Finally, hot alcohols 
with C-F bonds have an internal energy value lower than 
those without C-F bonds as shown below. 

O(ID) +CH~CH~----* CH~CH2OH* ( +589.8 kJ mol - l )  

O(~D) + CF3CH,~---* CF3CH2OH* ( +565.5 kJ mo1-1) 

The introduction of C-F bonds causes an increase in qbRo H 
as shown in Table 1: for example, qJCF3CH20H is 5.5 times 
greater than qOCH3CnaoH. There is no doubt that the result 
correlates with the increase in lifetime of the hot alcohols 
caused by the introduction of C-F bonds: in this study, the 
lifetime of CF3CF2CH2OH* is estimated to be about 1000 
times longer than that of CH3OH*. 

4. Conclusions 

The deactivation process of O(1D) to O(3P) by HFCs and 
hydrochlorofluorocarbons (HCFCs) has been investigated 
by several researchers. However, there has been no kinetic 
study of the insertion process of  O(1D) into the HFC C~-H 
bonds based on an analysis of  the corresponding alcohols 
produced, although several studies have dealt with the frag- 
mentation products from the alcohols. In this investigation, 
the insertion rate was determined to be (1.5 + 0.3) × 10- i t  
cm 3 molecule- ~ s - l by measuring the quantum yield of alco- 
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