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Time-Resolved Infrared Studies of Gas-Phase Coordinatively Unsaturated 
Photofragments ($-C,H,)Mn(CO), ( x  = 2 and 1) 
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Time-resolved infrared spectroscopy is used to study the coordinatively unsaturated species (qS-CSH5)Mn(CO), ( x  = 2 and 
1) generated by 266- and 355-nm laser photolysis of (vs-CSHs)Mn(CO), in the gas phase. (sS-CsHS)Mn(CO) is the predominant 
photoproduct upon 266-nm photolysis while both (&2SHs)Mn(CO) and (&2sHS)Mn(C0)2 are produced upon 355-nm 
photolysis. IR spectra in the region of 1820-2033 cm-' are assigned for the coordinatively unsaturated species (~S-CsHS)Mn(CO), 
and found to be in major disagreement with those obtained in condensed phases. The rate constants for the reactions of 
(qS-C5HS)Mn(CO), and (qs-CSH5)Mn(CO) with CO are determined to be (5.9 f 0.4) X 10" and (6.7 f 0.2) X lok2 cm3 
mol-' s-I, respectively. The rate constant for the reaction of (vs-CsHS)Mn(CO) with CO is on the order of 1/10 gas kinetic 
while the corresponding value for (~S-CSH5)Mn(CO)2 is over an order of magnitude smaller. The magnitudes of the rate 
constants for the reactions of ($-CSHS)Mn(CO), with CO are compared with those of (?f-c&)cr(Co), previously observed 
and are discussed in terms of the change of spin states of these reactions. In addition, it is found that the presence of rare 
gas Q (Q = Ar, He, and Xe) has remarkable influence on the kinetic behavior of (~I~-C,H,)M~(CO)~, implying the formation 
of rare-gas complexes (qS-CSHs)Mn(C0),.Q in the gas phase. 

I. Introduction 
Coordinatively unsaturated transition-metal carbonyl com- 

pounds are of primary importance in the elucidation of mecha- 
nisms of various systa"s' Several techniques have been developed 
toward the identification and characterization of these short-lived, 
highly reactive species." Flash photolysis with time-resolved IR 
spectroscopy is regarded as a powerful technique in studying the 
structure and reactivity of coordinatively unsaturated metal 
carbonyl s @ a  in both solution and the gas pha~cs .~ -~  Application 
of this technique in the gas phase is particularly useful since 
gas-phase studies offer the opportunity to provide the detailed 
information of the structure and reactivity of these species free 
from the disturbance of host matrix or solvent  molecule^.^ 

An extraordinarily rich chemistry is currently developing around 
the coordinatively unsaturated fragment (T&H~)M~(CO)~.~ 

'To whom correspondence may be addressed. 

0022-365419212096-1650$03.00 f 0 

There has been a large body of experimental investigations6I4 
as well as theoretical c a l c ~ l a t i o n s ~ ~ J ~  concerning this species. 
($-CSHs)Mn(CO), was first postulated as an intermediate in the 
photochemical substitution of (qs-CSHs)Mn(C0)3.6 It has since 
been generated and characterized following UV photolysis of 
( V ~ - C ~ H ~ ) M ~ ( C O ) ~  in low-temperature rare-gas matrices7.* and 
frozen hydrocarbon glasses."' The more highly unsaturated 
species (vS-C!Hs)Mn(CO) has also been observed upon prolonged 
UV photolysis of (qs-CSH5)Mn(CO), in hydrocarbon glasses.IO 
More recent time-resolved studies of UV flash photolysis of 
(vS-C5Hs)Mn(CO), in alkane solution at room temperature 
provided the structure and kinetic information of the solvated 
species (T~'-C~H~)M~(CO)~.S (S = It was found that 
in n-heptane solution the rate constant for the reaction of ($- 
CSHS)Mn(C0)2.S with CO is about 10 times smaller than the 
corresponding value for the reaction of Cr(CO)SS with CO in 
cyclohexane solution.12J3 

0 1992 American Chemical Society 
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Figure 1. Transient IR absorption spectra obtained (a) 1.4 @ following 
266-nm photolysis of ($-C5H5)Mn(CO)p in the presence of 4.0 Torr of 
Ar and (b) 1.8 following 355-nm photolysis of ($-CSH5)Mn(CO), in 
the presence of 3.0 Torr of Ar. 

The coordinatively unsaturated species (s5-C5H5)Mn(CO), (x 
= 2 and 1) has been less studied in the gas phase. This paper, 
using timeresolved IR absorption spectroscopy, is aimed to study 
the IR spectra in CO stretching region and reactivity of the 
gas-phase ($-CSHJMn(CO), generated upon UV laser photolysis 
of (~s-C5H,)Mn(CO)3. Both photofragments are identified by 
examining the temporal behavior of the IR absorptions observed. 
The IR spectra of (q5-C5HJ)Mn(CO), obtained in this study are 
compared with those previously obtained in condensed phases and 
found to be in major disagreement. The rate constants for the 
reactions of (qS-C5H5)Mn(CO), with CO are measured in the 
presence of various buffer gases. 

11. Experimental Section 
The time-resolved IR absorption apparatus used in this study 

has been described in detail elsewhere." Briefly, a mixture of 
-5-50 mTorr of ($-C5HS)Mn(CO)3 in buffer gas (He, Ar, or 
Xe) and/or CO was photolyzed with a frequency tripled (355 nm) 
or quadrupled (266 nm) NdYAG (Quanta Ray) laser operating 
at ca. 3 Hz. The laser pulse width is about 5 ns, and fluences 
of 2-5 mJ/cm2 were typically employed. The formation of 
products was monitored by the output of a liquid nitrogen-cooled 
line-tunable CW CO laser (2033-1820-cm-I tuning range at 
-4-cm-l spectral resolution). The CO laser beam, after passing 
through the gas cell coaxially with respect to the UV laser beam, 
was directed to a liquid nitrogen-cooled InSb detector. The output 
of the detector was amplified, digitized, and sent to a personal 
computer for signal averaging, storage, and manipulation. 
Generally, data were obtained by averaging 30-100 kinetic traces. 
Timaresolved IR absorption spectra were constructed from a series 
of kinetic traces at different probe wavelengths. The measured 
rise time of the overall detection system in this study is about 0.5 
PS * 

Two different types of gas cells were available for each ex- 
periment. For generating time-resolved spectra a flow cell was 
used. In the studies involving detailed kinetics a static cell was 
employed. (vs-C5H5)Mn(CO), was introduced directly into the 
gas cell as a solid or by equilibration of the cells with the contents 
of a tube containing solid (vS-C5Hs)Mn(CO),. (qS-C5H5)Mn- 
(CO), was obtained from Aldrich Chemical Co. and was sublimed 
in situ before use. He (99.999% purity), Ar (99.999% purity), 
and Xe (99.99% purity) were obtained from Beijing Oxygen Co., 
and CO (99.98% purity) was obtained from Beijing Analytical 
Instrument Co. and used without further purification. 

HI. Results 
Spectre The transient IR absorption spectra obtained following 

266- and 355-nm laser photolysis of ($-C5H,)Mn(C0)3 in the 
gas phase are shown in Figure 1. The times of the spectra are 
selected to maximize the extent of rovibrational relaxation of the 

1840 1890 1940 1990 2040 

t 

0 1890 ' 1940 1990 ' 2020 
Wavenumbers (cm-') 

Figure 2. Time-resolved IR spectra following 266-nm photolysis of 
(q5-C5H5)Mn(CO)3 in the presence of 0.9 Torr of CO and 3.3 Torr of 
Ar. The spectra a were taken at 1.0-p~ intervals in the range of 1.1-5.1 
ps.  The spectra b were taken at 1 1-ps intervals in the range of 6-50 @. 
An up arrow indicates absorption increasing and a down arrow shows 
absorption decreasing with time. 

nascent fragments, while also minimizing the extent of 
secondary, bimolecular reactions of the fragments. The spectra 
show that one or more fragments are formed upon 266- and 
355-nm laser photolysis. The negative band at 1965 cm-' rep- 
resents the photodepletion of the parent molecules. ($-CsH,)- 
Mn(CO), has two IR absorptions at - 1965 (E mode) and -2040 
cm-' (A, mode) in the gas phase. This negative band is assigned 
to the E mode of ($-CSH,)Mn(CO),. The A, mode of ($ 
C,H,)Mn(CO), lies outside the tuning range of the CO probe 
laser at the present configuration. The positive bands in Figure 
1 represent the photoproduction of primary fragments. Com- 
parison of Figure 1, a and b, shows that the distribution of pho- 
toproducts upon 266- and 355-nm laser photolysis is different. 
The 266-nm photolysis of (v5-C5H,)Mn(CO), leads to the for- 
mation of a single band at - 1948 cm-', while 355-nm photolysis 
results in the formation of the 1948-cm-' band as well as two other 
bands at -1874 and -2021 cm-I. The band at 1948 cm-' is 
assigned to the CO-stretching mode of (q5-C5Hs)Mn(CO) and 
the bands at 1874 and 2021 cm-' are assigned to the B1 and A, 
CO-stretching modes of (T$-C,H~)M~(CO),, respectively. In 
addition, note a weak broad absorption over 2010 cm-l upon 
266-nm photolysis (Figure la). It is assigned to the absorption 
of hot CO ( v  = 2 or 3) ejected upon 266-nm photolysis. These 
assignments are principally based on the kinetic behavior of these 
bands as well as that of the parent in the presence of added CO. 

Figure 2 shows time-resolved 1R spectra obtained following 
266-nm laser photolysis of (q5-CSHs)Mn(CO), in the presence 
of 0.9 Torr of CO and 3.3 Torr of Ar buffer gas. At earlier times 
(not illustrated), the temporal behavior of the spectra is similar 
to that observed without CO: together with a decrease in the 
absorption of the parent at 1965 cm-I, two absorptions grow in 
at 1948 and over 2010 cm-'. In the middle-time region (Figure 
2a), the absorption at 1948 cm-I decays concomitant with the 
growth of two new absorptions at 1874 and 2021 cm-l. In turn 
(Figure 2b), these two new absorptions decay accompanied by 
a matching recovery of the parent. For clarity, Figure 3 displays 
the single-frequency time evolution of IR absorptions (kinetic 
traces) taken at 1948,1874,2021, and 1965 cm-' in the presence 
of added CO. It demonstrates clearly the temporal behaviors of 
these bands described above. Although the 2021-cm-I band is 
affected by the primarily formed band over 2010 cm-' which is 
best assigned as the absorption of hot CO, its formation can be 
concluded from the CO-pressure dependence of this band. For 
comparison, Figure 3 also shows the time evolution of IR signal 
at 2021 cm-l in the absence of added CO. In the absence of added 
CO, the absorption over 2010 cm-l remained almost unchanged 
over the time scale of -20 p. In the presence of added CO, the 
band at 2021 cm-' shows CO-pressure dependent growth and 
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Rgwe 3. Single-frequency time-resolved IR absorption signals obtained 
upon 266-nm photolysis of ($-CSH5)Mn(CO),. The pressures of CO and 
Ar are the same as in Figure 2. For comparison, signal taken at 2021 
cm-' in the absence of added CO (under otherwise identical conditions) 
( a s . )  is also displayed which shows the "net" absorption of "hot" CO. 

decay superimposing over the 'background" of hot CO absorp- 
tion.'* [In Figure 2b and Figure 3, the growth of a weak ab- 
sorption at 1948 cm-' at later times and incomplete recovery of 
the parent can also be observed. This is due to the binuclear- 
formation reaction of the photofragment ($-C,H,)Mn(CO), with 
the parent (see below) and can be suppressed completely by adding 
sufficient C0.'9] The above observations are consistent with the 
primary fragment sequentially adding two CO ligands to reform 
the parent ($-C,Hs)Mn(CO),. This identifies the primary 
fragment absorbing at 1948 cm-' as (&C,H,)Mn(CO) and as- 
sociates the intermediate 1874- and 2021-cm-' absorptions with 
(Ir5-CsHs)Mn(Co)2. 

Detailed examination of temporal evolution of the spectra 
observed upon 355-nm photolysis supports above assignments. As 
mentioned above, 355-nm photolysis of ($-C5H5)Mn(CO), leads 
to the formation of three absorption bands at 1874,2021, and 1948 
cm-l (Figure lb). In the presence of added CO, the bands at 1874 
and 2021 cm-' return to the baseline at the same rate as does the 
parent band over a range of added CO pressures of 2-20 Torr, 
while the band at 1948 cm-' returns to the baseline faster. In 
addition, in the presence of N2 (or H2), the bands at 1874 and 
2021 cm-' decay at the same rate accompanied by the growth of 
two new bands at 1948 and 1997 cm-' (or 1948 and 2003 cm-I), 
which can be assigned as molecular nitrogen (or hydrogen) com- 

These behaviors link the absorptions at 1874 and 2021 cm-' with 
($-C5H5)Mn(C0), and 1948 cm-' with (q5-C5H5)Mn(CO).2' 

The relative degree of internal excitation possessed by metal 
carbonyl photofragments is usually a useful aid in assigning 
transient absorption bands observed upon W ph0tolysis.2~-~~ The 
photofragment that has lost only one CO on the photolysis is 
expected to be more internally excited than those that have lost 
two or more CO ligands. As internally excited molecules are 
deactivated by collision, their absorption bands narrow and shift 
to higher energy. More internal excitation and more shift to higher 
energy with time are observed for the bands at 1874 and 2021 
cm-' relative to the band at 1948 cm-' (see Figure 4). This 
observation is consistent with the above assignments that the bands 
at 1874 and 2021 cm-l are ascribed to (TW,H, )M~(CO)~  and 
the band at 1948 cm-' to (q5-C5H5)Mn(CO). 

The production of ($-CSHS)Mn species upon 266- and 355-nm 
photolysis is possible since this species is undetectable with our 
technique. However, detailed kinetic measurements show that, 
in the presence of added CO, the decay of (q5-C5H5)Mn(CO) can 
be well fit to a single-exponential function with a rate corre- 
sponding to the growth of ($-C5HS)Mn(C0)2. In addition, the 
rate for the reaction of (7W5H5)Mn(CO) with CO is on the order 
of 1/10 gas kinetic (see Kinetics), a typical value for the reactions 

plex ( W S H , ) M ~ ( C O ) ~ ( N ~ )  (or (~5-C,H,)Mn(Co)2(H,)).20 

Zheng et al. 
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Figure 4. Time-resolved IR spectra following 355-nm photolysis of 
( T ~ - C ~ H ~ ) M ~ ( C O ) ~  in the presence of 3 Torr of Ar. The spectra was 
taken at 0.6-ps intervals in the range of 0.2-2.6 ps. An up arrow indi- 
cates absorption increasing and a down arrow indicates absorption de- 
creasing with time. 
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Figure 5. Time-resolved IR spectra following 355-nm photolysis of 
(q5-C5H5)Mn(CO), in the presence of 3 Torr of Ar. The spectra was 
taken at 25-ps intervals in the range of 3.6-103.6 ps. An up arrow 
indicates absorption increasing and a down arrow indicates decreasing 
with time. 

of most coordiitively unsaturated metal carbonyls with CO. We 
thus infer that no significant amount of ($-C,H5)Mn is formed. 
The loss or hapticity change of CsHS ring is also an insignificant 
process which will be discussed in detail in the Section IV. 

Gas-phase coordinatively unsaturated metal carbonyl species 
are well-known to react very rapidly with their parents to form 
binuclear c o m p l e x e ~ . ~ ~ - ~ ~  Some evidence for the existence of 
binuclear-formation reaction upon 355-nm photolysis of ($- 
C5H5)Mn(C0)3 is displayed in the timeresolved spectra of Figure 
5 .  These spectra illustrate that, in the absence of added CO, as 
the bands at 1874 and 2021 cm-' ascribed to ( V ~ - C ~ H ~ ) M ~ ( C O ) ~  
decrease, a new absorption with lifetime >1 ms grows in at 1948 
cm-l overlapping with the absorption of (q5-C5H,)Mn(CO). On 
the same time scale, secondary depletion of the parent occurs. 
Since both ($-C5H5)Mn(C0), and (qS-C,H5)Mn(CO) are formed 
upon 355-nm photolysis, these transient behaviors indicate the 
presence of reaction of the type 
(s5-C5H5)Mn(C0), + (sS-C5Hs)Mn(CO), - 
or 
(qS-C5H5)Mn(CO) + ($-C5HS)Mn(C0), - 
This assignment is based on the assumption of retention of all CO 

(CSH5)2Mn2(CO)5 ( 

(C,H,)2MnAC0)4 (2) 
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ligands by the binuclear products. Upon 266-nm photolysis, 
however, no evidence for binuclear-formation reaction is found 
where (q5-CSHs)Mn(CO) is the predominant product. We thus 
believe that the reaction of (q5-C5H,)Mn(CO), with the parent 
is the most important process upon 355-nm photolysis, and the 
long-lived absorption at 1948 cm-’ is attributed to the gas-phase 
(CSH5)2Mn2(C0)5. The formation of (C5H5)2Mn2(CO)S has also 
been observed upon UV laser photolysis of ( T I ~ - C ~ H ~ ) M ~ ( C O ) ~  
in alkane solution at room temperature.I2 The IR absorption bands 
reported for (C5H5)2Mn2(CO)5 in n-heptane solution include one 
CO-bridge vibration absorption at 1777 cm-I and four CO-ter- 
minal vibration absorptions at 1993,1955, 1934, and 1907 cm-I. 
The gas-phase absorption band at 1948 cm-’ may correspond to 
the 1934-cm-’ solution band. The corresponding gas-phase ab- 
sorptions of three solution bands at 1993,1955, and 1907 cm-’, 
expected to set within our probe range, are not observed in our 
experiment, presumably due to the weakness of these absorptions 
or overlap with the other absorptions. 

The formation of (C5H5)2Mn2(C0)5 can still be observed even 
in the conditions that the concentration of CO is 3 orders of 
magnitude greater than that of (qs-C5H5)Mn(C0)3. Since the 
rate constant for the reaction of (qs-C5HS)Mn(C0)2 with CO is 
(5.9 f 0.4) X 10” cm3 mol-’ s-’ (see below), this indicates that 
the rate constant for reaction 1 approaches the gas kinetic value. 
The rapid reactions of coordinatively unsaturated species with their 
parents are often observed in other metal carbonyl  system^.^^-^^ 
Kinetics. The kinetic scheme upon 266- and 355-nm laser 

photolysis of (q5-C5Hs)Mn(C0), in the presence of added CO 
can be described as 

(q5-C,HS)Mn(CO) + CO - (q5-C5H,)Mn(C0)2 (3) 

(q5-C5H5)Mn(CO), + CO - (q5-CSH5)Mn(C0), (4) 

k i i  

kn 

kQ 
(qS-C5Hs)Mn(C0), + (q5-C5H5)Mn(CO), - 
This kinetic scheme is similar to that for the (q6-C6H6)Cr(CO), 
system’’ and, under the conditions of k2,[CO] >> k,[(q5-C5H,)- 
Mn(C0)3], by omitting eq 5, the predicted time dependences of 
[(q5-C,H,)Mn(CO),] (x = 1-3) are given by 

(CSH5)2Mn2(C0)5 ( 5 )  

[ ~ ~ ~ - ~ , H , ) M ~ ( c o ) I  = [AI, exp(-ktI2t) (6) 

1 

(7) 

’ 

where k’’, = k12[CO], k53 = k2,[CO1, and [A],, [BIo, and [Clo 
are the initial concentrations of (q5-CSHs)Mn(CO), (q5-CsHs)- 
Mn(C0)2, and (q5-CSHs)Mn(CO),, respectively. 

It is apparent that [ (qS-C5H,)Mn(CO)] will undergo single- 
exponential decay with a rate of ktl2, while for [(q5-C,H,)Mn- 
(CO),] and [(qs-C5H5)Mn(CO),] the time-evolution processes 
will follow double exponential. However, upon 266-nm photolysis 
([Bo] = 0), since k\3 C (l/10)k’12 (see below), the earlier-time 
evolution of [(q5-C5H5)Mn(CO)2] is expected to be dominated 
by a singlaexponential rise with a rate of k’’,. Singlaexponential 
fits are made to the decay of (qS-C5H,)Mn(CO) absorption and 
the rise of (q5-C5H5)Mn(C0), absorptions following 266-nm 
photolysis. AU sets of the data obtained show, within experimental 
error, the same linear dependence on [CO]. Figure 6 shows the 
CO-pressure dependence of the decay rate of [(qS-C,H5)Mn(CO)], 
monitored at 1948 an-’, and the rise rate of [(q5-C,H5)Mn(C0),], 
monitored at 1874 an-’, following 266-nm photolysi~.~~ The slope 
of the line leads to a rate constant for the reaction of (q5- 
C5H5)Mn(CO) with CO, k12,  as (6.7 * 0.2) X 10l2 cm3 mol-’ 
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Figure 6. CO-pressure dependence of the pseudo-first-order decay rate 
of (qS-C5Hs)Mn(CO) and rise rate of (qs-C,HS)Mn(C0)2 observed upon 
266-nm photolysis of (qS-C5Hs)Mn(CO), on the addition of CO and 30 
Torr of Ar. The decay of (qS-CSH5)Mn(CO) was monitored at 1948 
cm-’ (m) and the rise of (qS-CSHs)Mn(CO), at 1874 cm-I (0). For 
clarity, only representative error bars are indicated explicitly. 
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Figure 7. CO-pressure dependence of the decay rate of (q5-CsHS)Mn- 
(CO), and recovery rate of (qs-CsHS)Mn(CO), observed upon 355-nm 
photolysis of (qs-CSHs)Mn(CO), in the absence of buffer gas (circle) and 
in the presence of 30 Torr of Ar (square). The decay of (qS-CSHS)Mn- 
(CO), was monitored at 1874 cm-‘ (open symbols) and the recovery of 
(qS-CSHs)Mn(C0), at 1965 cm-l) (filled symbols). Only representative 
error bars are indicated. 

s-’. This value is superimposable at Ar pressure of 10-40 Torr, 
indicating that it is a high-pressure-limited rate constant. This 
rate constant is on the order of 1 / 10 gas kinetic collision frequency. 
In addition, the presence of different buffer gas (He, Ar, and Xe) 
does not affect this rate constant. 

Although the decay of [(q5-C5H,)Mn(C0),] and the recovery 
of [(qS-C,H,)Mn(CO)3] upon both 266- and 355-nm photolysis 
follow double exponential, at longer time both processes are ex- 
pected to approach single exponential with a rate of k’23 (the 
smaller of ktI2 and k53) .  Single-exponential fits are made to the 
tails of the decay of [(q5-C5H,)Mn(C0),] and the recovery of 
the parent at a series of CO pressures upon both 266- and 355-nm 
photolysis. All sets of the data obtained show, within experimental 
error, the same linear dependence on [CO]. Figure 7 shows two 
sets of the data measured for the decay of [(q5-C,H,)Mn(C0),] 
and the recovery of [(q5-C,H,)Mn(C0),] following 355-nm 
photolysis. The slope of the line gives the rate constant for the 
reaction of (qs-C5H5)Mn(CO), with CO, k23, as (5.9 * 0.4) X 
10” cm3 mol-’ s-’. Due to the possibility of coordination of rare 
gas to (qS-C5H5)Mn(CO), (see below), this value is measured in 
the absence of buffer gas. The singleline dependence of the decay 
and recovery rates on [CO] indicates that the reactions are in the 
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TABLE I: Frequencies (cot-’) and Relative Intensities of CO Stretching Bands of ($-C&)Mn(CO), md ($-C&)Cr(CO), 

Zheng et ai. 

n- heptane argon glasses 
assign. matrixa MCH/IP MCH‘ solutiond gas phase‘ 

B, 1903.2 (1.40) 1886 (1.4) 1880 (1.1) 1895 (1.05) 1874 (1.6) 
( I I ’ - C ~ H J M ~ ( C ~ ) ~  AI 1972.0 (1 .O) 1955 (1.0) 1950 (1.0) 1964 (1.0) 2021 (1.0) 

(v5-C~Hs)Mn(Co) 1857 1948 
(V6-C6H6)Cr(Co), AI 1937.5 (1.0)’ 

(I16-C6H6)Cr(Co) 19858 

1981 (1.O)g 
Bl 1885.0 (1.55)’ 1917 (1.5)c 

‘References 7 and 16. bMethylcyclohexane-isopentane (4:l) glass (77 K), ref 10. ‘Methylcyclohexane glass (100 K), ref 11. dRcferences 12 and 
13. ‘This work. fRelative intensity data at CH4 matrix, ref 16. EReference 17. 

high-pressure limits. This is confirmed by the observation that 
the rate constant obtained in the presence of 10-50 Torr of He 
is the same within experimental uncertainty as in the absence of 
buffer gas [The coordination of He to (p5-CSHs)Mn(CO), is 
negligible. set below], This rate constant is over 10 times smaller 
than the corresponding values for ($-C5H5)Mn(CO) and Cr- 
(CO)5.22b23a24d The values of k23 measured over the temperature 
range of 296-335 K are within experimental error of one another, 
indicating that the reaction of ($-CSHs)Mn(CO)2 with CO has 
a negligible activation barrier. Kinetic measurements taken in 
the presence of N2 and H2 showm that the rate constants for the 
reactions of (T$C,H,)M~(CO), with N2 and H2 are on the same 
order as that for the reaction of (s5-CSH5)Mn(CO), with CO. 
Both of them are also temperature independent. Previous 
workersI2J3 have reported that the rate constant for the reaction 
of the solvated species (qS-C,H,)Mn(C0)2.S (S = solvent) with 
CO in n-heptane solution at room temperature is 10 times smaller 
than the corresponding value for Cr(CO),.S in cyclohexane. The 
lower reactivity of ($-C,H,)Mn(CO),-S could be a result of the 
stronger interaction of Mn center with the solvent molecule, since 
for the reaction of solvated species, the breaking of the M-S bond 
is a significant factor in determining the overall rate of reaction.13 
However, thermochemical studies have suggested14 that the 
Mwn-heptane interaction is 8-9 kcal mol-’, similar to 10 kcal 
mol-I of Cpalkane interaction. This indicates that the lower 
reactivity of ($-C,H,)Mn(C0)2.S with CO in alkane solution 
is due, at least in part, to the intrinsically lower reactivity of 
(t$C,H,)Mn(CO), with CO. 

IV. Discussion 
Band Assignments. As already mentioned in the Introduction, 

the mrdinatively unsaturated species ($-C5Hs)Mn(CO), has 
received extensive studies in low-temperature rare-gas matrices, 
frozen glasses, and alkane solution. The more highly unsaturated 
species ($-C,H,)Mn(CO) has also been observed in frozen glas.~.  
The IR absorption frequencies and relative intensities in CO 
stretching region for (v5-C,H,)Mn(CO), and the closely related 
species (~6-c6H&koo), in condensed phases as well as in the 
gas phase are gathered in Table I. The positions of IR absorption 
bands of (qS-C5HS)Mn(C0), in condensed phases are all in good 
agreement taking into account the general shifts in dif’ferent media. 
The positions of IR absorption bands of ($-C,H,)Mn(CO), in 
the gas phase are, however, in major disagreement with corre- 
sponding values in condensed phases. Generally, the coordinatively 
unsaturated transition-metal carbonyls observed in the gas phase 
have their IR absorption bands shifted by - 10-30 cm-’ to higher 
frequencies than those observed in Ar matrix. For ($-C5Hs)- 
Mn(CO),, however, the positions of AI and BI modes in the gas 
phase shift by 49 cm-I to higher and 29 cm-I to lower frequencies 
than those in Ar matrix, respectively. In addition, the relative 
intensities of two modes of (q5-CSH5)Mn(C0), in the gas phase 
are also different from those in condensed phases. Although the 
band intensities can only be roughly compared due to the relatively 
low resolution of the spectra in this experiment, the intensity ratio 
of B, and AI modes can be estimated to be 1.6:l.O. This value 
is significantly larger than corresponding values in condensed 
phases although there is already some disagreements in condensed 
phases (see Table I). The position of CO stretching band of 
(tl5-C5H5)Mn(CO) in the gas phase are also unexpected. It shifts 

91 cm-I to higher frequency relative to that of (r15-C5H,)Mn(CO) 
in hydrocarbon glasses. Furthermore, the gas-phase IR spectra 
of ($-C5H5)Mn(CO), are also incompatible with those of the 
isostructural species (?f-C6H6)Cr(CO),, although the overall 
behavior of the IR spectra of (v5-C5Hs)Mn(CO), and ($- 
C6&)Cr(CO), in condensed phases are qualitatively very similar? 
Presumably, the structures of (+C5Hs)Mn(CO), in condensed 
phases are distorted significantly by interaction with host matrix 
or solvent molecules. It is well-known that the structures of 
matrix-isolated species can be distorted by the interactions with 
even relatively inert matrix materials.% There are also examples 
where mrdinatively unsaturated molecules may show significant 
differences in structure between matrix and gas phase.24b Our 
primary experiments have shown that the gas-phase (vs-C5Hs)- 
Mn(CO),(n-hexane) species absorbs at 1915 and 1978 cm-I, in 
agreement with the positions of absorptions of this species in alkane 
solutions. However, the shifts in frequency from ($-C,H,)Mn- 
(CO), to (o5-C,H5)Mn(CO),(n-hexane) are significantly larger 
than would be expected if the shifts are due merely to interaction 
of C-H u - metal electron donation.24c It seems likely that the 
geometry change of (T$C,H,)M~(CO)~ upon addition of n-hexane 
should also be considered to interpret the larger shifts in frequency. 

Although the kinetic arguments behind our assignments are 
convincing, the IR bands of gas-phase (~5-C,H5)Mn(CO), shift 
so much from condensed-phase bands that one might question that 
the species being observed are not ground-state ($-C5H5)Mn- 
(CO), at all. For a polyene complex, the number of polyene 
carbons bound to metal can change during chemical reactions (so 
called “hapticity change”). In the present case, there may be the 
possibility of, for example, $ - v3-CsHs or other form of “ring 
slippage” accompanying the dissociation of CO upon UV pho- 
tolysis. However, as mentioned in the Results, in the presence 
of sufficient CO ([CO] >> [(qS-C5H,)Mn(CO),]) all bands ob- 
served can return to the baseline completely and no new strong 
absorption appears. [This observation also excludes the possibility 
of loss of CSHS ring at high efficiency.] Furthermore, the species 
we assigned as (q5-C5H5)Mn(C0)2 reacts with N, leading to the 
formation of stable compound (~S-C,H,)Mn(CO)z(Nz) with its 
own distinctive and known IR bands. We thus conclude that the 
species being observed are indeed q5-C5Hs complexes. There may 
also be the possibility that the (t&H,)Mn(CO), being observed 
are electronically excited ~pecies.~’ Since (q5-C,H,)Mn(CO), are 
observed both as a primary product upon 355-nm photolysis and 
as a secondary product via the reaction of ($-C,H,)Mn(CO) with 
CO in the presence of various pressures of buffer (3-50 Torr 
of He or Ar), it is unlikely that (T$C,H,)M~(CO)~ is in the 
excited state. In addition, as the lifetime of (qS-CSHs)Mn(CO) 
is not affected by changes in buffer gas pressure, it is unlikely 
that this species is in an excited state since an excited electronic 
state would be expected to be readily collisionally quenched by 
rare gas. An assignment to an excited state of ($-C,H,)Mn(CO) 
is also unlikely due to energy considerations. The average Mn-CO 
bond energy in (T&H~)M~(CO)~ was estimated to be -30 kcal 
mol-l (ref 28) and the first Mn-CO bond dissociation energy to 
be 55 kcal mol-l (ref 14). As a result, upon 355-nm (80 kcal 
mol-’) photolysis, formation of ($-C,H,)Mn(CO) would lead to 
little excess energy disposing on (T$C,H,)M~(CO) and two CO 
ligands ejected. Thus, it is unlikely that the excited state of 
($-C5H5)Mn(CO) is formed in any significant amount. From 
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the above discussion, we believe that the species being observed 
are ground-state (qS-C5Hs)Mn(CO),. 

Kinetics. We have previously reported that the rate constant 
for the reaction of (q6-C6H6)Cr(Co) with CO is considerably 
smaller than the corresponding value for the reaction of (q6- 
C&16)Cr(CO), with CO.I7 By contrast, as mentioned above, the 
rate constant for the reaction of (qs-CsHs)Mn(CO) with CO is 
significantly larger than the corresponding value for the reaction 
of (r15-CSHS)Mn(C0), (Table 11). Since both of the reactions 
of (qS-CsHS)Mn(CO), and (q6-C6H6)Cr(CO) with CO are tem- 
perature independent, smaller preexponential factors are re- 
sponsible for the slowness in the observed recombination rates. 
It is unlikely that the major factor in slowness of the recombination 
rates for these two reactions is due to the change in geometry, 
since the geometric changes on the reactions of (qS-CSHs)Mn- 
(CO), and ($-C&)Cr(CO) with CO cannot be severely different 
from those occurring on the reactions of (TJ~-C,H,)C~(CO), and 
(q6-C6H6)Mn(CO), respectively. This argument is compatible 
with the fact that no geometric dependence of rate constants for 
the reactions of coordinatively unsaturated metal earbonyls has 
been reported. In the Fe(CO)S system, it has been found that 
the change of spin state is a major factor in determining the 
magnitude of the rate constant for reaction of coordinatively 
unsaturated species and that the rate constant for the spin-di- 
sallowed process is significantly smaller than the corresponding 
value for the spin-allowed process.228vC*f For example, the rate 
constant for the reaction of Fe(CO)4 with (20228 is almost 3 orders 
of magnitude smaller than those of the typical addition reactions 
of coordinatively unsaturated species. This reaction is known to 
be spin-disallowed reaction going from triplet Fe(CO)4 to singlet 
Fe(CO)s. From the above discussion, it seems likely that the 

are also spin-disallowed. Unfortunately, to our knowledge there 
has been no report concerning the spin multiplicity of electronic 

the case of Fe(C0)4, there are good Jahn-Teller arguments for 
the distorted geometry and triplet ground state.29 However, these 
arguments do not apply in (q5-CSHS)Mn(CO), and (7l6-C6H6)- 
Cr(CO), as they have much lower symmetry. Weitz and Ryther 
have recently reported that the rate constant for the reaction of 
triplet Fe(C0)4 with triplet ground-state 0, is more than 50 times 
larger than that for the reaction of Fe(C0)4 with CO.,,' This 
implies that the magnitude of rate constant for reaction with triplet 
0, may be used, to some extent, as a probe for the spin multiplicity 
of unsaturated organometallic species. We obtained a rate con- 
stant for the reaction af (qS-CSHs)Mn(C0), with 0, which is 3 
times as large as the corresponding value for the reaction with 
CO. Attempts to measure the rate constant for the reaction of 
(q6-C6H6)Cr(C0) with 0, were unsuccessful because the parent 
(q6-C6H6)Cr(Co), decomposes significantly at the experimentally 
used temperature (-350 K) in the presence of 0,. The larger 
rate constant for the reaction of (qS-CSHs)Mn(C0), with 0, than 
with CO seems to favor triplet ($-CSHs)Mn(CO),. However, 
we also found that singlet W(CO)5 reacts with triplet 0, having 
a rate constant virtually identical with that for the reaction of 
W(CO), with CO. Further work is valuable to determine whether 
the major factor is the change of spin states in the slowness of 
recombination rates of (q5-CSHs)Mn(C0), and (s6-C&I6)Cr(CO). 

The coordination of rare gas to mrdinatively unsaturated metal 
carbonyl centers has been the subject of many studies.3b36 The 
low-temperature rare-gas matrix studies of Turner and Perutz30 
showed the formation of M(CO),.Q (M = Cr, Mo, or W; Q = 
rare gas) in low-temperature matrices with a weak M-Q bond. 
Studies of Poliakoff and ceworkers3' in low-temperature raregas 
solution provided the first IR spectroscopic evidence for the 
formation of Cr(CO)5-Xe in liquid Xe and Kr at 173 K following 
UV photolysis of Cr(CO)@ More recently, Bergman and Moore 
and their co-workersg2 obtained the kinetic evidence for the for- 
mation of (qS-CSMes)Rh(CO).Q (Q = Xe and Kr) in liquid Xe 
(242 K) and Kr (153-193 K) following UV photolysis of (qs-  
CSMeS)Rh(C0)2 Ab initio  calculation^^^ also suggested that the 
interaction between the pentacarbonyls M(CO), and a rare gas 

reactions of (q5-CSH,)Mn(C0)2 and (q6-C6H6)Cr(Co) with co 

ground States Of (q5-CSHs)Mn(CO), and (q6-C6H6)Cr(Co),. In 
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TABLE II: Rite  Constants for Reactions of Some Coordinatirety 
Unsaturated Metal Carbonyl Species with CO in the CLI P b  

spin rate constant 
allowed ( ioi3 cm3 mol-' s-I) 

(q5-C5H5)Mn(C0)2 + CO ? 0.06" 
(qs-C5H5)Mn(CO) + CO Y 0.67" 
(q6-C6H6)Cr(Co), + co Y 0.63b 
(q6-C6H6)Cr(CO) + CO ? 0.14b 
Fe(CO), + CO N 0.003c 
Cr(CO), + CO Y 1.5: 2.2,' 2 . 6  

"This work. bReference 17. CReference 22a. dReferenct 22b. 
e Reference 23a. /Reference 24d. 

Q is attractive at the level of the dispersion energy and the sta- 
bilization energy is estimated as high as 8-10 kcal mort for 
M O ( C O ) ~ X ~ .  The formation of a rare-gas complex in the gas 
phase at room temperature has also received considerable atten- 
tion.22-24-35.36 To investigate the possibility of the formation of 
such complex in the gas phase, we have measured the reaction 
kinetics of (q5-C,HS)Mn(CO), in the presence of He, Ar, and Xe. 
We find that the rate constant for the reaction of (q5-C5Hs)- 
Mn(C0) with CO in the presence of different buffer gases is the 
same within experimental error. However, the rate constant for 
the reaction of ($-C,Hs)Mn(CO), with CO is different in the 
presence of different buffer gases. A set of the data, which shows 
the CO-pressure dependence of the rates of decay of the ab- 
sorptions of (q5-CSH5)Mn(C0), and recovery of the parent in the 
presence of 30 Torr of Ar buffer gas, is displayed in Figure 7. 
It is apparent that the presence of Ar adds complexity into the 
reaction kinetics of (T$C~H~)M~(CO),. This behavior can be 
interpreted by assuming that the rate constant measured in the 
presence of buffer gas is for the reaction 

(qS-C5H,)Mn(CO),Q + CO - (qs-CSHS)Mn(CO), + Q (9) 
That is, Q does coordinate to (qs-C5HS)Mn(C0),. Interestingly, 
the effects of He and Xe on kinetic behavior of (b-CSH5)Mn(CO), 
are not as marked as Ar. The rate constant measured in the 
presence of 30-60 Torr of He is virtually the same within ex- 
perimental error as in the absence of buffer gas, while the rate 
constant measured in the presence of 30 Torr of Xe is only slightly 
smaller.37 Presumably, He has too high an ionization potential, 
whereas Xe is too bulky.33 Further studies including detailed 
kinetic analysis are in progress. 

V. Conclusions 
Time-resolved IR absorption spectra have been obtained for 

the gas-phase coordinatively unsaturated species (qs-CSHS)Mn- 
(CO), (x = 2 and 1) generated upon 266- and 355-nm laser 
photolysis of (qS-C5HS)Mn(C0),. The IR absorption bands o b  
served in this study for ($-CSHs)Mn(CO), are in major dis- 
agreement with those observed in condensed phases. The rate 
constants for the reactions of ($-C5H5)Mn(CO), with CO have 
also been obtained and are listed in Table I1 along with corre- 
sponding values for (q6-C6H6)Cr(Co), and related species. The 
rate constants for the reactions of (q5-C5Hs)Mn(CO) and ($- 
C,H6)Cr(C0), with CO are on the same order of magnitude as 
those for spin-allowed reactions of coordinatively unsaturated metal 
carbonyl species, while the rate constants for the reactions of 
(q5-CzHS)Mn(CO), and (T~'-C~&)C~(CO) with CO are an order 
of magnitude smaller. (qS-C5Hs)Mn(CO), and (q6-C6&)Cr(C0), 
provide other two good systems to test the generality of the hy- 
pothesis that the change of spin state is a major factor in de- 
termining the magnitude of the rate constants for reactions of 
coordinatively unsaturated organometallic species. 

Acknowledgment. We thank Professor X. Q. Ye for useful 
discussions. This work was supported by National Natural Science 
Foundation of China. 

References and Notes 
(1) (a) Geoffroy, G. L.; Wrighton, M. S. Organometallic Photochemistry; 

Academic: New York, 1979. (b) Collman, J. P.; Hegedus, L. S.; Norton, 
J. R.; Finke, R. G. Principles and Applications of Organotransition Melal 



7656 J. Phys. Chem. 1992, 96, 7656-7661 

Chemistry; University Science Book Mill Valley, CA, 1987. 
(2) Hitam, R. B.; Mahmoud, K. A.; Rest, A. J. Coord. Chem. Reu. 1984, 

e <  3 JJ, I .  
(3) Poliakoff, M.; Weitz, E. Adv. Organomet. Chem. 1986, 25, 277. 
(4) Weitz, E. J. Phys. Chem. 1987, 91, 3945. 
(5) For a r e n t  review, see: Caulton, K. G. Cwrd .  Chem. Rev. 1981.38, 

(6) Strohmeier, W. V.; Gerlach. K. Z .  Narurforsch., B 1960, 15B, 675. 
(7) Rest, A. J.; Sodeau, J. R.; Taylor, D. J. J .  Chem. Soc., Dalton Trans. 

(8) Herberhold, M.; Kremnitz, W.; Trampisch, H.; Hitam, R. B.; Rest, 

(9) Braterman, P. S.; Black, J .  D. J .  Organomet. Chem. 1972, 39, C3. 
(10) Black, J. D.; Boylan, M. J.; Braterman, P. S. J .  Chem. Soc., Dalron 

(1 1) Hill, R. H.; Wrighton, M. S. Organometallics 1987, 6, 632. 
(12) Creaven, B. S.; Dixon, A. J.; Kelly, J. M.; Long, C.; Poliakoff, M. 

(13) Johnson, F. P. A.; George, M. W.; Bagratashvili, V. N.; Vereshcha- 

(14) Klassen, J. K.; Selke, M.; Sorensen, A. A.; Yang, G. K. J .  Am. Chem. 

(15) Hofmann, P. Angew. Chem., Inrl. Ed. Engl. 1977, 16, 536. 
(16) Fitzpatrick, N. J.; Rest, A. J.; Taylor, D. J. J .  Chem. Soc., Dalton 

I .  

1978,651. 

A. J.; Taylor, D. J. J .  Chem. Soc., Dalton Trans. 1982, 1261. 

Trans. 1981, 673. 

Organometallics 1987, 6, 2600. 

gina, L. N.; Poliakoff, M. Mendeleev Commun. 1991, 26. 

SOC. 1990, 112, 1267. 

Trans. 1979; 351. 
(17) Wana. W.: Jin. P.: Liu. Y.: She. Y.: Fu. K.-J. J .  Phvs. Chem. 1992. 

96,'12i8. - 
(18) The effect of CO pressure on the temporal evolution of hot CO 

absorption should be relatively insensitive since the vibrational relaxation of 
hot CO through V-V energy transfer of CO ( u  = 0) is relatively inefficient. 
See: Yardley, J. T. Introduction to Molecular Energy Transfer; Academic: 
Toronto, 1980. 

(19) Since the rate constant for the reaction of (q5-CSH5)Mn(CO), with 
the parent is 2 orders of magnitude greater than that with CO, in the con- 
ditions of -5 mTorr of the parent used (the minimum pressure for sufficient 
S/N ratio), as high as a few tens of Torr of C O  is required to suppress 
completely the binuclear-formation reaction. However, in this case the decay 
of 1984-cm-' band and the accompanying rises of 1874- and 2021-cm-' bands 
become actually system-response limited. 

(20) Zheng, Y.; Wang, W.; Lin, J.; She, Y.; Fu, K.-J. J .  Phys. Chem., in 
press. 

(21) The 2021-cm-' band formed upon 355-nm photolysis should not be 
affected by hot CO absorption, as experimentally observed, since 355-nm 
photolysis would be expected to produce predominantly CO ( v  = 0 or 1)  which 
does not absorb significantly a t  around 2021 cm-'. 

(22) (a) Seder, T. A,; Ouderkirk, A. J.; Weitz, E. J .  Chem. Phys. 1986, 
85, 1977. (b) M e r ,  T. A.; Church, S. P.; Weitz, E. J .  Am. Chem. SOC. 1986, 
108,4721. (c) Bogdan, P. L.; Weitz, E.J. Am. Chem.Soc. 1989,111, 3163. 

(d) Bogdan, P. L.; Weitz, E. J .  Am. Chem. Soc. 1990,112,639. (e) Hayes, 
D. M.; Weitz, E. J. Phys. Chem. 1991, 95, 2723. (f) Ryther, R. J.; Weit, E. 
J. Phys. Chem. 1991, 95, 9841. 

(23) (a) Fletcher, T. R.; Rosenfeld, R. N. J .  Am. Chem. Soc. 1985,107, 
2203. (b) Ganske, J. A.; Rosenfeld, R. N. J .  Phys. Chem. 1989, 93, 1959. 

(24) (a) Rayner, D. M.; Nazran, A. S.; Drouin, M.; Hackett, P. A. J.  Phys. 
Chem. 1986,90, 2882. (b) Ishikawa, Y.; Hackett, P. A.; Rayner, D. M. J.  
Am. Chem. Soc. 1987, 109,6644. (c) Ishikawa, Y.; Hackett, P. A.; Rayner, 
D. M. J .  Phys. Chem. 1988, 92, 3863. (d) Ishikawa, Y.; Brown, C. E.; 
Hackett, P. A.; Rayner, D. M. J .  Phys. Chem. 1990, 94, 2404. (e) Brown, 
C. E.; Ishikawa, Y.; Hackett, P. A.; Rayner, D. M. J.  Am. Chem. Soc. 1990, 
112, 2530. 

(25) Under the experimental conditions used (the concentrations of the 
parent -5 mTorr), the rapid reaction of (qS-C5HS)Mn(CO), with the parent 
cannot be completely surpressed. As a result, the line obtained at  1874 cm-l 
has a relatively large positive y intercept (at [CO] = 0) and the data obtained 
at 1948 cm-' have slightly negative y intercept. 

(26) See, for example: Poliakoff, M. J .  Chem. Soc., Dalton Trans. 1974, 
210. 

(27) That (q5-CSH5)Mn(CO), are vibrationally highly excited leading to 
be distorted from their equilibrium geometries can be disregarded since after - 1 FS (depending on buffer gas pressure) following photolysis, (qs-CsHs)- 
Mn(CO), do not show any further shifting or narrowing of their absorption 
bands which would be expected to accompany vibrational relaxation. 

(28) Chipperfield, J. R.; Sneyd, J. C. R.; Webster, D. E. J .  Organomet. 
Chem. 1979, 178, 177. 

(29) (a) Burdett, J. K. J .  Chem. SOC., Faraday Trans. 2 1974,70, 1599. 
(b) Elian, M.; Hoffmann, R. Inorg. Chem. 1975, 14, 1058. (c) Daniel, C.; 
Benard, M.; Dedieu, A.; Wiest, R.; Veillard, A. J .  Phys. Chem. 1984, 88, 
4805. 

(30) Perutz, R. N.; Turner, J. J. J .  Am. Chem. SOC. 1975, 97, 4791. 
(31) Simpson, M. B.; Poliakoff, M.; Turner, J. J.; Maier 11, W. B.; 

(32) Weiller, B. H.; Wasserman, E. P.; Bergman, R. G.; Moore, C. B.; 

(33) Demuynck, J.; Kochanski, E.; Veillard, A. J .  Am. Chem. SOC. 1979, 

(34) Jsrgensen, C. K. Chem. Phys. Lett. 1988, 153, 185. 
(35) (a) Breckenridge, W. H.; Sinai, N. J .  Phys. Chem. 1981,85, 3557. 

(b) Breckenridge, W. H.; Stewart, G. M. J .  Am. Chem. Soc. 1986,108, 364. 
(36) After submission of this paper, we became aware of the new results 

of Weitz and Wells who reported the spectroscopic as well as kinetic evidence 
for bonding of rare gas atoms to M(CO)5 (M = Cr, Mo, and W) (Wells, J .  
R.; Weitz, E. J .  Am. Chem. SOC. 1992, 114, 2783). We thank Prof. Weitz 
for providing us with access to his results prior to publication. 

(37) The rate constants in the presence of He and Xe are determined by 
assuming that the rates of decay of (qS-C5Hs)Mn(C0), and recovery of 
($-C5H5)Mn(CO), depend linearly on [CO]. 

Mclaughlin, J. G. J .  Chem. Soc., Chem. Commun. 1983, 1355. 

Pimentel, G. C. J.  Am. Chem. SOC. 1989, 111, 8288. 

101, 3467. 

Selectlvlty of Alkyl Radical Formation from Branched Alkanes Studied by Electron Spin 
Resonance and Electron Spin Echo Spectroscopy 

Tsuneki Ichikawa* and Hiroshi Yoshida 
Faculty of Engineering, Hokkaido University, Sapporo 060, Japan (Received: February 1 1 ,  1992; 
In Final Form: April 21, 1992) 

Electron spin resonance and electron spin echo measurements of alkyl radicals generated from branched alkanes by y-irradiation 
have been carried out to elucidate the mechanism of selective alkyl radical formation in low-temperature solids. Alkyl radicals 
generated at 77 K are primary and penultimate secondary radicals. The primary radicals are generated from alkane radical 
cations and excited alkanes. Hydrogen atoms and the primary radicals selectively abstract hydrogen atoms on the penultimate 
secondary carbon atoms of nearby alkanes. Primary C-H hydrogen atoms are not abstracted because of their high activation 
energy. Tertiary radicals and secondary radicals other than the penultimate one are not generated either by hydrogen abstraction 
or from excited or ionized molecules, since the motion of carbon atoms assisting the detachment of a C-H hydrogen atom 
is impeded by alkyl chains attached to the C-H carbon atom. In contrast to the reaction in the glassy solids, the selectivity 
of radical formation in liquids simply follows the order of C-H bond dissociation energy. 

Introduction 
Irradiation of organic molecules by UV light or ionizing ra- 

diation causes the formation of free radicals. Since the energy 
of radiation is much higher than bond dissociation energies, several 
types of radicals are expected to be formed by random scission 
of chemical bonds. However, this is not usually the case. Major 
radicals formed in condensed media are those generated by the 
scission of a C-H bond.'J Although the C-C bond is weaker than 

the C-H bond, radicals formed by the scission of the C-C bond 
are seldom observed because of the cage effect; large radical 
fragments cannot escape a solvent cage and recombine with each 
other. On the other hand, hydrogen atoms are small enough to 
escape the solvent cage. 

Alkyl radicals are known to be generated by three reaction 
p r y ,  C-H bond rapture of excited molecules, proton transfer 
of radical cations, and C-H hydrogen abstraction, as 
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