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The historical "radiation hypothesis" as a mechanism for activating unimolecular thermal 
dissociation of gas-phase molecules, long discredited on the authority of Langmuir, has 
been revitalized by the discovery and characterization of the process of thermal disso- 
ciation of trapped gas-phase ions by the ambient blackbody radiation field surrounding 
the ions. This development was made possible by improvements in Fourier transform ion 
cyclotron instrumentation that allowed long-time trapping of weakly bound cluster ions 
at extremely low pressures. Binding energies can be derived from measurements of 
these dissociation rate constants both by detailed kinetic modeling and by simpler 
Arrhenius temperature-dependence approaches, although the latter require special con- 
siderations for small molecules. These approaches have been applied to thermal dis- 
sociations of molecules, including cluster ions and large biomolecule ions. 

Unimolecular reactions progress from a posed two conditions that he deelnned must 
single reactant molecule, A,  to product be met for Perrin's hypothesis to be valid. 
molecules (or atoms) B and C in a manner First, the reacting substance would have to 
apparently independent of the composition absorb radiation at the frequency required 
of the surroundings according to to produce the activation, and, second, 

A + B + C  
tlne radiation density must be sufficient a t  
this frequency to supply the energy of 

A classical unilnolecular process is then one activation. Langtnuir rejected the radia- 
in which the rate of the ~~nimolecular de- tion hvnothesis on  the erounds tlnat the , L 
cotnposition appears to depend only on  tlne activation energies observed for tlne reac- 
amount of the reactant molecule present tions beine considered were sufficientlv 
[A]. The disappearance of this reactant with high to imply frequencies well into the 
time t exhibits an exnonential decav ac- ultraviolet and the molecules in  auestion 
cording to were k n o n n  not to absorb light a t  these 

frequencies ( 2 ) .  In addition, even at  the 
[A] = [A],e-"" highest experimental temperatures consicl- 

where i t  is the reaction rate colnstant and ered, tlne radiation densitv was too low. 
[A](> is the amount of A present at time t = Shortly thereafter, ~ i n d e k a n n  (3)  and 
0. In a very early attempt to explain tlne Christiansen (4)  independently proposed 
observed unirnolec~~lar behavior, Perrin hy- that bitnolecular collisions with molecules, 
pothesized that blackbody radiatioln from M, were tlne means by which molecules be- 
tlne hot reaction vessel \vas responsible for came energized (Scheme 1) .  Application of 
tlne activation of the reactant ~nolecules the steady-state approximation 
toward dissociation ( 1 ) .  This radiation hy- 
pothesis initially acquired some credence 
because, wit11 increasing temperature, the kl 
reaction rate constant increases in parallel A t  M [A ] *+  M 

k-1 
with the intensitv of radiation oiv)  at a 
given frequency v, which in turn is gov- 
erned by tlne Planck or Wien radiation law 

where h is the Planck constant, c 1s the 
speed of light, k is the Boltzmann con- 
stant, and T is temperature. Langmuir 
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Scheme 1. 

(where kL, is the unitnolecular dissociation 
rate constant and k ,  and ii-,  are the 
collislonal activation and deactivation 
rate constants, respectively) to the acti- 
vated ~nolecule A , which assumes that 
the rate of energy exchange from colli- 
sions is fast compared with the rate of 
dissociation of energized molecules, gives 
the apparent rate constant k,, for unimo- 
lecular ilecomposition (Ecl. 4 ) .  111 the 
high-pressure 

limit, corresponding to the conditions 
of these early experiments, competition 
between activation and deactivation oro- 
cesses leads to a n  overall pseudo-first- 
order kinetic process, whereas in the 
low-pressure limit tlne reaction will be sec- 
ond order, with the apparent unimolecular 
rate constant dependent on  the concen- 
tration of molecules in tlne reaction medi- 
um [MI. When data became available to 
test this possibility, tlne Lindetnann-Chris- 
tiansen hypothesis explained thermal uni- 
molecular reactions successf~~lly. Thus, tlne 
radiation hvnothesis came to be consid- , L 
ered little more than a historical curiosity. 

Steilnfeld et nl. (5) have commented on  
the fact tlnat the rejection of Perrin's 
hypothesis may have been overly hasty. 
They noted tlnat, particularly in the case of 
large molecules, absorption in tlne infrared 
(IR) region of the electromagnetic spec- 
trum is strong and, furthermore, the radi- 
ation delnsity at IR \vavelengths is more 
than sufficient to promote unilnolecular 
dissociation. A multiphoton IR absorption 
meclnanism can thus avoid Lanemuir's 
objections. Holvever, they ultimately re- 
jected the radiation hypothesis because no 
evidence for a truly pressure-independent 
"unimolecular" rate constant in the low- 
pressure regime had been described at the 
time. However, the lack of such observations 
does not imply that such reactions could lnot 
exist in an appropriate regime. The low pres- 
sures and long trapping ti~nes of tlne Fourier 
transform ion cyclotron resonance (FT-ICR) 
ion trap provides exactly the experimental 
conditions needed to observe blackbody ra- 
diatio~n-induced dissociation. 

Experimental Methodology 

Fourier tralnsform ion cvclotroln resonance 
spectrometry is an evcellelnt technique for 
the study of gas-phase ion-molecule reac- 
tions at very lo\v pressure (6, 7).  The tech- 
nique is based on the principles of ion tno- 
tion in combined weak electric and strong 
magnetic fields. This combination creates 

u 

an effective electrornag~netic bottle in 
rvlnich ions can be trapped for controlled, 
nearly unlimited periods of time. 

In 1990 (8), a high-pressure, molecular 
cluster ion source was mated to the FT-ICR 

194 SCIENCE VOL. 279 9 JANUARY 1993 \v\vw.sciencemag.org 



that known molecular constants 
and the aoolication of straiehtfor- 

spectrometer at the University of Waterloo. 
Although this apparatus was developed to 
study the effects of solvatioln on the bitno- 
lec~llar reactivity of gaseous cluster ions, the 
conditions \Yere also ideal for observing 
(over very long periods of time) the behav- 
ior of weakly bound cluster ions in a virtu- 
ally collision-free environment. This condi- 
tion was exactly that required for the first 
observations of blackbody radiation-driven 
~lnimolecular decompositions. 

nation for these observations. Flrst, the 
pressure-dependence behavior of the low- 

& & " 

\yard kinetic theory not only rationalize the 
observations but actually make it unavoid- 
able that radiative thermal dissociation 
\vould occur as observed (15, 16). This 
tnechanisln has been demonstrated (16) in 
a detailed study of the ClP(H20) , ,  cluster 
ions (71 = 2 and 3 ) .  With the use of density 
functional calculations for the IR spectral 
parameters, colnbined with high-pressure 

pressure dissociation rates is incompatible 
with a purely collisional activation mecha- 
nis~n of the Lindetnann-Christia~~sen type. 
Typical results supporting this argument are 
shown in Fig. 1 for the dissociation of 
H30-[(CH,)20][H,0],  clusters at two 
temperatures. A combination of blackbodv 
radiation-induced and collisional activa- 
tion tnecl~anistns is expected to give an 
o~era l l  rate constant having a low-pressure 
unimolecular coinponent, 

mass spectrometry values of the bond 
strengths and the known characteristics of 
the blackbody radiation field, no adjustable 
quantities remained for assignment. Kinetic 
Inodeling of C1-(H20),, reproduced the ab- 
solute experimental dissociation rates for 
both ions, as \yell as the C lp (H20) ,  tetn- 
nerature dependence. 

Initial Observations 

One of the first studies undertaken with this 
new apparatus (9) investigated the system of 
F associated with alcohol molecules, 
Fp(ROH),, (n = 1 to 3) .  The F- ion solvat- 
ed by three methanol molec~lles exhibited an 
unexpected spontaneous dissociation: 

FF(CH30H)?  + FF(CH3OH)? + C H 3 0 H  

(5) 
despite the fact that, under the conditions 
used, virtually no collisions of the parent 
cluster ions with the background gas were 
occurring. The apparent unimolecular rate 
constant of 6 x lop3 sp l  was ~lnaffected by 
the presence of either argon or methanol 
added to the FT-ICR cell up to pressures as 
high as 1 x 10p7 tnbar. This result and 
other early investigations gave strong indi- 
cations of unimolecular reactions not readi- 
ly explicable by conventional mechanisms. 

where icJ,,s is the rate colnstant for blackbody 
radiation-induced dissociation and kL is the 
collisionally activated rate constant (from 
Eq. 4 in the low-pressure regime). At each 
temperature, there is both a nonzero slope 
and a substantial nonzero interceut, show- 

The third piece of evidence for the ra- 
diation mechanism is the effect of deuteri- 

L ,  

ing that both the radiation mechanism and 
the collisional activation mechanism con- 

um substitution in the cluster molecules on 
the unimolecular dissociation rate colnstant 

tribute substantially under the experimental 
conditions used (Fig. 1) .  As expected, both 
the slope and the intercept increase with 
increasing temperature. The zero-pressure 
intercepts are independent of the bath gas 
used, thus confirlning a contribution that is 
independent of the nature of the collisions; 
the slopes increase strongly with increasing 
molecular complexity of the bath gas, indi- 
cating an additional contrib~~tion driven by 
collisional enerev transfer. Because most 

(17). For most organic molecules, C-H 
stretches have high IR oscillator strengths, 
but they occur in the region of 3000 cmp', 
where the room temuerature blackbodv ra- 
diation intensity is ~'inimal. However, C-D 
stretches occur in the vicinity of' 2200 
cmpl ,  where the light intensity is consider- 
ably higher. Thus, substitution of C-H by 
C-D bonds should be efficient in enhallcine c, 

the rate of blackbody-induced unitnolec~llar 
dissociation. This hypothesis was confirmed 
in the dissociations of H 3 0 f  -DME,, H,Of - 
DhlE,. Clp-acetone, and Clp-benzene clus- 

-, 

unimolecular reactions studied in the past 
would have been carried out at uressures The Blackbody Radiation 

Mechanism several orders of magnitude higher than 
those here, the zero-pressure intercept 
\vould have been not readily distinguishable 
from zero. 

ters relative to their cotnpletely deuterated 
analogs, with observed enhancements rang- 
ing from 20% to as much as 120O/o. The radiation hypothesis appeared to be the 

only possible explanation for a pressure- 
independent means of activation. Although 
this idea was qualitatively palatable, the 
precise means by which such a low-intensi- 
ty IR source could quantitatively explain 
the dissociation of bonds in the 10 to 20 
kcal molp' range remained elusive until the 

The second arg~unent confirtnillg the 
radiation mechanism in these svstelns is 

Kinetic Modeling and the 
Determination of Bond Strengths 

Apart from their intellect~lal interest, 
these processes may have practical impor- 
tance because they can give bond 
strengths of molecules. The link between 

u 

analogy with previous low-intensity contin- 
uous-wave CO, laser dissociation exueri- 
nnents was recognized. These experilnents 
had sholvn that a low-intensity laser driving 
a reaction by 1R tnultiphoton absorption 
could be considered as effectively equiva- 
lent to a blackbody source ( 1  0-13). The 
quantitative understanding of such C 0 2  la- 
ser experiments could be transferred quite 
directly to the thermal blackbody radiation 
situation. A study of a number of sirall H- 
and C1- clusters having water and diinethyl 
ether lieands marked the first clear under- 

20 Random Walk Model of Dssocation 
* 
t 

0 -- 
0 20 40 60 60 100 

PC,, (lo-' rnbarl 

Fig. 1. Dependence of the H,O+[(CH,),O][H,O], 
on dssocat~on rate k, on pressure P,  showng 
the nonzero Intercept at zero pressure of methane 
bath gas 

0 
0 5 10 15 20 

Time (s) 

Fig. 2. Schematic lustration of the random walk 
on the energy axs executed by a molecule ab- 
sorbng and emlttlng R photons and ultimately 
dlssoclatng (astersk). 

standing of the role of the radiation mech- 
anism in ilissociation cheinistry in the FT- 
ICR ion trap (14). 

Three lines of reasoning have led to the 
confident conclusion that the blackbodv 
radiation lnechanism is the correct expla- 
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barrierless dissociation kinetics a11d bond 
strengths c a n  be made by kinetic lnodeling 
haseil o n  a statistical picture, in which a 
population of molecules is described ac- 
cording to  their location along the  asis of 
internal energy E,,,, (Fig. 2 ) .  Any  given 
lnolecule is constantly g a i n ~ n g  and losing 
increments of internal energy as it e s -  
changes energy \I-ith its surroundings hy 
IR-radiative (and possibly collisional) pro- 
cesses. This  process can  be considered as a 
random tvalk along the  E,,,, axis, \vhere the  
step size is the  photon energy (or colli- 
sional enerev transfer increment).  Dissoci- 

c> , 
at ion occurs when a molecule rises suffi- 
ciently far above the  true activation ener- 
gy E3. 

T h e  evolution of the  nonulation of ions 
A L 

resulti~lg frolll all of these processes can be 
nlodeled directly with a biased random 
lvalk simulation (12,  18) or  (as in most 
recent work) by the  master-equation ap- 
proach (1 1 ,  16) .  A weakly coupled has- 
~ l lon ic  osc~l la tor  picture of the  molecule 1s 
usuall\- assumed. klodeling then  r e ~ l ~ ~ i r e s  
the  normal mode fresuencies and IR in- 
tensities of the  v~lirational modes, as well 
as the  unimolecular illssociation rate as 23 

f i~nct ion of ELLIt. N o n e  of these parameters 
are commonly ava~ lab le  from experiments 
for gas-phase lolls, so they must normally 
be calculated, although a semlc luan t i t a t~~e  
approach to estimating the  paranleters 
( the  "standard hydrocarbon" scheme) has 
heen u s e f ~ ~ l  ( 1 9-2 1 ) .  

Some IR spectral parameters may he 
avallahle fro111 experiments (221, but for 
these paranleters one usually resorts to ah 
initio calculations. T h e  most ~ ~ n c e r t a i n  as- 
pect of modeling is likely to 1.e the  
unimolecular d~ssociation rates. For small. 
loosely bound complexes, transition-state 
theory [Rice-Ramsperger-Kassel-r\.larcus the- 
ory, phase space tl-ieory, or variational tran- 
sition-state theory (2311 ~ 7 1 t h  a very loose 

transition state is probably appropriate. De- 
tailed modeling in this spirit has been done 
for a number of systetns (24) .  

The Temperature Dependence 
and Arrhenius Analysis 

For data at a single temperature, the  mod- 
e l ~ n g  approaches iliscussed above provide 
the  most useful route from measured rates to 
bond energies. Ho~vever ,  measurement of a 
temperature JepenJence offers a sl~ortcut 
arounJ this intensive analysis, illaki~lg use 
of the  slope and intercept of an  Arrhenius 
plot (Fig. 3). T h e  harrierless iirrhenius ac- 
tivation energy E, can provlde a good ap- 
proximation to tl-ie actual 1.ond strength if 
appropriate conditions are met. 

In  a n  Arrhenius-type analysis, it is lm- 
portant to consiiler the size of the molecule 
( that  is, the  l-iu~llber of internal degrees of 
freedom alllong \ ~ h l c h  internal energy 
flo\vs). For very large molecules, the i i r rhe-  
nius activation energy E<,, defined 1.y Ei = 

-dln(ku)/[d(l/RT)] (where R is the iileal gas 
constant) and Lleter~l-iined fro111 the slor~e of 
the temperature ilepenclence, corresponds 
closely to the true act~r-,xtion energy EL>. 
T h e  corresponiiing Arrhenius &tor A then 
gives the entropy of activation of rhe dlsso- 
ciation process, A = (~.kT/h)esp(LS:'/R), 
where e is the  base of natural logaritl~l-iis 
and 1 s '  is the  standard e n t r o ~ v  of actlva- 

L ,  

tion. For small molecules, the apparent E ~ ,  
value does not  corresponii illrectly to E,,, 
but ~t can be corrected as outlined helow, 
\v1t11 the  truncated Bo1t:mann picture and 
the  modifieil Solmall  theore~n  (1 C). T h e  
greatest illfficulties 11-i interpretation are 
posed by the  intermediate-size regime, 
Ivl-iere the  apparent activation energy E ~ ,  is 
lower than the  true E, hy a s ~ ~ h s t a n t ~ a l  
amount that can only he assessed accurately 
hy deta~led kinetic modeling. Tl-ie nlodel 
master-equation calculations displayed in 
Table 1 i l l~~stra te  the  transitio1-i from small- 

molecule to large-molecule behavior. 
In  the  large-molecule case (often called 

the  rapid energy exchange limit), the  typi- 
cal unimolecular dissociation rate of the  
activated molecules is s lo~v compared wit11 
the  rate of energy equilibration of a mole- 
cule n.ith the  surrounilings by photon ex- 
change. In  contrast, in the  small-molecule 
case, a molecule activated a h o ~ e  EL, disso- 
ciates rapidly compareJ n-ith the  rate of 
energy eiquilibration by photon exchange. 
This situation is closely analogous to  con- 
ventional L111deman11-Christiatlsell colli- 
sion-mediated dissociation kinetics. lust as 
in the lixv-pressure "fall-off region" of con- 
~ ~ e n t ~ o n a l  ~ ~ l i i ~ l l o l e c ~ ~ l a r  k inet~cs .  the small- 
ml~lecule regime of radiatively induceii 
thernlal dissociatiix-i shoxs  greatly iie- 
pressed rate constants, apparent El values 
suhstantially lielon, E,,, and apparent fre- 
quency factors A much smaller than tl-ie 
large-molecule lln-ilting values. 

In  the  small-molecule case, the equilib- 
rium distribution of internal energies is dis- 
torted by the steady removal of the lllost 
energy-rlcll compo~lent  of the population 
through dissociation (Fig. 4 ) .  111 this small- 
molecule situatiim, ,I s ~ m p l e  kinetic analysis 
kno\vn as the  tn~nca ted  (or depleted) Bolti- 
mann analysis avoiils the  co~llplesity of a 
tull master-equatlon treatment (1 5, 16).  In  
this approach, the dissociation rate is given 
h y 

\\,here P(E,, , + E<,) is the probability that 
a given molecule 1 ~ 1 1 1  lie 111 the ~n te rna l  
energy interval het~veen E,, and EL, - hvl, 
and I(,:., is tl-ie rate a t  ~vh ich  molecules 
absorb IR photons. Here, v,,, 1s the  average 
energy of the  IR photons being absorbed. 
T h e  true actlr-ation energy E,> can he estl- 
mated from E,, hy applying the modified 
Tolman theorem (10, 15) 

EL. E ,  + E'  - 0.9 kcal mol- '  (8) 

Table 1. The progression frorn srna-nioecue to 
large-molecule klnetlcs, ~Ilustrated with master- 
equatlon rnode~lig of R blackbody thermal dlsso- 
ciation (T = 357 K ) .  Tabulated are the d~ssociation 
rate constant K,,, apparent actl\/aton energy E ,  = 

-dlnK/[d!l/RT;], and Arrhenus frequency factorA 
for molecules havng a true dissociation energy E- 
of 25 kJ m o l l  and a moderately loose transition 
state, I\; is the number of vibrational degrees of 
freedorn 

! k ., La 

-7.50 
- - !kcal 

mol- ' )  

T-I ( l o 3  K-I) 200 3.0 19.8 9.4 
1500 8 5 23.6 12.3 

Fig. 3. Arrhenlus pot for the dissocatlon knetcs = , 10 25.1 13.3 
of a pentanone proton-bound drner Ion. 

Internal Energy (kcal rno '1 

Fig. 4. The normal isolld line) and depleted 
(dashed line) Boltzmann dlstributlons at 500 Kfor 
a populat~on of molecules wth 60 degrees of free- 
dom uridergoing d~ssoc~ation with a d~ssociation 
energy E, of 24 5 kcal m o '  jsrna-molecule 
case). 
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Here, E' is the average energy of the per- 
turbed distribution (like the dashed curve 
in Fig. 4), which can be estimated by simple 
arguments within the truncated Boltzmann 
picture. 

How Large Is Large? 

Given the great simplification of interpreta- 
tion in the large-molecule canonical limit, it 
is of interest how big a molecule must be for 
this limit to be valid. We addressed this 
question through master-equation modeling 
based on typical properties of hydrocarbon- 
type ions. A size of -500 degrees of freedom 
is a rough lower limit for "large" molecules. 
However, this limit depends strongly on sev- 
eral features of the specific dissociation pro- 
cess, notably (i) tight or loose transition 
state, (ii) fast or slow dissociation at the 
given temperature, and (iii) high or low 
activation energy. A somewhat better idea of 
the range of sizes (gauged by N, the number 
of degrees of freedom) corresponding to the 
large-molecule boundary for a range of situ- 
ations is given in Fig. 5. It can be seen that 
in the most favorable situations (tight tran- 
sition state, low temperature, and slow rate), 
large-molecule kinetic behavior can be ap- 
proached for molecules as small as N = 100; 
whereas, at the other extreme, substantial 
deviations from the large-molecule kinetic 
limit might be encountered for systems as 
large as N = 5000 (25). 

A quantitative activation energy analy- 
sis in a clear .small-molecule situation has 
been described for the C1-(H20), (n = 2 

Fig. 5. The range of sizes that correspond to the 
lower limits of "large-molecule" kinetics. For a re- 
action observed to have a given ku value, large- 
molecule Arrhenius analysis will be appropriate if 
the number of degrees of freedom puts the sys- 
tem above the shaded region and may be appro- 
priate within the shaded region, depending on the 
nature of the transition state. Systems below the 
shaded region will not approach the large-mole- 
cule limit. In these model calculations, tempera- 
tures were chosen in the range 300 to 440 K to 
give ku values ranging from fast (1 s-l) to quite 
slow S-I). (E, = 24 kcal mol-l, with a range 
of transition-state types from tight to loose, cone- 
sponding to log A ranging from 11.9 to 15.5.) 

and 3) clusters ( 1  6). For C1-(H20), (N = 
15), a 0-K E, value of 10.1 kcal mol-' was 
derived in excellent agreement with a high- 
pressure mass spectrometry measurement. 
Similarly, analysis of tetramethylsilane ion 
(N = 33, E, = 13.0 kcal) gave an E, value 
of 15.4 kcal mol-' in excellent agreement 
with a concurrent threshold collision-in- 
duced dissociation measurement (26), and 
tetraethylsilane ion (N = 83, E, = 9.9 
kcal) gave E, = 16.3 kcal (27). 

Somewhat larger systems, illustrating 
probable intermediate-size behavior, are the 

' 

proton-bound dimers of 3-pentanone, 
4-heptanone, and 5-nonanone (N = 93 to 
165). The E, values (25.4, 27.6, and 28.4 
kcal mol-', respectively) are significantly 
lower than the E, values (28.1, 30.5, and 
3 1.0 kcal mol- ', respectively, from high- 
pressure mass spectrometry). 

Moving into the large-molecule regime, 
E. R. Williams' group has used thermal 
dissociation to determine kinetic parame- 
ters for a variety of dissociations of oli- 
gopeptides and large polypeptides. With 
bond strengths typically around 37 kcal 
mol-', these molecules give easily observ- 
able thermal unimolecular dissociation life- 
times of seconds to minutes (28, 29) at 
temperatures on the order of 200°C, with 
no pressure dependence (29). Their work 
has encompassed molecules in the large- 
molecule limit such as bradykinin (28) and 
ubiquitin (29), where the measured E, is a 
good measure of the dissociation energy, 
and also smaller ions (dipeptides) that lie in 
the intermediate-size regime and had to be 
analyzed carefully with master-equation 
modeling (30). 

The frequency factors found in some of 
these examples suggest the progression from 
small- to large-molecule behavior. For small 
cluster ions such as CI-(H20), and 
(H~O).,H+ (N - 301, A factors of 101, S-I 

are derived. For the proton-bound ketone 
dimers (N in the range 90 to 160), the A 
factors range from 1014 s-' to the mid-1016 
s-' area. [Values on the order of 1016 s-' 
are normal for the high-pressure limit for 
simple bond cleavages (31 ).I For large 
polypeptide ions (N typically 1000) where 
there is substantial loosening of the molec- 
ular geometry during dissociation, Williams 
and co-workers have measured A factors as 
large as -1Ol8 s-'. 

Conclusion 

The experimental data and theoretical inter- 
pretation presented above demonstrate that, 
despite nearly eight decades of rejection, 
Pemn's original "radiation hypothesis" is a 
viable mechanism for the activation of uni- 
molecular reactions. Observations of this phe- 
nomenon became possible because of the abil- 

ity to trap weakly bound ionic 
mcies for very long times in the 
nearly collision-freenvironment of an FT- 
ICR cell. Theoretical modeling of this phe- 
nomenon revealed that. eiven accurate vibra- ," 

tional frequencies and intensities, the 
dissociation process can be quantitatively re- 
produced. Thus, given experimental measure- 
ments of the unimolecular rate constants, 
preferably as a function of temperature, accu- 
rate bond energies may be derived from bar- 
rierless dissociation reaction kinetics. Overall, 
the ambient blackbody radiation activation 
mechanism remesents a maior addition to the 
field of chemkal kinetics,' with particularly 
promising applications to cluster ions and 
large biomolecule ions (28-30). 
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