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Thermochemistry determined from careful analysis of the energy dependence of cross sections for 
collision-induced dissociation (CID) reactions has primarily come from the primary dissociation 
channel. Higher order dissociations generally have thresholds measured to be higher than the 
thermodynamic limit because of the unknown internal and kinetic energy distributions of the 
primary products. A model that utilizes statistical theories for energy-dependent unimolecular 
decomposition to estimate these energy distributions is proposed in this paper. This permits a 
straightforward modeling of the cross sections for both primary and secondary dissociation 
channels. The model developed here is used to analyze data for K+(NH3)V, ,r= 2 -5 , complexes, 
chosen because the thermochemistry previously determined by threshold CID studies agrees well 
with values from theory and equilibrium high pressure mass spectrometry. The model is found to 
reproduce the cross sections with high fidelity and the threshold values for secondary processes are 
found to be in excellent agreement with literature values. Furthermore, relative thresholds for higher 
order dissociation processes appear to provide accurate thermodynamic information as well. © 2007 
American Institute o f  Physics. [DOI: 10.1063/1.2741550]

I. INTRODUCTION

The measurement of thresholds for energy-resolved 
collision-induced dissociation (TCID) is an accurate method 
for determining the bond energies of a wide variety of ion­
ized molecules,1-15 complexes,16-36 and clusters.37-43 Such 
accuracy comes with a price in terms of the careful consid­
eration and control of several experimental factors, as amply
 ̂ » » 30 44_4&
illustrated in previous work from our laboratory/ ' Even
for very small systems, it is critical that the energy available 
to the system be well characterized, which means that inter­
nal and kinetic energy distributions of the reactants and the 
number of collisions between them must be known. As the 
systems of interest get larger, the lifetime of the dissociation 
process becomes increasingly important, but it has been 
shown that statistical theories for unimolecular 
dissociation49-51 are generally adequate for accurately ac­
counting for these effects.52-54 In addition, such statistical 
methods have provided a straightforward approach to mod­
eling competitive (parallel) dissociation channels from a 
single complex.55

In this paper, this statistical approach is extended to con­
sider sequential reactions, that is, the loss of more than one 
ligand L from a single complex, reaction (1),

M+L v + Xe — M +'LV_1 + L + Xe — M+L v_2 + 2L + Xe.

(1)

The difficulty in analyzing such processes was identified in 
one of our earliest TCID studies of metal ligand systems.44'46 
Namely, if the cross sections for higher order sequential pro­
cesses are analyzed using the same methods as those used for 
the initial dissociation process, the thresholds obtained are

^Electronic mail: arraentrout@chera.utah.edu

generally too high. This observation is illustrated by exam­
ining results for the dissociation of the K+(N H 0 v, * = 1 -5 ,

56complexes." This experimental system is used in the present 
evaluation because the thermochemistry derived from analy­
sis of TCID data of the primary dissociation channels of x  
= 1 -4  (Ref. 56) agree well with values from equilibrium 
high pressure mass spectrometry (HPMS) studies57 as well as 
ab initio calculations at several levels.56 These bond energies 
are provided in Table I. If the thresholds for the higher order 
sequential dissociation channels are analyzed using these 
same methods, the results listed in Table II are obtained. In 
all cases, the thresholds obtained are systematically higher 
than the values expected on the basis of the primary TCID or 
HPMS results. The shifts get larger as the order of the pro­
cess increases, being about 0.1 eV for the secondary pro­
cesses and 0.5 eV for the quaternary process of K+(NH3)4 
-h-K++4 NH3, and generally increase with the size of the 
dissociating complex.

The difficulty with analyzing these higher order thresh-

TABI.E I. litera ture bond dissociation energies at 0 K of K lN H ,),. (.v 
= 1 - 5 )  complexes (in eV).

Reactant ion Product ion TCID'1 HPMSb MP2//B3LYP0

K lN H ,) K- 0.82±0.07 0.84±0.09 0.76 (0.7ft)
K lN H ,) , K 1N H ,) 0.71 ±0.06 0.70±0.09 0.64 (0.67)
K lN H ,) , K lN H ,) , 0 .62±0.05 0.58±0.08 0.56 (0.59)
K-(N H ,)4 K lN H ,) , 0.48 ±0.06 0.51 ±0.08 0.48 (0.51)
K-(N H ,)5 K 1N H ,)4 0 .32± 0 .I2 0.35 (039)

‘Experimental values from Ref. 56 obtained by measuring the primary dis­
sociation thresholds. Uncertainties reported as 2cr. 
bHPMS values from Ref. 57 converted to 0 K values.
€Al> initio calculations at the M P2(fu ll)/6 -311+ G (2 d ,2 p )//  
B3LYP/6-31G(d) level corrected for zero point energies determined at the 
B3LYP/6-31 G(d) level, and counterpoise corrected. Energies in italics do 
not include counterpoise corrections for basis set superposition errors.
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TABLE II. Direct fits o f thresholds for secondary and higher order dissociation processes at 0 K of K*(NH?) t 
(a' = 2 - 5 )  complexes (in eV). Analysis using Eq. (4 ). Uncertainties in Eu reported as 2<t.

Reactant ion Product ion ‘ro n F.0 E0 (TCID)'1 Eu (HPMS)b

r i N H , ) , K* 94.2(44.4) 1.3(0.1) 1.59±0.13 1.53 ±0.09 1 .54±0.13
K -(N H ,), K*(NH,) 20.9(1.6) 0 .6(0 . 1) 1.4 6 ± 0 .12 1.33 ±0.08 1 .28±0.12

K* 2.32(0.43) 1.310.2) 2.37±0.24 2,15 ± 0.11 2.12 ± 0,15
K -(N H ,) 4 K 'lN H j), 41.4(3.8) 0 .6(0 .1) 1,27 ±0.12 1.10±0.08 1.09 ±0.11

K*(NH,) 15.0(1.7) 0 .6(0 . 1) 2.21 ±0.17 1.81 ± 0.10 1.79 ±0.14
K* 1.8( 1.0) 1.410.4) 3.16±0.68 2.63 ±0.12 2.63 ±0.17

K -(N H ,), K 1 N H ,) , 71.8(5.0) 0.610.3) 1.05 ±0.12 0 .8 0 ± 0 .13

'Experimental values calculated using TCID values in Table I. 
Experim ental values calculated using HPMS values in Table I.

olds is that the initial dissociation process takes away an 
unknown distribution of energies in translational inodes of 
the initial products, M +Lr_ |+ L , as well as internal inodes of 
the neutral product, L. This leads to a distribution of internal 
energies in the ionic product that can undergo subsequent 
dissociations, M+'Lr_|, but this distribution is no longer easily 
defined. Thus, accurate analysis of sequential dissociation 
products requires making reasonable assumptions about the 
energy disposal made in the first dissociation, so that the 
distribution of energies available to the energized molecule 
in the second dissociation, M +L r_(, is characterized reason­
ably well. In this work, reasonable assumptions for statisti­
cally behaved systems are outlined and the resulting protocol 
is tested on the K+'(NH3)r, .v= 2-5 , systems.

II. THEORETICAL TREATMENT

A. Data analysis background

Our approach to reproducing the reaction cross sections 
for endothermic reactions is to start with the modified line- 
of-centers model, Eq. (2),

a(E) = (T0( E - E 0y /E ,  (2)

where cr0 is an adjustable, energy-independent parameter, n 
is adjustable parameter that describes the energy deposition

58efficiency during collision,'1 E  is the relative kinetic energy, 
and Eq represents the endothermicity at 0 K. To account for 
the distribution of internal energies of the reactants, this 
model is modified to include a summation over the rovibra- 
tional states / of the reactants with populations g-„ where 
2g,-= l, yielding Eq. (3),

<r(E) = o o S  gi(E + Ei -  E0)”/E. (3)
i

This gives E+Ej as the total energy available to the colliding 
reactants. Vibrational frequencies and rotational constants 
used to calculate Ej and gj are obtained from ab initio calcu­
lations. The Beyer-Swinehart algorithm59 is used to evaluate 
the density of the rovibrational states and the relative popu­
lations gj are calculated for a Maxwell-Boltzmann distribu­
tion as appropriate for the particular experimental conditions, 
in most of our experiments, 300 K. Before final comparison 
with experimental data, this equation is also convoluted with 
the distributions of kinetic energies of both the ionic and 
neutral reagents, as detailed elsewhere.45

To include the effect of the dissociation lifetime into our 
modeling, RRKM theory has previously been incorporated 
into Eq. (3), as described in detail elsewhere.54 This trans­
forms Eq. (3) into Eq. (4),

rE
<j {E) = (ncr0/£ ) X  gi I [1 -  e-k{lf )r] X ( E - s Y ’̂ d s .

i J  Eq-E-i

(4)

Here, the term in square brackets represent the probability 
for dissociation (Pp), s  is the energy transferred from trans­
lation into internal energy of the ion complex during the 
collision, r  is the experimental time for dissociation, and E' 
is the internal energy of the energized molecule (EM) after 
the collision, i.e., E'= s+ Ej.  Work has shown that the distri­
bution of deposited energies used in Eq. (4) is consistent 

58with experiment'' and properly characterized by the param­
eter n. The term k(E') is the unimolecular rate constant for 
dissociation, as defined by Rice-Ramsperger-Kassel-Marcus 
(RRKM) theory in Eq. (5),

k{E \J )  = r//V',(/•; -  4 ( 7 )  -  £-0)//ipvr( r  -  Ek(J)) (5)

where the rotational quantum number for the two dimen­
sional (2D) external rotations of the complex is now explic­
itly introduced. Other terms in Eq. (5) include d, the reaction 
degeneracy; h, Planck’s constant; N'^{E'-E'R{J ) -E Q), the 
sum of rovibrational states of the transition state (TS) at an 
energy E f = E '-E 'R( J ) - E 0 and pwr( E ' - E K(J)), the density of 
rovibrational states of the EM at the available energy, ET 
- Ek(J). The rotational energies E'R(J) and EK(J) are the 2D 
external rotational energies of the TS and EM, respectively, 
and J  is the rotational quantum number, as discussed more 
thoroughly in the next section. In the limit that k(E~ ,J) is 
faster than the experimental time available for dissociation of 
the ions, the term in square brackets in Eq. (4) reduces to 
unity, and the integration recovers Eq. (3).

B. Treatment of external rotations

A number of possible treatments of the 2D external ro­
tations were discussed by Rodgers et al.54 In all of these, the 
external 2D rotors of the energized complex are assumed to 
be adiabatic [hence this energy is unavailable for the disso­
ciation, as explicitly provided in the formulation of Eq. (5)] 
and centrifugal effects are included as outlined by Waage and 
Rabinovitch.60 Thus, the rotational energies at the transition
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state differ from those for the energized molecule because as 
the molecule dissociates, the 2D rotational constant in­
creases. The least biased treatment of the 2D rotations was a 
statistical assumption that explicitly evaluates the available
distribution of J. The final formulation suggested by Rodgers

61et al. was later revised by DeTuri and Ervin who pointed 
out that the most precise treatment of single channel CID 
processes was to average the entire dissociation probability 
over the statistical distribution of rotational quantum num­
bers, Eq. (6),

<1 _ e^ J ) r }

m̂ax
2  [1 - e ^  J}r]gip ^ - E R(J))
J=o

2  gjP^(E* -  Er (J)) 
j =o

where £ ,=  (27+1) is the degeneracy of the 2D rotor, Jm!LK is 
the maximum value possible for the rotational quantum num­
ber determined by energy conservation, i m;ix= ((l  
+AE*lhcB)lll- \ ) l 2 ,  and the remaining terms are defined 
above. The value for J m;ix comes from the definitions of the 
rotational energies, namely, ER(J) = hcBJ(J+1) and E'R(J) 
=hcBiJ (J+ 1), where B  and Z?1' are the rotational constants of 
the 2D rotors in the EM and TS, respectively. The expression 
for PD in Eq. (6) is substituted for the term in square brackets 
in Eq. (4), and is now routinely used in our analyses of TCID 
processes.

If the transition state is tight, then evaluation of ER(J) is 
straightforward because Z?1' is well defined. For the more 
usual case of a loose transition state, ER(J) can be related 
directly to the height of the centrifugal barrier, Veff( / ) above 
the asymptotic energy of the products. In the case of an 
ion-induced dipole interaction, this potential is given by 
Vt,ff(r) = aez/8TTSQr4+Lz/2fj,r2 where a  is the polarizability 
of the neutral product, e is the charge of an electron, e0 is the 
permittivity of vacuum, r  is the distance between the prod­
ucts, L  is the orbital angular momentum of the products, and 
/j, is the reduced mass of the products. L  is equated with the 
rotational angular momentum, (J(J+ l)ft2)1/2, which is re­
lated to the rotational energy of the EM, ER(J)=hcBJ(J+1). 
The height of the barrier is found by setting the derivative of 
Veff(r) with respect to r  equal to zero, solving for the position 
of the barrier, r \  and substituting back into the expression 
for Veff(r). This gives the height o f the centrifugal barrier as

4 U )  = = (TTe{)l2ae2p}){ti-ER{J)lhcB)2. (7)

This derivation is equivalent to one described by Gilbert and 
Smith.49 This variational approach has the distinct advantage 
of avoiding the problem of needing to guess the geometry of 
the transition state. This is now determined by the properties 
of the products, a  and fi,, and of the EM, ER(J) and B. To 
utilize this method, the expression for ER(J) in Eq. (7) is 
used in evaluating Eqs. (5) and (6), and a statistical distribu­
tion of Er(J) values is explicitly considered.

Extensions of this approach that consider the influence 
of an ion-dipole long-range potential have also been 
described.''’6 For the K+(NH3)A. systems, it was found that the

influence of including the dipole on the data analysis 
changed the thresholds determined by less than 0.02 eV. 
Hence, the numbers included in Table I were determined 
using only the ion-induced dipole potential. Likewise, the 
analysis performed in the present study will not utilize the 
dipole potential.

C. Sequential dissociations

Conceptually, the application of statistical rate theory to 
the kinetic energy shifts inherent in a sequential dissociation 
process is straightforward. This process starts by using Eq.
(4) to reproduce the cross section for the sum of the primary 
and all higher order CID products of reaction (1). Then the 
probability for further dissociation, P D2 = [ 1 - £ “A'2(/':2-i2)r2], <s 
included. This partitions the total CID cross section into the 
cross section for those primary products that do not dissoci­
ate (either because they have insufficient energy or because 
they have insufficient time), cr(M+LÂ 1), and the cross sec­
tion for those that do, where the latter must equal the cross 
section for the secondary products, cr(M+LA_2). This converts 
Eq. (4) into

f E
<t (Z:,M+La._1) = (ncro/E)^ Si PDi( l  - PDi)

i ■> /:,r /:,

x ( E - s ) " - ld s ,  (8a)

f E
ct( E M +L ^ 2) = (hCTo/£ ) E  g i  Pm P D2(E -  s f ^ d s .  

i ■> /:,r /:,

(8b)

The probability for the second dissociation, PD2, can be 
calculated in the same fashion as it was for PDl in Eq. (4), 
namely, k2(E2,J2) is calculated using the expression in Eq.
(5) for the new energized molecule, M+LA.„1 in reaction (1). 
This requires that the energy available to this EM, Zi2, is 
known. As noted above, the energy available to the first EM, 
M+La. in reaction (1), is E[, where the index now differenti­
ates dissociation from the first EM, M+L f, from that from the 
second EM, M+LA_1. As given above for Eq. (5), the total 
energy available to the products of the first dissociation, 
M+La._1 andL , is Zij=Zi|-Zijfi(,/1)-Z i0a, where ZTj/j(Jr1) is the 
2D external rotational energy of the initial transition state 
and ZT0 j is the threshold energy needed for the first dissocia­
tion. Note that this definition of ZTj/j(Jr1) means that this en­
ergy is specifically released into translational motion of the 
products in order to conserve angular momentum and is 
therefore unavailable for distribution to the internal energy of 
the products.

The total energy available to the products, Zi{, can be 
further partitioned into relative translational energy (7^) and 
internal energy of the two products, E[ iM, i.e., Eq. (9) holds,

E\ = Tl + E l iat= T l + E; + EL, (9)

where EL is the internal energy of the neutral product L of 
the primary dissociation. In the present work, this partition­
ing is presumed to be statistically behaved, which provides a 
robust prediction of the distribution of energies in each of 
these components. Specifically, the statistical probability of
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having products with a particular translational energy, 7,, 
recognizes that the remainder of the available energy must 
occupy the internal states of those products. Hence, the den­
sity of translational states at 7, must equal the density of the 
internal states of the products having the remainder of the 
energy. This means that the probability of having a specific 
translational energy 7, when the available energy is El is 
given by Eq. ^ o ),49'50'6‘'63

7(7, ;E\) = p jr(7) -  7 ,)rf(7,) [  p jr(£+ -  7 ,)rf(7,)

(10)

N'V[(E J) can be recognized as the same quantity in the nu­
merator of Eq. (5) for the first dissociation.

It is worth pointing out the relationship of 7, a n d 7 )K(J,) 
as their sum is the total translational energy of the products, 
E j ~ T , + 7 )K(J,). From the point of view of the reverse asso­
ciation reaction, two species approach one another with a 
relative translational energy E t =/iu 2/2. At infinity, they ap­
proach one another with an impact parameter b, such that 
they have an orbital angular momentum L=/jLub. At the point 
of closest approach, the translational energy can be divided 
into two terms: one lies perpendicular to the line of centers 
of the two species and the other is parallel to this line. The 
former quantity can be identified as the 2D rotational energy 
of the newly formed complex, 7 , K(J,), as noted above, and 
provides for conservation of angular momentum. The latter 
term, EL(X, is the energy available for deposition into the 
internal degrees of freedom of the complex. The relationship 
between 7 )K(J,) and 7 ,K(J,) is given by Eq. (7), which 
shows that 7 )K(J,) is less than 7 , K(J,). This equation reflects 
the idea (elucidated by Waage and Rabinovitch60) that be­
cause the 2D rotational constant of the complex (EM) is 
generally larger than that of the transition state for dissocia­
tion, some energy initially tied up in rotation of the complex 
is released to other internal degrees of freedom, thereby ac­

celerating the dissociation. Eventually, this difference in ro­
tational energies can also be released to translational energy 
of the products.

Once the partitioning between the internal and transla­
tional energy of the products is accomplished, statistical par­
titioning of the internal energy between and L prod­
ucts can be recognized as related to the number of states 
available, i.e., /Vvr2(7 2) and /Vvr/(7 ,) , respectively. The 
probability of having an energy E'2 in the M +L f_, product 
when the total available energy is 7 ) - 7 ,  is calculated using 
Eq. (11) "49

P(Er2; E ] - T , )

n d Z m E ] 7, -  E*2)d(E*2)

J p 2( £ ) ( £ |

--P2iE>dE]

T,

-7 ,

■e m e ;)

- E ^ E ^ / N ^ E ] ( ID

where p2(7 2) is the density of rovibrational states of M+LA._, 
at E j and /V^(7)- 7 , - 7 2) is the number of rovibrational 
states of the ligand L at an energy E\ - 7 , - 7 2.

Finally, the time available for all dissociation, r ,, is fixed 
by the experimental conditions. Thus, the time available for 
the second dissociation, r2, needs to be adjusted by removing 
the time used in the first dissociation. As the latter is simply 
1 /£ , ( 7 ', J , ) ,  where £ ,(7 ' ,J ,)  is the rate constant for the first 
dissociation, this is easily accomplished as in Eq. (12),

(12)

One can imagine that an exponential distribution of lifetimes 
should be used to more accurately assess r2, but in practice, 
at the energies needed for the second dissociation to occur, 
the first dissociation is rapid, such that t 2 = t ,  to a very good 
approximation.

When all of these steps are combined, the probability for 
sequential dissociation at an initial excitation energy E] and 
rotational quantum number J , is given by Eq. (13),

J

7B2( 7 p , )  = J  J  7(7, :E \)P (4 :E ]  -  7,)(1 -

-k 'j£J'JTi)p2(E*2)NL(E ] - 7 , - 7 ;)
£,-7,

Ê =0
PU E i - T \)

(13)

2  p[,,-(7j —7, )
7 \= 0

where the term is again given by Eq. (6)
which involves an average over a statistical distribution of 
rotational quantum numbers J 2 for the second dissociation. 
Note that the integrals in the denominators of Eqs. (10) and 
(11) have been approximated by a sum in Eq. (13). This is

primarily a logistical matter that facilitates more rapid calcu­
lation of PD 2 -

Finally, it is possible that all statistical factors needed to 
accurately describe the sequential unimolecular dissociation 
processes are not included in the input parameters. This pos­
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MG. I. Zero pressure extrapolated cross sections for collision-induced dissociation o f K+(NH3) t where .v = 2 -5  (parts a-d , respectively) with Xe in the 
threshold region as a function o f kinetic energy in the center-of-mass frame (lower .v axis) and the laboratory frame (upper .v axis) taken from Ref. 56. Solid 
lines show the best fit to the primary and secondary product cross sections using the model o f i;q. (8) convoluted over the neutral and ion kinetic and internal 
energy distributions. Dashed lines show the model cross sections in the absence o f experimental kinetic energy broadening for reactions with an internal 
energy of 0 K. Optimized parameters for the models shown are given in Table III.

sibility is accounted for by multiplying the probability for 
sequential dissociation, Pd»  by an arbitrary scaling factor, / .  
As shown below, this adjustable parameter is needed to 
quantitatively describe the sequential dissociation processes. 
It is hoped that an understanding of this parameter can be 
gained so that its arbitrariness might be eliminated in future 
work.

III. APPLICATION AND TESTING

A. Secondary processes

As noted above, the experimental system used for evalu­
ation of this statistical approach to sequential dissociation is 
K+(NH3)a., x =  1 -5 . This system exhibits good agreement be­
tween the thermochemistry derived from analysis of TCID

TA BU ; III. Optimized parameters o f i;q. (8) for sequential TCID of K+(NH3) t (.v= 2-5) complexes with Xe: 
Primary and secondary products. Uncertainties in parentheses. Uncertainties in F,u reported as 2a. Values in 
brackets are the relative threshold values.

Reactant ion Product ion ^0 n E0 (eV) F.u (TCID, eVV

K+(NH,)2 K+(NH,) 38.8(1.1) 0.76(0.05) 0.72(0.08) 0.71(0.06)
K+ 5.4(0.8) 1.57(0.07) 1.53(0.09)

[0.85(0.01)] [0.82(0.07)]
K+(N H ,), K+(N H ,)2 66.8(0.7) 0.84(0.05) 0.62(0.07) 0.62(0.05)

K+(NH,) 28.0(2.1) 1.32(0.07) 1.33(0.08)
[0.70(0.01)] [0.71(0.06)]

K+(NH,)4 K+(N H ,), 82.3(5.0) 0.82(0.10) 0.51(0.09) 0.48(0.06)
K+(N H ,)2 42.7(1.3) 1.10(0.08) 1.10(0.08)

[0.58(0.01)] [0.62(0.05)]
K+(NH,)5 K+(N H ,)4 90.9(1.5) 0.80(0.20) 0.30(0.14) 0.32(0.12)

K+(N H ,), 66.8(9.0) 0.75(0.15) 0.80(0.13)
[0.45(0.01)] [0.48(0.06)]

“Experimental values calculated using TCID values in Table I.
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Energy ( eV, Lab )

0 1 2  3 4

(a ) Energy ( eV, CM )
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FIG. 2. Zero pressure extrapolated cross sections for collision-induced dis­
sociation o f K '(N H j), where .v=3 and 4 (parts a-c) with Xe as a function of 
kinetic energy in the center-of-raass frame (lower .v axis) and the laboratory 
frame (upper .v axis) taken from Ref. 56. Solid lines show the best fit to the 
cross sections for reactions (14) and (15) using the model of Bq. (8 ) convo­
luted over the neutral and ion kinetic and internal energy distributions. 
Dashed lines show the model cross sections in the absence of experimental 
kinetic energy broadening for reactions with an internal energy of 0 K. 
Optimized parameters for the models shown are given in Table IV.

data of the primary dissociation channels of ,v= 1 - 4  (Ref. 56) 
with values from equilibrium high pressure mass spectrom­
etry studies'"’7 (Table I). Here, both the primary and secondary 
dissociation channels for collision-induced dissociation of x  
= 2 -5  are simultaneously reproduced using Eqs. (8). The re­
production of the data for all four complexes is shown in Fig.

1. As can be seen for all four systems, the reproduction of 
both channels is excellent over extended energy ranges and 
magnitudes. In all cases, the data near the threshold is repro­
duced very well down to the noise level.

The optimized parameters used to reproduce these data 
are given in Table III. The uncertainties in these parameters 
come from analyses using a range of n values that repro­
duces the data, variations in the vibrational frequencies of 
the EM and TS by ±10% and factors of two for the metal - 
ligand frequencies, variations in by factors of two, and the 
absolute error in the energy scale (0.05 eV, laboratory). Not 
surprisingly, the agreement between the primary thresholds 
measured here and those previously measured is good, with 
differences resulting primarily from slightly different choices 
of the energy range reproduced. (The biggest differences cor­
respond to cases where the energy range reproduced here is 
about 1 eV larger than in Ref. 56, which results in slightly 
lower values of n and slightly higher thresholds.) Some 
variations might also occur because now there is a more 
stringent demand to reproduce both the primary and second­
ary cross sections. Nevertheless, of particular interest here is 
the comparison of the secondary thresholds obtained from 
the analysis using Eqs. (8) with those predicted from the sum 
of the primary thresholds. The agreement is excellent with 
deviations ranging between 0.00 and 0.05 eV, clearly well 
within experimental error.

Of additional interest is the comparison of the difference 
measured here between the primary and secondary thresh­
olds compared to values obtained from primary thresholds 
(Table III). Because the former are relative measurements, 
their uncertainties do not include the uncertainty in the ab­
solute energy scale and variations resulting from changes in 
the vibrational frequencies of the energized molecule and 
transition states largely cancel as well. Thus the precision of 
these values is somewhat higher than those of the primary 
thresholds where these contributions to the uncertainty are 
included. Excellent agreement is again found between these 
relative values and the primary TCID thresholds. Overall, the 
average deviations are 0.02±0.02 eV.

B. Higher order processes

The statistical modeling of the primary and secondary 
channels is sufficiently successful that it becomes worth ex­
ploring whether information about higher order processes 
might also be obtained. Conceptually, it should be possible to 
use the same methodology to determine the probability for 
the tertiary (P/)3) and higher order dissociations. However, 
the computational time required for calculating PD2 is al­
ready cumbersome for interactive analysis of the data, and 
that needed for calculating Pn3 would be prohibitive. In­
stead, it is possible that the relative thresholds of higher or­
der processes may provide useful information. As noted 
above, the relative thresholds for the primary and secondary 
processes are determined with higher precision than the ab­
solute thresholds of either process. Although the higher order 
processes do have thresholds shifted to higher energies 
(Table II), the statistical analysis of these channels should 
compensate for this effect between any two subsequent chan­
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TABLE IV. Optimized parameters o f Eq. (8 ) for sequential TCID of K+(NH3) t U =3 and 4) complexes with Xe: 
Higher order products. Uncertainties in parentheses. Uncertainties in reported as 2 a . Values in brackets arc 
the relative threshold values.

Reactant ion Product ion on n /?o <eV) E„ (TCID. eVl"

K+(NH,1, K+(NH,1 20.9(1.6) 0.60(0.10) 1.46(0.12) 1.33(0.08)
K+ 4.86(0.13) 2.24(0.08) 2.15(0.10)

[0.78(0.051] [0.82(0.071]
K+(N H , ) 4 K+(N H , ) 2 41.4(3.8) 0.64(0.10) 1.27(0.12) 1.10(0.081

K+(NH,1 14.8(0.5) 2 .0 0 (0 . 1 0 1 1.81(0.10)
[0.73(0.031] [0.71(0.061]

K+(N H , ) 4 K+(NH,1 15.0(1.7) 0.58(0.08) 2.21(0.171 1.81(0.10)
K+ 5.0(0.31 3,15(0,11) 2.63(0.12)

[0.94(0.131] [0.82(0.071]

'Experimental values calculated using TCID values in Table I.

nels. To test this, the thresholds for the secondary and tertiary 
reactions (14) were analyzed for ,v=3 and 4,

K+(NH3)A- + Xe ^  K+(NH3)A_2 + 2NH3 + Xe

— K+(NH3)A._3 + 3NH3 + Xe (14) 

as well as the still higher order process, reaction (15),

K+(NH3)4 + Xe ^  K+(NH3) + 3NH3 + Xe

K+ + 4NH3 + Xe. (15)

The results are shown in Fig. 2 where again the repro­
duction of both channels of the data can be seen to be excel­
lent over extended energy and magnitude ranges. The opti­
mized parameters used are given in Table IV. As expected, 
the absolute thresholds of both channels are shifted to higher 
energies than those predicted using the literature thermo­
chemistry in all three systems. However, the relative thresh­
olds for reactions (14) are found to be in good agreement 
with the expected values, certainly within the experimental 
uncertainty. In the case of the quaternary reaction (15), the 
relative threshold is somewhat high although still within the 
more sizeable uncertainty (largely the result of the more scat­
tered data). It is noteworthy that this procedure reduces the 
shift of —0.5 eV observed in the absolute thresholds to one 
in the relative thresholds of about 0.1 eV. Overall, it appears 
that the relative threshold energies of these higher order pro­
cesses can be successfully measured using this approach, al­
though judicious application to processes in which four or 
more ligands are lost is still called for. At the very least, such 
measurements can provide more accurate upper limits to 
these bond energies than are provided by direct measure­
ments of their absolute thresholds.

C. Scaling factors

One disappointing feature of this analysis is the need to 
introduce the scaling factor /  in order to tit the data. The 
need for this scaling factor is demonstrated in Fig. 3, which 
shows the results of calculations where no such scaling is 
included for the K+(NH3)4 system. Although the total cross 
section is reproduced accurately, the branching between the 
primary dissociation product, K+(NH3)3, and the remaining 
products is not adequately represented. Clearly, too much 
dissociation is predicted such that scaling the dissociation

probability Pn2 by a factor of about 0.5 is needed (see ratio 
of (j0 values in Table III). Indeed, the extent of dissociation is 
overestimated in all systems examined here. For the primary 
versus secondary dissociations, the scaling factors gradually 
increase as the complex gets larger [0.14, 0.42, 0.52, and 
0.73, respectively, for ,v= 2-5  (Table III)]. For the higher 
order processes, the scaling factors are 0.23 for ,v=3 and 
—0.35 for ,v=4 (Table IV), somewhat smaller than for the 
secondary processes.

It was checked that these scaling factors were not sensi­
tive to t | , the time available for dissociation. Neither did 
these scaling factors change if the locked-dipole potential 
was included in determining the position of the loose transi­
tion states.

The trends in these scaling factors might indicate that the 
disposition of energy is less statistical as the complexes get 
smaller, but it is hard to understand why the model repro­
duces the dependence on collision energy so accurately if 
this were the case. It is also possible that even though an 
octopole ion guide is used to efficiently collect all products,

Energy ( eV, Lab )

0 1 2 3 4 5

0. 0 0. 5 1.0 1.5 2. 0 2. 5 3.0

Energy ( eV, CM )

FIG. 3. Zero pressure extrapolated cross sections for collision-induced dis­
sociation o f K+( N H 3 I4  with Xe as a function o f kinetic energy in the center- 
of-mass frame (lower x  axis) and the laboratory frame (upper x  axis) taken 
from Ref. 56. Solid lines show the fit to the primary and secondary product 
cross sections using the model o f Eq. (8 ) with no scaling ( /=  1) convoluted 
over the neutral and ion kinetic and internal energy distributions. Dashed 
lines show the model cross sections in the absence of experimental kinetic 
energy broadening for reactions with an internal energy of 0  K.
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the higher order reaction products may not be collected as 
efficiently because there is more kinetic energy release as the 
extent of dissociation progresses. This would lead to second­
ary product cross sections that are smaller than predicted, as 
observed. However, the energy dependence of the total cross 
sections seems reasonable, such that it seems unlikely that 
this effect could account for all of the observed differences 
between experiment and the theoretical prediction. One 
likely factor that is not accurately included in the statistical 
model outlined here is rigorous angular momentum conser­
vation. In the treatment above, the most critical component 
of angular momentum conservation is considered by making 
sure that the 2D rotational energy of the TS couples with the 
orbital angular momentum of the primary products. Rota­
tional excitation of the ionic and neutral products is allowed 
for in a statistical sense, but angular momentum conservation 
could restrict the range of excitations allowed. It seems plau­
sible that the neglect of such factors could inhibit the disso­
ciation beyond the statistical treatment outlined here. Unfor­
tunately, a rigorous phase space analysis of such sequential 
dissociations is an especially challenging project. Rather, it is 
hoped that continued examination of the trends in this em­
pirical scaling parameter as additional studies are conducted 
will reveal its origins.

IV. CONCLUSIONS

Previously outlined statistical methods for analyzing the 
experimental results of kinetic energy dependent collision- 
induced dissociation (CID) experiments54'55 are extended to 
situations involving sequential dissociation processes. The 
present model starts with an empirical threshold function that 
has been modified to include statistical unimolecular rate 
theory for the estimation of the lifetime for dissociation. Be­
cause most CID studies of interest involve loose transition 
states, it is appropriate to use statistical assumptions to esti­
mate the disposal of the energy available to the products of 
the first dissociation, M+LA._1 + L. This leads to expressions 
for the energy distributions in the translational energy of the 
products, the internal energy in the neutral product L, and the 
internal energy in the ionic product M+L v_!. The latter is then 
used in the calculation of the sequential dissociation prob­
ability again using statistical unimolecular rate theory. This 
model is found to reproduce the energy dependent cross sec­
tions for the primary and secondary dissociation channels of 
K+(NH3)v, . t= 2 -5 ,56 over extended energy and magnitude 
ranges. Absolute threshold values obtained for the secondary 
process match those predicted from the sums of the appro­
priate primary thresholds in all four cases. The model can 
also be used to obtain reasonable thermodynamic informa­
tion for higher order dissociations by using information 
gleaned from the relative thresholds. In addition to the 
threshold energy for the secondary process, the excellent re­
production of the data and literature thermodynamic infor­
mation requires a scaling factor ( f ) for the secondary disso­
ciation probability (Poi)- Several possible explanations for 
this scaling factor are discussed, but continued investigations 
are needed to quantify its origin.
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