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Cluster lon Thermal Decomposition (Il): Master Equation Modeling in the Low-Pressure
Limit and Fall-Off Regions. Bond Energies for HSOs~(H2SO4)x(HNO3)y
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The thermal decomposition kinetics of a wide range of cluster ions in and near the low-pressure limit were
modeled with a master equation analysis based on an exponential up energy transfer model and an orbiting
transition state. Cluster ion bond energies and helium-cluster ion energy transfer parameters were derived.
Analysis of the temperature and pressure dependent decomposition kinetics of a set of clusters, for which
bond enthalpies have been measured, showed that the master equation approach reproduces the literature
bond energies to better than 1 kcal molThe helium-cluster ion energy transfer was found to be very efficient,
resembling the predictions of ergodic collision theory. On the basis of the results of the modeling of the
calibration clusters, the analysis was extended to derive bond energies for the important atmospheric cluster
ions of the form HSQ@ (H.SOy)(HNO3)y, ((x, y) = (15, 0), (0, +2), and (1, 1)).

Introduction pressure limit is not valid. A master equation analysis based on

. . , ) ... an exponential up energy transfer model and an orbiting
This paper describes master equation modeling of the kineticsy 5 \sition state fits the thermal decomposition kinetics of the

Or]:.thermsl decompgsitioln of clustehr ignls. Thf Pf(;me_“y gogls ?; cluster ions, and literature bond energies are reproduced to
this work were to develop a methodology for deriving bond \yithin about 1 keal mol. The master equation modeling shows

energies f.rom measurements of the kinetics of deqomposmonthat the He-cluster ion energy transfer is efficient and resembles
as a function of pressure and temperature, and to improve thepredictions of ergodic collision theory

understanding of intermolecular energy transfer and unimo-
lecular decomposition processes of cluster ions. There is pyperimental Section
considerable interest in the fundamental processes of intermo-

lecular energy transfer and unimolecular decomposition due to  The experimental apparatus and procedures used in the
their critical roles in chemical reactiofsé present work were the same as described in the preceding$aper,

In a recent papetthe analysis of the thermal decomposition and are not d|sgussed :elre' he di .
kinetics of cluster ions measured in a quadrupole ion trap in __Master Equation Modeling. The discrete master equation

the low-pressure limit was described. It is shown that the cluster describing thermal decomposition is giver'#y

ion bond energiek, are related to the low-pressure limit d[i] © "
decomposition activation energ by the simple relation:E, — =ZM] ZPij[i] — ZM][i] ZPji —knill (@)
= Eq + Uyp + 1.2kgT, whereUy;, is the average vibrational dt = = ‘

energy of the reactant at the mean temperafliandks is the wherezis the second-order collision rate constant for bath gas
Boltzmann constant. This expression is consistent with Tolman’s (M) + reactantp,, is the probability that a collision between

theoren§ that states that the activation energy for a reaction is the reactant and the bath as changes the internal eneray of the
the difference between the rate weighted average energy of thereactant from staté to stgatei an(?ku s the first-orggr
reacting moleculesg, — 1.2gT) and the average energy of § ’ !

e whole popaton Tre average energy of he reactng_ UTTOEL Seconesion e corsanor e olen
molecules is slightly less than the threshold energy because P

collisions that take molecules above the threshold energy areState and was calculated with the Langevin expression based

. . - - .“on an ion-ion induced dipole interaction appropriate for the
essentially reactive due to the efficient unimolecular decomposi- He bath qadl The first term on the riaht-hand side of eq 1
tion at all energies above threshold. gas: 9 q

._accounts for the increase in the population of sfatkie to
%ollisions with the bath gas that convert the other stpiato
statei. The second term describes the loss of population in state
i due to collisions that convert statéto the other states. The
last term is the unimolecular decomposition of stateading
to products. In the present work, the energy level structure of
the cluster ion was approximated by= 100 to 200 equally
spaced levels extending from the zero point energy of the
reactant to 1.42.5 times the bond energy, giving energy level
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of the decomposition kinetics of the cluster ions analyzed in
previous work? as well as for cluster ions of the form
HSQO,~(H2SOx)(HNOs)y described in the preceding pagdérhe
kinetics of the larger clusters HQQH>SOy)3 4 sare in the fall-

off region and the simple relationship between bond energy and
activation energy derived for the smaller cluster ions in the low-
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A variety of functions have been used to parametrize the i-1
energy transfer probabilitie ;.13 Experimental and theoretical ZP“(Ei =)
studies suggest that, at least for neutral systems, the energy E] _= ©)
transfer between the bath gas and the reactant is well described down i—1
by an exponential modét.In the present work, the probability iji
of energy transfer from staieto j, P;;, was modeled with an =

exponential up function o
The net average energy transferred is given by

P —C exp(ﬂ) P> 2) c
I i B = ij'i(Ej - E)
=
. : : Elhe=—""— 7
wherekE; is the energy of statg andp is the average energy ' ©
transferred in up collisions. Up collisions result in an increase ZF’H
in the internal energy of the reactant. The choice of an =

exponential up model as opposed to an exponential down model
is rationalized in the discussion section. The down probabilities
are given by detailed balance

Unimolecular decomposition rate coefficieridg; were calcu-
lated by using the RRKM expression

sNE,J)
—E kun(E.J) = ®)
T
P, = Pi'j—EBE j<i (©) wheres is the reaction symmetry facta¥(E,J) is the number
o(E) ex _ of open reaction channels at the transition state for a total energy
! ks T E and angular momentudy andp(E,J) is the density of states

of the reactant ion. Averaging over tledistribution of the
reactant yieldkn(E). The number of open reaction channels
N(E,J) were calculated by using an orbiting transition state as
described by Chesnavich and Bowé&t3he orbiting transition
state is located at the maximum of the long-range effective
potential. The semiclassical angular momentum state counts
> presented by Chesnavich and Bowernwere used with the
.ij,i =1 4) interpolation scheme given by Olzmann and Tt6Eor all of
1= the decomposition reactions, except B}O — CI~ + H20, it
was assumed that both products are spherical tops and the
A single normalization coefficient was used for all of the levels. geometric average rotational constants were UBegg (ABO3).
The normalization factor was chosen to properly normalize the Chesnavich and Boweéfshave shown that the errors associated
probabilities at the reaction threshold. The normalization schemewith this assumption are small. For the"@&LO reaction, the
described by Gilbert and Kid§ was not used, because it atom-sphere expressions were employed. All of the reactant ions
produced negative coefficient€f at the higher energies for ~ were treated as spherical tops and geometric mean rotational
the conditions of the present calculations (see e.g., ref 4). Theconstants were used. The semiclassical angular momentum state
normalization procedure employed in the present calculations Counts of Chesnavich and Bowétsire based on an iefion
is not strictly correct because eq 4 is not satisfied for all levels. iNduced dipole potential. However, all of the neutral reaction
However, the largest deviations occur at low and high energies produc_ts in the present study have permanent dipole moments.
well away from the threshold energy where they do not Following Bass and Bowerd the polarizabilities of the neutral

- . o products were scaled so that the Langevin-iam induced
significantly influence the kinetics. The states at low energy dipole rate constant equaled Su and Chesnavich's ion-polar
maintain a Boltzmann distribution during the reaction and do

. o o molecule rate constafi.Most of the neutral product dipole
not contribute significantly to the overall kinetics because they moments and polarizabilities were taken from standard soéirces.

are far below threshold. The states well above threshold have-l—he sulfuric acid dipole moment (2.73 D) is from the microwave

negligible population at steady state, particularly in the low- gpectroscopic study of Kuczkowski et #.and the HSO; and
pressure limit, and do not contribute significantly to the reactive HNO; polarizabilities (5.4 and 3.8 & respectively) are from

wherep(E) is the density of states of the reactant at endtgy
The coefficientC; are determined by the normalization condi-
tion

flux. Lippincott et al?®
The average energy transferred up and down per collision at Reactant and product vibrational states were counted using
energyE; are given by the following expressions the Beyer-Swinehart algorith#f with an energy grid size

typically at least 5 times smaller than the lowest vibrational
frequency. Vibrational frequencies were calculated ab initio at

- P (E —E the HF/6-31-G(d) level and scaled by a factor of 0.8Details
Z ji( j ) f th L . 7
%71 of the ab initio calculations are presented elsewti€re.
EL)ypy=———""— (5) The experimental kinetics were modeled with the master
' * equation formalism described above. Input to the model includes
Z Pii the reactant and product vibrational frequencies and rotational
j=I+1

constants, the bond energy, and the average energy transfer
parametei3. The master equation was integrated for reaction
and times up to 10 s, comparable to the experimental reaction times.
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TABLE 1: Best-Fit Master Equation Bond Energies and Energy Transfer Parameters for the Calibration Clusters

B lit.2 T pe Es AHC 208k
reaction (kcal molt) (K) (kcal mol) (kcal mol) (kcal mol)

H*(H0), — 17.1 342 1.13 17.1 17.3
H*(H20)s + H.0

H*(H20); — 20.4 430 1.22 19.8 20.2
H*(H20), + H.0

H*(CH;OH); — 22.8 358 1.60 21.9 21.6
H*(CHsOH), + CH:OH

H*(C-HsOH), — 32.4 506 1.80 31.4 31.3
H*C;HsOH + C;HsOH

H*(CHsCN), — 31.4 540 1.55 29.5 29.2
H*TCH3CN + CHsCN

H*((CH3).CO), — 488 1.70 31.7 31.3
H*(CHs)2CO + (CH3).,CO

NO; (HNO3), — 18.0 346 1.20 19.4 18.9
NO3; HNO3z + HNO3

CI"H,O0— 12.6 439 1.40 11.0 12.6
Cl= + H,O

2 Average literature value (refs 7 and 4BMedian reaction temperatureéOptimized master equation modeling parameters for an exponential
up model with average energy up 5, and bond energy E,.
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Figure 1. Arrhenius plots for the calibration clusters. Solid lines are Figure 2. Comparison of master equation derived bond energies and

master equation results using parameters listed in Tabie 1. SymbolSihg jiterature bond energies. The literature bond energies were derived
are as follows: solid circles: H*(Hz0)s, open circles= H*(H,0), from the experimental bond enthalpies listed in ref 46.
solid triangles= H*(CH3zOH)s, open triangles= H*(C;HsOH),, solid

squares= HT(CH;CN),, open squares= H*((CH;),CO), solid . L .
d?amonds= Né{(ﬁmo)z)z, eI\Ond opgn diamonds((CI’SILZZO. ) magnitudes and temperature variation are reproduced with the

model by using bond energies typically within 1 kcal rmobf
The cluster ion decomposition kinetics rapidly reached a steady-the literature values and with average energies up between about
state characterized by a single-exponential decay. The experi-1 and 2 kcal mol*. The bond energie, and average energies
mental kinetics were fit with a manual iterative scheme that upp are listed in Table 1. The derived bond energies are plotted
involved varying the bond energy and the energy transfer vs the literature values in Figure 2. The average absolute

parameter to a precision of less than 0.1 kcal Thol deviation (Eo(literature) — Eo(master equation) is 0.9 kcal
mol~! and the average deviatioe{(literature) — E,(master
Results and Discussion equation)) is 0.6 kcal mok.
Master Equation Calculations for the Calibration Clus- The agreement between derived bond energies and literature

ters. Master equation calculations were performed for the values was much poorer when a constant average energy down
decomposition reactions of the 8 cluster ions examined in the model was applied. The best fit bond energies for the fixed
previous study (Table 1). These cluster ions are referred to average energy down model were systematically about 2 kcal
collectively as the “calibration” clusters in the present work since Mol lower than the literature values, suggesting that the
there are previous measurements of their bond enthalpies. Allaverage energy down model does not accurately describe the
of the calibration ions had decomposition kinetics in or near energy transfer. This is consistent with the consensus that the
the low-pressure limit. In the low-pressure limit the unimolecular average energy transfer for highly excited molecules decreases
decompositionk,n) of the reactant is much faster than the bath with decreasing internal enerd$2° In recent detailed studies
gas-reactant energy transfez[ie]), and the overall decom-  of the energy transfer of highly excited aromatic compounds,
position kinetics are sensitive mostly to the reaction threshold Luther and co-worked find that the energy transfer is well
energy and the efficiency of the energy transfer. described by an exponential model with an average energy down

The temperature dependencies of the calibration clusterthat decreases approximately linearly with decreasing internal
second order decomposition rate coefficients and the masterenergy. The following discussion shows that the exponential
equation modeled results are plotted in Figure 1. The subtle model described by Luther and co-workers is similar to the
curvature in the temperature dependence of the decompositionexponential constant average energy up model used in the
rate constants is reproduced by the calculations. The absolutepresent study.
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Figure 3. H"(H,O); energy transfer probabilities for the exponential  rigre 5. pressure dependence of the first-order rate coefficient for

up model g = 1.22 kcal mot! andE, = 19.8 kcal mot?, solid lines) H*(H.0): decompositi ;
. e : position as a function of temperature. The temperatures
and for ergodic collision theory (dashed lines) at 445 K. The energy 4o 3269, 399, 415, 445, 464, and 491 K. FS)ymboIs are expgrimental

level spacing is 0.28 kcal mol. data from ref 7. The solid lines are master equation calculations with
E, = 19.8 kcal mot! and3 = 1.22 kcal mot™.
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transfer probabilities shown in Figure 3 for the exponential up model

(solid lines) and ergodic collision theory (dashed lines). Figure 6. Calculated H(H,O); internal energy distributions as a

function of time. Reaction times are indicated above the curves. The
i . initial conditions are a 1000 K Boltzmann distribution with*iéns.
Energy transfer probabilities for H{H.O); calculated with The dashed vertical line marks the reaction threshold. The energy level
the exponential up model and optimized master equation spacing is 0.28 kcal mot. The conditions ard = 445 K, E, = 19.8
parameters (Table 1) are shown in Figure 3. The correspondingkcal mol?, g = 1.22 kcal mot?, and [He]= 3 x 10" molecule cm?.
average energies transferred (net, up, and down) are plotted in
Figure 4. It is apparent that for the exponential up model, the (solid lines), based on exponential up energy transfer, reproduces
net average energy transferred and the average energy transoth the pressure and temperature variations. The calculated
ferred down are approximately linear functions of energy with populations of energy states for'H,O); as a function of time
slight curvature, similar to the general conclusions from direct are shown in Figure 6 for the optimized average energy up
energy transfer studies by Luther and co-workérghe roll- and bond energ¥,, at 445 K and [Hel= 3 x 10 molecule
over at the highest energies is due to the fact that energy transfecm™2. The unimolecular decomposition rate coefficiekgs-
is not allowed to populate states above about 28 kcal-inol  (E) for the same conditions are plotted in Figure 7. A 1000 K
the highest energy considered in the model. Boltzmann distribution was chosen as the starting point for the
The exponential up model is consistent with physical insight. H*(H-0O); master equation calculations to crudely account for
The source of the energy for the upward transitions is the relative heating of the ions during the trapping process. lons are drawn
collision energy. The relative collision energy is a function of into the trap with small potentials<G V), and the resulting
the bath temperature and not a function of the internal energy kinetic energy must be dissipated to achieve trapping. The
of the reactant molecule. Therefore, it is reasonable that the energy is dissipated in collisions that lead initially to an increase
average energy up is approximately independent of the internalin the internal energy of the trapped ions. The master equation
energy of the reactant. Conversely, in downward transitions, calculations show that the initial energy distribution does
energy is transferred from the reactant to the bath gas, and it isinfluence the rapid transient relaxation, but this transient decays
likely that reactants with higher internal energy transfer more on atime scale that is typically much shorter than the time scale
energy to the bath gas per collision. In the present work, the of the thermal decomposition.
exponential average energy up model was employed because it The H"(H20)s unimolecular decomposition rate coefficients

is physically realistic, it has only one parametgy, @nd it fits (kunj) are much larger than the energy transfer rate constants,
the data. even close to threshold. This makes the decomposition kinetics
The previous measuremehts the variation of the Fi(H,O)s sensitive mainly to the rate of energy transfer, which is

first-order decomposition rate coefficients as a function of He dependent on the bath gas pressure, and leads to low-pressure-
concentration are shown in Figure 5. The master equation modellimit behavior. The large decomposition rate coefficients at
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Figure 9. H*(CHsCN); first-order decomposition rate coefficients vs

decomposition rate constants. The solid lines are the energy distributions[He] and temperature. Solid lines are master equation calculations for

plotted as the ratio to a 445 K Boltzmann distributiornt at 0. The

E, = 29.5 kcal mot?, = 1.55 kcal mot?, and the orbiting limit

dashed vertical line marks the reaction threshold. The dashed curve isdecomposition rate constants. The dashed lines ar&.fer 28.7 kcal

kuni(E). Conditions and data are the same as in Figure 6.
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Figure 8. Calculated temporal variation of the number of(H,0)s
ions for the same conditions as in Figure 6. The line is an exponential
fit fort > 0.005 s.

threshold are mostly a result of the relatively low density of
states of H(HO); (1.8 x 10 states kcal'! mol atE, = 19.8
kcal mol! and @p(Eo))~t = 580 sY). The first-order ion-He
collision rate coefficientsz{He]) are about 2« 10* s~1 for [He]

= 3 x 10" molecule cm?. In less than 4 ms the initial H

mol~! and 8 = 1.54 kcal mof! with one tenth the orbiting limit
decomposition rate coefficients. The temperatures are 487, 513, 534,
559, 577, and 594 K (bottom to top).

The calculated second-order rate coefficients for thermal
decomposition of Fi(H,O); varied by less than 2% when the
number of energy increments in the master equation calculation
was increased from 100 to 200 (energy increments of 0.28 and
0.14 kcal mot?, respectively). The best fit H{H,O); bond
energy was somewhat sensitive to the factor used to scale the
ab initio vibrational frequencies of the reactant and products.
The best-fit bond energies varied as 20.0, 19.8, and 19.2 for
scale factors of 0.79, 0.89, and 1.0, respectively. The corre-
sponding best-fit average energy @igvas relatively insensitive
to the vibrational scale factor, increasing from 1.1 to 1.2 for
scale factors of 0.79 and 1.0, respectively.

In the previous study of the calibration clustédimear fits
to the first-order decomposition rate coefficients vs [He] plots
had small positive intercepts. The data fof(BHsCN), and
H*(C,HsOH), had the largest intercepts. The"(€H;CN),
measurements were repeated in the present work with an
extended [He] range to better resolve possible curvature that
may have contributed to the intercepts. The new experimental
data and master equation calculations are shown in Figure 9.

(H20)s 1000 K distribution evolves to resemble the ambient The new results are slightly curved and do go through the origin.
445 K distribution, that then decays exponentially (Figure 8) The curvature is reproduced by the master equation model, and
due to decomposition. The shift from the initial 1000 K the second-order rate coefficients and activation energy agree
distribution to the steady state approximate 445 K distribution well with the previous measuremeritkinear fits of the nevk
is accompanied by a significant decrease in ion concentrationdata (Figure 9) over a range of [He] similar to that used in the
due to very rapid decomposition of ions with energies initially previous study give significant positive intercepts, e.g., 07 s
above the threshold. The energy level populations are plottedat the highest temperature. These are comparable to the
as the ratio to a 445 K equilibrium populationtat 0 in Figure intercepts observed in the previous study.
7. This figure clearly shows that at energies below the threshold, The new H(CHs;CN), data were also fit with the master
the populations closely maintain a 445 K Boltzmann profile equation model using decomposition rate coefficients that were
during reaction. In contrast, the energy level populations near 10 times smaller than the orbiting limit to test the sensitivity of
and above threshold are significantly depleted due to the efficient the overall kinetics to the unimolecular rate constdgts The
unimolecular decomposition. This general scenario is charac-results are plotted as dashed lines in Figure 9. Smaller
teristic of the low-pressure limit. unimolecular rate coefficients increase the curvaturd! ias
Goeringer and McLucké§ modeled the collisional relaxation  [He] because they shift the overall kinetics away from the low-
of internally excited high mass ions>{kDa) held in a pressure limit toward the fall-off region. The temperature
quadrupole ion trap. They simulated the energy transfer with dependence is reproduced well, even with the reduced decom-
both a random walk model based on an exponential model with position rate constants. However, the bond energy required to
small steps, and with a diffusion model that assumed that thefit the data is 1 kcal moft smaller when the reduced
He atom and the ion thermally equilibrated during the collision. decomposition rate constants are employed. ThECH3CN),
They predict that polypeptide ions cool from 450 to 300 K in kinetics are fit best with the full orbiting decomposition rate
less than 10 ms in 1 mTorr of He. The results from the present coefficients, but rate coefficients as small as 0.1 times the
study support their more efficient energy transfer model. orbiting limit probably cannot be ruled out.
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TABLE 2: HSO 4 (H2SOu)x(HNO3), Measurement Conditions and Master Equation Results

Tavg Ea(Tavg)b Uvib(-ravg)C Eod ﬁe AHOZQSK
reaction (K) (kcal mol?) (kcal mol) (kcal molt) (kcal mol?) (kcal molt)

HSO, H,SO, — 576 26.5 155 41.2 2.00 41.8
HSO,~ + H.SO,

HSQ,~(H2SQy), — 434 10.8 16.8 27.6 1.29 27.4
HSO, H,SO, + H,SOy

HSQO, (HSOy)3 — 348 11.3 16.6 24.0 0.88 23.8
HSQOy~(H2S0y)2 + HaSOy

HSOy (H2SO)s — 324 9.0 19.3 21.8 0.74 21.6
HSQO,~(H2S0y)3 + HaSO

HSQO, (HSOQy)s — 319 5.8 23.2 20.5 0.68 20.4
HSQO,™(H2S0y)4 + HaSOy

HSO, " HNO3; — 478 16.7 9.4 27.4 1.59 27.4
HSO,~+ HNO;

HSQO, (HNO3), — 323 8.5 8.4 175 1.00 17.0
HSO,"HNO; + HNO3

HSQO, H,SOHNO; — 323 7.4 9.1 16.7 0.67 16.1

HSO, H,SO, + HNO3

2 Molecular parameters for the most stable ab initio structusese used in the master equation calculatidnictivation energy derived from
low pressure ([Hek 5 x 10 molecule cm®) kinetics.© Vibrational energy of reactant iofi Best fit bond energy derived from the master equation
calculations? Best fit energy transfer parameter derived from the master equation calculations.
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Figure 10. Arrhenius plots for decomposition of HS@H,SQy)(HNOg)y.

The points are experimental data and the lines were calculated with 30
the master equation analysis and parameters listed in Table 2.
Nomenclature is as follows: X= HSQy~, SA = H,SOy, NA = HNO3,

i.e., X-SANA = HSO; H;SO;HNO:s.

20
Master Equation Calculations for HSOs (H2SOu)x(HNO3)y. -
The decomposition kinetics of HSQH2SOy)1 2 HSO, -
(HNOg3)1,2, and HSQ H,SO,HNO; are in or near the low
pressure limit, similar to the calibration clusters described above.
These kinetics are characterized by linear or only slightly curved
K' vs [He] data and adherence to the simple relation&lig

Uvib + Ea + 1.2kgT. The larger sulfuric clusters, HSQH,- ol
SQOy)3 4,5 have kinetics in the fall-off regime with curved vs 0.0 05
[He] plots, and optimized master equation bond energies that He (10" molecule cm™)

are considerably smaller than predictedty= Uy, + Ea + Figure 11. First-order rate coefficients for decomposition of
1.gT. The temperature dependencies of the second-orderHSQO,~(H,SQs)2345as a function of [He] and temperature. The low-
decomposition rate constants are plotted in Figure 10. For thepressure portion of the data in (a) is expanded in (b). Lines are master
HSO, (H2S04)3.45 clusters, that have kinetics in the fall-off _equation results for th_e pa_rameters listed in Table 2. The nomenclature
regime, the second order rate coefficients were derived from 'S the same as used in Figure 10.

linear fits to the lowest pressure data, typically with [Heb equation model results. The master equation model reproduces
x 102 molecule cm®. Note that even at these low pressures both the pressure and temperature dependencies. The modeled
the kinetics are not in the low-pressure limit. This analysis is temporal evolution of the energy level distributions of
used because the Arrhenius plot is a useful way to visualize HSO;~(H,SOy)4 at 314 K with [He]= 3 x 103 molecule cm3

the temperature dependence of the data. The solid lines in Figures shown in Figure 12. The simulation was initiated with a 300
10 are the master equation thermal decomposition rate coef-K Boltzmann distribution to avoid large immediate ion losses
ficients calculated using the parameters listed in Table 2. that would have been observed with higher starting temperatures.
Samples of the pressure dependencies of the first-order decomAs discussed above, the steady-state decomposition kinetics are
position rate coefficients for HSO(H,SOs),—5 cluster ions in independent of the starting distribution. Similar to'(H.O)s

the fall-off region are shown in Figure 11 along with the master (Figures 6 and 7), the HSQ(H,SOy)4 populations of the energy
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Figure_ 12. Calculate'd (jecgmposition rate constants an_d t_emporal Figure 13. Energy transfer probabilities for HSGQ{H,SQy), calculated
evolution of energy distributions for HSQH,SQy)s. The solid lines with ergodic collision theory (dashed lines) and the exponential up

are the energy distributions plotted as the ratio to a 314 K Boltzmann o4e (solid lines) with optimized parameters (Table 2) at 326 K. The
distribution att = 0, for a series of reaction times. The initial distribution energy level spacing is 0.44 kcal mal

is a 300 K Boltzmann. The dashed vertical line marks the reaction
threshold. The dashed curvekisi(E). Master equation parameters are  state counts. ECT probabilities fort¥H,0); are plotted in
Eo = 21.8 keal mot', = 0.74 kcal mot”, [He] = 3 x 10 molecule  Figyre 3 along with the probabilities for the best fit exponential
cm, andT = 314 K. up model at 445 K. Average energies transferred (egs 5, 6, and
levels below threshold rapidly reach a steady state that resembled) are plotted in Figure 4. It is interesting that ergodic collision
the ambient Boltzmann distribution. In contrast td(H2O)s, theory predicts average energies up that are comparable to those
the HSQ~(H,SOy)4 unimolecular decomposition is slow relative  found in the present work, and that are also independent of the
to the energy transfer at the reaction threshold, and at steadyinternal energy of the ion. However, the optimized exponential
state there is significant population of states up to about 30 kcal up model gives more efficient downward energy transfer, with
mol~2, roughly 8 kcal mat! above the reaction threshold. The average energies down about 50% larger than the ECT results.
slow decomposition kinetics at threshold are due to the high The H"(H,0); kinetic data set could not be fit employing the
reactant state densityp(E,) = 1 x 10°C states kcall mol; ECT energy transfer probabilities. The second-ordefHi0)s
(hp(Ey)) ™t =1 x 10717 s71). Above about 30 kcal mot there decomposition rate coefficient at 445 K is reproduced with a
is significant depletion of population relative to the Boltzmann master equation calculation using ECT energy transfer prob-
distribution because unimolecular decomposition competes abilities andg, = 19.5 kcal mof?, which is comparable to the
effectively with energy transfer. This scenario, where there is best fit value employing the exponential up model (19.8 kcal
some steady-state population above threshold, but not a completenol™1), but the ECT based master equation calculation over-
Boltzmann distribution, is characteristic of systems in the fall- estimates the activation energi,(= 13.5 kcal mot?! vs the
off region. It is interesting to note that at the pressures examinedexperimental value of 11.9 kcal md).
in the present work ([Hep 1 x 102 molecule cm?3) the In contrast to H(H,0)s, the HSQ~(H.SOy)4 decomposition
HSO,~(H2S0Oy)4 decomposition kinetics are far removed from  kinetics are reproduced very well with a master equation
the low-pressure limit. Low-pressure limit kinetics obtain when calculation based on ECT energy transfer probabilities. The
decomposition at threshold is more efficient than energy transfer. optimized bond energy for the ECT based calculation is 22.0
For HSQ~(H,SQy)4 the unimolecular decomposition at thresh-  kcal mol® which is similar to the best-fit value derived with
old (kuni(Eo) ~10°7 s71) is comparable to the He collision the exponential up modeE§ = 21.8 kcal mot?). ECT energy
frequency when [Hek 200 molecule cmd, transfer probabilities for HSO(H,SOy), are similar to the
The slow decomposition of HSO(H,SOr)4 at thresholds, probabilities from the exponential up model (Figure 13). The
relative to energy transfer shifts the effective reaction threshold average energy up for the ECT probabilities at 326 K is about

from the bond energl,= 22 kcal mot to about 30 kcal mott 0.8 kcal mot? (Figure 14) and independent of internal energy
in 1 mTorr of He. In this case, the simple relationship given by (0—35 kcal mot1). This is close to the value required to fit the
Tolman’s theorem can be expressedas: E; + Uyip + akgT, kinetics using the exponential up energy transfer moflet(
wherekE; is the effective reaction threshold. Usiag= 1.2, as 0.74 kcal mot?). ECT net and down average energies trans-
with the calibration clusteréa value ofE; = 29.4 kcal mot? ferred are also very similar to the best-fit exponential up results
is derived for HS@ (H2SQy)4 (Uyip = 19.3 kcal mot?, B, = (Figure 14).

9.0 kcal motl, T = 324 K), consistent with Figure 12. This The optimized average energies fiffor the exponential up
suggests that the bond energy may be extracted from measuremodel (Table 1) are plotted vs average reaction temperature for
ments of the decomposition activation energy for systems in all of the cluster ions in Figure 15. Note that in the master
the fall-off region by applying Tolman's theorem, if the equation modelg for each cluster is a constant, and does not
unimolecular rate coefficients can be calculated. vary with reaction temperature. The average energies up are
Comparison of Energy Transfer Probabilities with Er- correlated with the average reaction temperature, and a least-
godic Collision Theory. The ergodic collision theory (ECT)  squares fit forced through the origin giveés= 1.6ksT. Average
described by Nordholm et &. provides a useful benchmark energies up for the ECT energy transfer probabilities at the
for comparison of the energy transfer probabilities. Ergodic average temperatures are also plotted in Figure 15. Despite a
collision theory yields energy transfer probabilities for the limit wide variety of state densities, all of the ECT average energies
of statistical energy transfer. In the present work, ECT prob- up fall closely on a line given by 1.R4T. The ECT average
abilities were calculated using the expressions of Nordholm et energies up for the individual clusters also vary with temperature
al.?® with cluster ion densities of states calculated from direct roughly as 1.RsT. However, fitting the decomposition kinetics
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Figure 14. Average energy transfer for the probabilities in Figure 13.
Solid lines are for the exponential model and dashed lines are for
ergodic collision theory.

for several of the calibration clusters{fH,0)s, H"(H.0)s, and
H*(C,HsOH),) using8 = cksT with ¢ as a variable, yields bond
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for He to the quenching rate constant for (4, of about
0.3. It is difficult to extract the average energy transferred per
collision from this number without detailed modeling. Chang
and Golde® have also analyzed low-pressure association
kinetics, and derived weak collision efficiencies, defined as the
ratio of the observed decomposition rate constant to the strong
collision rate constant. The strong collision rate constant is the
low-pressure limit rate constant calculated by assuming that the
reactant maintains a Boltzmann distribution and that each
collision of the bath gas with molecules having energies above
the threshold energy leads to reaction. Chang and Golden
concluded that for small complexes the collision efficiency is
close to unity (strong collisions), and for larger complexes e.g.,
(CeHe) ™2 the collision efficiencies for Helium are on the order
of 0.01. These numbers are somewhat smaller than the He
collision efficiencies (0.1+1) measured for the calibration cluster
ions’ reexamined in the present work.

Gilbert and McEwa#f? modeled the pressure dependence of
the termolecular association reaction £H+ HCN + He —
C,H4NT + He with a master equation analysis based on RRKM

energies that are systematically lower than the literature valuestheory and parametrized energy transfer probabilities. They

by 2 kcal mof™. Interestingly, even though the bond energies
are probably too small, the best-fit values ofre all in the
range 1.0+ 0.2, consistent with ergodic collision theory.

concluded that the average energy transferred down is about 2
kcal mol! for the excited CHNCH*' complex. Smith et at?
reexamined this system with an angular momentum conserved

In general, the cluster ion-He energy transfer appears to beMaster equation analysis and concluded that the average

similar to the statistical limit given by ergodic collision theory.

rotational and internal energy transferred down are both about

This contrasts the situation for energy transfer between neutral0-4 kcal mot™.

collision partners, where typically the average energy transferred

is less than 10% of the statistical linift.The efficient energy
transfer in ior-molecule systems is consistent with the strong

It is difficult to make direct comparisons between the energy
transfer results of the present study and previous work because
the ions and the conditions are different. The results of the

electrostatic interaction between the ion and the bath gas thatpresent study suggest that the average energy up is a function

leads to long-lived collision complexes.

Comparison with Previous Studies of lor-Molecule
Energy Transfer. Efficient ion—molecule energy transfer has
also been reported by Marzluff et&lwho studied the collision-
induced decomposition of deprotonated peptides in an ion

of temperature and roughly independent of the nature of the
ion and the ion internal energy, at least for relatively large cluster
ions. The net average energy transfer, which is probed in the
direct excitation experiments and via association kinetics, is a
function of the nature of the ion, the ion energy, and the

cyclotron mass spectrometer. From measured decompositiontemperature. For H{H20); and HSQ™(H2S0y)4 (Figures 4 and

kinetics, they estimated that roughly 50% of the 1.25 eV
collision energy is transferred in collisions betweenaxd gly

gly ile. They also performed trajectory calculations for the same
system that yielded comparable efficiencies.

Meroueh and Hagé calculated classical trajectories for the
collisional activation of peptide ions. They reported that 40%
to 75% of the collision energy (201000 kcal mot?) is
transferred to the ion in head on collisions. They noted that the
efficiencies at low energy are consistent with a statistical model.

Collisional deactivation of excited ions has been studied by
direct laser excitation and with measurements of the kinetics
of termolecular reactions. Barfknecht and Braufiaeported
that He removes about 0.3 kcal méper collision from highly
excited bromo-3-(trifluoromethyl)-benzene ion prepared with
an internal energy of 55 kcal mdl Ahmed and Dunb&f
measured the collisional relaxation of benzene ions with the

14), the present work suggests that the net average energies
transferred per collision are e.g-3 and—0.4 kcal moi? for
internal energies of 25 and 40 kcal mylrespectively. These
numbers are comparable to the results listed above from previous
studies of other ions. The general conclusions from the previous
studies!32that energy transfer to large bio-ions is efficient, is
entirely consistent with the conclusions of the present study.

HSO,~(H2SO4)x(HNO3)y Bond Enthalpies.Bond enthalpies
at 298 K for the HS@ (H>SOy)x(HNOg)y clusters are listed in
Table 2. The bond enthalpies were calculated from the bond
energies by using standard formufawith the scaled ab initio
harmonic vibrational frequenci@d he nitric acid bond energies
are in good agreement-0Q.7 kcal mot™) with those derived in
the previous pap@using the simple expressids, = Uyip +
Es+ 1.2&gT. The HSQ™H,SO, bond enthalpy is in reasonable
agreement with Evleth’'s MP2/6-31G* ab initio value of 47

technique of chopped laser two photon photodissociation. They kcal mol! 42 and his estimated lower limit of 40 kcal mal

reported net energy removal per collision of about 0.3 kcal
mol~1 for an ion internal energy of 59 kcal mdland a helium
collision partner. This value is slightly lower than the net energy
removal they measured for bromobenzene ions (0.7 kcal
mol~1).35

Cates and Bowetreported collision stabilization efficiencies
for excited H ((CHs)3N)2 based on measurements of the kinetics
for the association reaction (GHANH™ + (CHz)sN + M —
H*((CH3)3sN)2 + M at low pressure. They measured efficiencies
for M=He, defined as the ratio of the quenching rate constant

HSO, H,SO, is unusually strongly bound, consistent with its
ability to form three favorable hydrogen bort§.Arnold and
co-workerd2=44 have reported estimates for bond enthalpies of
some HSQ@ (H.SOy)x(HNO3)y clusters based on atmospheric
ion measurements. They converted cluster ion signal intensities
to Gibbs free energy changes for the clustering reactions by
assuming that the ions were in equilibrium and deriving the
gas-phase concentrations 0630, and HNG; from the ion
distributions. Qiu and Arnoft extended this type of analysis,
and derivedAH® and AS’ from the change in the Gibbs free
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TABLE 3: Summary of HSO 4~ (H2SO4)x(HNO3), Bond Enthalpies Derived from Atmospheric lon Measurements

AG°t T AS’ 982 AH°P
reaction (kcal molt) (K) ref (cal molt K1) (kcal molt)
HSO; (H2SQy), — >15.8 250 ref 42 35.8 >24.8
HSO, " H,SOs + HaSOy
HSO,~(H.SQy)s — 14 233 ref 43 36.7 22.6
HSOy (H2SOy)2 + HoSOy 14.6 250 ref 42 23.8
14.7 246 ref 44 23.7
HSOy (H2SOy)s — 13 233 ref 43 37.1 21.6
HSOy (H2SOy)3 + HoSOy 13 246 ref 44 221
HSO, (H2SOy)s — 13 233 ref 43 36.2 21.4
HSQO,~(H2SOy)4 + HoSO
HSO,~(HNO3), — 11.2 233 ref 43 26.5 17.4

HSQ,; (HNOs) + HNO;
a Calculated from the ab initio entropies reported in the previous paper (reiA®)° = AG°® + TAS'.

25 at the HF/6-3%#G(d) level. Direct harmonic state counts were
employed. Variable parameters included the bond energy and
the average energy transferred in up collisions. The best-fit bond
energies from the master equation model reproduced the
literature bond energies to better than 1 kcal ThoThe helium-
cluster ion energy transfer is very efficient, resembling the
predictions of ergodic collision theory, with average energies
up ranging from about 0.5 to 2 kcal mdlper collision. The
master equation analysis was extended to derive bond energies
for cluster ions of the form HSO(H,SO)x(HNOs)y, some of
which have kinetics in the fall-off region. The HG@H,SOy)x-
0.0 ' . ' ' ' (HNOs), bond energies are important for understanding the
300 350 400 450 500 550 600 chemical composition of atmospheric cluster ions, and for the
average temperature (K) prediction of ion induced nucleation rates.
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Figure 15. Temperature dependence of the average energy up for the
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