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Rate coefficients for the thermal decomposition of(H;O)s 4, Ht(CH3;OH)s, HT(C:HsOH),, H(CHZCN)y,
H*((CH3)>,CO), NO3;~(HNO3); 5, and CIH,0O are measured as a function of temperature in a quadrupole ion
trap over the pressure range 62 mTorr of He. The kinetics are in the low pressure limit and the

decomposition activation energies are significantly less than the bond energies. The difference between the
bond energy and the activation energy is reproduced by theory. The vibrational frequencies of the cluster

ions necessary for the theoretical treatment of the dissociation rate constants are cadtulated at the

HF/6-31G* level. This work demonstrates that cluster ion bond energies may be determined accurately from

activation energies for dissociation at the low-pressure limit. The measurements also yield fundamental
information about the intermolecular energy transfer between the helium buffer gas and the cluster ions.

Introduction bradykinin ions in a quadrupole trap. They demonstrated that
The thermochemistry of cluster ions is fundamental to the the kinetics were independent of the He bath gas pressure

understanding of a variety of phenomena, such as homogeneougqmci'rming that the k_inetics were in the high pressure limit. In
gas-phase nucleation, the solvation of ions in liquids, and this case the activation energy corresponds closely to the bond

atmospheric chemistry. lon thermodynamics have been derived®Ner9y: The Arrhenius parameters and produ_ct_yield_s agr_ee_well
from a variety of measurements. Measurements of equilibrium with the resullt(;s from blackbody induced radiative dissociation
constants as a function of temperature have provided aexpenment§: .
significant amount of thermodynamic information for cluster ~ In the present study, the temperature dependencies of rate
ions (see, e.g., ref 1). Bracketing techniques, in which the constants for decomposition of a variety of small cluster ions
reactivity of an ion is measured with a set of compounds with aré measured in a quadrupole ion trap in the presence of He
known properties, e.g., proton affinity, gas-phase acidity, etc., buffer gas. The dissociation kinetics are in the low pressure
also yield accurate thermodynamic data (see, e.g., ref 2). Bondlimit and the activation energies are significantly less than the
energies are also derived from tandem mass spectrometric?ond energy. It is shown that the activation energies for
measurements of the threshold for collision induced dissociation decomposition are well predicted by theory, given the thermo-
(see, e.g., ref 3). Recently, the temperature dependence of thélynamics for ion decomposition. Hence, ion bond energies can
kinetics of ion dissociation induced by blackbody radiation in Pe derived accurately from measurements of the low-pressure
ion cyclotron resonance (ICR) traps has been exploited to derivelimit activation energies. These measurements also yield
thermodynamics of cluster ions and large biomolecular fons. fundamental information abo_ut intermolecular energy transfer
Schemes employing the radio frequency quadrupole ion trap toPetween He and the cluster ions.

measure ion thermodynamics are just now being explored. Hart

and McLuckey and Colorado and Brodb&lhave shown that ~ Experimental Section

the thresholds for the decomposition of ions resonantly excited ) o

in an ion trap correlate with bond energies. Recently, Asano et 1he apparatus used in the present study is similar to that
al” measured the temperature dependence of the rate constarflescribed previousl. For the present study the ion trap was
for decomposition of ions derived from leucine enkephalin in €quipped with heaters to control the trap temperature between
an ion trap. They showed that the rate constant for decomposi-about 30 and 308C. The ion trap was housed in an aluminum
tion was independent of the trapping voltage, confirming that box about 10% larger than the trap. The box consisted of two
the ion internal temperature is essentially equivalent to the isolated and nested halves, each half was attached to an
temperature of the He buffer gas. They reported activation individual t_end cap of the ion trap. Cartrldge_heaters_ were
energies for the ion decomposition reactions that were statisti- @mbedded in each half of the box. Five small platinum resistance
cally different from the zero pressure blackbody results from temperature detectors (RTD) encapsulated in ceramic were used
Schnier et af They postulated that the kinetics were not in the 0 monitor the temperature of the ring electrode, each end cap,
high-pressure limit in the quadrupole ion trap experiments. and the two halves of the aluminum box. The ring RTD was
Butcher et aP recently reported the Arrhenius parameters for potted into a hole in the side of the ring electrode with ceramic

the thermal dissociation of singly, doubly, and triply charged ©€POXy. The end cap RTDs were clamped to the end caps close
to the apertures on the exterior stainless steel surface. The

T Part of the special issue “C. Bradley Moore Festschrift.” temperatures of the end caps were maintained1oK with
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temperature controllers reading the RTDs clamped to the 15

aluminum box halves. The surface area of the interior of the

aluminum box and the trap electrodes was significantly larger

than the area of the apertures in the box and electrodes 10 |

(approximately 50 times). Therefore, He atoms inside the trap

had many collisions with the heated metal surfaces during their

residence time in the trap, and the He in the trapping region 5

was at the temperature of the trap electrodes. At steady state,

the ring electrode was slightly warmer than the surface tem-

perature of the end caps on the outside of the trap. The difference ol . To%db o0 o' M E‘ ,

varied from about £C at 50°C to about 5°C at 300°C. The 0.0 0.2 0.4 0.6 0.8 10

reaction temperature was taken as the average of the ring and 4z

end cap temperatures. The RTDs were accurate°l© 4t the . . . - .

temperature of ice water and boiling water, Figure 1. First-order decom_pos_mon rate coefficients as afunctlon of

the trapping parameteg. Solid circles are Fi(H,O), at 307 K in 1.56

Cluster ions were generated in the external ion molecule mTorr of He. Open circles are™(CHs),CO), at 437 K in 1.24 mTorr

reactor by adding reagent gases downstream of the filamentof He. Filled triangles are NO(HNO;3), at 310 K in 1.00 mTorr of

electron source. High purity He (99.999%) was added directly He.

to the trap chamber to control the chamber pressure. The

pressure in the trap chamber due to the ion molecule reactor

flow was typically less than 0.05 mTorr. The cluster ions were

sampled from the end of the reactor through a Ni orifice (0.25

mm dia.) and focused into the ion trap with three electrostatic

lenses. lons were accumulated for 5 to 20 ms and isolated with

a notched filtered noise field. The ions reacted for a variable

delay time (20 to 10000 ms), and then were scanned out of the

trap with a mass instability scan and axial modulation at 440

kHz. Product ions were also monitored. Typically, the signals

from 10 trap-react-scan sequences were averaged for each delay 10 4 . ,

time. The pseudo-first-order rate coefficient for ion decomposi- 0 500 o 1000 1500

tion was derived from the exponential decay of the ion signal reaction time (ms)

versus trap residence time, and was measured as a function ofigure 2. Both H"(H,O)s (open circles) and HH-O0): (filled circles)

the ion trap pressure from about 0.2 to 2 mTorr. The second- signa!s as a function of reaction Fime at 399 K in 1.91 mTorr of He.

order decomposition rate coefficients were determined from the The lines are bOthl calculated with a first-order decomposition rate

slope of the pseudo first-order rate constants versus Hecoe}&ncIent of 1.6 s*

;ofﬂiigg?tgfniristignmdr;g:gﬁ;r;ate coefficients were measured here the subscripts .“man" and “trap” refer to the manometer

) and the trap, respectively.

For the present trap configuration, the dimensionless trapping |t follows that the concentration of He (molecules Tnin
parametei, is given by? the ion trap is given by
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whereV,-, is the peak to peak RF voltage on the ring electrode o o )
and m is the ion mass in amu. The fundamental oscillation Where the pressure is in Torr and the temperature is in Kelvin.
frequency of a trapped ion scales with and ions are unstable
in the axial direction ) for g, > 0.908. The influence of the
trapping field on the internal energy of the cluster ions was  The variations of the first-order rate coefficients for the
examined by measuring the pseudo first-order rate coefficients decomposition of Fi(H,0)s, HT((CH3),CO),, and NQ~(HNOs),
for ion decomposition as a function of the trapping voltage (i.e., as a function of the trapping parametgrare shown in Figure
0;). These measurements were performed at a fixed reaction1. As an example of the activation energy measurements, data
temperature on the low end of the temperature range where thefor the reaction Fi(H,0); — H*(H,0), + H,0 are presented.
kinetics should be most sensitive to energy added by the trappingThe variation of the signals of HH,O)z and H(H,0), as a
field. function of reaction time at 399 K in 1.9 mTorr of He are shown
The ion trap chamber pressure was measured with a capaciin Figure 2. The pseudo-first-order rate coefficients derived from
tance manometer operating at %5. The pressure in the trap  the slopes of the HH.O); decays are plotted as a function of
was calculated from the measured chamber pressure withthe He concentration for a range of temperatures in Figure 3.
correction for thermal transpiration. Since the mean free path The slopes yield the second-order low-pressure limit decom-
of He is significantly larger than the openings in the ion position rate coefficients. Typically, the standard deviations of
trap heater box, and the pressure is measured outside of théhe second-order rate coefficients were less than 5% of the rate

®3)

Results

box, the pressure in the trap is giventby constants. The measured temperature dependencies of the low-
pressure limit rate coefficients for decomposition of the cluster
T ions are presented in Figure 4.
Piap = Prma T”ap 2) Collision efficiencies, defined as the ratios of measured rate

man coefficients to the calculated strong collision rate coefficients,
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. ) © . ectie Figure 6. Collision efficiency as a function of temperature for a free
Figure 3. First-order decomposition rate constants for(H;O); as a rotor treatment of the low-frequency torsional modes. Symbols are the

function of the He concentration in the trap: (filled circles) 369 K, same as in Figure 4. Lines are fits to the equafiani T".
(open squares) 399 K, (open circles) 415 K, (filled squares) 445 K,

(filled triangles) 464 K, and (open triangles) 491 K. as free internal rotors (Figure 6). Cluster ion vibrational
frequencies were calculated at the HF/6-31G* level using the
. le-12 GAMESS prograr®¥ and were scaled by the factor 0.89 as

recommended by Scott and Rad@nfor thermodynamic
calculations using HF/6-31G* frequencies. The cluster ion
1e-13 | structures are shown in Figure 7. Detailed information on
structures, energies and frequencies is included as Supporting
Information. The optimized structures of the cluster ions are
Y _

consistent with previous calculatiot.
Low-pressure limit activation energies were derived from fits
of the data in Figure 4 to the expression

1e-14 |
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Figure 4. Temperature dependence of the second-order low-pressure a~ am (4)
limit decomposition rate coefficients: (solid circles) {f,0)s, (open
circles) H (H20)s, (inverted solid triangles) H{CHsOH)s, (inverted
open triangles) H(C,HsOH),, (solid squares) H(CH;CN),, (open

by minimizing the sum of the squares of the residuals weighted

squares) F((CHs),CO), with g, = 0.12, (solid diamonds) H(CHs)- by the reciprocal of the variance)) ks the second-order low-
COY); with g, = 0.24, (open diamonds) NO(HNOx),, (solid triangles) pressure limit rate coefficient for decomposition, dat the
CI"Hz0, and (open triangles) NOHNO;. Boltzmann constant. The experimental parameters and measured

activation energies are listed in Table 1. The quoted errors for
the activation energies are based on 10% uncertainty in the rate

1 e , coefficients.
\‘%\-\. Discussion

= \i\m For each cluster ion studied, the first-order decomposition
.\.\'\’\. rate coefficient increased linearly with the concentration of He

oA o o e | in the ion trap (see e.g. Figure 3), thus verifying that the

R NN Dﬂ—ﬂm—ﬂ—a decomposition kinetics were in the low-pressure limit. For all
the ions, except H(H,0), and CIrH,0, the intercepts were

300 4ooT ®) 500 600 statistically significant (greater than twice the standard deviation)

_ o N _ and increased with temperature. The intercepts were typically
Figure 5. Collision efficiency as a function of temperature for a |ess than 10% of the largest first-order rate coefficient measured,
harmonic treatment of the Ic_)w-frequepcy torsional modes. Symbols are except for H(C;HsOH), and H-(CHsCN), for which the
the same as in Figure 4. Lines are fits to the equafion T-". intercepts were about 20% of the largest rate coefficients.
are presented in Figures 5 and 6 as a function of the temperatureBlaCkbO.dy ra(j|at|on induced dissociation is probably too slow
. - . . to explain the intercepts. Tholmann e€&teport a zero pressure

The strong collision rate coefficient is an upper limit to the first-order decomposition rate coefficient for fH,0), of about
decomposition rate coefficient in the low-pressure limit, and is P - 24

: . - - 5 x 103 s~ 1 at room temperature. This is significantly smaller
denve_d by assuming that _coI_Ilspns transfer sqfﬁment ENTYY than the intercepts measured in the present work. Intercepts as
to maintain a Boltzmann distribution of energy in the reactant. high as 1 and 24 were observed for HCH:CN) ét 561 K
Strong collision rate coefficients were calculated with Troe’s 9 sz

approachf.®outlined in Appendix A. The following assump- amTjhl_eﬁgrc\:tzeTcs:Skgz (?ct)ngbz ’art(taﬁgﬁtcetg/ ?cl)y}reaction channels that
tions and procedures were used in the strong collision calcula- P

tions (1). The number of Morse oscillators used in the calculation are independent of pressure. For example, in thiCbH:OH),

. L . . o
of the anharmonicity correction was set equal to the number of S}g%'e;t %;Iﬁim::gztn t rﬁgls%r%fsn;ﬁ(sjsteﬁ grr(;(tjﬁr(:sl)ovr\]/gfgb/;erve d
oscillators that disappeared in the dissociation. (2) The rotations?. Y P P '

were assumed to be fully activated and able to contribute to This could be explained by the reaction
the dissociation. (3) Low frequency<@00 cnT?) torsional + N
modes were treated both as harmonic oscillators (Figure 5) and H"(C,HzOH), —~ H"(C;Hg),0 + H,0 (5)
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Figure 7. HF/6-31G* optimized structures for the following com-
plexes: (a) CiHO. (b) H"(H,0),. (c) H"(H2O)s. (d) H"(H.O)a. (€)
H*(CH3OH).. (f) H*(CHzOH)s. (g) H(CHsCH,OH),. (h) H"(CH3CN),.

(i) H*((CH3)2CO). (j) NO3"HNOs. (k) NOs~(HNOs)..

Similar reactions are observed for gbH 2! and higher
alcohols??2 Reaction 5 is about 12 kcal mdlendothermic and

J. Phys. Chem. A, Vol. 104, No. 45, 20000283

TABLE 1: Literature Reaction Enthalpies and Bond
Energies

AHor ES
reaction T3(K) (kcal mol?) ref (kcal mol?)
H*(H20), — 400 17.6(2.0) 32 176,174
H*(H20)s + H.0 395  17.5(1.8) 33 17.5,17.3

298  16.7(1.3) 34 16.5,16.3
17.5(00.5) 35 17.5,17.5
440  16.0(1.5) 36 16.1,15.8
16.3(0.9) 37 16.3,16.3
385  17.9 38 17.9,17.6

o

o

H*(H20)3 — 525  10.0(1.0) 32 19.2,18.6
H*(H20), + HO 525 19.5 33 19.7,19.1
208  205(1.3) 34 20.1,19.8
0 21.9(1.2) 35 21.9,219
540 21.0 36 21.2,20.6
0 20.1(2.3) 37 20.1,20.1
510 20.2 39 20.3,19.8
H*(CH:OH); — 430 213(21) 40 22.8,216
H*(CH:OH), + CHsOH
H*(CHsOH), — 630 31.3 41 32.2,315
H*C,HsOH + C,HsOH 630 31.7 42 32.6,31.9
H*(CH:CN), — 630  30.2(1.0) 43 31.4 30.8
HTCH3;CN + CH;CN
H*((CHg),CO), — 620  30.1(1.0) 44 31.4,30.8
H*(CHs):CO+ (CH:),.CO 650  32.1 41 335,329
630 29.6 39 31.0,304
NO; "HNO; — 367 >21.8 45 >22.3,>21.4
NOs;~ + HNO3
NOs(HNOg), — 350  18.3(1.0) 45 19.0,19.2
NO3; HNO3; + HNO3 365 17.7(0.2) 46 18.4,18.6
345 16.0(0.8) 47 16.6,16.8
CI"H,O0—CI~ + H,0 370 14.7(0.6) 48 12.9,12.9

410 131 49 112,112
495  14.9(0.1) 50 12.8,12.8
375  14.9 51 13.1,13.1
300 14.4 52 12.8,12.8

aMedian temperature’.Errors are in parenthesesCalculated with
eq Al7. The first value is for a harmonic treatment of low frequency
torsional vibrations, and the second is for a free rotor treatment.

transition state could make the unimolecular reaction rate
limiting and the kinetics independent of pressure.

The intercepts in th& vs [He] data could also be attributed
to decomposition induced by species from the ion source and/
or from ion trap outgassing. Large molecules present in the ion
source may be very efficient activation agents and, despite low
partial pressures in the ion trap, could lead to a measurable loss.
The loss would be independent of the ion trap pressure, since
the flow from the ion source is constant. This loss would also
have a strong temperature dependence similar to the He
mediated decomposition. Reactions with species from ion trap
outgassing would have even stronger temperature dependencies
because both the concentration of the gas and the rate coef-
ficients would increase with temperature. In th&(BH3;CN),
and H"(C,HsOH), experiments, partial pressures of §HN and
C,HsOH in the ion trap were less than 10Torr. Therefore,
the collision efficiencies of CECN and GHsOH would have
to be at least Itimes larger than the He efficiency to account
for the intercepts. However, this is very unlikely (see, e.g., ref
23).

Another possible explanation for the intercepts is a temper-
ature dependent physical loss from the trap. This loss could be
mediated by impurities from outgassing. This is unlikely because
the intercepts varied significantly among the different ions at
the same trap temperature. Physical loss from the trap mediated
by the helium gas is slow for stable ions@.02 s1).

probably has a barrier and a highly constrained transition state The apparent product ion yield usually increased as the
associated with significant molecular rearrangement. A tight pressure in the trap increased. This effect was most pronounced
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TABLE 2: Measurement Conditions, Activation Energies, and Derived Parameters

E, lit2 Ea Uu(T) E, predicted
ion (o (kcal mol™) (kcal mol1)e T (K)© (kcal mol?) n a (kcal mol1)d
H*(H20)4 0.16 17.1,16.9 9.2(0.4) 342 7.1,6.4 1.6,2.2 1.2,1.9 17.1,16.8
H*(H20)s 0.21 20.4,20.0 11.9(0.3) 430 6.5,5.8 2.8,3.0 2.3,2.7 19.4,19.2
H*+(CH:OH)s 0.12 22.8,21.6 13.5(0.3) 358 8.2,7.1 1.9,1.8 1.5,1.4 22.5,21.9
H*(C,HsOH), 0.18 32.4,31.7 19.0(0.5) 506 12.3,11.0 1.6,2.2 1117 32.5,31.8
H*(CHsCN), 0.17 31.4,30.8 18.2(0.6) 513 9.7,9.2 3.8,3.7 3.4,3.3 29.1,29.2
H*((CH3).CO), 0.12 32.0,31.4 18.4(0.4) 488 14.3,124 -0.1,1.2 —0.7,0.6 33.9,32.5
H*((CH3).CO), 0.24 32.0,31.4 18.4(0.5) 471 13.5,11.6 0.5,1.7 0.1,15 32.4,31.4
NO3; HNO3 0.11 >22.3,>21.4 17.2(0.5) 526 8.3,6.9 26.8,26.0
NO; (HNOg), 0.08 18.0,18.2 10.7(0.4) 346 8.2,75 —-0.9,0.3 —1.3,0.0 19.7,19.4
CI"HO 0.21 12.6,12.6 8.7(0.3) 439 1515 3.0,3.0 2.8,2.8 11.2,11.8

a Average of the literature values listed in Table 1. The first value is
the free rotor treatment (see textMeasured activation energy. Errors

for the harmonic treatment of the torsional vibrations and the second is for

are in parenthésdsdian temperature. Bond energy predicted with

equation (A16) using averagevalues of 1.2 and 1.8 for the harmonic and free rotor treatments, respectively.

for H*((CH3),CO). The H"(CH3),CO yields were greater than
one over the whole pressure range (€220 mTorr), with a
maximum yield of about 7 at 2 mTorr. The absoluté(8Hs)-

CO signals increased with pressure, and the(8H3),CO),
signals were relatively independent of pressure for the same

accumulation times. The pressure dependent signal discrimina-

tion is probably due to decomposition of {CH3),CO), asq;,
is rapidly increased during the mass scan.

The kinetics for all of the ions were measured at Igw
(<0.25) where the decomposition rate constants were only weak
functions of the trapping parameter (see Figure 1). Full
temperature dependencies were measured for the protonate
acetone dimer at botlg, = 0.12 and 0.24. The measured
activation energy was independertS% difference) ofy, over
this range, supporting the assumption that at dpwhe trapping
field does not significantly perturb the internal energy of the
ions. At higherg, values ¢0.6) the ion decomposition rate
coefficients increased significantly, consistent with internal
energy enhancement by the trapping field.

The largest uncertainty in the calculation of the strong
collision rate coefficient is due to the uncertainty in the
experimental threshold enerds,. The literature bond enthalpies
for the clusters examined in this work are typically uncertain
by about 1 kcal mol' (see Table 1) which translates to
uncertainties in the strong collision rate coefficient and collision
efficiencies of up to a factor of 5. The calculated strong collision
rate coefficients also depend on the treatment of the low-
frequency torsional modes. The strong collision rate coefficients
decrease by up to a factor of 2 when the low frequency torsional

35
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20 25 30

E, literature (kcal mol'1)
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Figure 8. Predicted bond energy as a function of the average literature
bond energy. The symbols are the same as in Figure 4. Large and small
symbols refer to the harmonic and free rotor treatments of the torsional
vibrations, respectively.

scales roughly a3 1, and the average energy transferred in
down collisions (energy of ion decreases in the collision) is
relatively independent of temperature. Brown et*akport that

the average energy transferred in down collisions for ethyl
acetate/He scales &g 92+01 They also report collision
efficiencies of 0.02 at 837 K and 0.2 at 340 K, yielding a
collision efficiency temperature exponent of 2.6. These
numbers are consistent with the results of the present work.
Krongauz and Rabinovitéh report collision efficiencies for
cyclopropane/He that decrease from 0.08 at 773 K to 0.01 at
1175 K giving a temperature coefficient ofof 5.5. This is a
much stronger temperature dependence than observed in the

modes are treated as free rotors (cf. Figures 5 and 6). The strongresent work.

collision rate coefficients are less sensitive to the absolute values
of the vibrational frequencies. For example, simultaneously
decreasing all the vibrational frequencies for(H,O), by 10%

increases the calculated rate coefficients by about 20% with

Values ofa defined by eq A16E, = E, — U, — akT, were
also calculated from the data. The vibrational energiesand

values are listed in Table 2. Average valuesaofere 1.2 and

1.8 for harmonic and free rotor treatments, respectively.

negligible change in the temperature dependence. The strongPredicted values of the bond energies from eq A16 using the

collision rate coefficients are a weak function of the number of

averagea values are also listed in Table 2 and plotted versus

vibrations that are treated as Morse oscillators. For example, the literature energies in Figure 8. For all of the clusters except

varying the number of Morse oscillators from 0 to 6 increases
the H*(H,0), rate coefficients by only 10% with no change in
the strong collision activation energy.

The temperature dependencies of the collision efficiencies
were fit to the expressiofi 0 T-". The fits are shown as solid
lines in Figures 5 and 6. Values of the temperature exponents

H*(CH3CN),, the predicted bond energies are within the range
of the literature values. The average of the absolute values of

the differences between the literature and the predicted bond

energies are 1.1 and 0.7 kcal mbfor the harmonic and free
rotor treatments, respectively.
There is a strong correlation between the bond enEggnd

n are listed in Table 2. The temperature exponents range fromthe collision efficiency temperature exponentFor example,
about 4 to—1 with average values of 1.6 and 2.1 for the decreasing the bond energy by 1 kcal motlecreases by

harmonic and free rotor treatments of the torsional modes, about 1 unit. The large range of temperature exponents observed
respectively. Comparison of the averagevalues with the for the cluster ions could be related to the uncertainty in the

theoretical expressions for the collision frequency (eqs A13 and bond energies. There is a general trend apparent in Figures 5
A14) suggest that the average energy transferred in all collisionsand 6 where the clusters with the largest temperature exponents
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(e.g., CIH,0 and H(CH3sCN),) have unusually high collision ~ 8Z, whereZ is the rate coefficient for collisions between A*

efficiencies, perhaps suggesting tli&tmay be too large for and M, andg is a collision efficiency. When each collision

these species. DecreasiBgdecreases the temperature exponent deactivates A*, the energy transfer is in the strong collision

and increases the strong collision rate coefficient, thereby limit and § = 1. The ratio of the activation and deactivation

decreasing the collision efficiency. rate constants is related to the fractional equilibrium population
The bond energy of N9HNO; is not well established.  of state E,J) by detailed balance

Davidson et af® report AH%g7x > 21.8 kcal mot?! based on

equilibrium measurements. They also derived an absolute value k(EJ) — b(E A

of 26 kcal mot? for the enthalpy of the N9 HNO3; — NO3~ k_,(E,J) = P(EJ) (A5)

+ HNO;s reaction based on the following thermochemical cycle

3 3 Equation A4 shows that the unimolecular rate coefficient is
NO; HNO; + HBr = NO; HBr + HNO, (6) a function of [M] and is therefore pressure dependent. In the
low-pressure limit ([M] — 0) the dissociation kinetics are

NO; HBr + HBr == Br HBr + HNO; @) dictated by the rate of activation,
Br~ + HNO, = NO, ™ + HBr (8) kini(E.J) = Ki(E,)[M] = BZp(E,J)[M] (AB)
B B In the high-pressure limit (M}~ ), the energy transfer is
Br HBr==Br -+ HBr 9) much faster than the unimolecular decomposition, and the
a 7 kinetics are limited by the decomposition of the excited molecule
net. NO; HNO; == NO; + HNO, (10)
k,(E,J)k,(E,J)
by using their results for reactions-8 and an estimate for the Kin(EJ) = TR(ED K(EJP(EJ) (A7)
—1 y

BrHBr bond energy’ Their result for the Ng"THNOs; — NO3™~
+ HNOs reaction is consistent with the valdeH%3q0x = 26.4

; ) Thermal rate coefficients are obtained by averaging over ener
+ 1.0 kcal mot™® derived in the present study. y ging &

and angular momentum
Summary

Measurements of the temperature dependence of the thermal kini(T) = fEOZOkuni(E’J)dE (A8)
decomposition of a variety of cluster ions in a quadrupole ion -
trap yield low-pressure limit decomposition activation energies.
It is shown that the cluster ion bond eneigyis related simply
to the decomposition activation energy and the vibrational
energyU, by

The thermal unimolecular rate coefficient at the low pressure
limit is usually written as the product of a weak collision
efficiency 8. and a strong collision rate coefficiek}®

E,= E,+ U, +akT (11) ko = Bk’ (A9)

The strong collision rate coefficient is derived by combining

Equation 11 reproduces the literature bond energies to better ; o .
4 P 9 eqgs A6 and A84: = 1 in the strong collision regime)

than 1 kcal mot?, which is comparable to the uncertainty in
the literature energies. This work demonstrates that combining

measured activation energies atainitio vibrational frequen- K= [M] waZOp(E'J)dE (A10)
cies is a viable method for deriving accurate cluster ion bond Y4
energies.
Appendix A: Unimolecular Decomposition at the Low- For the simplest case of a nonrotating molecule consisting
Pressure Limit of harmonic oscillators, and with a density of vibrational states
The unimolecular reaction A M — B + C + M may be near threshold that is independent of energy, the low-pressure

represented by activation, deactivation, and dissociation stepslimit strong collision rate coefficient is
(see e.g., ref 28)

¢ M vaib,h(Eo)kT ) INE
A+M—AYEJ)+M; k(EJ) (A1) k= M2 —exA {7 (A11)
A*(EJ)+M—A+M; k_(EJ (A2) where pyinn(Eo) is the density of vibrational states at the
dissociation threshold an@ui, is the vibrational partition
A*(EJ)—B + C; ky(EJ) (A3) function. Troé4151introduces factors to correct for the various

approximations implicit in eq All, and writes the strong
Where A*EJ) is a molecule with energyE above the collision rate coefficient as a product of the first order estimate
dissociation thresholde > E,) and angular momentuh For and the correction factors
A* in steady state, the rate coefficient for unimolecular
Pvib,h(Eo)kTeX F<_E

decomposition of A is
kzc =[M]Z Q— k_TO) FantFeFrofrotinconr (A12)
ky(EDk(EI)M] vib

k_1(E,9)[M] + ky(E,J) (A4)

kuni(Er‘J) =

The ion molecule collision rate coefficie#tis calculated with
the Su and Chesnavithparametrization.Fa,n corrects the
k-1(E,J) is the rate coefficient for deactivating AE(J) below density of states for anharmoniciti#e is a correction factor
the dissociation threshold, and is usually written as the product for the energy dependence of the density of sté&gsandF ot int
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account for the influence of external and internal rotations on and ligands calculated at the HF/6-31G* level. This material is
the density of states and the partition function, &gl is a available free of charge via the Internet at http://pubs.acs.org.

correction term that accounts for coupling between the other
terms. In the present work it is assumed thaf = 1.

Troe* solved the master equation for energy transfer on the
basis of an exponential model for the energy transfer prob-
abilities and derived the following expression for the collision
efficiency

B —[AED
1— \/ﬁ FekT
where[AEis the average energy transferred in all collisions.

Equation A13 obtains in the weak collision limiftAEC< FgkT
for an exponential model of the energy transfer probabilities.

(A13)
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