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Abstract: Measurements were made of the radiative association kinetics ofiitB 3-pentanone as a function of
temperature from 300 to 400 K, using the Fourier-transform ion cyclotron resonance ion-trapping mass spectrometer.
Both the absolute association rate and the temperature dependence were compared with the predictions of two levels
of theory, a simple RRKM-based approach previously applied to several systems, and a new, detailed variational
transition state theory (VTST) approach incorporatibgnitio calculations of vibrational frequencies and IR emission
intensities. The analysis by the VTST approach was considered reliable and successful enough to justify averaging
with a previous thermochemical determination to give a revised binding energy for the complex af 21k6al

mol~1 (1.80+ 0.1 eV). The VTST approach also gave excellent agreement with the observed temperature dependence.
The RRKM estimate of the rate was in satisfactory agreement with observation, but the slope of the temperature
dependence plot predicted by this simple theory was slightly too steep. The competing endothermic charge transfer
channel, whose rate was observed to increase slightly with temperature, was included in the VTST modeling. The
combination of radiative association kinetic data vathinitio calculations and VTST modeling as done here appears
promising as a new route to ion-neutral complexation thermochemistry.

Introduction This rate constant is expected to depend strongly on the
temperature. Temperature dependence of radiative association
rates has been recognized and well-studied for small systems
'(3—10 atoms)-? For relatively large systems (B0 atoms),
however, only a few results have been repofted,and
theoretical interpretation has not been very profound or inci-
sive5889 (There has, on the other hand, been deeper theoretical
consideration of the temperature dependence of the related
collisional association proce$%.1%) The present work has the
two purposes of describing a more detailed and confident
theoretical analysis than has been previously used in such studies
and of applying this analysis to new data for the M@ntanone

The process of dissociation of a gas-phase ion into an ionic
plus a neutral fragment has received a great deal of attention
leading among other things to the extensive determination of
ion—neutral binding energies. Only recently has the converse
process of ior-neutral association been recognized as having
promise for accurate bond energy determinations. This reflects
the evolution of adequate theoretical understanding for confident
guantitative interpretation of association experiments. In par-
ticular, the radiative association process is susceptible to
thorough quantitative analysis, potentially leading to thermo-
chemical information of useful quality. The present study of . )
the radiative association reactiog of p)éntanonz WitWM®ersy system to reexamine the bond strength of this complex.

a good illustration, as well as a testing ground, for recent !t was thought that (NO-pentanone) was a complex whose
advances in understanding of such rates and temperatureb'”d'”g energy was particularly well-known from the accurate

dependences, leading to more confidence in the assignment ofduilibrium measurements of Reents and Frefi$and it was
binding energies from the kinetic analysis. expected that the result of the present careful temperature

Radiative association, i.e., the sticking together of an ion and dependent study would be a validation of our ability to correlate

a neutral molecule in the gas phase with stabilization of the "adiative association kinetics with binding energies. As will
collision complex by photon emission, is an important part of be seen below, however, the present resultslled to the recognltlon
the chemistry of interstellar molecule buildings well as a that the absolute anchor of Reents and Freiser’s binding energy

common process in ion-trapping experiments. Recent reviews (@)Lin, Y. Ridge, D. P.. Munson, B. Presented at the 39th ASMS
have collected results for smafleand larget systems. The  conference on Mass Spectrometry and Allied Topics, Nashville, 1991.

overall association reaction is (5) Lin, Yi. Ph.D. Thesis, University of Delaware, Newark, Delaware,
1992.
k, (6) Tholmann, D.; McCormick, A.; McMahon, T. Bl. Phys Chem
A"+B—A'B (1) 1994 98, 1156-1160.

(7) Faulk, J. D.; Dunbar, R. Cl. Phys Chem 1994 98, 11727.

wherek; is the apparent bimolecular rate constant, ari® As (8) Dunbar, R. Clnt. J. Mass Spectronion Processe990 100 423~

a complex which has lost enough internal energy to become (é) Herbst, E.: Dunbar, R. @don. Not R. Astron Soc 1991, 253 341.

stabilized with respect to redissociation. (10) Adams, N. G.; Smith, DChem Phys Lett 1981 79, 563-567.
(11) Bass, L. M.; Cates, R. D.; Jarrold, M. F.; Kirchner, N. J.; Bowers,
* Authors to whom correspondence should be addressed. M. T. J. Am Chem Soc 1983 105, 7024-7033.
® Abstract published idvance ACS Abstractd/ay 15, 1996. (12) Liu, S. Y.; Jarold, M. F.; Bowers, M. T. Phys Chem 1985 89,
(1) Bates, D. R.; Herbst, E. IRate Coefficients in Astrochemistiillar, 3127-3134. Jarrold, M. F.; Kirchner, N. J.; Liu, S. Y.; Bowers, M. J.
T. J., Williams, D. A., Eds.; Kluwer: Dordrecht, The Netherlands, 1988. Phys Chem 1986 90, 78—83.
(2) Gerlich, D.; Horning, SChem Rev. 1992 92, 1509. (13) Chesnavich, W. J.; Bowers, M. Prog. React Kinet 1982 11,
(3) Dunbar, R. C. lorMolecule Radiative Association. I€urrent 137.
Topics in lon Chemistry and Physjdsg, C. Y., Baer, T., Powis, I., Eds; (14) Reents, W. D.; Freiser, B. $3.Am Chem Soc 1981 103 2791~
Wiley: New York, 1994; Vol. Il, Chapter 5. 2797.
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scale needed to be revised, so that a further result of the presenangular momentum-resolved kinetic framework needed to treat

study is a revision of the previous thermochemistry of this
complex.
The NO'/pentanone system was attractive for careful study

the kinetics of eq 5 correctly.
Modeling Predictions. We applied two levels of theoretical
sophistication to calculating the rate and temperature dependence

for several reasons: first, its binding energy was considered of this association reaction. One of these, combining low-level

quite well-known (2.09 eV) from the equilibrium thermochemi-
cal work of Reents and Freis&rsecond, previous study of the

RRKM dissociation theory with generic estimates of radiative
transition probabilities, was described in detail in refs 8 and 9.

reaction at room temperature showed reasonably fast associaThe other, combining variational transition-state theory (VTST)
tion;15 and third, there is added interest because of the presencewith ab initio vibrational frequencies and IR intensities for the

of a reactive (charge transfer) channel competitive with complex
stabilization. Itis of particular interest to look at the temperature

association complex, represents our ongoing effort to formulate
and apply the most detailed and accurate theoretical approach

dependences of these two competing reaction channels. Thewhich is feasible for systems this large.

complete reaction scheme is

CsH, O + NO" — [CiH,O'NO']* — CH,O'NO"  (2)
— CH, .07+ NO (3)
— CgH,;0+ NO* (4)

where [GH100-NO™]* is the metastable collision complex.

Kinetic Considerations

Mechanism. Reaction 1 can be analyzed in terms of the
detailed mechanism 5:

K
A*+B=——=A*B*— > A'B

o \_M

kB ®)
where ks is the bimolecular rate constant for the collisional
complex formationk, is the unimolecular redissociation rate
constantk, is the unimolecular rate constant for IR photon
emission from AB*, kg is the bimolecular rate constant for
collisional stabilization of AB* by collision with neutral M,
andp is the collisional stabilization efficiency. This mechanism
gives the following expression fde:

k, = kk/(k, + k) + kkBkMlI(k, +k)*  (6)

At low pressures when three-body collisional stabilization
of the complex is negligiblek, becomesk,, the bimolecular
rate constant for radiative association, and the Kkinetics
simplifies816

Ky = ka = Kk (k + k)

(low-pressure limit)

O

(a) RRKM Approach. The overall association rate depends
on three factors:

(i) The first is the rate of formation of the energized complex
(k). The rate constant was taken as equal to the orbiting rate
constanty,.  Using values of 10.5 Afor the polarizability”
and 2.7 D for the dipole moment, respectively, of 3-pentanone,
the trajectory modeling of Su and Chesnavfogives a value
of the orbiting constant of 3.% 1072 cm® molecules?! s
The weak temperature variation &, was ignored in the
calculations of association efficiency given below.

(i) The second is the rate of IR photon emission from the
energized complexkf). We used the value predicted for a
“standard hydrocarbon” as an approximatfonThe weak
temperature dependence lefwas ignored.

(iii) The third is the redissociation rate of the collisional
complex kp). It has been fouri?151°that simple RRKM
theory can be applied in a number of systems to give rough
estimates of association efficiency in surprisingly good agree-
ment with experiment. In keeping with the simplified nature
of this treatment, the frequency sets used in these RRKM-
derived estimates were those of the generic “standard hydro-
carbon” moddl, with frequencies of the transition state assigned
to give aAS‘ g0k Of +15 cal K. In the present case, this
approach was used to calculégdor various temperature values
spanning the range of the experiments.

Once we obtained all three components eq 7 was used to
give theoretical values for the radiative association rate constant.
For this low level of theoretical modeling, the charge-transfer
reaction channel was assumed not to affect the efficiency of
radiative association significantly. This assumption is shown
to be reasonable by the more detailed modeling described below.

(b) Transition State Theory Approach. The detailed
transition-state calculation of the temperature-dependgnt
breaks into two parts. One component of this calculation is
the estimation of the rate of radiative stabilization of the
energized collision complex by IR photon emission using the

Sincek, can be measured directly, the low-pressure experimentsab initio frequencies and intensities of the vibrational modes.

give the radiative association constant.

Since the metastable complex'B* is in a highly non-
uniform and non-Boltzmann distribution of internal energies and
angular momenta, the above kinetic picture in terms of rate
constants is only approximate. (Or, in other words, as the

conditions of pressure, reaction time, and so forth are varied,

The calculation of the IR photon emission rate in this way is
straightforward, and has been descriBeédlrhe needed vibra-
tional frequencies and IR intensities were calculated as described
in the next section. Thab initio frequencies and intensities
found for this complex and used in the kinetic modeling are
given in Table 1. The IR emission rate is weakly dependent

the rate constants in the kinetic scheme of eq 5 actually vary in on the internal energy of the complex, and accordingly was

their numerical values, and the application of eqs 6 and 7,

calculated for each energy in the energy-resolved VTST

assuming them to be true constants, is not strictly correct.) A modeling. As an indication of the order of magnitudes involved,

growing body of experience suggest that the simple kinetic
model underlying eqs 6 and 7 is actually quite a good
approximation. However, one purpose of the more detailed

kinetic analysis used here is to describe the fully energy- and

(15) Weddle, G.; Dunbar, R. Gnt. J. Mass Spectromion Processes
1994 134, 73-82.

(16) Fisher, J. J.; McMahon, T. Bat. J. Mass Spectromlon Processes
199Q 100, 701-717.

we can note that the average internal energy of the collision

(17) Miller, K. J.; Savchik, J. AJ. Am Chem Soc 1979 101, 7206~
7213.

(18) Su, T.; Chesnavich, W. J. Chem Phys 1982 76, 5183.

(19) Cheng, Y. W.; Dunbar, R. d. Phys Chem 1995 99, 10802.

(20) Dunbar, R. CSpectrochimActa1974 31A 797. Dunbar, R. CJ.
Chem Phys 1989 90, 7369. Durana, J. F.; McDonald, J. D. Chem
Phys 1977, 64, 2518. Rossi, M. J.; Barker, J. Rhem Phys Lett 1982
85, 21. Shi, J.; Bernfeld, D.; Barker, J. R.Chem Phys 1988 88, 6211.
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Table 1. Calculated Harmonic Vibrational Frequencies (¢jrand
Infrared Intensities (parentheses) (km midlfor the
(NO*-Pentanone) Compléx

33.7 (0.01), 48.6 (0.38), 62.6 (3.6), 71.9 (13), 100 (16), 170 (42),
242 (9.6), 248 (41), 273 (0.45), 285 (6.3), 393 (46), 438 (9.9),
503 (2.0), 681 (18), 763 (0.14), 857 (11), 892 (13), 1027 (8.9),
1095 (6.4), 1109 (3.6), 1119 (2.8), 1211 (15), 1249 (51),

1257 (4.9), 1385 (0.3), 1443 (1.5), 1514 (0.09), 1550 (19),
1568 (25), 1573 (3.6), 1587 (1.8), 1599 (28), 1641 (9.2),
1644 (13), 1644 (5.8), 1650 (11), 1897 (438), 2760 (307),
3203 (12), 3213 (23), 3216 (8.1), 3228 (19), 3239 (2.4),
3250 (0.15), 3277 (40), 3298 (31), 3303 (13), 3305 (20)

a2 The five low-frequency transitional mode frequencies given here
have been adjusted downward by a factor of 1.4 from the Hartree
Fock results, as justified in the text. Note that all of the Hartree
Fock frequencies given here were scaled by 0.89 for use in the kinetics
calculations.

complexes is about 2.0 eV (assuming a zero-Kelvin binding
energy of about 1.8 eV), and the rate of IR photon emission at
this energy is calculated to be of the order of 40.s

The other component of tHe, calculation is the kinetics of
formation and redissociation of the collision complex. These
kinetics were treated by a variational transition state theory

Ryztal.

important but complex questions as the importance of short-
range potential terms in the N@pentanone system and the
comparison of the VTST approach with trajectory methods.

It is a noteworthy prediction of statistical thed#j that in
the low-efficiency limit, where only a small fraction of ien
neutral collisions result in stabilized complexés, becomes
independent of the nature of the transition state, depending only
on partition functions for the reactants and for the complex.
Thus the nature of the interaction potential between ion and
neutral drops out of the theory. The present experiments
approach but do not reach the low-efficiency limit, which
appears from limited modeling trials to be assured only for
efficiencies below perhaps 18 compared with the present
efficiencies of 2-8 x 1072. However, the efficiencies here are
low enough that we expect rather low sensitivity to the details
of the assumed form of the potential. For instance, complete
neglect of the strong ioApermanent-dipole term would raise
our estimate of the binding energy by only 1.5 kcal mol

This particular ior-neutral system has the complication that
the charge transfer from NOto pentanone is only slightly
endothermic (1.2 kcal mot based on the reported IE of 9.31
eV for 3-pentanoné’} and provides an additional exit channel

(VTST) approach incorporating convolutions over a thermal for the metastable complex. The charge-transfer channel was
distribution of energies and angular momenta of the reactantsincluded in the VTST calculations as a competitive transition
and over the distribution of angular momenta and energies of state, assuming (as may or may not be valid) that all charge-

1

kra N hQreactantJf

the complexX? The expression fokg; within transition-state
dE dJ Neg &7
{ k(EJ) + k(EJM]

theory is
] 8
ky(E.J) + k(E,J) + k(E,J[M]

whereQreactantdS the canonical partition function for separated
reactants, and\g; is the number-of-states function for the

variational transition state separating reactants from complexes.

The collision rate constark. was taken from the trajectory

calculations of Su and Chesnavich, assuming that each orbiting' . - i ’
gwith the smallest internal energy that contribute most heavily

collision stabilizes the metastable complex, and was estimate
as 2.2x 107° cm® molecules! s71.18

A recent formulation of VTST was applied,in which not
only the location of the transition state but also the form of the
reaction coordinate are chosen variationally as a function of
energy and angular momentum. The variations of the transition
state and of the reaction coordinate were governed by an ion
neutral interaction potential consisting of the long-range-ion
induced-dipole (Langevin) term and the iepermanent-dipole
term. The use of this long-range potential naturally led to a
transition state of loose “phase-space theory” character, which
seemed quite realistic for this iemeutral complex. The state-
density calculations for this potential were made with a classical
VTST phase-space integration appro&chn important feature
of this approach for application to such a large system as the

present one is the separation of the degrees of freedom into

conserved modes, treated by relatively fast quantum state-
counting methods, and a small group of transitional modes
which are treated with the time-consuming but accurate classical
phase-space integration tools. A fuller description of the details
of this theoretical approach to radiative association kinetics and
its application to several radiative-association reactions is being
published separatef}. We refer to this for discussion of such

(21) Klippenstein, S. Chem Phys Lett 199Q 170, 71. Klippenstein,
S. J.J. Chem Phys 1991, 94, 6469;1992 96, 367.

(22) Klippenstein, S. 1. Phys Chem 1994 98, 11459.

(23) Klippenstein, S. J.; Yang, Y.-C.; Ryzhov, V.; Dunbar, RIGCChem
Phys 1996 104, 4502.

transfer reactions proceed through the metastable complex.
Within this treatment, it was found that the charge-transfer rate
was best reproduced assuming a charge-transfer endothermicity
of 0.2 kcal mott. The observed weak temperature dependence
was actually best modeled using an endothermicity of 1.5 kcal
mol~1, but this gave a rate too low by a factor of about 5. The
inclusion of the charge-transfer channel in the modeling has
only a small effect on the modeling of the association process.
Complete neglect of the charge-transfer channel changes the
assignment of the binding energy basedkarby only 0.4 kcal
mol~%. This mutual near-independence of the charge-transfer
and association processes in the kinetic model can be partially
rationalized on the basis that it is those metastable complexes

to the association process, whereas those with substantial excess
internal energy contribute most heavily to the endothermic
charge transfer. Thus these two processes are to a certain degree
not in actual kinetic competition.

(c) Ab Initio Calculations. The kinetic modeling requires
vibrational frequencies and infrared intensities for the normal
modes of the complex. Recent studies of rates of both radiative
associatiof? and radiative cooling§ have encouraged us to think
that Hartree-Fock level calculations with a modest basis set
can give these quantities with sufficient accuracy for radiative
association modeling, since the modeling is not strongly
sensitive to variations in these parameters. The present results
were computed using the GAUSSIAN program stfitat the
HF/6-31G* level. A true minimum on the potential surface was
found with the NG bound to the ketone with the expected long
bond between the nitrogen and the carbonyl oxygen, and the
following structural features: NO coplanar with the-C(O)—C

(24) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mullard, W. G.J. Phys Chem Ref Data 1988 17, Suppl. 1.

(25) Dunbar, R. C.; Klippenstein, S. J.; Haks J.; Stekigt, D.; Schwarz,

H. J. Am Chem Soc In press.

(26) Ho, Y.-P.; Yang, Y.-C.; Klippenstein, S. J.; Dunbar, RJCPhys
Chem 1995 99, 12115.

(27) GAUSSIAN 92; Frisch, M. J.; Trucks, G. W.; Head-Gordon, M;
Gill, P. M. W.; Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel,
H. B.; Robb, M. A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.;
Raghavachari, K.; Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J,;
Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Pople, J. A.; Gaussian, Inc.:
Pittsburgh, PA, 1992.
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Figure 1. lllustrative spectrum of NO (3.2 x 1078 Torr) + CsH100
(7 x 107° Torr) with a reaction time ol s atroom temperature.
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Figure 2. lllustrative spectrum of NO (3.2 x 1078 Torr) + CsH100
(7 x 10°° Torr) with a reaction time ©4 s atroom temperature.

framework of the ketoned(N to carbonyl oxygen¥ 2.18 A,
0OCOH = 148.8, JONO = 97.1°. However, this level of
theory is not expected to be very reliable for the long-®
bond, or for the normal mode frequencies associated with this
bond. Trials at the higher MP2/6-31G* level were made for
model systems of NObinding to formaldehyde, methanol, and

J. Am. Chem. Soc., Vol. 118, No. 23, 19965
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Figure 3. Spectra of NO (3.2 x 1078 Torr) + CsH100 (7 x 107°
Torr) with a reaction timefd3 s at 305 K showing the effect of cooling
of the reactants: (a) no cooling time; (b) cooling time of 3 s.

with neutrals. Accordingly a cooling period was provided following
the series of ejection pulses removing all ionic species other than NO
After this cooling period, another series of ejection pulses again
removed all ions other than NO following which the reaction
processes were followed.

Figure 3a shows a spectrum obtained with no cooling time. It is
seen that under these conditions about 90% of"N€actions gave
charge-transfer-derived producte/¢ 86, 57, 87, and 143) while only

acetone, and the results suggested that a bond length shorter byo% formed the association adduat'# 116). The spectrum in Figure

0.2 A would be a better estimate, along with a reduction by a
factor of 1.4 in the frequencies of the five transitional modes.
Thus ad(N to carbonyl) bond length of 1.98 A was assigned as
the best estimate. The HartreBock frequencies and IR
intensities for the complex from the calculations are given in
Table 1. The HartreeFock frequencies given in Table 1 were
all scaled down by a factor of 0.89 for use in the kinetic
modeling to correct for a well-known systematic bias at this
level of ab initio theory.

Experimental Section

3b was acquired with a 3-s cooling time, corresponding-t® NO*
collisions with neutrals prior to the reaction. For these conditions charge
transfer was only 3 times faster than association.

It was found that further increase of cooling time, or addition of a
bath gas (S§ in the cell (up to 30 collisions prior to the reaction), did
not change the charge-transfer-to-association ratio substantially. This
indicates that 5 collisions, along with radiative cooling for 3 s, sufficed
for removal of all significant superthermal internal and kinetic energy
from NO*'. Accordingly, at all pressures used, a sufficient cooling
period was provided to give at least 5 collisions of N@ith neutral
pentanone.

The NO pressure used was 321078 Torr while the pentanone
pressure varied from & 10°to 1.3x 107 Torr. Pressure was read

The instrument and techniques have been described in detail fom the ionization gauge and calibrated using the known Vol

elsewheré:!® The Fourier-transform ion cyclotron resonance (FT-ICR)

spectrometer has a 2.54-cm cubical cell in a 1.4-T electromagnet.

Electron impact ionization was used (nominal electron energy 15 eV).
Following the ionization pulse and cooling time, the parent ion of
pentanone and any other ion species besides Wére ejected by

the bimolecular rate constant of proton transfer from methane molecular
ion to methanek = 1.14 x 10°° cm® molecule* s™1) along with
standard gauge correction facté?sinstrument control, detection, and
data processing used the lonSpec data system. The experimental
sequence was repeated for several different temperatures ranging from

single-frequency and swept-frequency ejection pulses. Then areactionggg g 400 K. Temperature was measured from a copgenstantan

period varying from 100 ms to 10 s, depending on pressure, Was thermocouple attached to one of the trapping plates. Details of the
provided for the reactions to proceed. After that the extent of nheating and temperature measurement arrangements in this instrument
association and charge transfer was determined by the FT-ICR detection,gye peen describéfl.

sequence. A time plot of reaction extent versus reaction time was

acquired for each reaction at each pressure, followed by the derivation Resgylts

of the association and charge-transfer reaction rates from the reactant
and product curves. Figures 1 and 2 show illustrative spectra. The kinetic scheme (eqs—2) was confirmed by double

The electron impact ionization technique used in this work produces resonance experiments. The association adduizt £ 116),

ions with excess internal energy, in addition to the initial kinetic energy (28) Huntress, W. T.. Laudenslager, J. B.. Pinizzotto, RNE.J. Mass
acquired by those ions formed near the edge of the cell. However, for Spectromlon Ph’ys 1974 13, 331. R ' o
correct measuring of radiative association rates it is important to have  (29) Bartmess, J. E.; Georgiadis, R. Macuum1983 33, 149-153.
the reacting ions thermalized, which can be accomplished by collisions  (30) Lin, C.-Y.; Dunbar, R. CJ. Phys Chem 1996 100, 655.
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once formed, did not react any further. The kinetic scheme
would be more complicated if reactions betweeh O™ and

NO neutral, either charge transfer or association, occurred with
significant rates. To exclude these possibilities we ran an
experiment with continuous ejection ogl€,00" (m/z = 86).

The ejection did not have any effect on the intensities offNO
(m/z = 30) or GH100" (m/z = 116). This shows that under
the conditions of these experiments the contributions of reverse -;
charge transfer or reverse association were negligible. However,'TZx
increasing the NO pressure up to x010- Torr allowed us

to observe the charge transfer fromHzoO™ to NO neutral
proceeding with a rate constant some 10 times lower than that
for reaction 3.

It may seem surprising that the nearly thermoneutral charge-
transfer reaction 3 is negligibly slow in the reverse direction,
in contrast to its substantial rate in the forward direction. This
observation can be rationalized by comparing the orbiting rate
constants in the two directions. The value for reaction 3 with Figure 4. Time plot of the species NO(squares), ;00" (triangles),
a dipole correctiof is 3.2 x 10-° cn® molecule’? s~ whereas and GH;dONO" (crosses). Pressure(N&)3.2 x 1078 Torr, Pressure-
the value for the reverse reaction is only 0.8210°° crm?® (CsHidO) = 3 x 10°° Torr, T = 330 K.
molecule! s71. Given this difference and the fact that under
the experimental conditions the NO pressure is low relative to
the ketone pressure, the reverse charge transfer is not expected
to be observed. However, one would expect to see the reverse
charge transfer at higher NO pressures, as was observed.

Surprisingly, no association betweegHzcO™ and NO was
observed even at high NO pressures, which cannot be explained

NO* + Pentanone
Timeplot

NO*

06

arbitary units

0.4

0.2

lon Inte

0.0

Reaction Time, sec

4 —
NO* + Pentanone
Pressure Dependence

157

ec

only by the difference in the orbiting rates. However, an ©

additional factor which can account for this result is that mE 21 .

association from the 481,00™ direction competes with reverse & . u -
charge transfer, which is a@xothermicreaction. It is well- o

known in general that association is substantially suppressed ‘g

by the presence of an exothermic exit charfinghe quantitative ~

modeling in this case confirms that even 1 or 2 kcal of .

exothermicity for the reverse charge transfer would be expected
to reduce the association probability by a major factor.

Figure 1 shows a typical spectrum for reaction of N@ith
pentanone. For these reaction conditions and this temperature,
it is seen that less than a half of the N®as reacted to give
the products, and that the charge transfer proceeds approximatelyigure 5. The radiative association rate constiatas a function of
three times faster than formation of the association adduct. At pentanone pressure at 305 K.
longer reaction times the products of slower processes begin to
appear (Figure 2). As was proved by double-resonance experi-for each individual pressure. After that, knowing the ratio of

ments, ions withm/z 57, 87, and 143 come from reactions of the charge transfer and the association rates, the individual
pentanone parent ions8;00™ (M/z = 86): bimolecular rate constants for both channels were easily
obtained. Observation of the pressure dependence in each case

T
4

T
6

8 10 12

Pentanone Pressure (10'8 Torr)

C5H100+ (86)— CsH50+ (57)+ C,Hs (9) (see Figure 5 for example) showed no significant dependence
of the association rate constant at pressures up+@) % 107
4 _ n Torr of pentanone. This showed definitively that there was no
CeH;O" (86) + CoHy 0 — CHy,0" (87) + CHO - (10) significant contribution from three-body (collisional) association
. in the measurements d§, reported in Table 2. Since no
— CgH,;O" (143)+ C,H;  (11) pressure dependence was found, no value can be given for the

collisional association rate constant, but we can say that the
Since these ions do not interfere in processes4 Zheir transition pressure (at which radiative and collisional association
intensities can be combined and added to the intensity of therates are equal; see ref 3) is greater than about1D° Torr.
parent ion. This sum will therefore represent an intensity of  The experimental data are given in Table 2. As expected,
the charge transfer channel 3 without any complications to the the radiative association is fairly fast at room temperature
kinetic scheme. Indeed, from Figure 2, comparison of the (collisional efficiency of radiative stabilization about 6%). As
charge-transfer (ions witinw/'z 86, 57, 87, and 143) and the temperature goes up the association rate drops rapidly; at 400
associationrfyz 116) product intensities gives a ratio of 3, which K it is so low that we can only set an upper limit &a. The
is the same as from Figure 1, showing that the charge-transfer/charge transfer is quite efficient (about 25% of the collisional
association branching ratio is constant as the ion population rate) in this temperature range.

evolves in time.
An illustrative time plot is shown in Figure 4. The overall
rate constant for NO disappearanceky (the sum of the

Binding Energy. (a) Binding Energy Estimate from lon—
Molecule Equilibrium Results. Reents and FreisEreported
the binding energy of this complex as 2.09 eV. However, the

association and the charge-transfer rate constants), was obtainekinetic analysis of our radiative association data was in strong
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Table 2. Temperature Dependence of N@ssociation with Table 3. Comparison of Observed Radiative Association and
3-Pentanone (Experimental Results) Charge Transfer Kinetics with VTST Predictions for a Complex
T(K) K ke K o° Binding Energy of 40.5 kcal mot @
305 6.40 4.60 1.80 0.056 T(K)  kalexptp  keltheory}  ke(exptP ke(theoryp©
320 6.30 4.82 1.48 0.046 305 1.80 1.85 4.60 5.03
330 6.16 4.78 1.38 0.043 320 1.48 1.41 4.82 5.17
336 6.65 5.65 1.00 0.031 330 1.38 1.17 4.78 5.25
345 6.75 5.79 0.96 0.030 336 1.00 1.05 5.65 5.28
358 7.39 6.64 0.75 0.023 345 0.96 0.90 5.79 5.34
370 8.15 7.50 0.65 0.020 358 0.75 0.70 6.64 5.40
385 8.08 7.59 0.49 0.015 370 0.65 0.56 7.50 5.45
400 8.80 8.57 <0.23 <0.007 385 0.49 0.43 7.59 5.47
- 400 <0.23 0.32 8.57 5.46
a1071° cm® molecule! s71.  Bimolecular rate constant for charge
transfer reaction (eq 3j.Collisional efficiency of radiative association a For comparison, note that the collision rate condtdot formation
k-o/Korb taking the orbiting rate constant to be 3210-° cm® molecule’* of metastable complexes is about 3200-1° cm® molec* s7%. P 10-10
st (ref 18). cm?® molecule s ¢ Theoretical charge transfer modeling assumed a

charge transfer endothermicity of 0.2 kcal mol
disagreement with this value; on reexamination of their analysis
it was realized that their NOaffinity scale was anchored to an 3
old and erroneous proton affinity scale. It is thus appropriate r
first to reassess their equilibrium results and correct their binding = | Binding Energy Determination
energy assignments for comparison with the present results. T=350 K
The addition of NO to a hydrogen-containing molecule can
be written

)

s

RH + NO" — RHNO" (12)

The negative enthalpy of this reaction is the N&ifinity, NOA,

of the molecule RH. Usually the only unknown heat of
formation among the species in eq 12 is the heat of formation
of RNOHT, which can be obtained from the proton affinity of
RNO. Thus for those cases where the proton affinity of RNO
is independently known, the NOA can be derived independently,
and can be used to anchor the NOA scale from equilibrium ) ) o o
measurements like those of Reents and Freiser. Reents andrigure 6. Fit of the experimentally observed radiative association rate
Freiser anchored their NOA scale using the proton affinity of constant (square) to VTST kinetic modeling to estimate the dissociation
C2HsONO from high-pressure mass spectrometer work, but used energy of the NO/pentanone complex.

an obsolete proton affinity scale. Their scale can be anchored.

to currently accepted thermochemistry using the accepted protonIn Figure 7). Itis seen from the figure that this obserkad

affinities’ of either CHONO or GHsONO, and it seems valuie1 corresponds to a binding energy of 1.76 eV _(40.5 kcal
sensible to give equal weight to these two anchor values. mol™), with an error range of-0.10 eV corresponding to a

Making this analysis using accepted values gives the NOA of rate un.certalr.ny.of a factor of 2'. .
CHsOH as 29.9 kcal mott and the NOA of GHsOH as 35.9 (c) Flnal' Bmdmg Energy ASS|gnment. For assessing the
kcal moll. Comparing these values with Table Il of ref 14 absolute binding energy of this complex, there seems no reason

and taking the average of the two corrections, it is seen that the'© Prefer either of the results given above. They are each
NOA scale of Reents and Freiser should be lowered byt5.4 expected to have good absolute reliability, and each is probably

1.0 kcal mof? (0.23 eV). The NOA of 3-pentanone should uncertain to one or two tenths of_ an electronvol_t. Fortl_mately
thus be corrected to 42.7 kcal mél(1.85 eV) with an they agree well, and it seems reallstlclto make a final assignment
uncertainty of perhaps-23 kcal moll. This is best regarded of 1.80+ 0'.1 eV (41.64 2 keal mol™) for the 0 K binding
as an enthalpy of dissociation at 300 K, but calculation of the energy of this complex.
thermal correction using the preseab initio vibrational
frequencies of the complex indicates that the correction to 0 K
gives an insignificant change, so this same value can be taken The comparison of the experimental results for the radiative
as the dissociation energyo. association with the modeling predictions is shown as a function
(b) Binding Energy Estimate from kra. In order to estimate  of T in Figure 7a. The slope of the VTST temperature plot fits
the binding energy from the present radiative association data,the experimental points essentially perfectly. The simple
it is necessary to calculate the expedkadas a function of the  RRKM/standard hydrocarbon model is less accurate in repro-
assumed binding energy and compare the calculated values wittjucing the observed temperature dependence. It gives the
experiment. The calculations were carried out as describedtemperature dependence qualitatively correctly, but this approach
above. predicts a noticeably faster falloff in rate with increasing
As an illustration, the final results of tHe, calculation at a temperature than is actually observed.
temperature of 350 K are displayed in Figure 6 as a function of | jn5 suggested that the simple RRKM-based theory of ref 8
assumed binding energy. Also marked on the figure is the predicted a nearly linear plot of log, versusT, and showed

l0gyg [ka (107"% cm® molec’

1 A 1 n | n | 1

1.5 1.6 1.7 1.8 1.9 2.0

Binding energy (eV)

Discussion

experimental 350 K value ¢, = 0.86 x 10~9cm® molecule™* that several reactions do actually give such linear plots. To
s~* (assigned by smoothing and interpolating the points shown fgjlow this idea, the temperature-dependence comparisons of
(31) Lias, S. G.; Liebman, J. F.; Levin, R. D.Phys Chem Ref Data Figure 7a are replotted in Figure 7b using kigcoordinates.

1984 13, 695. Indeed, it is seen that over this temperature range, the
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Kinetic Modelling of thinking that this level of theoretical sophistication gives a good
Temperature Dependence description of the kinetics, at least near the low-efficiency
y regime. Future work will investigate the role of the (presently
254 neglected) short-range terms in the potential, but it is expected

. A Experiment that these will principally affect the high-efficiency regime,
VTST which will only be accessed for the N@pentanone system at
substantially lower temperatures than used here. The absolute
association rate is reproduced within satisfactory error limits
by the VTST calculation using Reents and Freisé(sorrected)
Do value. This is gratifying, but perhaps not very telling, since
we consider the uncertainty D, to be substantial, and we feel
justified in considering théD, value obtained by fitting the
present results to be of similar quality to that of Reents and
Freiser.

—— T — T T T 1 The generic RRKM calculation, combined with the estimate

300 820 840 360 380 400 of IR radiative rates from the “standard hydrocarbon” mddel,
Temperature (K) gives agreement with the observed absokjevalues if the
binding energy is taken to be 1.75 eV, which is in satisfactory

941 (®) ®  Experiment (and certainly somewhat fortuitous) agreement with our best
1 . VIST assigned value. A generic “standard hydrocarbon” estimate
A RRKM (which is essentially similar to the RRKM estimate reported

] here) for 300 K can also be taken directly from Figure 1 of ref
8, and gives similar agreement with the experiment assuming a
binding energy of about 1.8 eV. Agreement of experiment with
these low-level theoretical estimates has no profound signifi-
cance, but does give support to the validity and usefulness of
the generic estimation approach to predicting approximate
numerical values for radiative association kinetics without the
effort of detailedab initio and statistical computations.

30 (a)

2.0

k, (10"°cm®molec’s™)
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Conclusions

T T

The VTST model of association/dissociation leads to an
accurate quantitative description of the temperature dependence,
which indicates a satisfactory fundamental understanding of this
Figure 7. Temperature dependencelgfin normal (2) and semiloga- ~ aspect of the kinetics. The simple RRKM analysis was less
I’.IthmIC (b) coordinates. T(|angles represgnt experimental results, §0||d accurate in reproducing the exact slope of the observed
lines show VTST calculations, dashed lines show RRKM modeling. temperature dependence. In accord with observations for other
systems, the temperature dependencé.pfvas linear when
plotted as Inks) vs T. This is not particularly significant or
surprising for data over this relatively small temperature range.

form holds to a good approximation at temperatures sufficiently The inherent_ significance _Of the slopes of these plots is not yet
high that the vibrational energy content of the reactants clear, and will be th? SUb_JeCt (_)f. f_uture_ W.O”(.' . .
dominates over their translational and rotational energies, which The VTST calculation W |ﬂab initio radiative |ntensme_s gives

is true at room temperature and above for systems of this size.N€ absolute value &¢, within a factor of 2 of the experimental

A plot of In(kg) vs 1/T is also linear to more or less the same value if the binding energy of Re(_ents anql Freiser is ass.“”?ed-
degree of accuracy for the present data over this limited HOWever, we place confidence in the independent binding

temperature range, as was noted by5Lia be true for the energy assignment based on the fit of this theory to the present
systems he reportéd experimental results, and consider the resulting new value for

The charge-transfer rate constant (eq 3) was found to increasél;e binding energy value to haye Teliability c_omparable to that
slightly with temperature, as is reasonable for such a slightly © Reents and Freiser. Accordingly we use it to propose a new

endothermic reaction. It is not known whether the charge- and presumably more reliable best value of 180.10 eV for

transfer channel proceeds from the metastable collision complexth€ binding energy of this complex.
in competition with redissociation (as was assumed in the
modeling in this paper), or alternatively via a long-range charge-
transfer process not involving formation of a long-lived
metastable complex.

The perfect agreement of the VTST calculation with the
observed temperature dependence gives encouragement t0A953183B

T T T T T T T
340 360 380 400
Temperature (K)

T T
300 320

experimental points as well as both theoretical approaches give
accurately linear lod, vs T behavior. As will be discussed in
detail2 the detailed VTST theory confirms that this functional
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