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The formation of gas-phase complexes by radiative association is a strongly temperature-dependent process,
whose modeling provides a good test of theoretical approaches to modeling the kinetics and whose predictability
is useful for temperature extrapolations. The temperature dependence of the low-pressure association rate
constants, measured in the Fourier transform ion cyclotron resonance mass spectrometer, was considered for
four systems, acetone/(acetong)lkdcetoneds/(acetoneds) D, butanone/(butanone)iHand NO/3-pentanone.

For the first two systems, the experimentally measured temperature range was extended down to 245 K to
complement data already available for room and higher temperatures. The data for the third system above
room temperature are new, while data for the final system, already available from our earlier experiments,
are reconsidered here. Modeling was done by variational transition-state theory (VTST), incorporating ab
initio calculations of vibrational frequencies and infrared emission intensities. The VTST-based approach
gave excellent agreement with the measured values of the rate constants and their temperature dependences.
The results suggest that VTST-based modeling provides an adequate description of the radiative association
kinetics and can serve as an accurate approach for making binding energy estimates from experimental
association results.

Introduction slow (less than about 0.1% efficient). This generally constrains
the temperature fairly severely and means that different reactions
ill present observational information at different temperatures.
It is accordingly essential to have confidence in our ability to

In low-pressure environments such as are found in deep spac
or in high-vacuum ion-trapping laboratory instruments, one of

the most important chemical reaction paths available to ionic A .
. S - : extrapolate kinetic parameters from the observationally conve-

molecules is radiative associatibr®. In this process, the . .
combination of a gas-phase ion with a neutral molecule forms nient te_mperature range into the temperature range where
a stable complex when the metastable collision complex disposescomparlsons are to_be magde anq also to_have confidence that
of some of its initial internal excitation by photon emission, data analyses _for different reactions at different temperatures
usually in the infrared spectral region. The rates of these @€ equally valid.
reactions exhibit a very strong temperature dependence. The The first system chosen for temperature dependence study
temperature dependence is not described by any simple,was acetone/protonated acetone, for which the experimental data
transparent relation, and modeling it accurately is a good testare particularly abundant and deserving of confidence. The
of the validity of the theoretical understanding of the kinetics. association rate in this system at room temperature is well-
Recently, theoretical approaches to this kinetic modeling have known thanks to work by McMahon et &l7-18and Ridge et
advanced to a point of considerable confidence, and the presenal.l?, substantial data on temperature dependence are available
study combines these approaches with old and new data forfrom these sources. Using the same-omolecule reaction for
several representative systems to show the excellent agreemergressure calibration as McMah&# we obtained a very similar
which can now be hoped for between theory and experiment. value of the rate constant. This allowed us to compare our
Several recent reviews have discussed the kinetics of radiativeresults directly with theirs. For acetodg/deuteronated acetone-
association reactions and describe both the theoretical andds it was possible to combine data from McMahon’s grdup
observational state of understanding of this chemistsy. with our more extensive data and with already completed ab

Kinetic analysis of radiative association observations (the RA initio calculations from our earlier work. Butanone/protonated
kinetics approach) can be a useful tool for quantitative estima- butanone was a convenient system for careful temperature
tions of the binding energy of complex¥s!® Full-scale  dependence study, following our previous work on the kinetics
applications of RA kinetics analysis using VTST-based model- at room temperatur®. The association efficiency in this system
ing drawing on ab initio calculatiof$'*have been repaid with s in a convenient range, far away from the collisional limit but
binding energy values of precision comparable to alternative stj|| high enough to permit study over a usefully wide temper-
techniques and have given us some confidence in the validity 5¢,re range. Binding energies in these systems are well-known,
and utility of this approach. For this purpose, it is desirable t0 30 g kcal mot? for acetone/protonated acetcfe30.6 kcal

observe the kinetics in the region of temperature where the 1,51 for butanone/protonated butanci@nd 41.6 kcal molt
reaction is neither too fast (near collisional efficiency) nor too ¢, NO*/3-pentanond®

It also seemed appropriate to compare our new results with
* To whom correspondence should be addressed. i K d d in the 18O
TPresent address: Chemistry Department, University of Maryland, our earlier work on temperature dependence In the
Baltimore Co., Baltimore, MD. pentanone systefs.
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Experimental Section TABLE 1: Reactant—Molecule Vibrational Frequencies for

. . Formation of Butanone Protonated Dimer, HF/6-31G*
Experiments were performed on an FT-ICR spectrometer with calculations?

a 2.54-cm cubical cell. The details of the instrument were
described elsewhef@2® Neutrals were introduced into the cell
through leak valves (Varian). NO was ionized by electron
impact (electron energy 15 eV).
butanone as well as deuteronated acetiyiens were formed
by self-Cl after electron-impact ionization of the neutrals. The
pressure of the neutrals varied fronx510~°to 5 x 1076 Torr.

The ion gauge pressure readings were calibrated to match the
known proton-transfer rate constant between acetyl cation and

acetoné® for acetone, acetonds; and butanone experiments.
After ion formation, a thermalization period allowing at least
five ion-neutral collisions was provided. Then the desired ions

Protonated acetone and

molecule
CH3C(OH)CH,CHz*

frequency (cr)

64.6, 121, 217, 238, 417, 532, 612, 815, 843,
877,998, 1071, 1085, 1185, 1221, 1259, 1364,
1437, 1517, 1548, 1568, 1583, 1613, 1627
1633, 1652, 1753, 3197, 3236, 3241, 3295
3300, 3320, 3332, 3354, 3954

53.1, 120, 236, 272, 432, 557, 624, 805, 854,
1020, 1060, 1081, 1203, 1240, 1345, 1410,
1488, 1550, 1564, 1613, 1616, 1630, 1647,
1651, 2014, 3202, 3209, 3213, 3267, 3270,
3279, 3291, 3321

CH3COCHCHs

a Frequencies given here are unscaled but were scaled downward
by 0.89 for use in the kinetics calculations.

were i_solated_by a series of ejection pulses and aIIowed_ to react 40 constank.s benefits from some cancellation of common
for a time which ranged from 200 ms to 20 s, after which the ;.15 as seen below (eq 5). In the limit of low association

extent of association was measured as a function of the reactionugiciency per collision, this cancellation leads to the convenient

time. To avoid cell heating by the hot filament, the filament - 4isanhearance of all of the properties of the transition state from
was turned off before the thermalization period (a pulsed o calculation.

filament mode), as has been described for other studies in our
laboratory where temperature equilibration of the cell at ambient
temperature was vitaP.2324 An idle time of up to 20 s was

Variational transition-state theory (VTST)-based modeling
along with ab initio calculations of IR frequencies and intensities
. . . ; : have given excellent results in terms of calculating and
provided in each working cycle so that the filament on time ., pining these rate constants to predict accurate kingtiés.

was Ies_s than 10%. ) ) The VTST-based approach has been described in detail previ-
For high-temperature experiments, the reaction chamber Was,sly12.13jn addition, the recent books of Gilbert and Sniith

heated by surrounding it with heating tapes and insulation. The 5,4 Baer and Had&give useful introductions to some of the

cell temperature was monitored by a coppeonstantan ther-  yinetics issues and approaches involved. The calculatiém of
mocouple located on the trapping plate of the ICR cell. For .,.sists of the following two major parts:

low-temperature association measurements, the vacuum can was e first part is the calculation of the radiative rate constant,

cooled by immersion in a dry ice/methanol bath. The cell | "giving the rate of emission of IR photons. In the harmonic
temperature reached a steady value of 245 K, as monitored byapproximation, the IR photon emission rate constant for a

the thermocouple. distribution of vibrational states is given by

Modeling Details

An association reaction can be analyzed in terms of the
detailed mechanism

N N

k(s = Z 1.25x 10~ nP(n)l;(n)»* (3)

where N is the number of vibrational mode&i(n) is the
probability of modei being in leveln, I; (km mol) is the IR
absorption intensity for the 6> 1 transition of mode, andu;
(cm™1) is theith vibrational frequency. The probabilify;(n)
can be calculated by a state-counting algorifrar it can be
written with high accuracy from a canonical distribution

+ kr +* ke +
A"+ B =—= A'B* — A'B

ky

Q)]
M]
kep

wherek; is the bimolecular rate constant for collisional complex
formation2® k, is the unimolecular redissociation rate constant,
k- is the unimolecular rate constant for IR photon emission from
the energized complex, akgp is the bimolecular rate constant
for collisional stabilization of AB* by collision with neutral

M. ATB*is the metastable collision complex. Atlow pressures
where three-body collisional stabilization of the complex is
negligible, the overall bimolecular rate constdat can be
renamedk.,, the bimolecular rate constant for radiative associa-
tion, and the kinetics simplifies to give

k,(low pressurey k., = kk/(k, + k)

o EinkT

(M) = ———

Ze—si(n)/kT
n=

whereeg;i(n) is the energy of theth level of theith mode andr
is the effective internal temperature of the &n.

Individual IR absorption intensities and vibrational frequen-
cies were calculated ab initio for each complex ABsing
GAUSSIAN 94 softwaré® For the butanone system, Hartree
Fock (HF) calculations with the 6-31G* basis set were used.

All of the microscopic rate constants appearing here depend For the acetone systems, it was feasible to improve this level
on temperature. Whilk: andk; display only weak temperature  of calculation with correlation corrections via Mer—Plesset
dependencesk, is highly temperature-sensitive. The rate perturbation theory (MP2). All geometries were optimized at
constank; can be readily estimated, using the dipole-corrected the same level of calculation as was used for the frequency/
Langevin equatio®?> The rate constants andk, are not easily intensity evaluation. Values of frequencies and intensities from
estimated, and modeling them demands the resources of fairlythese calculations not previously published are given in Tables
good theoretical approaches. 1—-4. By inspecting the effect of the MP2 correlation correction

Because;, k;, andk, correspond to reactions having species on the acetone results, it is seen that the vibrational frequencies
in common, the transition-state theory calculation of the overall are not strongly affected but that the IR intensities of the

(4)

@)



Radiative Association Kinetic Modeling

TABLE 2: Reactant—Molecule Vibrational Frequencies for
Formation of Acetone-ds Deuteronated Dimer, MP2/6-31G*
Calculations?

molecule frequency (cri)
CDsC(OD)CDs™  69.4, 85.2, 336, 401, 453, 562, 731, 765, 778, 886,
939, 1003, 1060, 1064, 1072, 1083, 1118, 1170,
1431, 1624, 2222, 2228, 2348, 2351, 2397, 2416,
2611
CDsCOCD; 42.9, 105, 323, 410, 485, 699, 721, 743, 920,

1007, 1057, 1101, 1106, 1107, 1116, 1145, 1309,
1781, 2232, 2235, 2357, 2362, 2399, 2401
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for the reactants. The expression for the association rate
constantk, (which giveskq, in the zero-pressure limit) is the
following:

1

hQreactants

Ky J dE dINg; exp(—E/KT) x

[ k(E.J) + k(E.J)[M] ] -
ky(EJ) + k(EJ) + k(EIM]

whereQreactantdS the canonical partition function for separated

a Frequencies given here are unscaled but were scaled downwardreactants, andg; is the transition state number of states. It

by 0.95 for use in the kinetics calculations.

TABLE 3: Complex-lon Vibrational Frequencies,
Intensities, and Rotational Constants for
(CH3COCHCH3),H ", HF/6-31G* Calculations®

frequency (intensity)

17.9(0.52), 31.5(1.1), 40.6(0.7), 63.9(1.3), 70.9(4.6), 118(4.8), 126(1.0),
134(5.8), 149(1.2), 195(34), 224(0.35), 231(0.28), 250(1.9), 263(11),
418(0.9), 423(14), 558(15), 602(20), 640(3.2), 653(6.4), 834(4.8),
836(5.6), 870(0.003), 878(4.8), 1010(9.6), 1022(2.9), 1063(12),
1069(11), 1079(10), 1080(19), 1204(27), 1213(15), 1227(37),
1228(54), 1231(16), 1340(53), 1355(18), 1391(4.3), 1410(25),
1456(20), 1483(15), 1542(83), 1555(24),1561(21), 1564(5.3),
1579(42), 1597(33), 1605(14), 1613(11), 1630(12), 1631(9),
1638(10), 1641(10), 1646(165), 1653(14), 1658(112), 1810(380),
1916(583), 3033(3151), 3209(3.7), 3215(0.05), 3223(19), 3233(12),
3239(10), 3261(1.6), 3278(1.3), 3283(2.3), 3290(0.4), 3299(37),
3304(12), 3308(15), 3323(3.5), 3327(8), 3339(6.2), 3353(0.6)

rotational constants
0.018

0.064 0.016

aFrequencies and rotational constants in~gnintensities in km/

has been noted by numerous workers (for example, refs 1, 13,
and 32) that in the low-efficiency limik{ < k) this expression
simplifies so that the properties of the transition state drop out
and transition-state theory is unnecessary in the calculations.
However, in the present work several of the cases treated do
not fall within this limit, and VTST provides a good framework
for making accurate calculations including the effects of the
large neutral dipole moments on the rates. (Except for such
dipole effects, phase-space theBmnywould be equally satisfac-
tory.)

In our application of eq 5, we make thetrong collision
assumption to obtaik; and a correspondingtrong radiatve
relaxation assumption to obtairk. The strong collision
assumption, which sef$= 1 in eq 1, says that each collision
with the neutral collider stabilizes the metastable compléB#A
The strong radiative relaxation assumption similarly says that
emission of one infrared photon stabilizes the metastable
complex. A parallel justification for both of these assumptions
in the present applications is based on the idea that the

mole. Frequencies given here are unscaled but were scaled downward€dissociation rate constakg is strongly dependent on the

by 0.89 for use in the kinetics calculations.

TABLE 4: Complex-lon Vibrational Frequencies,
Intensities, and Rotational Constants for (CRCOCD3),D*,
MP2/6-31G* Calculations®

frequency (intensity)

26.3(3.7), 46.4(3.7), 48.7(1.5), 53.8(0.28), 70.1(0.16), 74.9(0.47),
84.3(0.04), 134(15), 159(0.48), 214(161), 334(21), 347(28), 414(1.9),
419(0.19), 478(40), 556(293), 684(7.2), 701(4.9), 748(76), 751(2.7),
766(1.4), 770(34), 894(225), 935(31), 941(37), 1013(2.1), 1015(22),
1041(41), 1069(17), 1078(43), 1080(48), 1085(137), 1089(21),
1092(17), 1095(3.7), 1100(40), 1105(48), 1111(718), 1162(31),
1174(64), 1249(1322), 1363(107), 1421(543), 1693(276), 1748(33),
2234(14), 2236(4.6), 2239(4.2), 2240(3.5), 2357(0.25), 2360(0.07),
2361(5.2), 2366(L.4), 2402(0.73), 2412(0.11), 2412(2.1), 2415(2.7)

rotational constants
0.021

0.112 0.018

aFrequencies and rotational constants in-gnintensities in km/

excess energy of the metastable complex, that is, its internal
energy in excess of that needed for dissociation. This excess
energy is only about 3000 crh even in the largest cases and
highest temperatures considered here, so that removal of internal
energy on the order of 1000 crhor more will drastically reduce

k, and usually lead to ultimate stabilization of the complex. In
the case of collisional relaxation, neutral colliders as large and
complex as those used here are expected to remove a large
fraction of the total internal energy (see ref 34 for an example),
so that thef = 1 assumption seems amply justified. In the
case of radiative stabilization, the most likely emitted photon
energies are typically of the order3f1000 cnt?l; in the
butanone/protonated butanone system of greatest concern here,
most emitted photons have energies around 1600 cso that

the strong radiative relaxation assumption is considered reason-
able for the systems treated here. For larger systems where
the excess energy is much larger than 1000car for cases

mole. Frequencies given here are unscaled but were scaled downwardvith 8 < 1, these assumptions will break down, and a master

by 0.95 for use in the kinetics calculations.

individual modes are strongly changed by this correlation

equation treatment will be necessary (as was done by Barker,
for instance, to treat collisional relaxatfn
The collisional rate constank. was calculated by the

correction (see Table 4). Previous comparisons between HFtrajectory-based approach of Su and Chesnaiclror the
and MP2 mode intensities suggested that kinetic modeling of acetone/protonated acetone system, the assumed value of the
association rates using HF-level ab initio values was nearly asbinding energy was 30.6 kcal mdl (in agreement with the

reliable as MP2-level modelin,but the present results for the

recent experimental valgfeof of 30.6). The same value was

acetone/protonated acetone complex are not as favorable. Foused for the butanone/protonated butanone system since ex-
this reaction, the association rates calculated using HF intensitiesperimentally this system has the same binding energy as the

were a factor of 3 lower than those using MP2-corrected
values?! giving a corresponding difference in modeled binding
energy of 1.6 kcal mot-.

The other part of th&, calculation is the kinetics of formation
and redissociation of the complextB*. The kinetics are

acetone systert. For the acetoneés/deuteronated acetoruz-
system, a binding energy of 29.9 kcal mbivas used to give
the best fit to the room-temperature data point.

Results and Discussion

treated by a VTST-based approach incorporating convolutions  The systems studied here showed simple association behavior,
over a thermal distribution of energies and angular momenta with straightforward first-order kinetics and no significant
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Pressure (107 torr) Figure 2. Temperature dependence of the radiative association rate

Figure 1. Pressure dependence of the association rate constant for theconstant for the formation of acetone protonated dimer. Circles represent

formation of acetoneks deuteronated dimer at 245 K (open circles) this work, crosses represent data from ref 18, and squares from ref 19.
and room temperature (solid squares). The interceptslgive 8.4 x

10 o molecule® s at 245 K and 1.75¢ 10-11 e molecule ™ TABLE 6: Experimental Results and VTST Predictions for

the Formation of AcetoneD6 Deuteronated Dimer

s1at 300 K.
comment
TABLE 5: Experimental Results and VTST Predictions for T(K) @ (exptl?  ka(exptlf  ka(VTST)  (exptl data)
the Association of Protonated Acetone with Acetone 245 0.032 8.40 8.83 this work
comment 300 0.0070 1.75 2.27 this work
T (K) @ (exptlp  ka(exptl?  ka(VTST)  (exptl data) 320 0.0063 1.58 1.38 ref 18
245 0.016 4.1 4.1 this work a Collisional efficiency of radiative association, equakigk;. ® 10-1*
300 0.0046 1.15 1.15 this work cm® molecule® s,
0.0046 1.16 ref 18
0.0045 1.13 ref 19 TABLE 7: Experimental Results and VTST Predictions for
320 0.0030 0.75 0.72 ref 18 the Formation of Butanone Protonated Dimer
330 0.0018 0.47 0.57 ref 19 "
360  0.0010 0.26 0.30 ref 19 T(K) @ (exptiy ka (€XPHY Ka (VTST)
390 0.00076 0.19 0.15 ref 19 300 0.026 5.7 5.0
420 0.00033 0.083 0.077 ref 19 314 0.017 3.8 3.6
a Collisional efficiency of radiative association, equakigk;. ? 10711 24212 88822 ié ig
cm?® molecule™ s™. 352 0.0054 12 13

_ . _ R - - - )

competing reaction processes. The only exception was thé NO Collisional efficiency of radiative association, equakigk. ® 107+
. cm® molecule* s

3-pentanone system where competitive charge transfer occurred,

as was previously describé@®® A procedure for analyzing the

L . . . . 7. This reaction is substantially more efficient at room
kinetics in this competing-reactions case was discussed in ref

temperature compared to that of the acetone case due to the
20. .
. L . m larger size of the system. However, the temperature depend-
A bimolecular association rate constants derived by fitting ences in both systems are quite similar; the rate in the butanone
pseudo-first-order kinetics to a timeplot. This was done for qystem decreases by a factor of 5 from 300 to 350K, while in

several pressures of the neutral in each system for eachine geetone system the corresponding decrease is by a factor of
temperature. Radiative association rate constants were takery

as intercepts of the pressure dependence of association rates’ | Frequencies and Intensities. The vibrational frequencies
(see Figure 1 for example). A useful quantity for making 4nq infrared intensities for acetone/protonated acetone and the
comparisons between _different systems is the associationgeteronated analogue were calculated by both HF and MP2
efficiency @ = kao/ki. For very fast reactionsp levels off  ethods and were reported previously.The frequencies/
toward unity, as association approaches the collisional limit. intensities for NO/pentanone were calculated at the HF Ié¥el.
Acetone/Protonated Acetone.Experimental results for the  Herein we calculated the frequencies of butanone and protonated
formation of the protonated dimer of acetone are given in Table phytanone (Table 1), and the frequencies and intensities of the
5andin Figure 2. As expected, the rate of association decreasegorresponding complex (Table 3) at the HF/6-31G* level.
rapidly with temperature. The association efficiency is about Reported also are the MP2-level frequencies of acetigread
2% at 245 K and 0.03% at 420 K. deuteronated acetomg- (Table 2) and the frequencies and

Acetoneds/Deuteronated Acetoneds. Experimental results  intensities of their adduct (Table 4) which were calculated but
for the formation of acetonds deuteronated dimer are given not published previously.

in Table 6. While the data are not as extensive as the data for Photon Emission Rate Constants.When a pressure de-

the acetone case, the decrease in association efficiency withpendence of the apparent bimolecular association rate constant

increasing temperature is similar, the reaction slowing down is experimentally observed, the sloge E kikokd/ (ko + k)2

by a factor of 5 from 245 to 320 K. and the interceptkfa = kik/(ko + k)] can be solved (as
Butanone/Protonated Butanone. The experimental data for ~ McMahon et al. pointed o&t?) to give “measured” values of

the formation of butanone protonated dimer are given in Table k; andk,. Such semiexperimental rate constants when available
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provide a good comparison for the calculated numbers although

the assignment of single average values to the microscopic rate 95 -
constantsk;, k, and k. is inherently approximate. For the . NO'/3-pentanone
acetone/protonated acetone system, the pressure dependence of .10 | A¢450 /Acde <
the association rate has been experimentally observed, land a I
value of 103 s! derived!® Our data yielded a very similar -10.5 -
number of 102 s! at room temperature, while the value o
calculated entirely ab initio is somewhat higher at 16%. s iof 1ol
For the acetonég/deuteronated acetorg-system, McMa- =
hon'8 reported a measured valuelef= 106 s’ at 320 K. Our .
data gave a measured valuekpf= 109 s at 300 K and 50 S
s at 245 K (derived from Figure 1). (The latter number, O Ref 16
however, should be viewed with caution, noting that in the 245 120 - X Ref 20
K measurements the scatter of the experimental points was s a0 7 3o o e e o
substantial and the pressure measurement was quite uncertain
at this temperature. The derivation of the measugefifom Temperature (K)
pressure dependence data by the McMahon-type analysis tendsigure 3. Temperature dependence of the radiative association rates
to magnify such uncertainties.) The ab initio-calculdtecalue on a semilogarithmic scale. Circles represent data from this work,
is about 87 s! at 300 K and does not change much with crosses from ref 18, and squares from ref 19. Lines are VTST
temperature. calculations. Units ok, are cni molecule* s

A weak pressure dependence was observed for the association fth | howfor the NO'/
of butanone with protonated butancfigermitting a McMahon- ofthe reactants. It was showrior the pentanone system
type analysis to derive a measuriedzalue of 36+ 15 s at that the vibrational contribution to the slope starts to exceed
300 K. Itis surprising that the photon emission rate is so much the rptaﬂonal contanﬂon abovg«lzo K, leading to the
lower than that for the acetone system. Some reduction situation that the rotational contribution to the slope is small
amounting to about 3840%, is expected in going from acetone " near room temperature. The vibrational contribution to the slope
to butanone, first because the larger heat capacity of the!n €d 6 is dominant in the 266500 K range and turns out to
butanone system means a lower internal temperature of theP® “eaf'y constant with respect to temperature over this range.
radiating complex and second because the additional vibrational | WO Important conclusions can be drawn from eq 6 (at least
modes of the butanone system are weak emitters and do not/ithin the domain of validity of the low-efficiency approxima-

contribute much to the emission. Judging from comparative gon, d(;scussed n ref.|37)._ hF".St- th'la sdlope of éempe(;atureh
calculations at the HartreeFock level, the emitting frequencies  9€Pendence on a semilogarithmic scale does not depend on the

and radiative intensities are quite similar for the acetone and properties of the complex, such as the binding energy, or on

the butanone system. The combination of these factors meandne nature of the.tra.n.sition state but is only a functiqn Of. the
that the butanone system has virtually the same set of infraregProperties Of_ the individual reactants. Second, the wpratlonal
radiators, but being cooler, they emit photons at a lower rate contribution increases when the size of the system increases

Thus,k for the butanone system would be expected to be about @d SO does the magnitude of the slope. The latter point can
60—70% of the acetone value or about 68.s The measured  P€ qualitatively understood by considering the contribution of
36+ 15 51 is lower than this but not by a disturbing amount. the vibrational partition function in eq 6. This can be written
Another similar example can be noted in which a modest size 25 follows:

increase in a complex by methyl homologation resulted in an N

unexpectedly large reduction ik: Fisher and McMahoh Q= [Thi; = ()" @)
measured the association rate of dimethyl ether with protonated reactvib L vibi = \vib

dimethyl ether and derivedla value of 48s?, while a similar
determination for diethyl ether with its protonated species gave whereqyp; is the partition function for modé and s is an

ak of only 18 s**. _ . average partition function representing a typical vibrational
Slopes of logk:a vs T Plots. Previous studies have found 1,0de38 Then

that the logarithm of the radiative association rate constant (or
efficiency) is linear vsT to good accuracy16-1%although no N
system has yet been studied with sufficient accuracy over a wide IN Qreactvib= In g, = NIn gy, (8)
enough temperature range to show that this functional form is ’ = ’
superior to other simple alternatives (see ref 19). Our experi-
mental and calculated data for all systems display such a linearThus, the vibrational contribution to the slope increases with
dependence (Figure 3). The slopes of these plots should depenthe number of degrees of freeddhof the reactants. For a
strongly on the size of the system. Larger systems are expectedsimilar series of molecules, the slope of the temperature plot
to have stronger temperature dependence. The strength of thehould always increase in magnitude with increasing molecule
temperature dependence is, in general, a complex question, busize, and to a first approximation (assuming that the vibrational
some simplification and insight is possible by considering the contribution is dominant and that the average partition function
low-efficiency limit of association kinetics. For this limiting  Q.ip iS similar) we can expect the slope of thekivs T plot to
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