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Abstract: High-Pressure Mass Spectrometric (HPMS) experiments have been carried out to probe the details of the
double minimum potential energy surface for gas-pha@r&actions. The well depths and entropy changes associated
with the formation of entrance and exit channel electrostatic complexes for the chloride and bromide adducts of
methyl, ethyl, isopropyl, antért-butyl chlorides and bromides have been determined from the temperature dependence
of the equilibrium constants for adduct formation. In the cases of “symmetric” complexes associated with identity
S\2 reactions, there is an increase in well depth as the size and, therefore, polarizability of the alkyl group increases.
Concomitant with this is an increase in the magnitude of the negative entropy change for complex formation which
is the result of an increase in the frequency of the intermolecular mode(s) of the complex arising from the increased
bond strength. The data for the unsymmetrical adducts for the non-idegftye8ctions show the same pattern of
increasing well depth with increasing alkyl group size with the chloride adducts of alkyl bromides being more strongly
bound than the bromide adducts of the corresponding alkyl chlorides. Enthalpies and entropies associated with
transition state formation are determined from the temperature dependence of the rate constant for the net halide
displacement reaction. These data show that the transition state for the reaction of chloride ion with alkyl bromides
may lie below (CHBr), near (GHsBr), or above {(-CsH;Br, t-C4HgBr) the energy of separated reactants. These
three situations exhibit different changes in rate constant with increasing temperature. In addition, the lifetime of
the transient, chemically activated intermediate formed between chloride ion and methyl chloride has been determined
from the pressure dependence of the rate constant for formation of the observable, collisionally stabilized electrostatic
adduct. The lifetime thus obtained is in excellent agreement with trajectory calculations performed by Hase and
co-workers.

Introduction X R vi
transition state

Bimolecular nucleophilic displacement&'2 reactions have
been examined by chemists for many years. These reactions
have played a critical role in formulation of numerous inter-
pretations of chemical reactions such as the role of steric effects,
solvent effects, and structure reactivity correlations. In par-
ticular, the kinetics of reaction 1, where X and Y are halogens,

Potential Energy

X+ CHY =Y + CHX 1) r)tz«}:;{{l/lb products
\ Y +RX
have been studied extensively in a variety of protic and dipolar *
aprotic solvent$,and were initially recognized to be first order Reaction Coordinate
in both nucleophile and substrate by IngéldThis is thus Figure 1. Hypothetical potential energy profile for a solution-phase
distinct from the first-order GL process, which involves  Sn2 reaction.
dissociation of the substrate into a carbonium ioghagRd anion ) )
Y- in the rate determining first step. Traditionallyn® fundamental goals _of chem|_stry. Itis known,_howgver, that the
reactions had been envisioned as proceeding in one step, witfatés and mechanisms of iemolecule reactions in the gas
formation of the new bond occurring synchronously with phase and in solution differ dramaﬂcglly_, p_rlmarlly_ I:_)ecause of
cleavage of the old bond. They proceeded very slowly in solvent effect_§T7 Thus the concept of|ntr|_nS|c_ reactivity should
solution, and were characterized by activation energies ap-P€ best derived from chemical behavior in a solvent free
proximately in the range of 1530 kcal mot, as typified by environment Whlch sh'oulld, in principle, provide a more defini-
the qualitative reaction coordinate diagram shown in Figure 1. fivé separation of intrinsic structural effects from solvent and
The search for meaningful trends in chemical reactivity and Other environmental effects.

their correlation with molecular parameters is one of the Gas-phase & reactions were first investigated experimen-
tally by Bohme3~10 using the flowing afterglow technique, and
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ight" wansition sale Kebarle and co-workefshave investigated the temperature
= dependence of a series of reactions of chloride ion with selected
— alkyl bromides, eq 5, using high pressure mass spectrometry

ClI” + RBr—Br + RCl (5)

(HPMS). Using a transition state theory formalism applied to
the experimentally observed temperature dependence, they then
inferred the barrier heights for a series of such reactions. These
: barriers were found to be below the energy of separated reactants
v in the case of methyl bromide, within 1 kcal mébf this energy
— R — for ethyl andn-butyl bromides, and substantially above the
Reaction Coordinate energy of the reactants for isopropyl and isobutyl bromides. In
Figure 2. Hypothetical potential energy profile for a gas-phas€ S these studies, the complexes €IRBr were occasionally
reaction. observed, but no measurements of the stabilization energy of
the complex relative to the reactants were carried out.
Depuy and Bierbaum and co-work&rhave also investigated
e rate constants at 298 K for a series of anionic nucleophiles
with CHgF, alkyl chlorides, and alkyl bromides to determine
the important factors affecting the efficiency of thesg2S
reactions as well as those for the corresponding E2 reactions.
One of these studié® showed that the central barrier for the
CI~ CH3Cl reaction is of the order of 3 kcal mdi, accounting
for the extremely slow rate constant observed for the symmetric
Inucleophilic displacement reaction.

Hase and co-worketshave carried out extensive trajectory
studies of the Cl + CHsCI reaction and find substantive
evidence for non-statistical behavior arising from weak coupling
between the intermolecular modes of the -onolecule as-
sociation complex and the intramolecular modes of the methyl
chloride moiety. These studies have also predicted a room
temperature lifetime for the nascent association complex on the
order of 10 ps which has a significant bearing on the efficiency
of central barrier crossing to give theZproducts.

Experimental support for this non-statistical behavior has been
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"loose" transition state

by Brauman';}~13 using the trapped ion, pulsed ICR technique.
These gas-phase measuremnts have shown that variation in thﬁw
nucleophile, leaving group, and alkyl moiety lead to a wide
variation of reaction rate constants, from almost collision
controlled to too slow to be observed. On this basis, Brauman
concluded that these reactions are best explained by a double
well potential with a secondary central barrier, as shown in
Figure 2, and the variation of rates or reaction efficiencies is
primarily due to the variation of the central barrier heigft.
This potential energy surface also finds abundant theoretica
support fromab initio calculations;>~° which are currently one
of the most useful tools for evaluating reaction potential energy
profiles. For example, Truhlar et 81have shown thadb initio
calculations at the MP2/6-31G* level yield reasonable energy
values, compared to the limited experimental data available, for
the stationary points on the reaction profile.

The exothermic gas-phasgXreaction can then be repre-
sented by three elementary processes: (1) formation of the first
loosely bound cluster or iendipole complex, eq 2;

B Kk obtained by Viggiancet al2* in the temperature and kinetic
X +RYZ=X-RY (2) energy dependence of the rate constant for the reaction-of Cl
with CH3Br as well as by Graul and BoweéPsin the kinetic
(2) net 42 reaction forming the second-cluster, eq 3; energy release measurements of metastabi¢CELBr] as-
sociation complexes. In addition, using collisional activation
X" osRY Lo Y e-RX (3) experiments, Johnson and co-workétsave shown that these
K-p entrance channel complexes are identifiably different from the
(3) decomposition of the second cluster, eq 4; corre_sponding exit channel complexes {BH3CI]) for this
reaction.
7 Ky However, despite the many experimental studies carried out,
Y "'RXTY +RX 4) guantitative details of the potential energy surfaces fg2 S

reactions still remain largely uninvestigated experimentally. Our
The first well depth in the potential energy surface corresponds interests in gas-phasg&reactions are motivated by the thought
to the stabilization energy of the first ieTmolecule cluster that more detailed information about the stationary points on
X~---RY relative to the energy of the reactants while the second the potential energy surface would give us a better understanding
well depth corresponds to the stabilization energy of the secondof the intrinsic properties controlling they3 reaction. HPMS
ion—molecule cluster Y---RX relative to the energy of the techniques lend themselves ideally to the investigation of the

products. energetics of adduct formation and to the temperature depen-
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dence of kinetics of reaction from which activation energies 5 T~
can be derived. In the present work such experiments have o~
been exploited in an attempt provide as complete experimental
detail as possible of the potential energy surfaces ¢ S
reactions involving chloride and bromide.

) .,

Experimental Section

All experiments were carried out on a high pressure mass spectrom-
eter constructed at the University of Waterloo which has been described
in detail elsewheré’ as have the principles and capabilities of HPMS
in generakf®

Gas mixtures were prepared a 5 Lheated reservoir using GHs
the major bath gas at a pressure of 50000 Torr. The negative ion
generation reagent, CCflor CI~ or CBr, for Br—, was added in trace 0 T T T T
amounts to vyield the desired negative reagent ion by dissociative 0 5 10 15 20 25
electron capture. The neutral, alkyl halide, reagent was added to a Time [ms)
pressure of between 0.1 and 10 Torr depending upon the temperatur
and nature of the experiment involved. This mixture was then flowed . . ;
into the ion source to a total pressure ef BTorr. lonization occurred clusten?g onto Et;[:l ina h!gh pressure source at 296 K and 4 Torr
via 50 us pulse of 2-keV electrons focused onto the 100 electron of & 98% CH, 2% CHCI mixture.
entrance aperture of the ion source. Mass selected ion temporal profiles
were monitored using a PC based multichannel scaler data acquisition
system typically configured with between 5 and/&Odwell time per
channel. Equilibrium and/or rate constants were then monitored as a
function of ion source temperature to determine the thermochemistry 131
of termolecular association, bimolecular reaction, or activation enthal-
pies and entropies using methods and data treatment outlined below.

Log{Counts/Channel)

eFigure 3. Variation of ion intensities with reaction time for ClI

15

Results and Discussion

1. Symmetric Halide—Alkyl Halide Adduct Well Depths.
The first deduction that a double minimum potential energy 9
surface was implicated in gas-phasg@Seactions arose from
Brauman'’s investigation of the symmetric reaction, eq 6,

7 T T T T T T — T T
¥Cl” + cH,'Cl—¥Cl” + CH,*Cl (6) 25 27 2.9 3.1 33 35
, . . iy , (1o00/T) K™
involving methyl chloride. In addition, the most extensafe Figure 4. Van't Hoff plot (In K s T-%) for the clustering reaction of

initio gtudies _performed to date ha\(e been fpr this_same reaction.c|- ontot-C,H.Cl, from which AH®° andAS® are derived.

The first objective of our experimental investigations was _ o )
therefore to elucidate details of the potential energy profile for Table 1. Thermochemical Data for the Association of Halide lons
the series of symmetric chloride displacement reactions. Due With Alkyl Halides

to the unavailability of reasonably priced chlorine-labeled Cl-+R-Cl Br~ + R—Br
reagents for either chloride ion generation or alkyl chloride, the R AH° 2 AS b AHP a AS D
!<|net|(?s of the symmetric d|splace'ment rglacyons could not be CHs 104 153 112 20
investigated. However, the clustering equilibria, eq 7, were able ¢, —12.4 188 ~120 —204
i-C3H —-14.7 —23.3 —14.2 —26.6
ClI” + RCI=[CIRCI]” (7) t-CaHg —16.6 —27.8 —-15.6 —27.7

. . . akcal mol™.  cal moi* K.
to be examined and this then provides the well depths for the

two stable intermediates on the symmetric double minimum first clear trend is that as the alkyl group size increases from
surface. Experimental data illustrating the temporal variation methyl to ethyl to isopropyl totert-butyl the well depth

of ionic abundances with residence time in the ion source arejncreases. This can be readily understood from the point of
shown in Figure 3 for methyl chloride. From the equilibrium yjew that these are predominantly electrostatically bound
ion intensity ratios and the known partial pressure of the alkyl complexes and as the alkyl group size increases so too does
chloride involved, equilibrium constantseg, for the clustering the polarizability ¢125%%° while the dipole moments increase
equilibria may be derived and, from these, the free energy only slightly (16%) from 1.87 D to 2.05 D to 2.17 D in going
changesAG®¢, obtained for that reaction. As illustrated in  from methyl to ethyl to isopropyl chlorides and then remains
Figure 4 fortert-butyl chIoride_, the corresponding van't Hoff  3imost constant at 2.13 D feert-butyl chloride®® The strength
plots of In Keq vs T then yield the enthalpy and entropy  and direction of the dipole moment cause the preferred direction
changesAH®c andAS’c. The well depths for the association  of attack to be decidely “backside” while the increasing
adducts for each of the chlorigelkyl chloride systems are  polarizabilities result in the substantial increase (75%) in binding
summarized in Table 1. These data reveal several interestingenthalpies. This general pattern of increasing well depth with

trends and perhaps provide insight into the structueactivity increasing methyl for hydrogen substitution is also revealed in
relationships observed for solution-phase Seactions. The

(29) Landolt-BornsteirAtomic und MolekularphysjkPart 3; Springer-
(27) Szulejko, J. E.; Fisher, J. J.; McMahon, T. B.; Wronkalnd. J. Verlag: Berlin, 1951; Vol. 1.

Mass Spectromlon. Proc. 1988 83, 147. (30) Nelson, R. D., Jr.; Lide, D. R., Jr.; Maryott, A. Selected Values
(28) Kebarle, P. InTechniques of Chemistrfrarrar, J. M., Saunders, of Electric Dipole Moments in the Gas Phas¢SRDS-NBS 10, United

W. H., Jr., Eds.; Wiley: New York, 1988; Vol. 20. States Department of Commerce: Washington, DC, 1967.
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ab initio calculations for these same species where, at the than counterbalances the increased reduced mass effect in
6-31G* MP2 level, agreement within 0.5 kcal méis obtained determining the frequencies of the “intermolecular” modes.
in each casé! These trends observed above for the symmetric chloride
However, perhaps just as revealing are the entropy changessomplexes are mimicked by the analogous bromide complexes.
which accompany these enthalpy changes. Normally, the The data summarized for these species in Table 1 show the
entropy change associated with the clustering reaction of aexpected simultaneous increases in the magnitudasiéfand
monoatomic ion with a polyatomic neutral to give an electro- AS as the alkyl group size increases and proceeds from primary
static complex is minimal, i.e-15 cal mof! K~%. Inthe series  to tertiary. In addition, the binding energies in the bromide
of chloride ion-alkyl chloride interactions, as the strength of species are in general reduced slightly relative to the analogous
interaction increases, so too does the decrease in entropychloride species reflecting the larger radius associated with the
accompanying complex formation. bromide ion. Accompanying this is an overall less favorable
There are a number of possible factors which might give rise entropy change for the symmetric bromide adducts as well,
to this trend in the association entropy change values. One ofwhich may be the result of a smaller change in rotational entropy
these possibilities is that this is due to the increased loss in of the bromide complexes relative to the corresponding neutral
rotational entropy associated with the shorter chloride to carbon alkyl bromide as compared to the chloride systems.
bond distance in the electrostatic complexes as the alkyl group Ab initio calculations at the 6-31G* MP2 level for the
size increases. However, simple estimation of the moments of symmetric Ct—alkyl chloride adducts, as well as that between
inertia based on thab initio geometries of these adducts By~ and CHBr, have been carried out which are also in good
indicates that this rotational entropy effect would constitute, at agreement with these experimental results with a maximum

best, a minor contribution to the observed trend. deviation of 0.6 kcal moft between experimental and theoretical
The increased loss in entropy is relatively constant with each values.
methyl for hydrogen substitution, with a low value 6f15.3 These experimental well depths for the symmetric hatide

cal mol"t K~* for the CI—CHsCl adduct to the high value in  giky| halide adducts provide a basis for understanding the well
the case of the complex formed witert-butyl chloride where  gepths for the asymmetric systems where the shape of the
the magnitude of the entropy decrease-B8 cal mof* K™%, potential energy profile can conceivably be modified by the
This then leads to the speculation that the number of methyl exothermicity of the net nucleophilic displacement reaction.
groups may be a determining factor and might imply that, @s 5 = Aqymmetric Halide—Alkyl Halide Adduct Well Depths.

the CI" approaches the back_3|de of the alkyl chlo_r|de heutral The position of the central barrier in the double minimum
along the molecular dipole axis, methy_l group rotations become potential energy surface critically determines whether or not it
rgstrlcted. In the cases of methyl chloride there is no sych effectiS possible to observe asymmetric hafidgkyl halide adducts
since the complex and meth'yl group axes are coincident andin the entrance channel of the potential energy surface. If the
the internal and overall rotations are synonymous. However, central barrier lies anywhere from1 to 2 kcal mot® below

for ethyl and othe_r chlori_de_s this is not the case and the chIoridethe energy of the separated reactants upwards then the adduct
approach results in restriction of one, two, or three methyl group may be readily observed, provided that the lifetime of the

rotatlon's.. As the str.engj[h of interaction increases t.he degreeinitiaIIy formed chemically activated adduct is sufficiently long
of restriction of rotation in each methyl group also increases that it may be collisionally stabilized at the pressures used in
and hence the magn'tUde qf the entropy change_ WOUId_ t_h_enthe ion source. However, if the central barrier lies too far below
decrease ina nonllnear.fafshlon. In. order to test this .pOSSIblllty the energy of the separated reactants then the lifetime of the
the energetics of association Of_ﬂ“”th tert—b_utyl chlorideds initially formed adduct is too short, compared to the time
were examined. Previous studies from this labordfomave between collisions, to be efficiently collisionally stabilized. In

fsr;own ltha;t ;{vhen assoc;a.tl?n digmplt_axes are formead dm ‘;\’h!Ch such cases the system passes nearly quantitatively over the
in eirna roffa '?n.s at[]e res t”C edthere |sfapronouncet ?u eNUMcantral barrier to the exit channel adduct and, from there,
ISotope €fiect in the entropy arising from a greater 10SS 1IN yissqciates to reaction products. As a result no information is

eCrll_tiropy In restt'ctlon of, forhexaThpIe, QDgrg:Jps r(talatlve to obtainable for the well depth of the entrance channel complex
s groups. However, when the (GRCCI system was for potential energy profiles of this type. In all cases the well

fexarg:_rlledcg entropg .Of 355_?_?]'61“%” \;lrtugl!y |d(int|cal rtlo that depth for the exit channel complex, relative to separated
or (CH3)sCCl was obtained. Thus the trend in entropy changes products, is readily obtainable from experiments involving

obse_rved_is most “k?'y not due to restriction of methyl group clustering of the product anion onto the product neutral. Data
mt'f_t'orllls in the |0|°r_d|ptc_>le C(;ntwrf)lexes. | ¢ hich vib for the asymmetric cases studied are summarized in Table 2.
_Hnally, an examination ot the Complexes for which vibra- For the chloride-alkyl bromide series, the only case where

tional frequencies were available frab initio calculations led an entrance channel well depth was undeterminable from the

to the most probable source of the trend of increasingly negative o
. o L . . normal temperature-dependent equilibrium method was methyl
entropies of association with increasing alkyl group size. ; o . AL . .
bromide. This is consistent withb initio calculations which

Vibrational contributions to the entropy of a species are largest place the central barrier 2.8 kcal mébelow separated CH-

for Iow-frquency V|brat|ons' and a.t very lOW. vibrational CH3Br. The complex electronic energy ef10.7 kcal mot?
frequencies increase dramatically with decreasing frequency. . . .
relative to reactants obtained by Hase and co-wofReEs

Ir?tl:asrrr]:cc))zet:hu?ap’qcr)nsé dve\zlga\}\'/(ill)llhg?/gr;gwséeefféei’;ﬁizlftlta,a:lht?\ose consistent with the experimental well depth of 10.4 kcal Thol
q for CI=—CHsCl and the difference of 1.2 kcal mdi obtained

e e ey et i 1o the well depths of the CF CH.Cl and I e
yigroup ’ 9 9 Y complexes. Thermochemical data for the adduct of @ith

(31) Jensen, FChem Phys Lett 1992 196, 368. C.,HsBr were obtainable, although the equilibria observed
(32) (a) Szulejko, J. E.; McMahon, T. Brg. Mass Spectroml993 exhibited a slight pressure dependence, possibly due to a lifetime
ﬁélggfé (b) Norrman, K.; McMahon, T. Bl. Am Chem Soc 1996 of the initially formed adduct which is of the same order as the

(33) Knighton, W. B.; Bognar, J. A.; O'Connor, P. M.; Grimsrud, E. p.  time required for collisional stabilization at the lowest pressures.
J. Am Chem Soc 1993 115, 12079. This therefore introduces a somewhat larger than normal
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Table 2. Relative Energetics for Experimentally Determined that the interactions are largely electrostatic. On this basis it is
Stationary Points on thexd Potential Energy Surfate then logical to expect that they® adducts of Cl and CN°
X~ 4+ RY = X ---RY = [x._.R_._Y]t- — XReY =Y +RX rr_ug_ht have comparat_)le_ energetics and this is borne 0L_1t in the
similar well depths (within 0.2 kcal mot) for these two anions
well 1 transition state well 2 with methyl chloridg. A slight!y enhanced well depth (0.7 kcal
- mol~1) for CI~ relative to CN is seen, however, fdert-butyl
X RY AH%, AS’; AH*  AS  AH°, A,

chloride. The interaction between Chnd CHCN is substan-
Cl~ CHgBr -125 (-19.0p —-1.8 —-24.1 -10.9 —20.3 tially greater (5.6 kcal mol) than that between CNand CH-

CC::: g:ﬁ: _%'gd :gg':l’z Cl because of the substantially greater dipole moment on the
cr CHzBr 33 —29F alkyl cyanide and also because of its significantly greater gas-
Cl- CHsBr 1.8 —25.1 phase acidity. Because of this latter factor the interaction

Cl= CHBr —1248 -19.0 -1.8 —-2453 between an anion and acetonitrile might then be more correctly
Cl~ ChHsBr —-136 -224 -0.7 -227 -11.2 —19.6 regarded as a hydrogen-bonded adduct. This is also reflected
g:: gZEsg: _8-; :g%g in the smaller difference observed (2.6 kcal mlbetween

e CzHiBr 05 —ooa CI~ andt-C4HeCN compared to CN andt-C4H¢Cl where the

CI- nCHmBr —-142 -200 -1.3 -240 -12.1 —20.6 enhanced dipole interaction remains but no significant hydrogen
Cl- i-CgHBr —-15.2 -22.4 29 —-20.0 —-12.4 —20.6 bond interaction exists due to the absence of an acidic hydrogen
Cl=  i-CgHBr 45 -15.9 o to the cyano group.

Cl™ n-C4HqBr -16 -243 3. Intermediate Barrier Heights. As noted above, it is the

g:, ?_gﬁ'gggrr 177 —205 ~l# -238 139 —245 height of the intermediate barrier on the poteqtial energy surface
CN- CH.Cl -102 -17.8 _158 —18.7 which determines the overall rate of conversion of the entrance
CN- t-CHCl —15.9 —28.0 —18.5 —25.0 channel complex to exit channel complex and thence to

CN~ CHsBr -14.3 —-18.7 products. Kebarle and co-workétshave previously demon-

aUnless otherwise noted all values reported are from the present strated for thesen systems that the tempgrature dependence
work. ® A value of —19 cal mot! K1, based orab initio calculations of the rate constant for they3 reaction provides a measure of
(ref 23e), has been used to convert the single temperature clusteringthe Arrhenius “activation energy”, eq 8, which can then be

AG® measurement to AH° value.° HPMS measurements at 3 Torr  related to the enthalpy of activatioAH®*, via a transition state
from ref 33.9 lon mobility MS measurements at atmospheric pressure theory analysis, eq 9

from ref 33.¢ HPMS measurements from ref ZIFlowing afterglow

measurements from ref 24Ab initio calculations from ref 23f.
dink _ ~Ea ®)
_ . A d(m R
uncertainty in these values. The slightly greater stabilization
of alkyl bromide relative to alkyl chloride adducts is repeated K= KT Agtr AHIRT 9
in the difference of 0.5 kcal mot for the isopropyl case and - Fe ©)

1.1 kcal mot?! for the tert-butyl case. This is likely a
consequence of the greater polarizability of the bromides relative For a gas-phase reaction at constant volume, the conditions of
to the chlorides since the dipole moments of the pairs of alkyl the HPMS experiment, and assuming ideal gas behavior, the
chlorides and bromides are nearly equal. experimentally determined Arrhenius activation enefgycan

The well depths associated with the corresponding exit be related toAH** by eq 10, wherenz* is the molecularity of
channel complexes are also summarized in Table 2. As N s
expected, these values are less than those of the entrance channel E,=AH" + RTZ ™ (10)
complexes due to the lower nucleophilicity of bromide relative
to chloride and the lower polarizability of the alkyl chlorides the reaction and is equal to 2 in this case. Interestingly, for the
relative to the corresponding alkyl bromides. What is clear from double minimum potential energy surface where the central
the energetics, however, is that there are indeed two differentbarrier lies close to the energy of separated reactants, either a
complexes of the same elemental composition with the exit positive or negative temperature dependence can be observed
channel complex being lower in energy than the entrance for the bimolecular rate constant.
channel complex by an amount somewhat less than the The bimolecular rate constants and associated temperature
exothermicity of the net, @ reaction. Johnson and co-workers dependencies were determined in two ways. The first follows
have also previously demonstrated this for the -€CHsBr the example of Caldwell, Magnera, and Keb#le determining
system based on collision-induced dissociation experinténts. the first-order disappearance rate of the @n as a function

The difference in the stabilization energies of the exit and Of alkyl bromide partial pressure, as, for example, in Figure 5.
entrance channel complexes relative to their separated compoA slope of the plot of this rate as a function of RBr pressure,
nents increases with increasing alkyl group size. This is likely for example Figure 6, then gives the second-order rate constant
a consequence of the larger atomic radius of the bromide relativefor the bimolecular §2 reaction.
to the chloride ion and the f/dependence of the iefinduced The second method is based on the approach to equilibrium
dipole potential which diminishes this part of the intermolecular for a reversible § process. For example, as shown in Figure
potential significantly as the bulkier alkyl group leads to a 7, the forward and reverse rate constants for the reversible
greater distance between the charge and center of polarizabilityreaction between ethyl bromide and ethyl chloride can be

In several cases experiments have also been carried out using@btained by fitting the Ci and Br™ intensities to a reversible
CN- interacting with alkyl chlorides and for chloride and Pseudo-first-order set of kinetic equations. The temperature
bromide ions interacting with alkyl cyanides. This was dependence of this behavior then gives the activation energy
motivated by our previous observation that when @hd CN- for reaction in each direction as described above. An added
interactions with Bronsted acids are Compared they are usua”ybeneﬁt of this method is that the overall bimolecular equilibl’ium
very similar®* This can be rationalized on the basis of the very ™ (34y Larson, J. W.; Szulejko, J. E.; McMahon, T.BAm Chem Soc
similar effective radii of these two anions and the assumption 1988 110, 7604.
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Figure 5. Variation of intensities of Cl at a constant ion source ) - )
temperature of 264C and constant ion source pressure of 5.0 Torr. Figureé 7. Variation of relative abundances of Cand Br at 516 K
The concentration of the neutral substrat€sH;Br, increases from N @ high-pressure ion source containing 5.1 Torr of4IH83 Torr of
zero to 5.8x 10 molecule cm?® in going from A to trace E. The  C2HsCl, and 2.1 mTorr of @HsBr. From the intensity variation on
rate constant for disappearance of @ obtained from the slope of approach to equilibrium and the equilibrium constant of 2050 obtained,

. . . . . 11 15
the linear portions of each trace after a suitable initial source residenceforward and reverse rate constants of .30 **and 7.5x 10- cm?
time. molecule® s71, respectively, are obtained.
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Figure 6. Plot of the pseudo-first-order rate constant for disappearance Figure 8. Plot of Ink/T?) vs 1/T from which AH* and AS' data are

of CI~ vs the concentration of neutr&lCsH,Br at a temperature of derived. HPMS indicates data either at 3 Torr (UM) from Grimsrud
264°C. The second-order rate constant of 2.307'2 cm?® molecule’® (ref 33), from Kebarle (UA, ref 21), or from the present work (UW);
st is obtained from the slope. The non-zero intercept represents the KIMMS signifies ion mobility data at atmospheric pressure (ref 33);
first-order rate constant for loss of Cto the ion source walls at 5.0  Vi-FA is flowing afterglow data by Viggiano and co-workers (ref 24);
Torr of CH, pressure. and WH-MP2 (ref 23f) indicates a calculated plot basedbrinitio
constant for the @ reaction may also be obtained and, from derived values for the transition state thermochemistry.

the temperature dependence of this equilibrium constant, thestatistical. This non-statistical behavior is exacerbated by the
AH° and AS’ for the reaction can be obtained. In principle, poor coupling between the intermolecular and intramolecular
these quantities are well-known in advance from tabulated modes of the complex such that the probability of intermediate
thermochemical data for ions and neutrals and the degree tobarrier crossing is inefficient. As a result the reaction cannot,
which the experimentally derived data agree with the anticipated with confidence, be treated using standard statistical rate theory
values is an excellent calibration of the validity of the thermo- models, such as RRKM theory. One consequence of this non-
chemical data obtained from these HPMS experiments. In all statistical behavior has been suggested to be the observation of
cases this agreement was withii0.4 kcal mot? for AH® and a rate constant for then8 reaction that is a function of the
+2 cal molt K= for AS’. Data for the intermediate barrier pressure of a third body in the system. Grimsrud and co-
heights which could be determined in either of the above two workers?® reported substantial differences in the temperature
ways are also summarized in Table 2. In the case ofB2H  dependence of the rate constant between 3 Torr in a HPMS
clustering, equilibrium was observable only at the lowest apparatus and 640 Torr in an ion mobility device. Viggiano et

temperature attainable and an experimental valuettf given al.2*find rate data as a function of temperature that are in good

is based on thé\G° value derived and thab initio value of agreement with those from Grimsrud’s HPMS experiment. Our

AS obtained by Hasé®® current data are almost exactly coincident with those of
An important specific case to consider is that of @l CHs- Grimsrud. We have carried out our experiments over a pressure

Br, whose temperature dependence has been examined experregime from 2 to 10 Torr and find the rate data invariant. In
mentally by several groups as well as in considerable theoreticaladdition we have extended the temperature range examined. All
detail by Hase. The suggestion has been made that the lifetimeof these rate data, together with that predicted by Hase's
of the complex initially formed between Chnd CHBFr is too calculations are shown together in Figure 8 in a modified
short to permit randomization of the internal energy and the Arrhenius type plot in a form appropriate to extract the activation
dissociation of such complexes will threfore be decidedly non- enthalpy and entropy. The excellent agreement obtained
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Figure 9. Complete potential energy profile derived from experimental Timelms)

determination of each of the stationary points on the surface for the

.2 reaction of Cf with i-CsHBr Figure 10. Variation of relative ionic abundances with reaction time
“3h7bl.

for CI~ clustering onto CHLCl in a high pressure source at 296 K and

. , 4 Torr of a 98% CH, 2% CHCI mixture. From the intensity variation
between Grimsrud's and the current HPMS data-at@ Torr, at short reaction times the rate constant for the formation of the

the flowing afterglow data at 0.5 Torr, and thb initio calcu- CI-(CH4CI), entrance channel, adduct may be obtained.
lations of Hase thus indicate that the initially formed intermedi-
ate complex between Cnd CHBr is much shorter lived than  normally proceedsia a Sy1 mechanism. Similarly, in the gas-
the time between collisions in the flowing afterglow or HPMS  phase reactions of Ciwith methyl, ethyl,n-propyl, isopropyl,
experiments. In contrast, in the ion mobility experiment, where and tert-butyl bromides, the reactions of the methyl, the two
the pressure is sufficiently hlgh that the time between collisions primary, and the Secondary a|ky| halide are observable while
becomes comparable to the transient lifetime, an increased ratgeaction with the tertiary system is too slow to be seen on the
constant is observed. This is a result of the fact that as a largerHPMS time scale at all temperatures. The primary species each
fraction of the activated intermediates are intercepted and have negative activation enthalpies, the secondary system has
collisionally stabilized the system more closely resembles one 3 significant positive activation enthalpy, and the tertiary system
of thermal dissociation of thex@ complex, for which the Br has an activation enthalpy sufficiently high that no reaction can
dissociation channel is the more energeticaly favored. proceed even at the highest temperatures attainable in the HPMS
From these equilibrium and kinetic data a clear, experimental system. Such an increase in activation enthalpy can be envis-
validation of the double minimum potential energy surface for joned to arise from an increasing difficulty to effect inversion
S\2 reactions emerges which, in the few cases where compari-at the substituted center with increasing alkyl group substitution.

son can be made, quantitatively suppatsinitio calculations 4. Lifetime of a Transient Sy2 Intermediate. The deduc-
for these same systertis®>*" Many of the clustering equilibria  tion of the double minimum nature of theBpotential energy
for entrance and exit channel complexes establish thedgole surface by Braumadharose from his attempt to explain the slow

complex well depths and clearly show that two energetically rate for the thermoneutral reaction of Qlith CH3Cl. The
distinct species of the same molecular formula do exist, which jntermediate barrier height of-2 kcal/mol above the energy
requires that a significant central barrier separate these twoof reactants then causes the rate constant to be several orders
minima. In the case of the more complex alkyl species the of magnitude lower than the collision rate constant. Hase’s
determination of the energetics from the overal @quilibrium trajectory calculatior?§ also show that intermediate barrier
reaction confirms, by comparison with literature thermochem- crossing is extremely inefficient and this inefficiency is proposed
istry, that nucleophilic displacement rather than elimination is to be due, at least in part, to an extremely short lifetime of the
indeed occurring. Finally, the temperature dependence of theintermediate ior-dipole complex between chloride and methyl
reaction rate constants establishes the position of the centrakhloride. The lifetime suggested by the calculations-a ps
barrier relative to the separated reactants. In favorable caseSs insufficient for energy randomization among the internal
all of these data can be obtained for a single reaction SyStemdegreeS of freedom of the complex and thus energy flow to the
and a clear experimental determination of all of the stationary reaction coordinate leading to barrier crossing cannot readily
points on the potential energy surface can be obtained. Oneoccur. Despite this apparently extremely short lifetime, the
such example is that shown in Figure 9 for the reaction of HPMS experiments described above are capable of detecting
chloride with isopropyl bromide. This and the similar examples the CI/CH,Cl adduct and observing the clustering equilibrium
in Table 2 are the first completely experimental determinations from which the energetics for the complex are obtained. At
of the relative energetics of all five of the important stationary 298 K and 5 Torr in the high-pressure source the mean time
points on a double minimum potential energy surface. between ior-molecule collisions is on the order of 5 ns. The
The trend of increasing activation enthalpy with increasing three orders of magnitude difference between the proposed
methyl group substitution at the site of nucleophilic attack is |ifetime of the transient intermediate and the time between
of interest viewed in the context of analogous solution-phase collisions suggests that the formation of the collisionally
behavior. In solution then2 mechanism is normally operative  stabilized adduct should be slow and, from an examination of
at primary and, occasionally, secondary carbon centers. How-the kinetics of the formation of the adduct, a lifetime of the
ever, reaction of nucleophiles with tertiary carbon centers injtially formed transient might be obtained. This can be readily
(35) Shi, Z.; Boyd, R. JJ. Am Chem Soc 1991 113 1072 seen from the kinetic scheme for eq 11 outlined below and the

(36) (a) Glukhovtsev, M. N.; Pross, A.; Radom, L.Am. Chem. Soc.  experimental data shown in Figure 10.
1996 118 6273. (b) Glukhovtsev, M. N.; Pross, A.; Radom,1.Am
Chem Soc 1995 117, 2024. _ k kM
106(3:;’»175) Deng, L.; Branchadell, V.; Ziegler, 1. Am Chem Soc 1994 116 CH3C| f [C|7"'CH3C|]* = le"-CH3C| (11)
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0.7 of lifetimes predicted by Hase’s calculations for @HsCl
collisions at relative translational energies of 1 kcal ol
0-6 1 rotational temperatures of 300 K, and vibrational energies equal
< 05 to the zero-point energy of the system.
5
w047 . Conclusion
o
}: 031 D The data presented herein provide a number of valuable
I y insights into the nature of the potential energy surfaces and the
= dynamics of a number of simple, but important, gas-phage S
0.1 1 reactions. For thermoneutral, symmetric reactions between
chloride ion and alkyl chlorides and bromide ion and alkyl
0 T T T ' . ' bromides the well depths associated with the electrostatic
¢ 01 02 03 04 05 06 07 complexes are readily obtainable. These species are the identical
1/P (Torr™) entrance and exit channel intermediates on the potential energy
Figure 11. Plot of the reciprocal bimolecular rate constant for the Surface. The data show that as the alkyl group size increases
formation of the collisionally stabilized C{CHsCI) adductvs the so does the well depth, which is a consequence of the increased
reciprocal ion source pressure from which the lifetime of the transient, polarizability of the alkyl halide with increased alkyl group size.
chemically activated, & intermediate may be derived. In addition, the magnitude of the negative entropy change

. L . associated with complex formation also increases with increasing
Applying the steady state approximation to the initially 5y group size and this has been shown likely to be attributable
formed, chemically activated complex yields the rate equation 4 the increasing frequency of the intermolecular vibrational

for disappearance of the bare chloride ion and formation of the ,odes of the complexes accompanying the increased binding
collisionally stabilized {2 intermediate, eq 12. energy.

B _ In the case of unsymmetrica\3 reactions of chloride ion
_diCI] _ KlCl 1Peysc (12) with alkyl bromides four different important pieces of informa-
dt k. + k{M] tion concerning the potential energy surface are, in principle,
obtainable. These are the following: (i) the overall energetics
The apparent bimolecular rate constant for the formation of (AH®, AS’) of the net {2 reaction, determined from observation
the stabilized complex is then given by the combination of of the reaction at equilibrium in alkyl chloride, alkyl bromide
bimolecular and unimolecular rate constants and bath gasmixtures; (ii) the energetics of the entrance channel(RIBr),

pressure in eq 13. complex relative to separated reactants; (iii) the energetics of
the exit channel, B{RCI), complex relative to separated
kik{M] products; and (iv) the energetics of the transition state associated
Kapp= e (13) ith the i i i h le well ial
PP Kk + kM] with the intermediate barrier on the double well potential energy

profile. In the favorable cases where all such data are obtained
an exceptionally complete picture of the potential energy surface
is provided. The data for the transition states reveal that as the
alkyl group size increases the height of the barrier relative to
separated reactants increases from several kcafrnelow the
reactants for CEBr to significantly above the reactants for
t-C4HoBr. These thermochemical data for the gas-phagz S
potential energy profile provide the first completely experimental
direct verification and characterization of the double well nature
of the potential energy surface. In addition, the entropy data
provide some insight into the structural and vibrational character
of the intermediates and transition states.

Finally, an examination of the pressure dependence of the
formation of the stabilized adduct between chloride ion and

gas in the HPMS experiment. Combination of these values with methyl chloride provides an experimental route to the determi-
the experimentally determined slope then gives a value for the nation of the lifetime of the chemically activated transient adduct

unimolecular dissociation rate constant of the initially formed formed immediately upon collision of these two reaction
S\2 intermediate of 8.% 10 s corresponding to a lifetime partners. The exceller!t agreement bfatwegn the experlmental
of 12 ps. Alternatively, Hase’s trajectory value for the associa- I|f_et|me and that dete_rmlne_d from Hase’s trajecto_ry caI_cuIanns
tion rate constantg, of 1.04 x 10~° cm?® s~ may be used in gives further graphic ew_dence of the b_enef|C|aI _mte_rpla_y
conjunction with the above Langevin value of the collisional P€tween theory and experiment when applied to the intricacies
stabilization rate constant to yield a unimolecular dissociation °f Mechanism, dynamics, and potential energy surfaces for gas-
rate constant of 3.7% 101°s 1 and a lifetime of 27 ps. Within ~ Phase iorrmolecule reactions.

the limits of accuracy of these assumed rate constants it is

anticipated that where the reciprocal plot is linear over the Acknowledgment. The financial support of the Natural
pressure range studied and a significant fraction of the inter- Sciences and Engineering Research Council of Canada is
mediates are collisionally stabilized then the derived lifetime 9ratefully acknowledged. T.B.M. also acknowledges extremely
should be accurate to within a factor of 2. In each case, thesevaluable discussions with Eric Grimsrud, Bill Hase, and Al
values are in excellent agreement with the order of magnitude Viggiano.

From this, it is evident that a plot ok{,p ~* vs[M] ~* should
yield a straight line whose slopekg(kiks) and whose intercept
is ki L. The values forksp, can be obtained from fitting of
experimental data, such as that shown in Figure 10, to a
reversible first-order reaction system during the approach to
equilibrium ion intensities. The resulting reciprocal plot is
shown in Figure 11, which exhibits the anticipated linear
behavior with a slope of 3.5 10?8 s cnT®. Bothk; andks can
be approximated from either the Su-Chesnavich trajectory
algorithn®® for collisions of ions with polar molecules(=
2.28 x 107° cm® s71) or the simple Langevin relation for the
interaction of ions with non-polar neutralks & 1.03 x 107°
cm? s71), in this case for Ciwhich is being used as the bath

(38) Su, T.; Chesnavich, W. J. Chem Phys 1982 76, 5183. JA9605650



