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Effect of changing reagent energy on reaction dynamics. 
Xt Dependence of reaction rate on vibrational excitation in 
endothermic reactions HX(v reag) + Na~H + NaX(X=F ,el) 

F. E. Bartoszek,8) B. A. Blackweli,b) J. C. Polanyi, and J. J. Sloane) 

Department o/Chemistry, University a/Toronto, Toronto, Canada M5S lAl 
(Received 27 August 1980; accepted 7 November 1980) 

The chemiluminescence depletion (CD) method has been applied to two endothermic reactions to obtain 
approximate relative rates of reaction k ,ndo(V ,,,,) out of specified reagent vibrational levels v ,<a, for a range of 
vibrational energies V"., extending to well above the energy barrier Q. The reactions were (I) 
HCll(v"., = 1-4) + Na~H + NaCl(Q = - 4.2 kcal mole-', Qc = - 10 kcal mole-') and (2) 
HP(v"., = 1-5) + Na~H + NaF (Q = - 12 kcal mole -', Q, = - 18 kcal mole -'i. The major finding is 
that for high V"." with over 90% of the reagent energy present as vibration, the collision-efficiency for both 
reactions is approximately unity. From this we conjecture that the barrier crest is "late," with little extension 
into the entry valley (type lIS). The reactive cross sections exceed by an order of magnitude the (large) cross 
section of several A' obtained in part VI for endothermic reactions HXt + Y(e.g., HP + Clio The salient 
difference is likely to be the fact that the present reactions involve a switch from covalent to ionic bonding. To 
within experimental error the same absolute vibrational energy in either HCll or HP gives rise to the same 
absolute cross section for reaction with Na. 

I. INTRODUCTION 

The effect of systematic changes in reagent vibration, 
rotation, and translation (V, R, T) on reaction rate k and 
product energy distribution-Le., on reaction dynam
ics-is a lively field for theory and experiment. 1 The 
series of experimental studies of which the present work 
forms a part began with an investigation of the effect of 
T reag on Vprod , Rprod , and Tprod (subscripts indicate rea
gent and product energies) using a seeded supersonic 
jet to vary Treag and the arrested relaxation infrared 
chemiluminescence method to obtain Vprod ' Rprcth and 
T Pt"od' 2 The technique common to all papers in this 
series has been the recording of chemiluminescence in 
the infrared. Use has been made of the methods of 
fluorescence depletion (FD)3 and chemiluminescence de
pletion (CD)3,4 in order to measure k(Vreag,Rreag) over a 
wide range of V and R. 5 

The present work has to do with the effect of reagent 
vibration (in the absence of enhanced reagent rotation 
and translation) on the rates of endothermic reactions. 
For endothermic exchange reactions AB +C - A +BC 
(we write A + BC - AB +C in the exothermic direction, 
and AB + C - A + BC to indicate an endothermic exchange 
reactionl~») in which a covalent bond is being broken 
and another covalent bond is being formed, it was sug
gested some time ago that the barrier to reaction would 
be "late," i. e., it would have its crest along the coordi
nate of separation, corresponding to extension of the 
bond AB under attack, and that as a consequence vibra
tional excitation in AB, Vre,ulJ would be much more ef
fective than Treag in enhancing the reactive cross sec
tion. 6 The most detailed experimental evidence for this 
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b)Present address: Division of Biology, National Research 
Council, 100 Sussex Drive, Ottawa, Ontario. Canada KIA 
OR6. 

C) Present address: Division of Chemistry. National Research 
Council 100 Sussex Drive, Ottawa, Ontario, Canada KIA OR6. 

proposition is embodied in the so-called "endothermic 
triangle plots" which record k.ndo( Vr.ag, Rreu, and T r.ag) 
obtained from the application of microscopic reversibil
ity to rate constants kexo( Vprod, Rprod, Tprod) obtained in 
infrared chemiluminescence studies. 7 The procedure 
used for obtaining k.ndo from kexo has been checked in 
detail by means of a Monte Carlo trajectory study in 
which k.ndo(Vreag, Rro.,:o Treag) was obtained by direct cal
culation as well as by the application of microscopic 
reversibility to kexo(Vprod, Rprod , Tprod) for the same po
tential-energy surface. 8 It should be noted that these 
data apply to the effects of a redistribution of a constant 
total energy between Vr.ag, Rreag , and Treag, close to the 
threshold energy for endothermic reaction. The largest 
increase of kendo with increasing Vrttag, and correspond
ingly decreasing T reag, is found for Rreag greatly in ex
cess of thermal rotational excitation. It is then found 
that Vreag is orders-of-magnitude more effective inpro
moting endothermic reaction than in T rOag-the actual 
values can be read off the endothermic triangle plots. 

In addition to the trajectory studies on stereotype 
"early" and "late" barrier-crest surfaces (termed 
"type I" and "type II," respectively),6 a number of tra
jectory studies have been made on endothermic surfaces 
with various types of late barriers. The reactive cross 
sections, and hence in the great majority of cases the 
detailed rate constants kendo(Vreag,R,..,ag, Troag) , were 
found to rise much more steeply with increase in rea
gent vibration than with the same increase in reagent 
translation. 9- 11 The requirement for a sufficient trans
lational energy to carry the system up that part of the 
energy barrier which extended into the approach coor
dinate for endothermic reaction was notedll (in all these 
theoretical studies6• 9- 11 it was the barrier crest, not 
the entire energy barrier, that was "early" or "late"). 
The criterion used for separating the approach coordi
nate from the retreat coordinate was the location, along 
the minimum-energy path, of the position of equal borui 
extension (relative to equilibrium bond distance), in the 
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bond that is dissolving and the bond that is forming. ale) 

Other workers have divided energy release in the exo
thermic direction (or energy consumption in the endo
thermic direction) into energy released (or consumed) 
before and after the point of maximum curvature in the 
minimum energy path. 12,13 Recently it has been shown 
that the two criteria are equivalent. 14 (,.) 

If a "late" barrier crest is designated type II, 6 then 
surface IIG (G,="gradual," denoting a gradual rise to 
the late barrier crest) utilizes reagent translation-the 
disfavored degree of freedom-more effectively than does 
II S (S,= "sudden"). 14 Notwithstanding these refinements, 
the broad generalization that a late barrier crest has 
the consequence Sr(Vroag) > Sr(Troag ) (where Sr is the reac
tive cross section and the inequality is intended to in
dicate that a given reagent energy gives a larger cross 
section when vested in vibration than in translation) re
tains its usefulness. 

Two theoretical propositions should be distinguished: 
(a) Substantially endothermic reactions have late barrier 
crests, and (b) late barrier crests correlate with a more 
rapid rise for Sr(V,."ag) than S/T reag) , with equivalent 
energy in Vroag or T ,."ag' The first of these propositions 
has a demonstrated general basis only for covalent
covalent reactions (for this case we have, in addition, 
some basis for a sufficient criterion of "substantial" 
endothermicity71e», but may apply to other families of 
reaction. One of the earliest experimental demonstra
tions of the superior effectiveness of V,."ag over T roag 

was for the endothermic ion-molecule reaction Hz + He 
- H + He W. Reagent vibration was found to be roughly 
an order-of-magnitude more effective than translation 
in promoting reaction. 15 Ab initio calculations indicated 
that the potential-energy surface for this 3-electron 
system had its barrier crest displaced into the exit 
valley, 16,17 lending support to the correlation made under 
(b) above, and thus raising the possibility of a wider 
application for generalization (a). 

A second case in which B
T

( Vreag) was clearly shown to 
increase more rapidly than Sr(Treag ), by about an order 
of magnitude, was the reaction HCl(v =0,1) + K- H + KCl.IS 

Proposition (b) above would lead us therefore, to infer 
a later barrier crest. Proposition (a) is somewhat in 
doubt since the reaction involves a switch from a cova
lent to an ionic potential-energy surface-see, however, 
recent theoretical studies of the energy -surfaces for 
other such reactions HX + M [M;: alkali metal] which give 
a late barrier crest for the endothermic cases, 19-21 
as well as the findings for this family of reactions re
ported in this paper. Proposition (a) is, moreover, of 
little value if the reaction is only marginally endother
mic; for HCI + K the endothermicity is - t:llI"o '= Q'" 1.5 
kcal mol-I. 18 

For substantially endothermic reactions (Q> 10 
kcal mOrI7

(c» involving covalent-covalent energy sur
faces, triangle plots have been published giving 
kendo(Vreag, R roag , T,.",.g) for (i) HCl(v=1-4)+I
Cl+HI(Q=-31. 7 kcalmol-I; note that Q'=-t:llI"o so that 
Q >0 for exothermic reaction, and < 0 for endother
mic7 (a», (ii) HCI(v=I-4)+CI-H+CI2(Q=-45.1 
kcal mol-I), 7 (a) (iii) HF(v = 1 _ 3) +H- F +H2(Q = - 31. 5 

kcalmol-I),7(b), (iv) HF(v=1-3}+D- F+HD(Q=-31.1 
kcalmol-I), 70 and (v) DF(v=1-4}+H- F+HD(Q=-32.8 
kcal mol-I). 7 (e) As noted above, the endothermic tri
angle plots give k.ndo for constant total reagent energy; 
the effect of increase in energy vested in anyone or 
more degrees of freedom, Vreaa, R,."ag or Trou, is there
fore recorded for constant Vrou + Rrou + T rou' 

Infrared-luminescence depletion methods, FD and CD 
above, have proved to be useful in obtaining k.ndo(Vroag) 3,4 
and k.rtdo(Rreu ), without an inherent restriction on the 
total reagent energy, up to energies greatly in excess 
of the endothermic barrier energy. The procedure in, 
for example, chemiluminescence depletion (CD) which 
will be used once again in the present study, is to pro
duce vibrotationally excited ABt in a prior chemical 
reaction A +BC, termed the "prereaction." The ABt 
emits in the infrared from a wide range of v, J states of 
ABt. Provided that the dominant path for removal of 
ABt is reaction, ABt + D, and not deactivation (which 
would be seen to populate adjacent lower states), the 
relative rates of reaction k(v, J) are given by the relative 
magnitudes of the fractional depletions, - [aN(v, J)/ 
N(v, J)], for each individual reagent vibrotational state. 

The CD method has been examined in detail and ap
plied (with various pre reactions and relative flows of 
pre reagents) to the covalent-covalent reactions, 
HCl(v = 1 - 4) +Br- CI +HBr(Q' '" - 16. 5 kcal mo!"I), 
HF(v=I-6)+CI- F+HCI(Q· '" -34 kcalmol-I), and 
Hr(v = 1 - 6) + Br - F + HBr(Q' '" - 49 kcal mol-I). 4(b) The 
symbol Qf denotes the total endothermic barrier, 
- aH"o +E., where E. is the barrier to the reverse (exo
thermic) reaction. 4

(b) All three of these reactions fall 
under the heading of "substantially endothermic" cova
lent-covalent reactions. All three reactions (irrespec
tive orprereaction) exhibited a threshold energy for 
reaction at the vibrational level v with energy V'" Qt. 
Five different methods (all of them approximate) were 
used to place kondo(Vrou) for HCl(v) +Br- CI +HBr on an 
absolute scale; all led to reactive cross sections Sr(v = 4) 
= 1 - 4 'A2. Similar Sr were obtained for v = 6 in HF(v) 
+CI and HF(v)+Br. Since the reagent translation and 
rotation was thermal (300 K), the finding was that very 
high collision effiCiencies, approaching 0.1, could be 
obtained by placing some 96% of the reagent energy in 
the degree of freedom that theory [propositions (a) and 
(b) above] would predict to be the preferred type of 
motion for barrier crossing. 

Very recently the crossed molecular beam approach 
has been successfully applied in Zare's laboratory to the 
measurement of Sr(Vroag) and also Sr(Treag) in a sub
stantially endothermic reaction; the reaction was 
HF(v =0 -1) +Sr- SrF +H, Q = -6.4 ± 1. 6 kcal mori. 22 
It has been shown in previous work from the same 
laboratory that laser excitation of HF from v =0 to v = 1 

increased the rate of this reaction by at least four 
orders-of-magnitude. 23 A comparable increase in col
lision energy can be obtained by using a seeded super
sonic jet of Sr. Reagent vibration was found to be more 
effective than reagent translation, but only by a modest 
factor in the range I-lOx. 22 

The present work, in common with the study per-

J. Chem. Phys., Vol. 74, No.6, 15 March 1981 
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FIG. 1. Cross sectional view of the reaction vessel with the sodium oven in place. The walls surrounding the reaction zone are 
liquid nitrogen cooled. The ''prereagents,'' A and BC enter through the quartz inlet system at the top, and the chemiluminescence 
is collected by the gold-coated mirrors of the Welsh cell located below the prereactor. The sodium oven rests on stainless steel 
pins and is surrounded by a water-cooled shield. Thermocouple locations are marked "T." 

formed by Zare and co_workers22 ,23 deals with substan
tially endothermic reactions between metal atoms and 
hydrogen halides, i. e., covalent - ionic energy surfaces. 
It may be significant, as Gupta et al. 22 observe, that in 
HF+Sr the reacting entities can (in principle) form a 
stable intermediate, HSrF, thus raiSing the possibility 
of an intermediate complex en route from reactants to 
products. The potential-energy surface for the different 
class of metal atom reactions studied in this laboratory 
HX+M, X=CI, F, and M=an alkali metal atom, has 
been the subject of a number of theoretical studies19- 21 

since we embarked on our experiments. 5,25 The com
puted potential energy surfaces are of "type II," i. e" 
they have late barrier crests, and since they are free 
of potential wells they would be consistent with direct 
reaction. The chemiluminescence depletion method has 
been applied, in the work reported below, to the study 
of the detailed rate constants kondo(VrOag) for the reactions 

HClt(v" 1 -4)+ Na - H + NaCI Q" - 4. 2 kcal mol-1 (1) 

HFt(v" 1- 5) +Na- H +NaF Q" -12 kcalmol-1 (2) 

(the dagger indicates vibrational excitation in the ground 
electronic state). The endothermicities without inclu
sion of zero pOint vibrational energy are Qc" - 10 
kcal mol-1 for HClt + Na, and Qc" -18 kcal mol-1 for 
HFt + Na, hence the potential-energy surfaces can be 
characterized as "substantially endothermic." 

A preliminary report regarding kOnd()(Vreag) has already 
app.eared25 as also has a detailed report on the effect of 
changing reagent energy on the rate constant, 
kOndo(Jroag). 5 Our major finding in regard to kond()(vreag)25 
is that for high V .... ag , with - 93% of the reagent energy 
present as vibration (4% translation, 3% rotation) the 

collision efficiency for reaction is -1; Le., vibration 
is extremely efficient in bringing about reaction. This 
finding is confirmed in the present study. Such a large 
reactive cross section in the absence of substantial 
reagent translation suggests a surface of type II S (late 
barrier crest II, preceded by a relatively sudden rise 
S; see above). The "harpooning" model, in which reac
tion occurs when the system switches from a covalent 
potential, HXt + M, to an ionic one, HX" + M + provided 
a simple rationale for the large reactive cross-section. 
Finally, we made a comparison of the reaction rate, 
and vibrational energy dependence of the rate for the 
two reactions HX + Na at high reagent vibration; there 
was no detectable difference, indicative of similar sur
face topology. 

II. EXPERIMENTAL 

The reaction vessel has been described previously26,27 
and consequently only the essential details will be 
given here. 

A schematic diagram of the "arrested relaxation" 
reaction vessel with the alkali metal oven in place is 
shown in Fig. 1. The reaction vessel itself was a 
monel box, into which was inserted a copper baffle. 
This baffle had a reservoir at the top through which a 
continuous stream of liquid nitrogen flowed. A copper 
skirt 1/8 in. thick was hard soldered around the edge 
of this circular reservoir and the skirt (cooled by con
duction from the reservoir) surrounded the reaction 
zone. This cold surface cryopumped condensible gases 
(e. g., C12, HI, etc.) and also deactivated vibrationally 
excited molecules to the ground state. An additional 
cold surface was provided by an NRC Chevron cold baffle 

J. Chern. Phys., Vol. 74, No.6, 15 March 1981 
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filled with liquid nitrogen; this baffle was located di
rectly below the reaction zone. 

The gases entered through the concentric quartz inlet 
system, described as the "prereactor," at the top. The 
atomic species A (Fig. 1) was formed in a continuous 
microwave discharge (80 W, 2450 MHz) in the arm on 
the left (using CF4 for F atoms or C12 for CI atoms). 
The pre reactor was internally coated with phosphoric 
acid to minimize wall recombination of the atoms (in the 
case of CI atoms) and to protect the pre reactor from at
tack (in the case of F atoms). 

The molecular species entered through the 3 mm i. d. 
central tube and was injected laterally into the stream 
of atoms coming from a 20 mm i. d. outer tube at the 
bottom of the prereactor. The prereagents reacted in 
the high pressure region (- 10-1_10-2 Torr depending 
upon the prereagent flow that was selected) at the lower 
end of the prereactor to form a distribution of vibra
tionally excited reagent. This distribution could be 
varied by altering the reagent flow, or pre reactor 
geometry (in the latter case the central tube of the pre
reactor would be withdrawn or lowered with respect to 
the concentric inlet). 

The vibrationally excited reagent expanded into the 
low pressure region (-10-3 _10-4 Torr) below the pre
reactor; this spray intersected, at right angles, a di
verging beam of sodium atoms emerging from the oven. 
The beam of Na atoms was modulated by a "barrel" 
chopper placed directly in front of the nozzle. The in
frared emission from the vibrationally excited reagent 
was collected by the gold-coated mirrors of the Welsh 
cell,28 located just below the prereactor (a cross sec
tion of the Welsh cell is illustrated in Fig. 1). Infra
red emission was then focused onto the entrance optics 
of an Interactive Technology (CT-l03) 1 m grating spec
trometer. The infrared intensity was monitored by 
means of a liquid nitrogen cooled PbS detector (Infrared 
Industries). 

Two spectral traces were recorded simultaneously. 
A lock-in amplifier (PAR HR-8) was tuned to the modu
lation frequency (-100 Hz) of the total emission from 
the reaction vessel; the signal from this amplifier gave 
the spectrum of the vibrationally excited reagent formed 
in the prereactor. A second lock-in amplifier (PAR 
124) was tuned to the -17 Hz modulation frequency of 
the barrel chopper in front of the Na oven; the Signal 
from this amplifier gave directly the change in intenSity 
of each v, J line due to the presence of Na. The reason 
for using this method was to improve signal-to-noise 
ratios and to minimize the effects of variations in the 
flows of reagents. The modulation frequencies were 
chosen so that neither frequency was a multiple of the 
other, or of 60 Hz. For further details concerning this 
method, see Ref. 27(a). 

The three prereactions that were used were 

F+H2 -HFt (v=1-3)+H, (PR-l) 

F+HI-HFt (v=1-6)+I, (PR-2) 

CI+HI-HClt (v=1-4)+I, (PR-3). 
The gases were supplied by Matheson of Canada. The 

CF4 (99.7%), H2 (99.999%), and CI2 (UHP, 99.9%) were 
used directly from the cylinders without further puri
fication. The HI (98%) was condensed into a liquid nitro
gen cooled trap. The frozen gas was allowed to warm 
to the liquid state, then refrozen using liquid nitro-
gen; residual (noncondensible) gases were removed by 
pumping on the solid. This procedure was repeated a 
second time to ensure that there was no noncondensible 
gas trapped in a solid HI matrix. Finally, the HI was 
allowed to warm again to the liquid state and a chloroform 
slush (210 K) was placed around the trap. After equil
ibration, the HI vapor pressure remained constant at 
150 Torr. A constant forepressure of noncorrosive 
gases was maintained by a Matheson Model 40 vacuum 
regulator. The gas flows were measured using Fisher
Porter Tri-Flat flow meters; the flows are listed in 
Table 1. Sodium metal (Fisher Certified Reagent), in 
hermetically sealed shipping tins, was used. Sodium 
packed under kerosene was no longer used following 
trial experiments since solvents employed to remove 
the kerosene remained on the sodium in the oven and 
tended to pyrolyze in the nozzle, clogging the opening. 

The sodium oven was a standard two chamber source, 
based on the design given by Sholeen. 29 The oven is 
described in detail in Ref. 30. 

Temperatures were measured using the chromel
alumel thermocouples (Leeds and Northrup). These 
temperatures could be used to calculate the sodium 
vapour pressure and thus the flow rate (assuming vis
cous flow27 (al). The flow rate of sodium at an oven tem
perature of - 500°C was 10-15 p.mol S-I. A second 
method to estimate the flow was based on the amount of 
sodium metal that the oven contained before and after 
an experiment. This difference gave the number of 
moles of sodium vapourized. Since the total time that 
the sodium was flowing was known the flow rate could 
be obtained. This flow rate agreed well with the rate 
calculated by the first method. 

As mentioned above, two spectral traces were re
corded simultaneously-the intensity of each v, J line 
[l(v, J)] and the change in intensity due to the reaction of 
sodium with the excited hydrogen halide [- ~[(v, J)]. 

TABLE I. Experimental flows (~mol s-I). 

Pre-
reaction CF4 H2 CHsI HI Cl2 Na Figure 

(a) HCI+Na 

Cl+HI 42 158 1 3 0 

CI+HI 30 77 1 3 ~ 

CI+HI 65 163 1 3 <> 
Cl+HI 61 114 10 3 0 

(b) HF+ Na 

F+H2 25 32 10 4 <> 
F + CHsI 30 30 10 4 + 
F+HI 29 45 5 4 ~ 

F+HI 35 37 10 4 0 
F+HI 37 53 5 4 0 

J. Chem. Phys., Vol. 74, No.6, 15 March 1981 
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FIG. 2. Vibrational energy levels and schematic potential energy profiles for the endothermic reactions HXt (X = F, CI) + Na. The 
potential energy profile is drawn without inclusion of zero point energy. The reagent and product lines marked "0" indicate the 
magnitude of the zero point energies. The endothermicities without inclusion of zero point .energy are 10 kcalmol- I for HClt + Nat 
and 18 kcal mol-I for HFt + Nat with zero point energies included the corresponding figures are 4.2 kcal mol-I and 12 kcal mol-I. 

The ratio - t:.I(v, J)I I(v, J) was the ratio of the change 
in population to the total population, - t:.N(v, J)/N(v, J), 
which in turn was equal to the endothermic rate constant 
for reaction k(v,J). 4Ib). Averaging over the first five 
to eight J levels in each reactive v level gave the endo
thermic rate constant kendo(v). For further details, see 
Flef. 4(b). ' 

To obtain populations N (v, J), the signals I(v, J) were 
multiplied by the factor T lA, where T is the trans
missivity of the spectrometer-pIus-detector system, 
and A is the Einstein transition probability for spon
taneous emission. The transmissivity was obtained by 
recording a black body spectrum over the wavelength 
region used in the experiment, and comparing this to the 
theoretical black body emission calculated for the same 
temperature. The A factors were taken from Flef. 31. 

The signals from the lock-in amplifiers were digitized 
and recorded by an on-line minicomputer. This com
puter was later used to deconvolute overlapped peaks by 
a least-squares filtering technique. 

III. RESULTS AND DISCUSSION 

A. Vibrational dependence of reaction rates 

Fleactions (1) and (2) are both endothermic (Fig. 2) 
and consequently a reaction threshold is expected; for 
vibrational levels below the endothermicity insignificant 
reaction should occur. The mean temperature weighted 
according to reagent masses32 is T~rlD" =940 K [see Eq. 
(9) below], hence 10-1 of the collisions have sufficient 

thermal energy to surmount the barrier for the HCI + Na 
reaction, and 10-3 could surmount the barrier for the 
HF + Na reaction. For Fleaction (1) (HCI + Na) v = 1 has 
sufficient energy to react, and so depletion from all 
four v levels populated by the pre reaction (PR-3) is 
expected. The results are displayed in Fig. 3. The 
top panel shows the vibrational distribution of HCI from 
the prereaction and the bottom panel shows the (relative) 
endothermic rate constants for Fleaction (1) as a function 
of the HCI vibrational quantum number. Despite the 
markedly different distributions of HCI (top panel) the 
rate constants for reaction all agree to within experi
mental error. All levels are reactive. To the accuracy 
of this data the rate increases linearly for additions of 
(vibrational) energy above threshold. 

The results for the reaction of HF with Na [Fleaction 
(2)] are displayed in Fig. 4. Again, the top panel shows 
the HF vibrational distributions from the pre reactor 
while the bottom panel shows the relative endothermic 
rate constants. In this case, v = 1 does not have suffi
cient energy to surmount the endothermic barrier. The 
experiments show that v = 1 does not react: there was 
no population change for v = 1 (for any pre reaction) . 
The reaction then began at v = 2 and increased until v = 5. 
The reason for the dip at v = 6 is not known. There is 
no reason to expect the reaction rate to decrease for 
v = 6 and it would appear that there was some other ef
fect responsible. 

This same anomaly was observed previously in the 
"covalent" endothermic reactions HF +CI, Br 4 (b); it 
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FIG. 3. Top panel: the vibrational distribution of HCl from 
the prereaction (CI + HI; PR-3). Bottom panel: relative endo
thermic rate constant k8llcb (v). The arrow on the bottom scale 
marks the reaction threshold. Symbols are identified in Ta
ble I. 

only occurred for v = 6 of HF produced by the prereac
tion F+1fl (PR-2). It was independent of HI flow rate 
and the prereactor geometry, and consequently inde
pendent of the degree of relaxation of the HF. The 
deviation of this v = 6 reading suggests smaller depletion 
than expected-either because the rate of reaction is 
less than that for v = 5 (which theory does not supportll ), 

or more likely because some HF(v = 6) is formed when 
the atomic beam (halogen atom or alkali metal) is "on, " 
thus causing enhancement of the HF(v = 6) Signal which 
evidences itself as a diminished fractional decrease. 

Rotational relaxation within the v level does not ex
plain this anomaly. If this process were responsible all 
v levelS, above and below threshold, would show this 
effect, whereas only v = 6 shows it. Rotational relaxa
tion, moreover, is least likely to affect v = 6 since this 
level is only sparsely populated at high J(J= 10 has been 
observed in initial-distribution work33 and J= 6-7 in the 
more relaxed distributions obtained here) and conse
quently there is very little to relax into the lower J 

levels. If all levels except v = 6 were affected by rota
tional relaxation this would lower the fractional deple
tion observed from these levels relative to v = 6, which 
is the opposite to what is observed. We have, in addi
tion, good evidence that rotational relaxation by the 
atomic species is insignificant. 5 Any explanation must 
take into account that the small unexplained contribution 
to v = 6 occurs only when the depleting atomic species 
is "on." It should also be noted that no such anomaly 
exists for the depletion of the highest v level of HCI. In 
sum, we have no explanation for the anomalously low 
fractional depletion of HF(v = 6); it appears to be peculiar 
to the prereaction F+Ifl. 

The increase in endothermic rate constant from v = 2 
to v = 5 of HF and from v = 1 to v = 4 of HCI [Reactions 
(1) and (2)] is the principal finding from the present 
work. These increases in relative rate constant are 
consistent with those obtained for covalent endothermic 
reactions [e.g., HFt+Cl, see Ref. 4(b)]. 

The fractional changes do not-without further cali
bration-give any information about the absolute mag
nitude of the rate. Absolute reactive cross sections 
must be estimated by independent methods (see below). 
The increase in rate constant for a small increment of 
energy which takes the system from just below the 
barrier to just above is not available from this work, 
since there was no depletion observed for the level (for 
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FIG. 4. Top panel: the vibrational distribution from the pre
reactions F+H2 and F+HI (PR-l, PR-2 as well as F+CH3I). 
Bottom panel: relative endothermic rate constant, keaclo(v). 
The arrow on the bottom scale marks the reaction threshold. 
Symbols are identified in Table I. 
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HF + Na) below threshold. This increase has been shown 
to be large in other work involving hydrogen halide plus 
alkali metal. t8 

The fact that the v = 1 level of HF showed no depletion 
due to the presence of Na supports the conclusion that 
the depletions that we observe are due to reactive en
counters rather than deactivation effects. If deactivation 
were important-e. g., if Na gave rise predominantly 
to vibrational deactivation of HF -then molecules would 
tend to accumulate in v = 1 since the vibrational distri
butions coming from the prereactor have populations in 
the higher v levels that are greater than the population 
in v = 1, and the probability of collisional deactivation is 
known to be greater for higher v levels. No enchance
ment of the v = 1 population is observed. 

B. Cross section for HFt(v= 5) + Na 

The rate constants displayed in Figs. 3 and 4 have 
been normalized to an arbitrary v level (v=3). These 
depletions can be put on an absolute scale. In this work 
the reactive cross section for HF(v = 5) has been obtained 
by several (approximate) methods. 

The first method involved comparing the rate of 
HFt + Na with the rate of a reaction of known cross sec
tion. 

The reaction chosen was 

(3) 

which has a measured cross section of 5 }...z. 34 Since it 
was not possible to measure the rate of formation of 
product (NaI or CH3) a method was devised to obtain the 
rate of removal of CH3I. It was found possible to use 
CH3I as the molecular prereagent to form HFt by reac
tion with F atoms, viz., 

(4 ) 

Hence HFt became the "indicator" of CH3I concentration. 
Since HFt(v>1) can react with Na [by Reaction (2)] only 
HFt(v=1) was used as indicator. Depletion of HFt (v=1) 
must be due to a removal of CH3I by Reaction (3). Con
ditions had to be chosen so that comparable amounts of 
Reactions (3) and (4) took place in the low pressure re
gion below the prereactor. This was achieved by having 
the molecular prereagent injector tip extend - 2 mm be
low the bottom of the pre reactor . 

Immediately prior to using CH3I as the molecular pre
reagent, Hz was used as a "control" (Le., PR-1). When 
HFt was formed in this prereaction no depletion of 
HFt(v = 1) was observed. However, with CH3I as the 
prereagent, HFt(v = 1) was depleted by - 4%. An analysiE 
of the kinetic equations, assuming that removal at the 
cold walls is the dominant process for disappearance of 
HFt , yielded the result (see Appendix) 

t..N/N(v=3)- t..N/N(v=l) _ks 
t..N/N(v=1) -Ii" ' 

where ks is the rate constant for the reaction 

HF t (v=3)+Na...!!!!.. NaF+H, 

(5) 

(6) 

and k the rate constant for (3). The required fractional 
depletions were measured. 

The rate constant is related to the cross section by 

k = cr(v) , (7) 

where cris the reactive cross section and (v) is the mean 
collision velocity. 32 The collision velocity can be cal
culated from 

(8) 

where Il is the reduced mass of the reactant particles, 
R the gas constant, and T~ran" the temperature of the 
colliding species. The temperature can be calculated 
from 

(9) 

where Tt is the temperature of the beam of mass mi' 

This can be simplified to give the velocity 

(v) = [4 R(T~almNa + T~H3[/mCH3[)]t/z • (10) 

It is then straightforward to calculate the mean velocity, 
since the individual temperatures of the intersecting 
beams are known. 

The cross section for the reaction of Na +CH3I [L e., 
(3)] has been measured, but only at one temperature. 
The experiment reported here was made at a higher 
temperature. The temperature difference was not 
large; 570 K34 compared with 940 K for this work. These 
temperatures correspond to mean translational energies 
of - 1 and 2 kcal mo!"t, and hence are in the range where 
the reactive cross section for Na +CH3I increases as a 
function of translational energy. 35 A simple method of 
estimating the increase in cross section is to use the 
Arrhenius equation 

(11) 

where k is the rate constant for the reaction at tempera
ture TO(K), Eo the activation energy (kcal mol-t), and R 
the gas constant. A value for the preexponential factor 
A, typical of the reactions of alkali metal atoms with 
methyl halides has been given3S as logA =14.63. The 
mean velocity can be calculated from the beam param
eters given in Ref. 34 by using Eq. (10), and combined 
with the measured cross section to give k by using (7). 
With this value for A, the activation energy was cal
culated to be 3 kcal mol-to The cross section deter
mined by Eq. (11) for Eo = 3 kcal mol-t was 13 }...z, at the 
temperature of 940 K for the experiment reported here 
(compared with 5 }...2 measured at 570 K34). As a check 
the 940 K cross section was also calculated from the 
570 K value using a hard-sphere model due to Shin. 37 
The method has been shown to work well for reactions 
of alkali metal atoms with CH3I. In the present case it 
yields [through Eq. (8) of Ref. 37(a)J and the hard
sphere diameters in Ref. 37(c)] 11 AZ for Na +CH3I at 
our T~r'an.' 

Using 12],..z for Sr of Na+CH3I we obtain, by Eq. (5), 
Sr = 17 }...z for HFt(v = 3)+ Na. The depletion for v = 5 was 
1. 6 times that of v = 3, and the cross section for 
HFt(v = 5) + Na was therefore estimated to be 30 ± 15 }...2. 

A second method for obtaining a value for the cross 
section of HFt + Na depended on comparison of the rate 
of this reaction with the known rate for the reaction, 
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(12) 

as evidenced by the observed fractional depletion of HF 
in each case. The rate constant for (12) has been mea
sured to be 2.1 x 1013 cm3 mol-1 S-l. 38 Using Eqs. (7) and 
(10), the cross section for reaction (12) can therefore 
be calculated. The observed depletions are related to 
the cross sections by 

6.N/N(Na +HF) _ ks/Na 
6.N!N(D +HF) - klzfo 

_ (JNa+HF(V)/Na 
- (JO+HF(V)/o 

(13) 

where Ix is the flow rate of species x. The Na flow rate 
waS estimated (above) to be 10 -15 jJ.mol S-l. The D flow 
rate was not measured directly, 39 but the flow of D2 was 
50 /.Lmol S-l and assuming 40% dissociation we obtain a 
D flow rate of 40 /.Lmol S-l. Substituting these values, 
with the measured depletions (13% for Na + HF and 2.5% 
for D+HF) gives a cross section of 33 }..2, for ffF t (v::;3) 
+Na. The depletion of HFt (v::;5) is 1.6 times that of 
v::; 3 and the cross section for v::; 5 is then 50 ± 30 }..2. 

A third estimate of the cross section for HFt + Na was 
obtained using the same method as above, but in this 
case the comparison reaction was HFf. +CI- HCI + F 
which had previously been studied by Douglas et al. 4<b) 

The depletion in these experiments was roughly 5% ± 3% 
at a Cl2 flow rate of 240 jJ.mol sol; the CI flow rate was 
estimated to lie within the limits 125 ± 50 /.Lmol SOl. The 
cross section for this reaction is -1 }..2. Using an equa
tion similar to (13), the cross section for HFf(V::; 5) + Na 
is in the region of 50 ± 40 }..2. 

The cross section from these three estimates weighted 
to favor the better values from methods 1 and 2, is then 
50 ± 30 J...2 for HFt(v::; 5) + Na. 

The striking feature of this cross section is that it 
is indicative of highly efficient utilization of reagent 
vibration in giving rise to endothermic reaction. The 
mean energy present as translation in the reagents is 
- 2 kcal mol-l and that in rotation is - 2 kcal mol-I. Since 
the vibrational energy for HFt(v::; 5) is 51. 8 kcal mol-l 

in excess of the zero point energy we conclude that for 
HFt(v::; 5) + Na reaction takes place at every gas kinetic 
collision when - 93% of the reagent energy is present as 
vibration. 

It is also noteworthy that the reactive cross section 
exceeds by an order of magnitude the (large) cross sec
tion of Sr::; 1-4 J...2 obtained in earlier work for endotherm. 
ic reactions HXt + Y (e. g., HFt +Cl)4 in which the re
agent energy was also present very largely as vibration. 
The salient difference is believed to be the fact that the 
present reactions, unlike those studied earlier, involve 
a switch from a covalent bond in HX to an ionic bond in 
Na+X-. The cross section determined here is marginally 
greater than the cross section for the slightlyendotherm
ic reaction HClt(v '" 1) +K,which has Sr"" 20 }..2.18 

The reactions of alkali metal atoms with vibrationally 
excited hydrogen halides may usefully be described in 
terms of the "harpooning" model. 40,41 According to this 
mOdel the alkali metal atom M "throws out" its valence 

electron to the hydrogen halide and pulls in the halogen 
atom X, by the Coulombic force of attraction. The 
approximation is made that the London exchange forces 
operating between M and X can be neglected for reac
tions of large cross section. 

The maximum separation rc at which the alkali metal 
can transfer its valence electron to the hydrogen halide 
is related to the ionization potential of the alkali atom 
IP and to the electron affinity of the hydrogen halide EA 
by 

(14) 

where e is the electron charge. 42 The reactive cross 
section is then given by Sr::;1T~. 

The ionization potential of Na is well known (119 
kcal mor l). The electron affinity of HF is not known, 
but may be obtained from an apprOximate formula, given 
by Herschbach, 42 

EA(HF)"" EA(F) -D(HF) , (15) 

where D(HF) is the HF dissociation energy. The equa
tion assumes that the covalent curve is approximately 
flat in the region where it crosses the ionic bound state. 
The electron affinity of F is 82 kcal mol-I. The dissocia
tion energy of HF to be used in the case that we wish to 
estimate EA of HF in vibrational level v, EA[HF(v)], is 
the energy required to reach the dissociation limit from 
level Vj DO(v). From v::;5, DO(v)=83 kcalmor1, hence 
EA[HF(v = 5)] = -1.16 kcal mol-l (a negative electron 
affinity' betokens repulsion). The value of rc is then cal
culated to be 2.76 }..2 from which the cross section is 
24 }..2. This value is lower than the 50 }..2 obtained above, 
but lies within the broad error limits. 

The cross section for v::; 3 calculated by the same 
harpooning model is 17.8 }..2, so that the increase in 
cross section in going from v = 3 to v = 5 is predicted to 
be 1. 3 times, which is (perhaps by chance) in satis
factory agreement with the experimental value of 1. 6. 

The electron affinity of HF may also be estimated 
from an ab initio calculation. 43 The potential curves 
for HF and HF- are presented in a figure in this refer
ence. By measuring the separation between an HF v 
level and the (repulsive) HF- curve (the vertical electron 
affinity) it is possible to obtain an estimate of EA[HF(v)]. 
The electron affinity for HF(v = 5) obtained in this 
fashion is -11. 5 kcal morl as compared to -1.16 
kcal mol-1 calculated from (15). The effect on the har
pooning cross section of this decreased electron affinity 
is small; the calculated cross section drops to 20 }..2, 
as compared to 24 }..2 from the first calculation. 

The harpooning separation rc (= 2.76 }..2 for v'" 5 of HF) 
is sufficiently small that changes in energy of the cova
lent curve with internuclear separation cannot properly 
be ignored. Nonetheless, the electron-jump model may 
have sufficient validity to provide a cross section within 
a factor of 2, and also to shed some light on the effect 
of increased vibrational excitation in the molecule under 
attack. Recently, WU44 reported the results of the cal
culation of potential energy barriers for the reactions 
of M+CH3X(M=Rb, K; X=I, Br) by the harpooning 
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FIG. 5. Comparison of the reactions HCl+ Na (1) (A) and HF 
+ Na (2) (0). The curves are plotted on the basis that the re
active cross section for HCl (v = 4) is the same as that of 
H F (v = 3); see text. The error bars are one standard devia
tion of the scatter of the points from Figs. 3 and 4. Points 
labeled F (v) refer to reaction by HF in level v, and similarly 
Cl (v) refers to reagent HCl in level v. 

model. Good agreement was obtained between these 
calculated results and experimental data on translational 
energy thresholds. The crossing from the covalent to 
the ionic potential took place over the range rc = 3.1-
3.3 A. 
C. Comparison of HFt + Na and HClt + Na 

The depletions shown in Figs. 3 and 4 are on (sep
arate) relative scales, and direct comparison between 
the two is not possible. However by measurement of the 
actual depletions in experiments performed directly 
following one another, with unchanged reagent flows, it 
was possible to determine that the depletion for HCl(v =4) 
was approximately equal to that for HF(v = 3). While the 
quantum numbers are different, the corresponding vibra
tional energies are apprOximately the same in the two 
cases-31. 52 kcal mol- l for HCl(v =4) and 32.52 kcal 
kcal mol- l for HF(v = 3). This connects the two experi
mental systems. The cross section for HCl(v=4) is then 
estimated tq be 35 ± 20 A2. The depletions, normalized 
to the same vibrational energy, are given in Fig. 5. 
The figure shows that the reactive cross sections rise 
at approximately the same rate. In addition, the same 
absolute vibrational energy in HX' gives rise to the same 
absolute cross-section for reaction, irrespective of 
whether X =Cl or F. On the other hand, if the depletions 

are plotted in a scaled fashion as a function of the vibra
tional energy in excess oj the barrier height, the curve 
for (1) (HCl' + Na) is lower than, but parallel to, the 
curve for (2) (HFt + Na) (Fig. 6); i. e., a given vibra
tional energy in excess of the barrier gives rise to a 
larger reactive cross section for HFt + Na than for 
HClt + Na. 

The electron-jump model together with Eq. (15) (which 
is approximate) predicts that a given absolute vibra
tional energy in HCI' will give rise to a larger EA than 
the same energy in HF'; consequently for HCl(v=4)+Na 
the model gives Sr=30 A2, whereas for HF(v=3)+Na it 
gives Sr = 20 }..2. Experimentally the reactive cross 
sections are indistinguishable ("" 35 A2), 

The contribution of the electron-jump model to our 
understanding of these findings appears to be twofold. 
In the first place it provides a rationale for the large 
reactive cross sections, assuming that HXt can approach 
Na to rc without incurring significant repulsion. (Note 
that the harpooning model makes assumptions only about 
the repulSion between HXt and Na on a vibronic energy 
surface, rather than the repulsion between HX and Na on 
the underlying electronic energy surface). Secondly 
this model gives some inSight into the moderate (or 
negligible) difference in the absolute Sr for HC It + Na 
and HFt + Na at a given vibrational energy, Vreag • For 
a given Vreag the EA of HCl' and HF' are different (for 
Vreag:O 32 kcal EA (HClt ) = 12 kcal mol- l and EA (HFt) 
:0 - 23 kcal mol-I) but the value of rc is sufficiently in
sensitive to EA to yield comparable reactive cross sec
tions. The value of rc (from Eq. (14)] is rc=[e2/(IP-EA]; 
for lEA I «IP this becomes Yc"" [e2/IP]. 
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FIG. 6. Comparison of the reaction HCl+Na (1) (6) and HF 
+ Na (2) (0). The curves are plotted as a function of the vibra
tional energy V in excess of that required to cross the barrier 
EO; cf. caption to Fig. 4. The symbols F (v) and Cl (v) have 
the same meaning as in the previous figure. 
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The fact that the slopes dS/dVreag are indistinguishable 
for HCI t + Na and HFt + Na can best be understood in the 
light of the trajectory study which compared various 
late-barrier-crest potential-energy surfaces (using the 
mass combination LH + H - L + HH appropriate to HX + Na 
_ H + NaX). 45 (a) It was found that the slopes dS/dVroag 

differed markedly if (a) the pair of energy surfaces dif
fered in regard to the energy rise along the approach
coordinate and if, at the same time, (b) the collision 
energy was too small to carry the system up that energy 
rise. This is easy to understand; vibrational energy 
in the bond under attack cannot be efficiently utilized if 
the reactants are unable to approach to within bonding 
distance. 

Since in the present experiments we observe that 
dS/dVreag is the same for HClt + Na and HFt + Na, we 
conclude either that (a) the pair of energy surfaces have 
a similar energy rise along the approach coordinate 
(similar G character, where G is the gradualness of the 
rise45

) or (b) that the collision energy is sufficient to 
render the fraction of the barrier along the approach 
coordinate irrelevant. In view of the fact that the mea
sured absolute reactive cross sections correspond to 
reaction at every gas-kinetic collision it would seem 
that requirement (b) is met, otherwise a significant 
fraction of collisions would fail to lead to reaction. This 
carries the further implication that the energy surfaces 
are S type (a so-called "sudden" rise to the late barrier 
crest, occurring largely in the exit valley). The mean 
thermal energy is only - 2 kcal mOrl. If this permits the 
average collision to result in reaction, no more than 
- 2 kcal morl of the endothermic barrier-which has a 
total magnitude of Ee = 9. 9 kcal morl for HCl + Na and 
Ee = 18.4 kcal mol-l for HF + Na (Fig. 2)-can lie along 
the coordinate of approach. 

To conclude, the same hypothesis (an S-type late 
barrier), accords (i) with the observation of large reac
tive cross section under conditions of low collision en
ergy with enhanced reagent vibration, and also seems 
to accord (ii) with the observation of indistinguishable 
slopes dS.!dVr .... g for the two systems studied, HCl t + Na 
and HFt +Na. 
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APPENDIX 

To obtain a relation between the fractional depletions 
of HF (from the reaction F + CH3I, (4)) and the reactive 
cross sections, the following kinetic scheme was used. 
The reactions are 

F +CH31 ~HF(v)+CH2I , 

Na+HF(v) ~NaF+H, 

Na +CH3I ~ NaI +CH3 • 

(4) 

(2) 

(3) 

. The rate constants k4 and k2 are specific to the vibra
tional level v, but the explicit dependence will be sup
pressed for convenience. 

The steady-state equation for HF is 

d/dt. [HF(v)] =k4[F] [CH31]-k2[Na] [HF(v)] 

- kp[HF(v)] , (A1) 

where kp is the rate of pumping-assumed to be the 
same for all species. The steady-state concentration 
of HF is 

(A2) 

The concentration of HF in the absence of Na is [HF]o 
and is given by 

(A3) 

where the superscript on the CH3I concentration indicate 
the concentration in the absence of Na. 

The steady state equation for CHsI is 

d/dt. [CHsI] =R(CHsl) -k4[F] [CHsI] 

-ks[Na] [CHsI] -kp[CHsI] , (A4) 

from which 

(A5) 

and 

(A6) 

where R is the inflow rate of CH3I, and it is assumed 
that R is uninfluenced by the presence of Na. 

The depletion t:.N/N of HF is given by 

t:.N/N(v) = ([HF(v)]- [HF(v)]O)/[HF(vW 

Substituting (A2) and (A3) gives 

(A7) 

AN/N(v) = k4 [F] [CHsI]/(k2[Na] +k~) - (k4[FJ[CHsI jO)/kp 
k 4[F] [CHsI o/kp 

- k2 [Na] -kp {1- [CH3I]/[CH3I]O} 
k2 [Na]+ kp 

(A8) 

Assuming that the rate of cryopumping is the largest 
rate of removal, i. e., kp» k2[Na], gives 

t:.N/N(v)=-k2[Na]/kp -{1-[CH3IJ/[CH3I]O}. (A9) 

The ratio of CH31 concentrations can be obtained using 
(A5) and (A6) to give 

[CH3IJ/[CH3I jO = (k4 [F] + kp)/(k4 [F] + ks [Na]+ kp) • (A1D) 

Subtracting both sides (separately) from unity, and 
assuming that pumping is dominant (i, e., kp» k4 [F] 
+k3[NaJ), 

1 - [C HsI]/[C H3I]O = k 3 [Na]/kp • (All) 

Combining (A9) and (All) gives the result 

(A12) 
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For v; 1 of HF (which is endothermic), k2(v; 1);0 and 
thus 

(A13) 

Combining (A12) and (A13) for v;3 of HF gives Eq. (5) 
of the text. Note that k2 here is the same as k6' and k3 
the same as k, in the text. 
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