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I. PROTON AFFINITIES OF ATMOSPHERIC GASES

A, Introduction

Proton transfer reactions are one of the simplest, yet
most important, classes of ion-molecule reactions. The study
of such reactions yields information about the felative
~proton affinities éf molecules, where the proton affinity
qf a species, M, is defined as the negative of the enthalpy
change of the reaction

M+ BY > wpt PA(M) = -~ AH. (1)

It has been shown that simple gas phase ion-molecule
reactions such as proton transfef proceed without activation
energy.1 If such a reaction occurs, then, it will be
exothermié, while if it is endothermic it will not occur,
Thus by studying reactions of the type

Mg # M, < MpHT 4 My (2)
one can determine the relative proton affinities of the
specles My and M2 by observing the direction in which
proton transfer occurs.

Ion cyclotron resonance spectroscopy (ICR) is 1deally
sulted to the study of proton transfer reactions. Reactions
may be studied at essentially thermal ion energies, thus’
assuring that endothermic reactions will not occur due to

excess energy provided to the reactani specles, while ion

1 . . : : . S ’ . P
A. Cassuto in "Advances in Mass Spectrometry,® Vol, 2
 ; 2



cyclotron double resonance techniques may be used to

selectively heat the.various reactant ions and thus cause
sucﬁ endothermic reactions to occur on a selective basis.
Finally, ICR can be employed over the pressure range from

10-8

to 10-1 torr, wlth residence times of the order of
10"3 seconds, thus enabling the study of reactions over the
complete range of conversion,

In this study, ICR has been employed to study the
proton affinities of Hp, N2, CO,, CHy, C2H6' and CO. The
data obtained are combined with that obtained using other
techniques to result in a compilation of the proton affinities
of all the major speclies known to.occur in planeﬁary
atmospheres. Such information is valuable as thermochemicsal
data for the study of ion-molecule reactions and in the
understanding of radiation chemistry, and may also be of
great importance in the detailed studies of planetary

atmospheres which will be undertaken within the next few

years,



B. Experimental

The apparatus used in this study was the standard

Varian cyclotron resonance apparatus, which has been

described elsewhere.2

i

Pressure measurements in the range

from 1072 to 10”1 torr were made using an MKS Baratron

cépacitance marnometer, which without épecial caiibration3
may be assumed to be accurate to % 20%, which is sufficient
for this study.

Most gases used were Matheson C.P. grade, which were
often further purified using freeze-pump-thaw cycles, CD4
and CZD6 were obtalned from Merck, Sharp, and Dohme, and
were 99 mole % isotopically pure; as ﬁas 15N2 obtained
from Bio-Rad Laboratorieé.

The general procedure for these experiments was as
follows: A mixture of two or more gases, including a
potential source of protons, was prepared to + 20% of a
desired composition. The ionic composition in the mixture
was studied as a function of pressure, first at an electron
energy of 70 eV and then at a low electron energy (10 - 20 eV),
the latter to minimize the possibllity of vibrational
excitation in the reactant ions,

The deduction of proton affinities from such studies
is generally unambiguous, for at high pressures the predominant

lonic species picsent will be M1H+, where Mi 1s the neutral

2 . - - * 2 - ~ *
See, Tor example, J.D. Baldeschwieler, Science, 159,

263 (1968).

ED.P. Ridge and J.L., Beauchamp, submitted to J., Chem. Phys,



species with the highest protoﬁ affinity of those present.
Double resonance experiments were employed whenever possible

to confirm suspected reactions.



C. Results of ICR Studies

N, * CH,

CDL{P is the only primary ion in a mixture of 15N2 and
CD4 (1.5:1) studied at 15.0 eV, Under these;conditions,
no NZD* was found desplte a search up to 5 x 10'3 torr.
The implication of this result is thaf the reactions

cmt + N, — N ET 4 cHg. (3)

and CHg' # Ny —= NpH' + CHy (&)
are both endothermic,

In order t6 study this system in more detail, a

mixture of H,, 15NZ, and CHy (55¢2,5:1) was examined at

70,0 eV, The important reactions occuring in such a mixture

are
Hy” % Hy, —> HB* 4 He (5)
Hyt # N, —> N+ H, | (6)
Hy*™ + CHy —> CHSY + H, (7)
N HY 4 cH) — CH5* * N, | (8)

Hz*, CH4+’ and N2+ are, of course, also sources éf CH5+ and
| N2H+. This scheme is consistent with the observed lonic
intensities seen in Figure I-1, from which it is clear that
CHM has the highest prot&n affinity of the three species,
Reactions {5) through (8) were verified as exothermic using
double resonance techniques, while reaction (4) was seen to
be endothermic, providing a check on reaction (8). We
conclude from these studies that PA(Hp) < PA(N,) € PA(CHy).
These results are well corroborated wlith those obtained

L

by other methods, Schiff” has reported reactions (5) through

e ogmenas. s

L .
'H.I. Scniff.et al., to be published. -



Figure I-1:
Mass corrected ion intensities vs. pressure in a 55:1,5:1
mixture of HZ’ 15N2’ and CHu examined at 70,0 V electron

energy.

(Mass corrected is here defined as the normalized ratio

of observed intensity to mass, that 1s,(Ii/mi)/(EIi/mi). )
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(8) in flowing afterglow studies. Aquilanti and VolpiS’6 have
reported reactions (5) through (7) in their high-pressure
7

mass spectrometry work. Shannon and Harrison,' also using
mass spectrometric techniques, repbrted the occurance of
reaction (3), but this result, based on rather tenuous
grounds to begin with, could certainly be explained by noting
that the average primary ion energy at the exit slit in

their experiments was 3.7 eV, far in excess of the amount

needed to overcome the endothermicity of (3).

ggz &+ CH“
Mixtures of COZ and both CHu and CD4 were studied at

70,0 eV, In both, important reactions include the standard

methane reactions

oy tow oBy —>  cHS' #+ CHye (9)
¥ . . LI
CH3 % CHb( S CZHS + Hy (10)
as well as the mixed reactions
+ . o, ,
COp* # CHj —> CO,H" + CHgj (11)
CH,* + CO, —> COH" 4 CHj.. (12)
o . . ok
CO,H™ + CH), — CH5 + CO, (13)

Figure I-2 is a plot of the ionic composition of a
nixture of CH4 and CO, vs. pressure, Tne Gisappearance of
COZH+ at high pressures and the dominance of CH5+ are clear
evidence for (13)., All of the abové reactions were verified
by double resonance, as was the endothermicity of proton -

transfer from CHS* to CO,.

5v. Aguilanti and G.G. Volpi, J. Chem, Phys. 44, 2307 (1966)

6V. Aguilanti, A, Galli, A, Giardini-Guidorni, and Gl
Volpi, J. Chem. Phys. 43, 1969 (1965).

7

T.W. Shannon and A.G. Harrison, J. Chem, Phys, 43, 4201 (1965).



Figure I-2:
Mass corrected ion intensities vs, pressure in a 4:1 mixture

of CH, and CO, examined at 70.0 V electron energy.
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.Again, these results are supported by other techniques.

Reactions (9) and (10) are well-known. Shannon and Harrison7

reported both (11) and (12), although as in their studies of
N2 and CH4 they did not attain high enough pressures to

observe proton transfer to CH) (Reactions (8) and (13)).

€O, _# HCL
A mixture (1:1) of these two gases was examined at

Both 70.0 and 20,0 eV, A plot of the former study is seen
in Figure I-3, from which it is evident that HCl has the
higher proton affinity. Of more importance in the
determination of AH?(COZH+) is the identification of the
source of that species. Two reactlons are possible:

€0," # HCL —» cOpH* + C1- ' (14)

-mC1" 4 co, —> CO,E* 4 C1- (15)

Reaction (15) was verified as exothermic with double resonance

(Figure I-4), suggesting8 that PA(COZ) 2 123 kcal/mole.
Reaction (1&) could not be so verified due to the proximity
. of the masses of reactant and product, but may be inferred
from the disappearance of COZ¢, which occurs far too rapidly
to be the result of non-resonant chasrge transfer, a process

known to occur with an extremely small cross-section.

N, + HCL
A mixture of N, and HC1 (2:1) was examined at both

70.0 and 20.0 eV, At the lower electron energy, although

T T R N e B e 3. e T B T e a4 S Al ST AT A L 3 0 07 LA T e 4

6Table I-2 provides a listing of the standard heats of
formation used throughout this study.



Figure I-3:
Mass corrected ion intensities vs. pressure in a 1:1

mixture of HC1l and 002 examined at 70,0 V electron energy.
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Figure I-4:
Jon cyclotron double resonance studies confirming the reaction

ne1t + CO, —» CO gt & gps

2
Observed at 70 V electron energy, 4 x 10"5 torr total

pressure, and 10 mV irradiating power,
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nominally above the ionization potential of N,, no N2+ was

| detected, and the formation of N B was not observed.

2
NZH‘P is formed at 70.0 eV, but disappears at higher
pressures as H201+ becomes the dominant lon. Pertinent

reactions are:

HC1t + HC1 —> H C1* 4 c1- (16)
pe1* + N, —> NE* 4+ Cl- (17)
N,* 4 HCL —s NET 4+ Cl- (18)
N HY + HC1 —  HC1* # N, (19)

The studies at low electron energy are proof that (17)
does not occur and that (16) is a major reaction., A%t 70,0
eV, the appearance of significant amounts of NZH* must be
the result of (18), while the subsequent disappearance of
that ion clearly indicates the exothermicity of (19). We
conclude that PA(N,) < 123 kecal/mole.

A mixture of Hy, N,, and CO, (98:1.5:0.5) was studied
at 19,0 eV, The important reactions in this system are

{5}, (6), and

HB*'+ CO, = cozH* + H, (20)
NZH* 4 COp —sn 002H+ + N, (21)

A plot of the ionic composition of this mixture vs. pressure
(Figure I-5) indicates that all of these reactions are
exothermic, z conclusion that 1s verified with double

P’y

resonance experiments. Reaction (21) could be seen proceeding

in the reverse directlon only upon transiational excitation
RO
of the uozh- with double resonance (Figure I-6), confirming

the endothexrmicity of this process for unexcited COH



Figure I-5:
Mass corrected ion intensities vs. pressure in a 98:1.5:0.5

mixture of H,, NZ,’and CO2 examined at 19,0 V electron energy.
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Figure I-6:
Ion cyclotron pulsed double resonance studies examining
the reaction

N H* 4 CO, —> COHT + N,
Observed at 19 V electron energy, 4.5 x 10'“ torr total
pressure in a 98:1.5:0.5 miiture of Hy, N2, and- CO,, and

25 mV irradiating power,
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Reactions (20) and (21) have both been reported by Schilff.Lp

CO 4+ HC1

Recent»experiments9 have used CHO* generated by electron
impact oﬁ acetaldehyde to sfudy proton transfer reaétions in
the alkanes, Futrell's assertion that CO has a lower proton
affinity than methane and his observation of proton transfer
from CHO" to CHy prompted a re-examination of the species
CHO*, 1In these studies, a mixture of HCl and CO (1:1) was
examined at both 70,0 and 13.0 eV. The results of the formef
are shown in Figure I-7, and»quite clearly reveal that PA(CO)Z
PA(HCl), a fact which was confirmed by observance of a |

negative dk/dE for the reaction

H201*'¢ CO —>» CcHOY 4 HC1 (22)
PA(HC1) has been well establishedlo as 141 4 3 kcal/mole by
11

set PA(CO) = 142 + 3 kcal/mole.
12-15

Haney and Franklin, who also
There has been considerable discussion in the literature
with regard to the reactions and heat of formation of CHO*.
The presence of vibratlonal excliltation in this species is a
conclusion offered elsewhere by Futrell himself,12 and coupled

with the nominal 0-0.3 eV translation energy also present must

97.H. Futrell et al., J. Chem. Phys. 52, 3655 (1970).

1OM.A. Haney and J.L. Franklin, J. Phys. Chem. 73, 4328 (1969).
11y.a. Haney and J.L. Franklin, Trans. Far. Soc. 65

1794 (1969)

12J.H. Futrell and T.0.Tiernan, J. Chem. Phys. 51, 5183 (1969).

13H. Pritchard and A.G. Harrison, J. Chem. Phys. 48, 2827 (1968).

1y, pritchard and A.G. Harrison, J. Chem. Phys. 48, 5623 (1968).

15p.H. Dormen, J. Chem. Phys. 50, 1042 (1969).



Figure I-7:
Mass corrected ion intensities vs, pressure in 1:1 mixture

of CO and HCl examined at 70.0 V electron energy.
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account for the reactions reported by Futre11.9

CH“ o 0226

Because the CHO™ used in the studies of Futrell seems
to have contalned excess energy, a re-examination of the
reactions of ethane was also undertaken. Significant amounts
of protonated ethane have been reported at least three times:
- by Futrell,9 who found a maximum of 42% of thié ion as
opposed to 58% of the dissociated products; by Munson and Field,16
who report roughly 2:1 CZH5* to CZH7* as a result of proton
transfer from CHS*; and by Aquilanti and Volpi,5 who flnd-
about 3:1 for the same ratio using proton transfer from H3+'

The results of our studies are seen in Figure I-8. The
reactions we need to concern ourseives with are dissociative

hydfide abstraction

. K -
CHs* # C,Dg —> 02D5*k+ CH,, + HD (23)
and proton transfer /Ezw CZD6H+ (24)
CH* + CpDg =, (C,DH™)* £3> C, D" + HD (25)
N2 C,D T + D, (26)

The first thing that is apparent from Figure I-8 is that
the amount of protonated ethane in this study is faf in excess
of that obtained previously. In order to understand the
significance of this observation it is first necessary to
evaluate the relative importance of (23) vs. (25)

Although the amount of C,D,H' is not seen in Figure I-8,

the observed ratio CZDS"”/CZDLLH+ is approximately 3.3:1.

= i e -

16 - ;
M.S8.B, Munson and F.H, Fileld, J. Am. Chen., Soc. 87,

329k (1965).



Figure I-8:
Mass corrected ion intensities vs. pressure in a 49:1

mixture of CHy and C,D examined at 20,0 Vi electron

energy.
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A certain amount of this C2D5+ results from the primary
fonization of CyDg at 20.0 eV, which can be estimated by
noting that in pure C,H, at 20.0 eV, [CZHsif 2 [CoHgTT over

6 to 10~3 torr.17 After

the range of pressures from 10~
correcting for this, (k; + ku)/k5 is estimated to be 1.9.

If one considers the decomposition of (CZDéH*)*, there
are 15 ways to lose D, and only 6 ways to lose HD, thus
predicting ku/k5 = 0,4, If both atoms are lost from the
same carbon atom and no scrambling occurs, kn/k5 = 1.0, =
Even allowing for an isotope effect, it seems clear that
ku/k5 < (k1 + k4)/k5’ and heﬁoe Xk, 1s non-zero, that is,
dissociative hydride abstraction does in fact occur.

Ions 1nKICR experiments are nominally at thermal energles,
and under,sueh conditions it is clear that CzD6H+ is stable
with respect to decomposition. When HB* is used as the
protonating agent as in the experiments of Aquilanti and
Volpi,5 the extra exothermicity supplied by the difference
in the proton affinities of H2 and‘CH@Ais undoubtedly deposited
to aAgreat extent in the CZD6H+, lessening the probability of
collislonal stabilization (24), We have already observed that
the CHO+ ions in Futrell's experiments were energetic enough
to transfer a proton to CHq, which would explain the predominsnce
of dissociative products observed in those studies. Munson
and Field 16 used CH5* as a protonating agent as was the

case in this work, but their studies were done at an electron

energy of 150 eV, a repeller field strength of 6.25 V/em., and

Xr
¥

an ion path lernzth of 2,0 mm. A maximum ion energy of 1.25 e

e v e A A T T - s v

17 o 5 & -
76,L. Patt, unpublished results.



was therefore attalnable, easlily enough to bring about the
decomposition of CZDéH*.

Double resonance studies are likely to be important
in this regard, because of the selective excitation that
they allow., Double resonance spectra of C2D4H+ and CZD5+
indicate that both of these ions are formed in increasing
numbers upon translational excitation of CZD6H+’ The
formation of CzDéH+ is seen to be excluéively from CH5*.
In addition, both CZDAH* and CzDs+ show a positive dk/dE
froﬁ CHS*. It is not immediatély clear whether this
represents only an increasing tendancy of CZDéH* to fall
apart as a result of the increased energy supplied to it
by the excited CH5+, or whether in addition dissoclative
hydride abstraction (23) is becoming more iﬁportant at

higher lon energies. Double resonance results quantitative

enough to clarify this point could not be obtalned.



D; Discussion

Ion-molecule reactions of hydrogen, particularly those

of the H,* ion, have been well studied,t=6s18-21

3 A 1list of

the reported reactions, along with the thermochemical inferences

that can be drawn from them, is provided in Table I-1. In
interpreting these results, it is important to bear in mind

the recent findings of Ellémaﬁ?21 regarding the nature of

H3+ in these reactionsy he finds that an accurate representation

of the situation is |
Hy* + Hy —  (H3%)* + H. | (27)
(HB*)* # N > Hy* N (28)
At low pressures, then, one is liable to find a completely
different reactivity for the HB* ion than at high pressures
when oollisional de-activation can occur, An alternative
explanation for the same phenomena is that the transfer of
a proton from H3+ can reéult in both v=0 and v=1 H2 being
produced. -
A good example of this phenomenon is found in the werk
of Agquilanti and Volpi.S In studies of the reactions of H3+
with CHy, and C2H6, they found that as the pressure of H, was

reduced, the yield of protonated alkane vs., the dissocciation

product (CH3+ and CZHE*, respectively) approached zero, that

18J.T. Armstrong, undergraduate research thesls at the
California Institute of Technology, unpublished. (1969),

19, Aquilanti, A. Galli, and G.G. Volpi, J. Chem. Phys.
k7, 831 (1967).

2OF.C. Fehsenfeld, A.L. Schmeltekopf, and E,E. Ferguson,
J. Chem, Phys. 46, 2802 (1967).

D.D. Elleman and~M,T. Bow2ks, J. Am.'Cher. Sco. 92, 1847



Table I-1, Reactions of the HB"“ Ion

Neutral Reactant Products Reference Inference
g CH5* + H, 18,5 PA(H,) < 126
CH,

4 CHB*'+ 2H2 5 Reactant must be
. (H, )%
3
- 02H5+ + Ho 18,4,19 | PA(HZ) < 159
2 CHy* 4 2H, 18,419 PA(H,) < 111
C H,* + H, 19,5,4 PA(H,) < 130
C, H
276 CoHt & 2Hy 19,54 PA(H,) < 127
o CC3H,t 4 Hy 19 PA(H,) < 162
= *
~ ;
CH, CH, CqHg' + 2H, 18,19 . PA(H,) = 155
CoH™ + CHy + 18,19 PA(H,) < 121
+ Hp '
CjH + 2Hy 18 PA(H,) < 163
cﬁ/fEE?EH CH.T + cHy 18 PA(H,) < 12
2 2 2% L g! = 129
+ H,
CoH, " + Hy 5 PA(H,) < 132
C.H
5B : CoHt # CHY 5 PA(H,) < 122
& H2 i
C,H, CoHg* + Hy b PA(Hp) < 152

References for heats of formation used in this table are listed

in Table I-2.



is, when (H3+)* reascted with methane and ethane, the
protonated alkane received too much internal energy and
fell apart. |
The proton affinity of H2 is established by two
reactions, A lower limit on PA(Hz) is set by the reaction
Hy* + 0y —> 0,H" 4 Hy (29)

I

Schiff” finds that this reaction proceeds in the reverse

direction and does not proceed in the forward direction,

thus, PA(HZ) > PA(O,). Foner and Hudson have studied the

appearance potential of OZH+ from hydrogen peroxidezza’b

and from HO2 free radicalzzc, and obtained a consistent
value of 271 ¢ 1 kcal/mole for AH?(OZH*), or PA(OZ) =
95 4 1 kcal/mole,

An upper limit on PA(HZ) is established by the reaction

HgT o+ O H) - C H,* + 2H, (30)

This reaction, observed by both Armstrong and Aquilanti,
Galli, and Volpi, would mean PA(H2) £ 111 # 1 kecal/mole,
Studies of the relative amounts of CZH4+ VS CZH5* produced
by simple proton transfer as a function of H2 pressure19
show that CZH3+ decreases substantially with pressure,
indicating that much of it may be'coming from (H3+)*.

However scme C ersists and one nmust conclude that

't

o

T
=3
(30) does in fact occur for ground state H3+. We thus

have 95 kcal/mole < PA(HZ).Q 111 kecal/mole, with a suggested
value of PA(HZ) = 103 keal/mole, in substantial agreement

!
with Schiff.”

i e o B A 5 B . e e A 5 R T R S . 0 T B S I T Yo e s

22 - .
S.N. Fouer a dso J ¢ P
1364 (1955); (b) 36, 2676 (1962); (o) 36, 2681

wlmmn




He , Ne
In order to establish the proton affinities of the
rare gases, much work has been done using mixtures of these

gases with hydrogen.6’23’2LL

Chupka and Russell used
prhotoionization mass spectfometry to study the reactions
H* 4+ He —» Her® + H. (31)
Hy* + Ne —> Ner* + H. (32)
Both of these reactions are endotherﬁic'with ground-state
,H2+, but by using photons with a resolution of ~0,008 eV,
Chupka and Russell were able to show the onset of these
reactions occured for the v=3 and v=2 vibrational levels
of H2+, respectively. By making use of extremely accurate

25

quantum mechanical calculations™ ~ to provide AH%(HeH*),

they were then able to quantify the translational energy
contribution to these reactions and té thus arrive at a

value for AH?(NeH*)vas well., The values established in this
manner are PA(He) = 42,5 + 1 kcal/mole and PA(Ne) = 48 + 1
kecal/mole.,

These values are conslistent with the failure of He and Ne
to affect the radiation-induced H-D exchange in mixture of
H2 and Dy, a process which proceeds through ionic mechanisms.23
Identically, they are consistent with the constant H3+

intensity observed in mass spectrometrle studies when He

or Ne are added to HZ‘

235.0. Thompson and 0.A, Schaeffer, J. Am. Chem, Soc,
80, 553 (1958).
24‘.‘4‘ w i

3 o N o~ Y T
.« Chupke and M.E, Russell, J

Chem, Phys. 49, 5426 (i

O
CHh
e

£

25, Wolniewicz, J. Chem. Phys. 38, 1651 (1963).



When Ar l1s added to H2 in a mass spectroﬁeter, the
observed concentration of H3+ increases.6 As H2 is added
to Ar, ArT decreases rapidly, ArE* builds up and then
decreases, and HB* builds up to a maximum, These

observations are consistent with the reactions

Ar* 4 Hé —s Arut 4 mH. (33)
arE® + H, —> Hy* + Ar (34)
There has been some question in the past26.about the
occurance of
H,+ + Ar —» ArHT + H. (35)

-
In their recent studies, Chupka and Russellzu seem to have

provided a definitive.answer — reaction (35) does occur,
and it does so with ground state H2+. This reaction, then,
sets PA(Ar) > 62 kcal/mole, while (34) means that PA(Ar) <
103 keal/mole. One might suggest, then, that PA(Ar) = 82 %
20 kcal/mole. The value of 70 kéal/mole provided by the
calculations of Moran and Friedman27 is seen to be within

those limits.

Kr
The reactions of Kr have been considered by several
6,28,29 — ; 4
authors., The production of Krd" in mixtures of

H2 and Kr was observed by all of them, and in each case

attributed to the reaction

26See, for example, T.W. Shannon and A.G. Harrison,
J. Chem, Phys. 43, 4206 (1965).

27, F.

Moran and L., Friedman, J. Chem, Phys. 40, 86C (196%).
28y p, stevenson and D.0. Schissler, J, Chem. Phys.,

29, 282 (1958)
29

M.S.B. Munson and F.,H. Field, J. Am. Chem, Soc. 87, 4242 (1945



kr* + H, —> Kr® + H. (36)
despite the fact that

H," + kr — kri* + H. o (37)
is more exothermic by 33 kcal/mole.

Aqullanti et 3;.6 found that when Kr was added to Hz,
no change was observed in the H3$ intensity. As Hy, was
added to Kr, Kr' rapidly decreased to be replaced by KrH'.
They interpreted this as evidence for (36); and decided
that |

KrHE 4 H, <> H3+ + Kr | (38)
must be extremely slow, if it ocours at all in either
direction, Stevenson and Schiésl§r28 showed that by
decreasing the electron energy below the ionization potential
of Hz* thgy could confirm (36), although their data does
not seem to rule out the occurance éf (37) at higher

29 also found KrH# in

electron énergies. Munson and Field
such a mixture, although their experiments did not provide
any information as to the source of that species.

Munson and Field also studied the reactions of Kr
with CH;. The results they obtained showing 2 buildup and

£
then o decrease of KrH suggest the following sequence:

krt 4+ cm,

I

-— KrHT + CH.* (39)
Keii* 4 CHy —- CHg' 4 Kr (40)

Both reactions (36) and (39) suggest that PA(Kr) » 94 kcal/mole,

while (40) gives the unambiguous result that PA(Kr)<

PA(CHu)c The evidence of Aquilanti et al. seems to require

both that reaction (37) not occur to any great extent, and

that PA{Kr) = PA(HZ) = 103 keal/mole. It is still not

at all clear why (37) is not seen, Using the charge-



induced dipole interaction model of Gioumousis and Stevenson,Bo
one can calculate that H§f5ShQuld-react with Kr 1.23 times
faster than it does with Ar., One can speculate only that
charge exchange, which is exothermic for (41) while being
+ + '
H2 + Kr — Kr' + H, (41)

endothermic for the correéponding reaction with Ar, must

play a role in this observation,

Xe.

Xe causes a sharp decrease6 in'HB* intensity when
added to Hp, and a corresponding increase in XeH*, S0
that PA(Xe) » PA(H,). MNunson and Field”’ studied Xe in
CH& and found that CHS* did not decrease after reaching
its maximum intensity, thus,‘PA(Xe) & PA(CHu). Tiernan
and Gill?l, using a tandem mass spectrometer, found that
the predominant (> 90%) reaction of Xe™ with CH,, was charge
tfansfer, while the reaction of CH,* with Xe to yield XeH"
constituted ~ 33% of the reactions of CHq* with Xe, As

a result, one may say that 123 kcal/mole £ PA(Xe) < PA(CHQ).

The various oxides of nitrcgen have 211 recelived at

L. 2 . v
g Munson and Field observed no HNO™ in

least some study.
a mixture of CH; and 1% NO, and concluded that proton

transfer from CH5* to NO does not occur, Schiff, using

P. Stewverisoi, J. Chem, Phys,
I of this thegis for further
es taken from E,W. Rothe and
¥

» 74~ ! 4 \
ys. 31, 1615 (1959)

31p.0. Tiernan and P.S. Gill, J. Chem. Phys. 50, 5042 (196



flowing afterglow techniques, found HNO* as the major
préduct of the reaotion of H3+ with NO., These two
observations imply that PA(HZ) < PA(NO) < PA(CHM).
Schiff also studied NO,, and found a major reaction to be

Hy* 4 NO, — NO* 4 OH 4 H, (42)
No HNOZ* was found, but HNOZ* is unstable with respect
to decomposition to Not 4+ OH unless PA(NO,) > 130 kcal/mole.
Thus no conclusion may be reached on the basis of (42).

. b :
In studies of N,O, evidence of proton transfer to that

2

species from both H.* and NZH* (arising from an N, impurity)

3

was: found.. Thus, PA(N,0) > PA(NZ)

The limits on the proton affinity of N, are not as well
defined as they might be. Observation of proton transfer
from HB* (6) sets the lower 1limit, while the failure to
observe reactions (3) and (17) sets an upper limit:
PA(H2) £ PA(NZ) € 123 kcal/mole., The fact that C02H+ will
transfer a proton to N2 upon mild translational excitation
with double resonance indicates that PA(NZ) is probably
somewhat closer to the upper limit: PA(NZ) = 118 ¢+ 5 kecal/mole.
The reaction of N2H+ with CZHQ in analogy with_(jo) would

shed further light on this question.

<o,

Reactions (12) and (15) both suggest a lower limit
on the proton affinity of COp of 122 kecal/mole, while
proton transfer to CH, implies PA(CGZ)QiPAQfﬂq).‘ We suggest a

value of 125 kcal/mole for PA(CO,) in subcstantial agreement
[+



with appearance potential measurements11 of COZH+ from

formic and acetic aoids.

gﬂb

Reaction (9) requires that the proton affinity of CHM
be greater than 123 kcal/mole., An upper limit on PA(CHu)
1s provided by the studies with ethane, where the occurance
of at least some dissociative hydride abstraction (23)
means that PA(CHq) € 127 kcal/mole, Since PA(CHy) > PA(CO2),
126 kcal/mole for the former and 125 kcal/mole for the

latter seem to be a reasonable choice,

Colps CoHy

The proton affinities of these species are accurately
established from appearance potentials from more saturated
hydrocarbons, and the values seen in Tableée I-2 imply that
PA(CZHZ) = 152 + 1 kcal/mole, while PA(C,Hy) = 159 % 3 kcal/mole.

92E6 A

It was concluded above that the decompogition of
CZH7* to 02H5+ must be endothermic, and thus PA(CoHg)»
127 keal/mole., Since this decomposition occurs readily,
both with dcuble resocnance in thils work and excess ion
energy in other studies, we suggest with Futrell9 that
the endothermicity is perhaps 3 kcal/mole, or PA(C,Hg) =
130 4 3 kcal/mole,



H,0. NHs, HCN
7

The many ion-molecule reactions involving HjO+ have
been extensively discussed by Beauchamp and Buttrill.32
The limiting reactions found were

HpS* 4 Hp0 — H50% 4 HS (43)

and Hy0" 4 CHR0 —  CHR0H® + Hy0 | (4h)
These reactions set PA(H20) = 165 ¢ 4 kcal/mole, More
recent studies by Haney and Frnaklin33 using appearance
poténtial studies in which excess energies of the ionic
fragments were accounted for gave exactly the same result.

Similar experimentsils33 yield PA(NH;) = 207 # 3 keal/mole
and PA(HCN) = 170 4 3 kcal/mole.

L ey

3ZJ.L. Beauchamp and S.E., Buttrill, Jr., J. Chem. Phys.
48, 1783 (1968).

33M.A. Haney and J.L. Franklin, J. Chem., Phys. 50,
2028 (1969).
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E. Sumnmary

In Table I-2 are summarized the aata which have
been assembled in this study. The proton affinity,
hydrogen affinity (Defined as the negative of the enthalpy
change for the reaction M* + H —> MH¥), and the
ionization potential of ﬁthéf major species found in the
pPlanetary atmospheres of this solar system are listed,

These data have potentially important consequences
in the study of planetary admospheres. Given soﬁe source
of hydrogen atoms and some ionized species,»ion-molecule
reactlions of the type discussed in this work will occur,
and the species that will be observed can be predicted
on the basis of these data. For example, recent studiesBu
have shoﬁn that the proton bound dimer of water, (HZO)ZH*
is the ddminant ionic gpecies in the D region of the
ionosphere at altitudes below 80 km, Kebarle35 has
analyzed the sequence of reactions leading to the formation
of this species, but the important thing to note from
Table I-2 is that Hy0 has a higher vproton affinity than
any other neutral species present —- if it did not, one
would not detect the proton bound dimer,

Proton transfer reactions are potentially an extremely
sensitive mechanism for the detection of specles present

in small amounts. The atmosphere of Juplter, for example,

34R.S. Narcisi and A.,D, Bailev, J, Geovhys. Res.
70, 3787 (1963).

35A. Good, D.A. Durden, and P. Keberle, J., Chen.
Phye. 52, 222 (1970).
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is thought to consist mostly of H, with smaller amounts

2
of NH, and CH4;36 The predominant species in the

ionosihere is expected to be NH“*, a prediction which
will soon be experimentally verifiable, In the same
way, detection of the protonated species might offer
a means of detecting small quantities of either HZO or
NH3 on Mars,

There are other imporfant applications of this
work, For example, it was the work of Thompson and
SOhaeffer23 d&scussed hefein'which led to the knowledge
that the radiation induced isotopic exchange in gaseous
hydrogen-deuterium mixtures proceeds almost exclusively
through an ionic chain mechanism. The complete suppression
of such exchange upon the addition of small amounts of
Xe, and the mild suppresion of the exchange with small
amounts of Kr can readily understood on the basis of the

proton affinities of Xe and Kr., If we write the

mechanism as did Thompson and Schaeffer,

h~ ,
Initiation: H, —» Hy¥ + €™ = (45)
Hy" + Hy — Hy* + H. (46)
Propagation '§3+++ DZ o D2H+ + Hy (47)
Termination H3¢ - neutral preducts (48)

we can see that Kr will compete with H, in (46), with the
KrH* that is formed being unreactive as we saw above,
Xe can interfere with both (46) and (47) to form the

stable XeHT.

. e R O e N AT S DS e s e

7
O- ) : . ) % 2.0
B‘W.T. Huntress, Jr,.{(private communication).



The use of proton-transfer reactions for the senslitive
detectlon of specles in extré—terrestrial atmospneres was
discussed above, These séme principles form the basis
of a new apparatus called the plasma chromatograph,37
which has beeﬁ used in the analysis of atmoépheric impurities
as low as 0,1 parts per billion, Basically, this device
makes use of the fact that the proton affinities of most
organic spedies (those studied in this work being the
exception) are above that of water, (HZO)nH+ ions are
generated, and the organic species are detected after
proton transfer to them has occured.

The study of proton-transfer reactions and the

determination of proton affinites of molecules is, then,

an extremely fruitful area.

37?.&. Karasek, Research/Developuent 21, 34 (March,1$70)



IT. REACTION RBRATES AND ION-MOLECULE REACTIONS

OF THE ALKYL HALIDES

INTRODUCTION ¢

The study of reaction rates is an extremely important
part of the study of ion-molecule reactions in general, The
determination of relative reaction rates provides a measure
of the importance of various reaction channels in a given
system, and also provides a comparison of similar reactions
in different systems. Absolute reaction rates may be compared
with theoretical predictions, thus providing an estimate of
the validity of different reaction models. In short, reaction
rates are a valuable handle in the understanding of the
mechanism of ion-molecule reactions,

The use of Ion Cyclotron RBesonance Spectroscopy in the
determination of reaction rates has been treated by several

=3

authors.l The most' completeé analysis of the subject is

that of Comisarows, whose treatment removed the former

3 2

restrictions imposéd by the low pressure” and high pressure
limits. To employ this treatment, however, one must measure
both peak heights and linewidths for fthe ions being considered.
In this study the more simplified treétment of Marshall and

Butrillq was used, together with the observation from

1J.L. Beauchamp, Ph.D. Thesis, Harvard University (1967).

2M.T. Bowers, D.D. Elleman, and J.L. Beauchamp, J. Phys,

Chemn, _?_2_9 3599 (1968)0

3S.E. Buttrill, Jr., J. Chem, Phys. 50, 4125 (1969).
QA.G. Marshall and S.E., Buttrill, Jr., J. Chem, Pnys.
52, 2752 (1970). :
5

M.B. Comisarow, to be published,.



Comisarow5 that the error inherent in this approcach will
Increase with pressure, For several extremely slow reactions,
the high-pressure treatment described by Bowers, Elleman,
and Beauchamp2 was employed,
In a typical ICR experiment, ions are formed in the
source region of the cell by electron impact. The ions are
then caused to drift through the source and analyzer regions
by the presence of crossed static electric and magnetic fields,
The velocity of this motion can be calculated knowing the
strength of the applied fields and the configuration of
the cell.l’6
As they drift down the cell,’ions may uvndergo both
reactive and non-reactive collisions with the neutral molecules
present., Ions are detected in the analyzer region of the
cell with-a marginal oscillator detector., The calculation
of the observed signal intensity for a given ion consists
first in determining the number of those ions in a particular
small region of the analyzer, next in calculating the power
absorption from those ions, and finally in summing such
contributions over the entire anslzer region. Bate constants,
which are contained in the first of these steps, cannot be
obtained explicitly as a function of the observed intensities,
but by usinrng a computer one can make use of iterative technliques
to obtain agreement between observed and calculated intensities.
The full analysis outlined above ig described in some
detail by Marshall and Buttrill% Explicit solutions for the

intensities are obtained for the case of primary, secondary,

s B o A S Ao O P P A S T 7 B - L e

6P, G. Miasek, research report, California Institute of
Technology (1970),



and stable tertiary ions, in which only one neutral speoies
is present and in which no ion is formed from more than one
precursor ion. The expressions for primary, seoondafy, and
tertiary ion signal intensities obtained in this manner are
I, = (P(0)K,/N°T?) (exp(-NTt ) - exp(-NIt}) (1)
-NI(t;-tp)exp(-NIté) )
I_= (P(0)Kgkjexp(-NIty, )/N?1T5(1-74)%)- (2)%
(J? 3 IJiexp(-NJi(téi-tsi)) - 17y -
J2exp(-NI(tL,~tyy)) + I(I-J,)exp(-N(J4~I)tg;) -
I(I-J4 (1 + NI, (t&y-tgy))exp(-NIgtl; + NItg,))
and Tyg= (P(O)Kyykyky/NPT353(1-04)) ((13 - (3

)
tJ
(39-NIJT(tL y~ty 4))exp(-NTt, ;) + Jjexp(-NIt{,) -

NIBJi(t%j—ttj))exp(-NJit

Dexp(-03ytL;) + N2T202(1-7) (¢ ,-t,,)%/2)

In these expressions, P(0) is the number of primary ions
per unit time produced st the electron beam, which need not

be determined since it occurs identically in each case, Ki

is the proportionality constant between the amount of time

an ion has been in the observing field and the instantaneous
1

powver absorption,"5 To compare different lons, we need only

observe that K, 1/mi, where m,

i is the mass of the ion.

N is the number density of neutral specleg present., The sum
of the rate constants of all reactions causing depletion of
the primary ion is denoted by I, while the corresponding

quantity for o secondary species 1 is denoted as J The

i.
length of time that an ion spends in passing through the

4.y

source region and the total cell are, respectively, ti and tie

B e e e S S e sz

*Note that this egquation has been gilven incorrectly in
reference (4); the remainder of the analysis found therein

ls, nowever, correct.



The above expressions form the basis for-the computer
program found in Appendix I. Simplified equations were used
to provide approximate rate constants., Predicted intensities
derived on the basis of those rate constants were compared
to observed intensities, and the rate constants modified
accordingly. Agreement to a factor of ten better than the
accuracy of experimentally measured intensities was obtained
in a modest number of iterations,

As a test of this analysis, the well studied reaction

cH,* + cH) —> CH5+ + CHye (4)
was examined.7 Recent work8'in other systems indicates a

-10 1 -1

value of 12 x 10 cc molecule” ~ sec for the rate constant

of this reaction, although widely varying values have been

reported.1

The method described above was used to extract
this rate constant from ICR intensity vs. preésure data,
with the.results seen in Table II-1, The decrease in
calculated reaction rate with pressure as predicted by
Comisarow5 is seen, although any extrapolation to zero
pressure is precluded by large experimental scatter.

Even if multiple determinations were used to redﬁce
such scatter,; however, a moré serious limitation 1is present.
Rate constants in expressions (1) to (3) always appear in
the form Nkt, and thus they cannct be determined with greater
accuracy than can the ion residence times., By using a square-
wave pulsing of the cell trapping voltage, it is possible to

get an experimental measure of these times.7 This is done

by shortening the time between ion ejections, and determining
= 9

R R e e A 3 e memr e s o

7The auvthor is indebted to Dr. J.L. Beauchamp who carried
out these experiments.

S.K. Gupta, E.G. Jones, A.G, Harrison, and J.T. Myher,

Can, J. Chem., 45, 3107 (1967).



Table II-1: RATE CONSTANTS FOR THE REACTION

CH4+ 4+ CH —> CH* 4+ CH

b 5 3
Pressure Rate Constant
(Torr x 105) (cc molecule-1 sec™! x 1010)‘
0.42 10,91
0.58 | | 8.93
0.79 9.76
1,00 9.02
1.02 8.82
1,18 8,22
1.41 8.81
1.75 8.35

2,31 8,22

2,98 792



the cutoff point at which ions no longexr have enough time
between pulses to reach the electrometer at the end of the
cell., Residence times measured in this way are between

14 and L% shorter than calculated times, while refinements
6

in the calculations™ actually give longer times, Furthermore,

the difference between theory and experiment is a function

of magnetic field strength7

s and will thus vary for lons of
differing mass when the conventional field sweep mode is-
employed, At the present time, the discrepancies are such
that 1t is not immediately clear whether the caiculations
or the measurements are in error.

Despite this major obstacle, the value of 8.98 x 10'10

cc molecule"'1 sec"1 obtained by averaging all determinations
1s not far from the accepted value. The use of experimentally
measurediresidence times would raise this value to 10,80 x

~-10 cc molecule"1 seo'l, and a rough extrapolation to

10
zero pressure would yield an even higher ﬁalue. One
expects on the basis of this study, then, that ICR may be
used to obtain approximate values for reaction reates,

while the cancellation of systematic error might provide

even better results for relative rates,



B. Reactions of the Alkyl Halides

The alkyl halides exhibit an exceedingly rich ion

1,9

chemistry. In this study three important reactions will

be considered in detail:

RXT + RX —> RXH' + (R-H)X (5)
Rxu” 4 BX —»> BRXBT 4+ HX (6)
gx'" + BX —> BRXRY + X (7)

In methyl and ethyl fluoride and chioride, reaction (5)
i1s the major initial reaction of-the species RX*, probably
proceeding through aIOOmbiﬁation of proton transfer and
hydrogen atom abstraction. At higher pressures, the RXHT
ion formed in (5) reacts to give RXR', eliminating HX.

The mechanism of this reaction haé been well studied,9 and
has been shown to consist primarily of nucleophilic attack

by the neutral species:

R - X R X

| | I

Xeoos BY e 3V 4 B (8)
| |

R R

The formation of the temporary bond to hydrogen 1s
probably of great importance in causing this reaction to
proceed "efficiently., Such displacement reactions can be
made to occur with other neutrals than RX. In cases where
the neutral is non-polar and has a low proton affinity,_such as

Rxi' + N, —> BN, + HX (9)
the reaction is considerably slowerlo, which may be attributed

to the lower propenslty for: hydrogen bond formation., Additional

9D. Holtz, S.L. Patt, and J.L. Beazucnamp, to be published,

0
1'D. Holtz, unpublished data.



support for the proposed mechanism is provided by observations
of reactions between.mixed species, i.e., RXH+ and R'X.
It is found that if PA(R'X) > PA(RX), then simple prbton
transfer and not displacement will occur, suggesting the
importance of the intermediate seen in (8).1

For methyl and ethyl bromide and iodide, reaction (5)
is an endothermic process, and (7) is thus the only reaction
channel open to the RX' ion. The RXR' ion is thus formed
directly, presumably again by nucleophlllc attack,

B o= Lol = X7 ot R - X -R 4+ X (10)

although the hydrogen bond of (8) can no longer be formed.

Typical studies of ion abundance (mass corrected) vs.
pressure for the alkyl halides are seen in Figures II-1
through II—511. Figure II-3, for example, illustrates the
lon chemistry of ethyl chloride. Reactions (5) and (6)
are in clear evidence, as are the reactlons of C2H4+’ the
only other primary ion at 12.5 eV. This ion reacts with
the parent molecule by extracﬁing H,™ across the C-C bond,
yielding CH2=CHClt and in lesser amounts to give the
condensation pfoducts CQH9+ and CMH8+'

The extremely simple chemistry of CZH5Br at 12,0 eV
is shown in Pigure II-4, At 70.0 eV (Figure II-5), one
finds the additional primary lons CEHB* and cZHS*. Since
both C,H, and C2H4 have lower proton affinities than that

2°2
1
of CZHBBr,Zproton transfer to CZHSBr will occur from both

11The author acknowledges the experimental work on the
alkyl halides done by Drs. J.L. Beauchamp, D. Holtz, and S. Sample.

lZU.L Fraaklin et al., "Tonization Potentials, Appsarance
Potentials and Heats of Formation of Gaseous Positive Ions,"
NSRDS-NBS 26 (U.S. Fove”ﬂmcnt Printing Office, Washington, D.C.)



Figure II-1:

CH3F studied at electron energy =

scheme 1is

=
CH3

.
CHBE * CHBF —E

L
CHBFH +* CHBF —

70,0 V., The reaction

— -
CH,F" + CH)
3

e
CZHuF + HF +AH

cu.Fat 4 CH,F

CH FCHB* + HF

3
l partlially decomposes

#$



¢.0l

(HdY0L) FINSS3IYd
»-Ol 5Ol

LASEHD)  ep
JHIEHO e
LATHO bE
Ld=°HO ¢¢
SHO G
| . | so109dg  8/Ww

00

90

20



Figure II-2:

CZH5F studied at electron energy = 13.4 V. The reaction
scheme is

+ * 4
CoHF¥ + CpHF —> CHFH + CoHyF

5 5
CoHFHT + CpHF —>  (CoHg),F* + HF
CoHLFT + CoHF —{i CoH " & CoHLF

&
C4H7 + 2HPF

+ +
Colig* + CHFF —»> CyHg* + EHF

(CBHéF* is generated in séveral reaction sequences involving

minor intermediates not shown in this figure.)
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Figure II-3:

02H5C1 studied at electron energy = 12,5 V. The reaction
scheme 1is ‘

+ +
CoH)," # CoHLCL —> CoHCLF # CoHg

273
CuHaT + HCL
L8 v
CyHg* + C1.

+ ; >
CoHCLF + CoHC1 = CpHCIHT + C,H;Cl

CoH4C1™ # CpHg + HCL

v vy v v

04H8+ 4+ 2HC1

e CL‘,H9"“ 4+ HC1l 4 Cl-
CoHCLHY + CoH.CL —> (CyHp)pc1" + HOL
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Figure IT-4:

CZHSBr:studied at electron energy = 12,0 V, The reaction
scheme 1is

+ +
02H5Br + C2H5Br — (02H5)2Br' 4+ Br.
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Figure II-5:

02H5Br studied at electron energy = 70.0 V., The reaction

scheme 1s
CoHy* + CoH Br CoHBrH" + C,H,
-E CoHg* + HBr + CpH,
CoHg" # CpHBr —> CoHBrHY + CoH),
CZHSBr+ + CpHgBr it (CZHS)ZBr* 4+ Bre
CoHgBrH* + CoHBr —» (CyHg),Br* + HBr
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CZH3+ and C2H5+. The CZHSBer generated in this manner
may then react as in (6) to provide an additional source
of the diethylbromonium lon, and qualitatively the latter
does indeed seem to form faster than it does at 12.0 eV,

A study of a mixture of methyl and ethyl chlorides
(3.5:1) at 70,0 eV is seen in Figure I-6, The interesting
thing here is the formation of the methylethylchloronium
ion, Double resonance studies indicate that both

CH3C1H" 4+ C,H,Cl —> CHBCICZH5+ + HC1 (11)

and 02H501H* + CH,C1 —> CH30102H5+ + HC1 (12)
are taking place, but that the chlorine atom in the product
ion invariably originates in the methyl chloride species,
be it neutral parent or protonated ion. This is readily
explained with the reaction mechanism of (8) above, along
with the observation’ that PA(CpHC1) > PA(CH4Cl). One
can think of (11), then, as proton transfer followed immediatly
by nucleophilic attack by the CHBCl, before the complex has

time to fall apart.



Figure II-6:

A 3:1 mixture of CHBCl and C2H501 studied at electron

energy = 70,0 V, The reaction scheme is:

CHAC1 CH,C1
cH,C1* +{ 3 i - CH301H+ +§ 4 E

&5H5ed Gty *
CH2C1g
{coHyC1

CH,C1 (CHL),c1¥
cH4C1E* +{ 3 ~E—~a-{ 3’2 ;}+ HCL

CoH (C1 CH4C1C,H

C,H.Cl

, (CH.C1
CoH C1 +{ > - cpHC1Ht +
275

(CH.C1 CHBCICZH
cZH501H* £ 3 — + HC1
CoH (O1 (02H ypeit

¥This reaction is endothermic by 4 keal/mole,
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C. Rates of the Alkyl Halide Reactions

There are two basic treatments which may be considered
for the theoretical calculation of ion-molecule reaction
1
rates. Gloumousis and Stevenson 3 considered the ion-induced

dipole interaction, and found

o=

(13)
where ¢ 1s the electronic charge, X 1s the polarizability

kG—S = 2me(«/u)

of the neutral molecule, and X« is the reduced mass of the
reaction palr. If the presence of a permanent dipole in
the neutral species causes a "locking-in" as the ion
approaches, one must add an additional term to account for
this, and the resulting expression for the locked dipole

model (L-D) is8’14

Wl

k = ko o # (2meugy ) (2/uwkT) (14)

= k + k

G~S L-D
In this expression, Mo 18 the permanent dipole moment of
the neutral, k is Boltzman's constant and T is the temperature,
We note that unlike the G-S model, this model predicts a
temperature dependent rate constant, or equivalently sn
jon velocity.dependent rate,
The ion-molecule reactions of the alkyl halides,
the experimentally determined rate constants, kG«S and
kL—D are listed in Table II-2, The first conclusion that

may be drawn is that the locked dipole model seems to

lnaccurately represent these reactions, while the

1)G. Gioumousis and D.P, Stevenson, J. Chem, Phys. 29,
294 (1958).

14 S
‘R. A. Fluegge, J. Chem. Phys. 50, 4373 (1969).



01

94°61 L6l g0 = Yy I + +Hmhmmmov ~— 1°8% + .“,Hmmwo
€641 05 ° ¢ 5500 = Oy "I+ +HNAmmov — 1fm « +Hmmu
L6 42 ¢G g 96*0 = 8ly .18 + ,26%(%x%) <— ag®H%0 + Lag"u%>
€6°€2 €64 560 = 4Ty ag + ag%(fmp) <— agtuo + aaby
01°€€ S€tot1 ¢¢ =9y TOH + ,10%(H%0) ~— T0°H%D + ,HTO" HoD
Lhto = STy 5920 + L1o"H%0 - |
” . 1z = Wiy 9u%0 + 10D <
oo 0978 4= we'1 = £y 1o+ OuTy <«
g0 = 2y E + BuT <L 10°r% + [T
$g*0 = Fhy 10 + TOH + OHTD <
0d0 = O ToHz + 48uTD <«
ceres SE RS =E o' = bx 108 + 1% + ,T0fHCD
+
76 = 8y 107820 + HTO"H%O <L ofuo 4 107 5%
HL°GE 28°6 ®'1 = mx I0H + +Homﬁmmov e Hommo * +mﬂommo
7l°G€ L8 6 Grer = o 10%H0 + ,HTOYHD =— TofHD + ,1ofHD
| 0'HT = x a8 + a(5u5C0) e— 4°u% + ,ma" w0
061 =Ty a2 + HaHeD ~—— &H0 + 4 H%D
S1°on 70°6 14 = Ex dH 4 a%(fH0) <— afHD + emmmmo
96°0 = o E+ aH + 2"u%
frh* 0% 01°6¢ =X e 1 5 ¢ AQ Con o €
821 X JCHD + LHAYHD <= J%HD 4 d%HD
Q...Ax S=Dy TBauUswTIadXE
0T X ;998 [_eTnosTouw 00) sjuB3suc) 838Y oT3089Y

SHATITIVH TAMNIV EHL 40 SNOILOVHH HHL HOd SINVLSNOD HLVH °2-II 91qQEl



Table II-3, Polarizabilities and Dipole Moments

of the Alkyl Halides

Species Polarizability? Dipole Moment®
| (a3) (Debye)
CHF 2.57 1.81

CoH F 1.95

CH4C1 b Lk 1.94

CoH C1 6.3Q 2,04

CH3BT 5.4k 179

CoH BT 7433 2,01

CH41I 7.29 1.64

CoH I 1.90

2E,.W. Rothe and R.B. Bernstein, J. Chem, Phys., 31, 1619 (1959)

ba.L.
W.H.

McClellan, "Tables of Experimental Dipole Moments,"

Freeman and Co., San Francisco, 1963.



Thermochemical Data of the Alkyl Halides

Species (M) IP(M)2 PA(M)®  HA(M)P
eV kcal/mole
CH,F 12.85 147 129
CoH F 12.00 163 127
CH4C1 11,22 160 107
CoH £1 10.97 168 108
CH ;B 10. 53 163 93
CoH Br 10,29 170 93
CH5lI 9.54 170 ey
CoH (T 9.33 175 77

2J.L. Franklin et al., "Ionization Potentials, Appearance
Potentials and Heats of Formation of Gaseous Positive
Ions," NSRDS-NBS 26 (U,S. Government Printing Office,
Washington, D.C., 1969), '

b

D, Holtz, S. Sample, S, Patt, and J.L. Beauchamp,

to be published.



Gioumouslis-Stevenson lon-induced dipole model seems to
be a much better first approximation to reality.

' One must bear in mind that expression (13) is
derived on the assumﬁtion that all collisions will be
reactive, Clearly,.this i1s not necessarily the case, anq
one might expect that a simple proton transfer or
hydrogen atom abstraction reaetion such as (5) is
likely to occur far more efficiently than a more complex
condensation reaction such as (7), where more intimate
contact between ion and neutral is required, On this
basis, one can understand the extreme slowness of Reactions
17 through 20 in Table II-2,.

When one considers the total'reactivity of the parent
ions CH3F+, 02H5F"‘, cHyC1*, and 02H501"‘, one finds values
of 13.8, 15.0, 12,5, and 15.0 cc molecule ™t sec'l,
respectively. All of these are equally similar to the
rate predicted by the G-S model., Considering the rates
for the corresponding protonated species, however, one
finds values of 7.1, 14,0, 1.4, and 5.5 cc molecule~l sec—l,
respectively. It is not completely clear what effects
these values represent, The (CHB)ZF+ ion can partislly
decompose to give CHZF* 4 CHy and thus k3 as formally
written may actually be higher than 7.1. No such
decomposition, however, is observed in the chloride species.

It seems reasonable to believe that at least some
of the effects seen have steric origin. One certainly
would expect reaction 17 througn 20 to proceed through
an identical mechanism, and the factor of 5 to 10

difference in the rate constants for the bromine species



and the l1odine species seems to indicate such steric effects,

D. Conclusions

The reactions of the alkyl halides have been studied
and rate constants for appropriate reactions determined,
Only a limited number of these have been previously

reported., Marshall and Bu.tt'rilll"L

found '’kqy = 13.6,
k, = 0,96, and kg = 8.0 (a1l cc molecule~! sec~! x 10~10y
in good agreement with the values reported here., Values
for kg have been reported as 12.18; 19.415, and 18.816,
again in reasonable agreement, while k8 has been reported
as 26,817

The determination of reaction rates in mass
spectrcmetric studies is complicated by the dependance
of these fates on repeller field strength, Despite the
'difficulties discussed above wlth respect to the drift
times, ICR seems to be a valuable addition in the
measurement of reaction rates. The studies reported in
this work were limited to the simple treatment of
Marshall and Buttrill described above. A further
extension of this method to such cases as two different

reactants producing one product is feasible arnd wouvld add

a great deal to the capabilities of the method.

15N.A. McAskill, Australian J. Chem..22, 2275 (1969)

16A.G. Harrison and J. Thynne, Adv, Chem. Ser,
58, 150 (1968).

17T.O. Tiernan and M. Hughes, Adv. Chem, Ser, 32

12 (1968). =
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Pon 1v. G LeviL 1, moue o HAILW DATE = 5/06/7C 21:47:.

DIMENSIUN DENS(2C)sSIZEU(20,201,MASS(29) sNPREC(20),TAU(20),
C TAUP(20)4RATE(20,20,20) ,RATEI(20+20)RATEJ(20,20),

C SIZE{204201FACT{20) ,8CUN(2D)

C INPUT CELL DIMENSIUNS, G/AMU, DRIFT VOLTAGES, NUMBER OFf SPECTRA
READ (54101) D, ALENl, ALENZ2

31 READ (545102) GAMU,VSUURsVRESyNSPEC
IF (GAMU.EWUeD.) GU TO 30

- B
C_INPUT SPECTRUM CARDS - NUMBER, PRESSURE, IWNTENSITIES -

1 CONTINUE

READ (5,103) NUMBERyDENS(NUMBER) yNPEAKS, (SIZEQ(I,NUMBER) ,

C I=1,NPEAKS) o

_IF (DENS{NUMOBER)«LTs1le) DENS(NUMBER)I=DENS(NUMBER)*3,23E16
IF (NUMBER«NC«NSPEC) GJ TU 1 o

C

C INPUT NUMBEK OF EACH TYPE OF IOUN , 1UN MASSES, AND PRECURSORS
READ (55104) NPRIM,iSEC,NTERT, (MASS(I),I1=1,NPEAKSI,
C (NPRECL{I),I=1,NPEAKS)
NPRIAP=NPRIM+1

NSECP=NSEC+1 N

L

C CALCULATE TAU AND TAU-PRIME FOR EACH IOWN S
i DO 2 I1=1,NPEAKS i B L
3 TAU(L)=ALENL*GAMU*MASS{ 1) %0/ (VSCURH10U*%3)
4. 2 _ TAUP{II=TAUCII+ALENZ®GCAMU*MASS{ 1) *D/ (VRES*10%%8 ) _ o
5 WRITE (09112) GAMU,VSOURYVRES,TAUL1),TAUP(1)

c. e i}
I C REPEAT wWHULE PRUGRAM JNCE FUR EACH SPECTRUM
0 L)U 22 I\Uuﬁth'ﬁ-yi\lsptc L
1 NLL»N( NUMBER ) =1

C
| € CALCULATE INITIAL RATE CUNSTANTS o
8 3 DU 4 J=NPRIMPNTERT 7 ) 7 7
9 0 ”d—Du 40 1=1 s NPEAKS T B T
0 40 RATE(I4JyNUMBERI=D - - o
1 BS5=TAU(NPREC({J) I+TAUP (WPREC(J))
2 RATE{NPREC{J Iy e NUMBE r\)—?nm\%x(f\PREC(J) HbIZ U(Jyl UMBERD/

o "-W_‘__¥AE~ (ULHD ( lidanEl\)\‘ L).‘A)‘J ( lli\Qs)\ H I\L.Lt ( o ) i S I LL.U\ J 1 l\Jl qur\ , 4 S
2 C MASS{JIESIZEQ(NPREC(J) s NUMBER) D) -
i3 TF {NUMBERINE.1) RATE(NPREC(JIT s Jy NUMBERT=RATE (NPREC(I)y Jy NUMBER-1)
4 4 CUNTINUE e A R A e . ez |

: , e
£ C INIVIALIZE ITERATION COUNTER
L . C e e }
T C CALCULATE BUTTRILL'S I AND J=-Sus-1
23 DO B I=l.NPRIN - e
4 RATEI( Ly NUMBERT =0
. DO 5 J=NPRIMP,NSEC 3
(9 ) s T TRATED (I Nl =R) =R, ATEI(I qu 1BER) +R ATE(T 4 J N 13ER) T
& C
‘”C*NFT”H1125 UBSCRVED INTENSITIES ) o
< DO L9 N=lsabRIr
- su«> _ 3L N— ) . _




B e S - —

EW v G LEVEL 1, MUD 4 MAIN DATE = 5/06/70 _21:47:
AN R

DU 18 Ii=14NPEAKS - -
IF (NPREC(IB)etWeNs ORJNPRECINPREC(IB))EWweN) SUM2=SUM2+SIZEO(I5,
o € NUMBERJ _
18 CONTINUE
DU 19 I8=1,NPEAKS L
IF (NPREC(IB)eEQeNsORaNPREC{NPREC{IB))eEQeN) SIZEU(IB,NUMBER)=
C SIZEU(IB,NUMBER)/5UM2
19 CONTINUE
C
C BRANCH IF NU TERTIARIES
" IF (NTERTLEQ.NSEC) GO TO 7
DO 6 J=NPRIMP,NSEC
RATEJ{Jy NUMBER) =0
D0 6 K=NSECPNTERT
RATEJ{(J s NUMBER)=RATEJ (J,NUMBER) +RATE(Jy K, NUMBER)

CALCULATE PREDICTED INTENSITIES
DG 8 I=1,NPRIM
AL=DENS ( NUMBERI*RATEL (I, NUMBER)

~N OO0

BUTTRILL?S EWUATIGN (19)

oo Oy O

SILE( Iy NUMBER)=(EXP(—AL*TAUCI)V)-EXP(-AL*TAUP(I))-ALl*(TAUP(I)-

C TAULT) ) XEXP(=AL¥TAUP{TL) 1)/ (MASSCT)*RATELI (1, NUMBER) )

O

DO 9 J=NPRIMP,NSEC
A2=DENS { NUMBER)
A3=TAU(J)
A4=TAUP{J)
AS=RATEI {NPRE C(J),ﬁU4dER)

C BRANCH IF NU TERTIAKIES
_ o IF (NTERTSEW.NSEC) GU TU 24
. NCHECK=9
3 DU 51 K=NSECP,NTERT

" IF (NPREC(K).+Cuded) NCHECK=1
i 51 CONTINUE

1o IF (NCHECK.EW.0) GU 10 24
L A6=RATEJ{JyNUMBER)

c
 C_BUTTRILL'S EQUATIUN {25)
C

r SIZE(JyNUMBER)={RATE (NPREC(J) s Jy NUMBERY®EXP (=AZ*ASXA31/(MASS(J)*

i . C A% 2H(A5-A0)% ')>)~4A3#>)+4)5Ao LKP(-AdrAb*(A% A3))-Aoxugx
{ C EXP(‘HZ*AD’lA*fA3’)*AD*(AD AOIREAP (—AZX(AG-AS)*AB)-ASX (AS-AG)*

C (L1+A2%AB%(A4—-A3 ) )REXP(-A2% A64A4*A24A)°A3)-A)’Ab)

B T T T IE (STZE(J NUMBER) «LT404) STZE{J,NUMbERI=STZE(Jy NUMBER) ¥ (=1)
| . U TU 9

: 24 STZE(J s NUMBERI=RATEINPREC(J) 1 Js NUMGER]) /7 (MASSUJ I =AS*%2 )% (A2%%2%A5
G E2F A4 Aﬁxyu//7-ﬂ24n3”(A4 Aj}*rX”‘—\)ﬂAb A3 +E = XPL=AZ%RASRAZ )~
(.‘ EXP(—A ? CAS R A[?J;'
CUnTlue

jr>n\o

BRANCH IF Nu TERTIARTIES
IF {

r_
INTERT.EG.NSEC) GG 70 11

;
||
|




G LEVEL 1, MUD 4 MA LN DATE = 5/06/70

DO 19 K=NSECPZNTEKT

AT=RATE(NPREC(NPREC(KI]) ) yNPREC(K )y NUMBER) T
AB=RATE(NPREC (K) yKy NUMSER) ~

AG=RATEI {NPRECI{NPREC{K) )4 NUMBER)

B1=RATEJINPRECIK) y NUMBER)

- B2=TAU(K) I
i B3=TAUP(K)
v B4=83-82 ——
i C )
 C BUTTRILL'S EQUATIOUN (31)
§ C
e 10 STZE(Ky NUMBER)I=AT*AB/ (MASS [K)*AG*BL**3%=(A9~B1 1 )* [ (AG*%3-A2%A9%%3 o
7 C *B1%p4) REXP(~A2%BL*¥b2)—(BLl¥%3-A2%BLI¥xR3IXAG*B4L) REXP (—A2¥A9¥B2)+
f C BL®#3%EXP(—A2%A9*B3) —AQwk3HEXP (—A2%BL %83 ) +A2 %X 2KkAG* % 2% 1% ¥ 2% (A9~ )
: C Bl)%B4*%2/2) /A9
F C o
. C NORMALIZE LALLQLAILU INTENSITIES )
F 11 DU 1o N=1,NPRIM o
- SUM1=0

DO 17 TA=1,NPrLAKS
: TF(NPREC(IA)«EueNe URSNPRECINPRECIIA)J4EQeN) SUMLI=SUM1+SIZE{IA,
& C NUMZER) - ’
Y CONT INUE -
T DO 16 IA=1,NPLAKS

IF (NPREC(IA)+EQ.N.GRJNPREC(NPREC(IAI)EQ.N) SIZE(IA,NUMBER)=

C SIZE(IA,NUMBER)/SUNMI
_ CUNTINUE )
TWRITE (6,1200
WRITE (0,105) (SIZEU(I,NUMBER),I=1,NPEAKS)

WRITE (0,105) (STZc(I1yNUMBER) 91=1,NPEAKS)
DU 20 J=NPRIMP,NTERT B

WRITE(649106) MASSINPKEC(J) ) s MASS(J) ) NUMBERyRATE(NPREC(J) s Js NUMBER])

C COMPARE CALCULATED INTENSITIES TU UBSERVEU UNES AND CURKECT KATE CONSTANTS
IF (NSEC.EQ.NTERT) GU TO 32

T DO 12 J=NSECP,INTERT
FACT(JI=SIZEC(JyNUMBERI¥STZE(NPREC(JIy WUMBER)/(STZE(J,NUMBER)I*

C SIZEU(NPREC(J) s NUMBER]) )
CFACT(J)=SURTIASS{FACT(J))]) -
iF IFACT{Jlenladel FALTI =2+
IF (FACT(JI«LTe0.5) FACT(JI=0.5

T RATE(NPREC(J I s JsNUMBERI=RATE(NPREC(J 13 JNUMBERIXFACT(J)
(..LJHTI NU"‘

DU 13 d NPR1MPs NSEC

IF (S LD(QVRLL(' 7NU(UE<,»CQ°~.) SI[CQ({?KtC{J)yNUluEK)—

C bIZE(NPREL(J)1NUHuC )
CIF (SIZeU(NPREC(J)INUMBER) eEWeDe) 60 TO 13~
FACTP=1
DG 60 K=NSECP,NTERT S
U IF (NPREC(KI«Eued) FACTP=STZeU(KNUMBER) /STLE(K, NUMBER]
CONTINUE e
TFACT(JI=(STZ: (0 NUMBERY/SIZEU{J, NUMBER Y )32 xFACTP*STZEQINPREC(J I
C NUMBER)/STZe(nPRECTJ) s NUMD ER)
AFACT=ABS(FACT(J))
IF (AFACT.GTa4.! [FACT

- JINLEID e N

15 \ArAfl.Ll.),sz FA




Lo

1y HiJUYU * _RALIN JAIL =

LY IND a8

&R 3 e i

RATE(NPREC(J ) 3 J s NUMBER)=RATE(NPREC(J) 4, NUMBERD /SURT (ABS (FACT(J)))

CONTINUE

C IF ITERATIONS EXCEED 30, PROCEED TU NEXT RUN -
IF (ITER.Ew.30) GO TO 25
ITER=ITER+1
C —_—
C IF CONVERGENCE HAS OCCURED, PRUOCEED TO NEXT RUN
DU 21 I=1,NPEAKS ~
B6=ABS(SIZE(IyNUMBER)=SIZEU(1,NUMBER))
= IF (SIZEOUINUMBER)+EWe0a) GU TO 21
- IF (86.6TeleE—4) Gu TU 23 o
j 21 CONTI NUE o
E GO0 TO 26
i 25 WRITE (6,5107) .
: NCON( NUMBER =2
- GO T 27
26 WRITE (6,108)
27 WRITE (6,110 L
22 CONTINUE
80 DU B1 NUMBER=1,NSPEC -
— 8l DENS{NUMBER)I=DENS{NUMBER) /(3,23E16)
. DG 28 J=NPRIMP,NTERT
g ARITE (64109) MASS{NPREC(J))sMASS(J)
| WRITE (5,111)
: DO 29 NUMBER=1,NSPEC
L IF (NCON(NUMBER)eEWel) WRITE {64113) MASSINPREC(JI) 4MASS(J), -
- C NUMBER,RATE{NPREC{J) 9Jy NUMBER) y DENS INUMBER)
. IF (NCUN(NUMBER)ZEQ«2) WRITE (64115) MASSINPREC(J) ), MASS(J),
C NUMBERyRATE(NPREC(J) 9Jy NUMBER) yDENS (NUMBER)
29 CONTINUE’ o -
WRKITE (64120) ,
28 CONTINUE _ S
1 WRITE (6,110)
E ~ GU TO 31 - o
1 STUP
. $ ~
- 01) I1EYD021 LASBEL
& 30 CONTINUE o _ .
. C
101 FORMAT (F4e2492F5.2) _ . _
102 FURMAT (F5+.1492F5¢2413)
| 103 FORMAT (12,E9.2,13,11F6.2/(13F0.2/)) ) -
: 104 FORMAT (I2,2013/12613/)) :
L 105 FURMAT (' ',15F8.4) e - o
100 FURMAT (" K(',13,%2 413,71, 12, )= 1P514a7) E
107  FORAAT ('OTHIS RUN DIQ NOT CONVERGE! B - ]
108 FURMAT (TGTHIS RUN HAS COUNVERGED®)
109 ‘wFJhrqlwﬂigilIgmLJdSTANTb FUR (M/E)=*513,' GUING TU {M/E)=1',13)
110 FURMAT (1f11)
e 111 FORMAT (1H ) T
1127 TEURAAT (VIRATES FUR RUNS wiiH G/AMU=",F5.1,%, V=S=1,F5,2,%, V-~
N C r3941=y TA )"110“11 3.1, T/\‘J“) -PRIME=? ’tllo‘ﬁ//)‘ L
IS EGRAAT (Y KT T3ty VI3, v 12, V)= g IPELLe4 10X, P=1,ET. 3y
- C ' TURR?,20 x,'LU.J-P Luozrww e
% B 1“1.5. f'bn\xh\_{_n(“' ”\"“— 3y 1')1_‘59 '1121'):’71})11}-1%(*710)("'?:'!L‘?""’
- _ [
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~ FORTRAN IV G LEVEL 1, MOU & HMAIN _DATE

O

———— C_ ! TORKR'20X,'NUT _CUNVERGED') o
0150 120 FURMAT {1HO) U
S — C

0151 END
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