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ABSTRACT 
In light of new laboratory measurements and theoretical techniques, previously suggested gas phase syn- 

theses of dimethyl ether (CH3OCH3), ethyl alcohol (C2H5OH), and acetaldehyde (CH3CHO) in dense inter- 
stellar clouds have been reexamined. Several radiative association rate coefficients leading to the precursor 
ions to these species are now calculated to be significantly smaller than previous estimates. On the other hand, 
a new and rapid synthesis of the precursor ion to acetaldehyde appears to be viable. The diminution in the 
values of selected radiative association rate coefficients raises the possibility that normal gas phase syntheses 
under ambient dense cloud conditions may not account fully for the observed abundances of ethyl alcohol 
and, especially, dimethyl ether. 
Subject headings: interstellar: molecules — molecular processes 

I. INTRODUCTION 

The importance of ion-molecule radiative association pro- 
cesses in the gas phase syntheses of complex molecules in dense 
interstellar clouds has been discussed in detail in the literature 
(Smith and Adams 1978; Huntress and Mitchell 1979; Leung, 
Herbst, and Huebner 1984). In these processes, two atomic or 
molecular species, labeled A+ and B, come together to form a 
compound molecule AB+ via emission of a photon. Because it 
is difficult to study such processes in the laboratory, a variety 
of theoretical treatments have been advanced and utilized to 
calculate radiative association rate coefficients, especially at 
the low temperatures characteristic of dense interstellar clouds 
(Herbst 1980a, b; Bass et al. 1981; Bates 1983a, b; Herbst 
1985a, b; Bates 1985). Although at least one radiative associ- 
ation reaction important to gas phase astrochemistry (CH3 + 

+ H2 -► CH5 + + hv) has been measured in the laboratory at 
13 K (Barlow, Dunn, and Schauer 1984), the determination of 
radiative association rate coefficients is still predominantly a 
theoretical investigation. 

Theories of radiative association can be partially confirmed 
by modifying them to treat the analogous case of three-body or 
ternary association, in which the compound molecule AB+ is 
formed via collisional stabilization (Smith and Adams 1978; 
Bass, Chesnavich, and Bowers 1979; Bates 1979; Adams and 
Smith 1981; Herbst 1981). This process has been studied 
widely in the laboratory because at normal pressures it domi- 
nates the radiative mechanism. In general, although there are 
still some difficulties (Bass and Jennings 1984; Bates 1986), 
theoretical and laboratory determinations of ternary rate coef- 
ficients are in order-of-magnitude agreement when there is suf- 
ficient structural and thermodynamic information on reactants 
and products to permit a theoretical calculation. 

Most previous calculations of association rate coefficients 
have been undertaken on systems in which association is the 
only possible reactive outcome. In these systems, the reactants 
collide to form a temporary “ collision complex ” which either 
stabilizes itself permanently via emission of a photon (radiative 
association) or via collisional deactivation (ternary 
association), or redissociates into reactants. However, many of 

the radiative association reactions thought to be important in 
the synthesis of complex molecules in dense interstellar clouds 
(Huntress and Mitchell 1979; Leung, Herbst, and Huebner 
1984) involve reactants that can also undergo competitive 
normal exothermic ion-molecule reactions. Bates (1983h) has 
theorized that under such circumstances the association reac- 
tion rate coefficient is dramatically smaller than if no exother- 
mic channel exists. However, there is a body of laboratory 
evidence that ternary association and normal exothermic 
channels can coexist and that the ternary rate coefficient can 
still be significant (Smith and Adams 1978). Recently, Herbst 
(1985h, c) has concluded that a mechanism exists whereby 
association and normal exothermic channels can indeed occur 
efficiently in each other’s presence. This mechanism has also 
been utilized by Bass et al. (1983). 

Herbst (1985h, c) performed calculations on the system 

CH3
++NH3->H4CN++H2 (la) 

-►NH4
++CH2 (lb) 

-► H6CN+ . (1c) 

He was able to reproduce the laboratory result of Smith and 
Adams (1978) that the ternary mechanism for reaction (1c) in 
the presence of helium is efficient; indeed, his calculated 
ternary rate coefficient is quite close to the experimental one. 
In addition, he was able to show that the radiative association 
to form H6CN+ at low temperatures is not greatly affected by 
the exothermic channels. The reason that Herbst (1985h, c) 
found the association channels to be efficient is the existence of 
a barrier in the dominant normal exothermic channel (la). A 
view of this barrier and its place on the reaction potential 
surface is shown in Herbst (1985h, c); similar diagrams are 
discussed below. This barrier is not by itself sufficiently large to 
prevent the complex from exiting along this channel. However, 
the size of the barrier effectively increases as the relative 
angular momentum of the reaction partners increases. Even- 
tually, the effective barrier becomes great enough to prohibit 
complex dissociation via the exothermic product channel. 
Thus, reaction partners with large amounts of relative angular 
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momentum form a complex which can only be stabilized (via 
collisions or radiation) or redissociate to reactants. The exis- 
tence of a permanent dipole moment on the neutral reactant is 
important to this mechanism because, according to a variety of 
treatments (see, for example, Bates 1982), it increases the range 
of relative angular momenta available in the process of 
complex formation. The calculated association rate coeffi- 
cients, whether ternary or radiative, are strongly dependent on 
both the size of the barrier and the neutral reactant dipole 
moment. Thus, even if the existence of a barrier to a competi- 
tive exothermic channel is known, one cannot state cate- 
gorically that the association channel rate coefficients are not 
greatly diminished as compared with the values obtained in the 
absence of competing channels. 

The size of the barrier in the exit channel of process (la) had 
been determined both theoretically (Nobes and Radom 1983) 
and experimentally (Bowers, Chesnavich, and Huntress 1973). 
Its existence had also been inferred by the experimental obser- 
vation that H4CN+ and H2 do not associate (Smith and 
Adams 1977). Unfortunately, the size and even the possible 
existence of exit channel barriers in most of the other associ- 
ation reactions of interstellar importance that must compete 
with normal exothermic channels (Huntress and Mitchell 
1979; Leung, Herbst, and Huebner 1984) have not been deter- 
mined. This situation has now been improved somewhat by a 
new paper on metastable and collision-induced dissociation 
studies from Jarrold a/. (1986). 

In their paper, Jarrold et a/. (1986) report studies on the 
various isomers with chemical formulae C2H50

+, C2H70
+, 

and C2H8N
+, the first two of which concern us here. In meta- 

stable dissociation studies, the assorted ions are formed from 
precursor neutrals with internal energies sufficient so that they 
dissociate slowly. Their dissociation is then monitored. From 
the translational energy spread of the dissociation products, 
the existence and size of a barrier to dissociation can be deter- 
mined. Collision-induced dissociation studies are used to 
determine the structures of stable ions formed in ternary 
association reactions by comparing their collisional disso- 
ciation patterns with ions of known structures. The interested 
reader is referred to the paper of Jarrold et al for a discussion 
of these techniques. What these experiments can determine in 
the context of association reactions are the size and existence 
of barriers in both the entrance channels and competitive exo- 
thermic channels, and the structures of the compound ions 
formed. Knowledge of structures is important because polya- 
tomic ions often exist in several stable structures, and these 
structures may not be similar to the neutral species thought to 
be formed upon subsequent dissociative recombination in 
interstellar clouds. The existence of barriers in the entrance 
channels of proposed radiative association reactions tells us 
that these reactions cannot occur appreciably. The existence of 
barriers in competitive exit channels to association reactions 
tells us that the association reactions may be surprisingly effi- 
cient, as is the case for process (1c). 

The particular ions of interest here, C2H50
+ and C2H70

+, 
each possess several structures among which are protonated 
precursors to acetaldehyde, dimethyl ether, and ethyl alcohol 
(Smith and Adams 1978; Huntress and Mitchell 1979; Leung, 
Herbst, and Huebner 1984). Interstellar acetaldehyde 
(CH3CHO) is thought to be produced via dissociative recom- 
bination of CH3CHOH+, one of several stable isomers of 
C2H50

+. Dimethyl ether (CH3OCH3) is thought to form via 
the precursor ion (CH3)2OH+ and ethyl alcohol (C2H5OH) 

via the precursor ion CH3CH2OH2 +, both ions of which have 
the structural formula C2H70

+. In the detailed dense cloud 
model of Leung, Herbst, and Huebner (1984), all three of these 
ion precursors were assumed to form via radiative association. 
The particular reactions utilized are seemingly the most effi- 
cient of those considered by Huntress and Mitchell (1979). 
Protonated dimethyl ether is produced by 

CH3 + + CH3OH - (CH3)2OH+ + hv (2) 

and, to a lesser extent, by 

H3CO + + CH4 - (CH3)2OH + +hv . (3) 

Protonated ethyl alcohol is synthesized by 

C2H5 + + H20 -► CH3CH2OH2 + +hv (4) 

and, to a lesser extent, by 

H3O + + C2H4 ^ CH3CH2OH2 + + /iv . (5) 

Finally, protonated acetaldehyde is produced via 

CH5 + + CO -► CH3CHOH+ + hv (6) 

and, to a lesser extent, by 

HCO+ + CH4 -► CH3CHOH+ + hv . (7) 

The results of Jarrold et al (1986) affect the analysis of 
Leung, Herbst, and Huebner (1984) as amended by Herbst 
(1985a) in several ways, and it is the purpose of this paper to 
reexamine the interstellar syntheses of dimethyl ether, ethyl 
alcohol, and acetaldehyde utilizing this knowledge. First, 
Leung, Herbst, and Huebner (1984) and Herbst (1985a) did not 
consider competitive exothermic pathways in calculating the 
rate coefficients of reactions (2), (4), and (6). Now that the 
existence or lack of existence of barriers to these competitive 
pathways is known for (2) and (4) and a theoretical formalism 
exists to include the existence of exothermic channels in associ- 
ation rate coefficient calculations (Herbst 1985h, c), detailed 
calculations can be undertaken on these association reactions. 
The result, in general, is a diminution of these rate coefficients 
even in the case (reaction [2]) where a significant exit channel 
barrier exists. Secondly, reactions (3) and (7) (and probably [6]) 
are now known to possess energy barriers in their entrance 
channels, so that they do not occur appreciably under inter- 
stellar conditions. The net effect of these changes is a possibly 
serious diminution in the calculated formation rates of 
dimethyl ether, ethyl alcohol, and acetaldehyde in interstellar 
clouds. However, based on their experiments, Jarrold et al 
(1986) suggested that protonated acetaldehyde could be 
formed efficiently via the association reaction 

H30
+ + C2H2 -► CH3CHOH+ + hv , (8) 

and our detailed calculations, discussed below, support this 
contention. Therefore, it would seem that of the three oxygen- 
containing complex organic molecules discussed here, only two 
have gas phase syntheses that may well be inadequate. 

The remainder of this paper is organized as follows. In § II, 
the theoretical formalism for the calculation of radiative 
association rate coefficients is reviewed with an emphasis on 
the treatment of systems in which normal exothermic reaction 
channels also exist. Our specific results for reactions (2)-(8) are 
discussed in § III, and their effects on detailed model predic- 
tions are considered in § IV. Finally, a brief summary is pro- 
vided in § V. 
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II. THEORY 

The particular approach to association rate coefficients uti- 
lized here is the so-called phase space theory, first utilized by 
Bowers and co-workers (see, e.g., Bass, Chesnavich, and 
Bowers 1979). This microcanonical approach, in which angular 
momentum and energy are conserved explicitly, is most appro- 
priate for the case where exothermic products can exist (Herbst 
1985h, c). Consider an ion A+ and a neutral species B colliding 
with relative translational energy £coll to form a collision 
complex AB + *. The reactants are assumed to be in rotational 
states with rotational angular momentum quantum numbers 
JA and JB respectively and to be in their ground vibrational 
states. The complex possesses energy £totai, which is the sum of 
the rotational energies of the reactants and £coll, and a range of 
angular momentum quantum numbers J, defined principally 
by the range of relative angular momentum quantum numbers 
L of the reactant partners and secondarily by the individual 
angular momenta of the reactants. Once the complex is 
formed, it can be stabilized by either emission of a photon 
(radiative association) or collision with a third body (ternary 
association), or it can dissociate, either back into reactants or 
into some set of products. The reactions can be depicted as 

A++B4±AB + *->C++D, (9a) 

AB + *->AB++ fcv , (9b) 

AB + * + E->AB++E, (9c) 

where C+ and D represent exothermic products and E 
(normally helium) a third body for ternary association. 

If one makes the normal assumption that the concentration 
of the collision complex es at steady state (i.e., the time deriv- 
ative of its concentration is zero), one can show that the rate 
law for the appearance of stable product AB+ is given by the 
expression 

d[AB+]/di = (kra + k3b[E])[A+][B] , (10) 

where the symbol [ ] refers to concentration and /cra and k3h 
are defined as the rate coefficients for radiative and ternary 
association respectively. The rate coefficient for radiative 
association is given by the expression 

^ra(*^A> *^B> ^coll —^total) 

¿coll * ^total^rad}/ 

{/c_l(J, £totai) + k-2(^9 ^total) ^rad ^collP^D} > (H) 

where kx is the rate coefficient for complex formation, k_t and 
/c_2 are the rate coefficients for complex dissociation back into 
reactants and into products respectively, krad is the rate coeffi- 
cient for complex stabilization via photon emission, and kcoU is 
the rate coefficient for complex stabilization via collision. Note 
that at interstellar densities, the term /ccon[E] in the denomina- 
tor of expression (11) is vanishingly small and kra is indepen- 
dent of density. An expression for the ternary association rate 
coefficient k3h can be obtained from relation (11) by changing 
the quantity /crad in the numerator to kcoll. 

The rate coefficient kt for complex formation can be related 
to a cross section a for this process via the relation 

^l(*^A> JB> ¿coll ”* ^total) := A’ *^B5 ^coll —^total) (12) 

where v is the relative velocity between A+ and B. The cross 

section a can be written as (Light 1967; Herbst and Knudson 
1981) 

a = (ntfGßfiE^) X (2L + 1)P(JA, JB, L-+J), (13) 
L 

where ¡i is the reduced mass of the reactants, L is the relative 
angular momentum quantum number of the reactants and 
runs between 0 and Lmax, P is the probability that a complex of 
angular momentum J will be formed, and G ( < 1) is the ratio of 
the electronic degeneracy of the complex to those of the reac- 
tants. In expression (13), it has been assumed that all collisions 
up to a certain Lmax can form a complex. The range of L for 
which complex formation can occur is determined by the colli- 
sion model utilized. If reactant B does not possess a permanent 
dipole moment, the Langevin model is applicable. In this 
model, Lmax is given by the expression 

¿maxima* + 1) = metfaE^/h2 , (14) 

where a is the polarizability of the neutral reactant and e is the 
electronic charge in esu. If reactant B possesses a permanent 
dipole moment, a different model must be used. We have 
chosen to utilize the approach of Bates (1982), in which Lmax is 
also a function of JB. This dependence arises because as JB 
increases, the neutral dipole rotates more rapidly and its net 
effect in attracting the ion A+ diminishes. Bates (1982) has 
actually tabulated total rate coefficients for complex formation 
as a function of neutral rotational energy; we have utilized 
these numbers to determine Lmax by first calculating an effec- 
tive dipole for which the locked dipole expression of Moran 
and Hamill (1963) obtains the same rate coefficient and then 
utilizing the locked dipole expression for Lmax in terms of this 
effective moment Deff : 

¿max(¿n,ax + 1) = (2ti/h
2)[eDeíf + (2e

2«£coll)
1/2] . (15) 

The probability P that a complex of rotational angular 
momentum J is formed is given by the simple expression 

P = I {(2J + 1)/[(2L + lX2Jr + 1)]} 

X {(2Jr + 1)/[(2Ja + 1)(2JB + 1)]} , (16) 

where Jr = JA + Jb is the overall internal angular momentum 
for the reactants. The quantum number Jr ranges between 
IJA — JBI and JA + «/B. 

Once fci is determined, the rate coefficient for 
redissociation of the complex into reactants is determined by 
microscopic reversibility. The derivation of is discussed in 
some detail in Herbst (1985d) and need not be repeated here. 
The calculation of the rate coefficient /c_2 for dissociation of 
the complex into exothermic products depends critically on 
whether there is a potential barrier in the exit channel. If such a 
barrier exists, /c_2 can be determined via RRKM theory (Forst 
1973; Herbst 1985h, c) to be 

k-2(J> ^total) “ 
n^ivf 
nr=lvf 

^total + ^0 (17) 

where all quantities designated by a * refer to the collision 
complex AB+* and all quantities designated by a # refer to the 
maximum of the potential energy surface in the exothermic exit 
channel, commonly referred to as the transition state structure. 
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This well-known expression equates /c_2 with the ratio of the 
number of available vibrational states of the transition state to 
the density of complex vibrational states. In equation (17), s 
represents the number of vibrational degrees of freedom of the 
complex; s — 1, the number of vibrational degrees of freedom 
of the transition state; vi9 the vibrational frequencies of 
complex and transition state; Ez, the zero-point energies; Dg, 
the bond energy of the stabilized complex at 0 K with respect 
to reactants at 0 K; Dq , the bond energy of the transition state 
at 0 K with respect to reactants at 0 K (in other words, the 
energy of the transition state below that of the reactants); a, the 
Whitten-Rabinovitch factor (Forst 1973); er, the symmetry 
factors (utilized to treat, on the average, the reduction in the 
rotational densities of states due to nuclear spin 
considerations); and Erot, the rotational energies. In the spher- 
ical top approximation, used for all nonlinear molecules in this 
work, and for a linear molecule, the rotational energy Erot is 
given by the expression 

Erot = hcBJ(J +1), (18) 

where B(cm_1) is the so-called rotational constant. As J 
increases, Erot increases, and both the numerator and the 
denominator of the second factor on the right-hand side of 
equation (17) decrease. Because D$ >D$, the numerator 
decreases more rapidly and k_2 decreases as J increases. Once 
a certain maximum J is reached, the numerator is zero and the 
complex can no longer dissociate via the product channel. One 
can reframe equation (17) in terms of a centrifugal energy 
barrier (Herbst 1985c). In this formulation, the complex can no 
longer dissociate when the centrifugal energy barrier at the 
transition site is above the energy of the reactants. 

If there is no barrier to dissociation of the complex along an 
exothermic exit channel, then the rate coefficient k_2 can be 
determined via microscopic reversibility and phase space 
theory in a manner analogous to the determination of k^1 
(Herbst 1985d). Using this analysis, k_2 is given by the cumber- 
some equation 

k-2(J, £t„«a.) = W2J + l)p*(£total + D* - EroJ/ff*]“1 

* Z Z gVcMJo) 
vib rot 

X [(2JC + 1)(2JD + l)<7c<TDr
1 

X II 1 , (19) 
L Jr 

where L is the relative angular momentum quantum number of 
the products; Jr is the total internal angular momentum 
quantum number of the products; gris the rotational degener- 
acy [taken to be (2Jf + l)2 for a non-linear molecule and 
2Ji + 1 for a linear one] ; p* is the vibrational density of states 
of the complex, which is a function of the vibrational energy of 
the complex £total + Dg — £*t; and the sums are first over all 
accessible values of L and Jr for a given set of Jc and JD, then 
over all accessible values of Jc and JD, and finally over all 
vibrational states of the products that are energetically acces- 
sible. A similar expression pertains for k^x except that the 
indicies C+ and D should be replaced by A+ and B. Evaluation 
of and /c_2 is made easier by the integral approach of 
Chesnavich and Bowers (1977), which is utilized here for a 
majority of the summations. 

The remaining rate coefficients to be discussed are /crad and 
kcoll. Herbst (1985a) has estimated that krad is approximately 
103 s"1 for ionic complexes of bond energies greater than or 

equal to several eV in situations where there are no competi- 
tive exothermic channels. The mechanism that results in this 
value for /crad is single-photon infrared emission. A single infra- 
red photon possesses an energy of ~0.1-0.5 eV, which is more 
than sufficient energy for complex stabilization if there are no 
exothermic channels. If there are such channels, relaxation by 
this amount of energy need not necessarily result in a stabilized 
complex, and multiphoton emission via allowed transitions or 
single photon overtone or combination emission or both is 
necessary. This will result in a seriously diminished value of 
krad, which we assume to be 1/100 the normal value or 10 s_1 

whenever the energy needed to stabilize the complex exceeds 
2500 cm-1 (0.31 eV). 

Although the primary focus of our calculations here con- 
cerns radiative association rate coefficients at interstellar cloud 
temperatures, we are also interested in calculations of ternary 
association rate coefficients to check our theoretical approach 
for those reactants for which ternary association laboratory 
information (normally with helium as the third body) is avail- 
able. In these calculations, we utilize the expression for kcoU 
detailed in Herbst (1985c) whenever there is a competitive exo- 
thermic channel with a barrier. For other types of systems, we 
utilize a value of 2.5 x lO-10 cm-3 s-1 or ^ of the Langevin 
collision value unless there is a competitive barrierless exother- 
mic channel with exothermicity greater than £ eV, in which 
case we utilize a value 1/100 this size, since only strongly 
inelastic collisions will stabilize the complex. 

Once /c_2, krad, or kcoll are determined for a specific 
J, then equation (11) for kra (or an equivalent equation for /c3b) 
must be summed over all accessible values of J, the complex 
angular momentum quantum number. The range of J is from 0 
to Jmax, where 

J max = A F *^B + ^max> (20) 
and Lmax is obtained via equation (14) or (15). After this sum- 
mation, one has obtained a value of kra (or k3h) for reactants in 
specific quantum states colliding at a specific collision energy. 
One must then average this rate coefficient over a Maxwell- 
Boltzmann distribution to obtain the rate coefficient as a func- 
tion of translational temperature. Finally, one can average 
the result over a suitable thermal or nonthermal distribution of 
internal (rotational) reactant quantum states. Indeed, one 
advantage of the microcanonical phase space approach is that 
complete thermalization of internal states is not required. 
Thus, one can calculate rate coefficients relevant to nonthermal 
distributions in interstellar clouds. 

in. RESULTS 

The specific systems initially studied in this work are reac- 
tions (2H8) in § I. (See § IV for an additional system.) In order 
to undertake phase space calculations on these systems, ther- 
modynamic, structural, and vibrational information is needed. 
This information is contained in Table 1, in which molecular 
rotation constants, symmetry numbers, thermodynamic heats 
of formation, and vibrational frequencies (if needed) are listed. 
Some of the relevant thermodynamic information is also 
shown in the potential surfaces for the various reactions, seen 
in Figures 1-3. The rotation constants are geometric means of 
the two or three different rotation constants for nonlinear mol- 
ecules. These are obtained from standard textbooks for the 
neutral reactants and products, from a recent paper for the ion 
H30

+ (Liu and Oka 1985), and from theoretical work for the 
assorted other reactant and product ions. The rotational con- 
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TABLE 1 
Molecular Parameters Used in Calculations 

Rotation Vibrational 
Constant3 AH/°(298 K)c Frequenciesd 

Species (cm x) crb (kcal mol x) (cm 

Ionic Reactants and Products 

CH3
+..  7.650 6 260e 

H30
+  9.242 6 145f 

C2H5
+  1.217 6 216 

H3CO+  ... ... 168 
HCO+  ... ... 197 

Neutral Reactants and Products 

15.544 2 -58 
1.1766 2 +54 
1.587 4 +12 
1.410 1 -48 

-18 
2.3997 2 -26 

Ionic Complexes 

(CH3)2OH+   0.500 2 130 

CH3CH2OH2
+   0.449 1 121 

CH3CHOH+..   0.584 1 139 

CH3OCH2
+  0.505 1 158g 

Ionic Transition State Structures 

0.500 1 187h Same as (CH3)2OH + 

minus one 1340 mode 
0.505 1 211* Same as CH3OCH2 + 

minus one 1440 mode 
3 Geometric mean for nonlinear species. 
b See Hill 1960. Estimated effects of nonrigidity included here. 
c Lias et al. 1984 unless otherwise noted. 
d Typically estimates based on better studied but analogous species; parentheses enclose 

numbers of modes of the given frequency. 
e Franklin et al 1969. 
f Bohme and Mackay 1981. 
8 Nobes et al. 1981. 
h Jarrold et al. 1986. 
' Value adjusted from that of Jarrold et al. 1986 to match experimental ternary association 

rate coefficient. 

(CH3)2OH+# 

ch3och2
+# 

3682, 2997, 2889(4), 
2821, 1456, 1448, 
1440(3), 1340(2), 
1291(3), 1242, 1122, 
1053, 929, 413, 270, 160 

3756, 3657, 3359, 
2930(3), 1595, 1455(2), 
1274(4), 1095, 1051(2), 
883(2), 814(2), 700, 530, 
433(2) 

3024, 3000, 2967, 2840, 
2736, 1743, 1500(2), 
1441, 1420, 1390, 1352, 
1113, 919, 867, 764, 509, 
140 

2997, 2889(3), 2821, 
1456, 1448, 1440(2), 
1291(2), 1242, 1122, 
1053, 929, 413, 270, 160 

h2o ... 
C2H2... 
c2h4... 
ch3oh 
ch4  
h2co . 

slants of the complexes and transition states are estimated as 
are the vibrational frequencies of these species, based on cri- 
teria such as the structure and frequencies of analogous but 
better studied species. The assorted heats of formation are 
mainly from a new standard reference work by Lias, Liebman, 
and Levin (1984) except for the transition states, where the 
recent work of Jarrold et al (1986), as discussed above, has 
been crucial. Relevant dipole moments are listed in a paper by 
Adams, Smith, and Clary (1985), and polarizabilities are taken 

from standard sources. Since the rotational energy level pat- 
terns of reactants and products are simplified considerably, our 
results must be treated cautiously at 10 K where, typically, 
only a few rotational levels are populated. We have checked 
our results, where possible, with previous treatments in which 
the rotational level patterns were handled with more care 
(Herbst 1985a), but exothermic channels were not included and 
find good agreement (see below). The individual reactions are 
discussed separately. 
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TABLE 2 
Three-Body Association Rate Coefficients 

Temperature /cexpt ^theory 
System (K) (cm6 s x) (cm6 s ^ 

CH3
+ + CH3OH + He  300 4( —26)a 1.8(-26)b 

H30
++C2H4 + H2    300 1.8( —27)c 8.4(-28)b 

H30
++ C2H2 + He   325 Observed but 

not measured; 
product identified0 

CH3
+ + H2CO + He  300 3.5(-26)a 1.9(-26)b 

Note.—Parentheses enclose powers of factor 10. 
a Smith and Adams 1978. Experiments are run at a number density of ~1 x 1016 cm-3 

and may not refer to the low-pressure limit. 
b Calculation undertaken using the same density as the relevant experiment. 
c Bohme and Mackay 1981. 
d Jarrold et al 1986. 

a) CH3
+ + CH3OH - (CH3)2OH+ + hv 

This reaction, important in the interstellar synthesis of the 
precursor to dimethyl ether, must compete with a normal exo- 
thermic channel leading to the production of H3CO+ -h CH4. 
The potential surface for this system is shown in Figure 1, 
where it can be seen that there is a significant barrier in the exit 
channel of the competitive exothermic reaction. Smith and 
Adams (1978) have measured the three-body rate coefficient for 
the association reaction at a gas density of ~1 x 1016 cm-3 

and a temperature of 300 K to be 4 x 10~26 cm-6 s“1. For 
these same conditions our phase space calculations yield 
k3h = 1.8 x 10-26 cm-6 s~1, which we consider to be excellent 
agreement and indicative of the accuracy of our radiative 
association calculations if our treatment of /crad is correct. 
These and other three-body association results are contained 
in Table 2. 

In our calculation of the radiative association reaction 
between CH3

+ and CH3OH under interstellar conditions, we 
have assumed that the reactants are thermalized at the cloud 
translational temperature. This is so for the methyl ion because 
it does not possess a permanent dipole moment and appears to 
be so for methanol, based on recent observational studies (see, 
e.g., Cummins, Linke, and Thaddeus 1986). The lowest allowed 
rotational level for the methyl ion has J = 1 due to the Pauli 
Principle. 

The calculated results for this and all other radiative associ- 
ation rate coefficients are listed in Table 3 in the parameterized 
form /cra(cm3 s-1) = a(77300)for the temperature range 
10-50 K. Extrapolation of the parameterized rate coefficients 

CHj- + CHjOH 

Fig. 1.—Potential energy surface for association reactions leading to 
protonated dimethyl ether. 

outside this temperature range is not recommended. Also listed 
in Table 3 are the old values for the rate coefficients (Herbst 
1985a), calculated without the results of Jarrold et al. (1986). It 
can be seen that the existence of the exit channel depresses the 
radiative association rate coefficient for CH3 + + CH3OH con- 
siderably. At 10 K, for example, our newly calculated value for 
/cra is 3.3 x 10"10 cm3 s_ 7 which is 1/30 the old value. The old 
value of 1.0 x 10”8 cm3 s”1, obtained via a modified thermal 
calculation (Herbst 1985a), is in good agreement with our 
phase space value of 1.7 x 10”8 cm3 s”1, obtained by repress- 
ing the exothermic channel. The discrepancy between the 
values for kra calculated with and without the existence of the 
exothermic channel worsens with increasing temperature. 
Thus, although the existence of a potential energy barrier in 
the exit channel prevents a catastrophic decrease in the associ- 
ation rate coefficients and permits measurement of the ternary 
rate, the rate coefficients are still depressed by a considerable 
factor. 

The existence of a barrier between the complex and the exo- 
thermic products H3CO+ + CH4 tells us immediately that the 
association reaction of these species to form (CH3)2OH + 

TABLE 3 
Calculated Radiative Association Rate Coefficients 

in the 10-50 K Range 
  [/cra(cm3s-1) = fl(r/300)-b]   

Old Coefficients3 New Coefficients 

Reactants ab ab 

Protonated Ether Production 

CH3
++ CH3OH    10( —08) 0.0 7.8( —12) 1.1 

H3CO++CH4   6.1( —16) 1.5 ~0(barrier) 
CH3

++H2COb  ... ... 3.4( —11) 1.0 

Protonated Ethyl Alcohol Production 

C2H5
++H20   9.5( —13) 2.5 4.1(-16) 2.4 

H30
+ + C2H4  2.4( —13) 2.3 2.4(-14) 2.8 

Protonated Acetaldehyde Production 

H30
++C2H2  ... 4.5( —12) 1.6 

HCO++CH4   4.6( —14) 1.5 ~0(barrier) 
CH5

++CO  7.2( —14) 2.3 ~0(barrier?) 

Note.—Parentheses enclose powers of factor 10. 
3 See Herbst 1985a. 
b Reaction must be followed by radiative association with H2; see text. 
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Fig. 2.—Potential energy surface for association reactions leading to 
protonated ethyl alcohol. Exothermic channel assumed to lie 0.061 eV below 
the reactants in the phase space calculations, see Bohme and Mackay (1981). 

(reaction [3]), utilized in the model of Leung, Herbst, and 
Huebner (1984), cannot possibly occur. 

b) C2H5
+ + H20 - CH3CH2OH2

+ -h hv 
This association reaction, important in the interstellar syn- 

thesis of the precursor of ethyl alcohol, must contend with an 
exothermic channel leading to the products H30

+ + C2H4. In 
Figure 2, it can be seen that the potential surface leading to this 
exothermic channel possesses no barrier. We have performed 
calculations on this system using the phase space formulation 
for the dissociation of the complex via the product channel (see 
eq. [19]). In these calculations, we have assumed that the ethyl 
ion is thermalized at the kinetic temperature of the gas, 
whereas only two levels of water, corresponding to the ground 
and metastable level, are thermalized (Bates 1983a; Herbst 
1985a). A glance at Table 3 shows that the addition of a bar- 
rierless exit channel depresses the radiative association rate 
coefficient significantly. At 10 K, for example, the newly calcu- 
lated rate coefficient is 1.5 x 10-12 cm3 s-1, or more than 
three orders of magnitude smaller than the old value! The 
phase space calculation of the rate coefficient at 10 K in the 
absence of the exothermic channel yields a rate coefficient of 
1.2 x 10~9 cm3 s-1, in reasonable agreement with the thermal 
model (Herbst 1985a) value of 4.7 x 10-9 cm3 s-1. 

c) H30
+ -b C2H4 -► CH3CH2OH2

+ + hv 
Since the reaction between C2H5

+ and H20 is probably not 
an important source of interstellar protonated ethyl alcohol, 
we have reinvestigated the reaction between protonated water 
and ethylene. This reaction possesses no competitive exother- 
mic channel, and the differences between our current calcu- 
lated value, obtained via the phase space approach, and our 
previous value, obtained via the modified thermal approach 
(Herbst 1985a; Bates 1983a), are minimal. In the calculations 
reported here, we have assumed that the rotational levels 
belonging to the lower inversion doublet of H30

+ (Liu and 
Oka 1985) are fully thermalized. This is because the inversion 
splitting is so large that these rotational levels cannot relax 
efficiently via radiative dipole selection rules. The previous cal- 
culation contained the assumption that only the same levels 
known to be metastable in ammonia were appreciably popu- 
lated. The ratio between our currently calculated and previous 
rate coefficients at 10 K is 0.6, and our current calculation 
shows a somewhat greater inverse temperature dependence. 

Our phase space calculation can be partially confirmed by 
comparison with an experimental ternary association measure- 
ment at 300 K by Bohme and Mackay (1981). Based on their 

experimental data, we estimate that k3b is ~1.8 x 10“27 cm6 

s"1 at a density of around 2 x 1016 cm-3. Our theoretical 
value at this density is 8.4 x 10“28 cm6 s-1, which is only a 
factor of 2-3 low and is therefore in reasonable agreement with 
experiment. 

d) H30
+ + C2H2 - CH3CHOH+ + hv 

The two radiative association reactions leading to proto- 
nated acetaldehyde in the dense cloud model of Leung, Herbst, 
and Huebner (1984)—reactions (6) and (7)—are now most 
unlikely pathways for this synthesis. Jarrold et al. (1986) have 
shown that the reaction between HCO+ and CH4 (reaction 
[7]) possesses a considerable entrance channel barrier toward 
formation of the protonated acetaldehyde complex. This is 
depicted in Figure 3. The reaction between CH5

+ and CO 
(reaction [6]) probably possesses a barrier in the entrance 
channel as well, since these reactants are connected to HCO + 

and CH4 by a simple proton transfer. 
Jarrold et al (1986) have suggested that the radiative associ- 

ation reaction between H30
+ and C2H2, previously unused in 

interstellar models, might be efficient in interstellar clouds in 
producing protonated acetaldehyde and have determined that 
the ternary association between these species does indeed 
produce CH3CHOH+. The reason that this association reac- 
tion occurs efficiently is shown in Figure 3, where it can be seen 
that although these reactants can theoretically undergo exo- 
thermic reactions to form products such as HCO + + CH4 and 
CH5

+ + CO, there is a barrier preventing the reaction to the 
former set of products and a probable barrier to the latter set 
as well. 

In our calculation of the rate of the radiative association 
reaction between H30

+ and C2H2, we have therefore assumed 
no competitive exothermic pathways. We have assumed proto- 
nated water to have its lower inversion levels thermalized, as 
discussed above. Acetylene, with no dipole moment, is also 
assumed to be thermalized. Our result, shown in Table 3, is a 
large rate coefficient for this reaction. 

IV. EFFECTS ON MODEL PREDICTIONS 

How do these newly calculated results affect model predic- 
tions for the abundances of dimethyl ether, ethyl alcohol, and 
acetaldehyde in dense interstellar clouds? To determine the 
answer to this question, we have utilized the model results of 
Herbst and Leung (1986a, b). Herbst and Leung (1986a) 
updated the model of Leung, Herbst, and Huebner (1984), and 
Herbst and Leung (1986h) determined the modifications to 

Fig. 3.—Potential energy source for association reactions leading to proto- 
nated acetaldehyde. 
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these new results when the large rate coefficients advocated by 
Adams, Smith, and Clary (1985) for ion-dipolar neutral exo- 
thermic reactions are utilized. As output from the program 
utilized in these studies, Herbst and Leung list the contribution 
of each reaction to the formation and depletion of each species 
as a function of time. Therefore, it is relatively easy to estimate 
the effect of a change in rate coefficient on production rate. For 
the case of acetaldehyde, where the protonated precursor is 
now formed via a totally different reaction from those con- 
sidered by Herbst and Leung (1986a, b), the production rate of 
the new reaction was estimated by calculating the product of 
the radiative association rate coefficient and the concentra- 
tions of H30

+ and C2H2 as a function of time, utilizing the 
model results for these concentrations. Future detailed model 
calculations with these new rate coefficients are planned to 
corroborate our estimates here, since these estimates contain 
the tacit assumption that all other model results are 
unchanged. 

The calculated results of Leung, Herbst, and Huebner (1984) 
and Herbst and Leung (1986a, b) show that the fractional 
abundances of complex organic molecules with respect to the 
molecular hydrogen abundance reach a peak at an “early 
time,” well before steady state is achieved. In Table 4, we have 
listed these peak fractional abundances as calculated by Herbst 
and Leung (1986a, b) for dimethyl ether, ethyl alcohol, and 
acetaldehyde at temperatures of 10 K and 50 K and a total gas 
density n = [H] + 2[H2] of 2 x 104 cm-3, the only density 
studied in these calculations. For both sets of calculations, the 
calculated abundances of the complex molecules are greater at 
the lower temperature because of the strong inverse tem- 
perature dependence of ion-molecule radiative association 
reactions. It can also be seen that use of the large (typically 
10-7 to 10~8 cm3 s"1) ion-dipolar rate coefficients rather 
than the Langevin value of ~10-9 cm3 s-1 results in a dimi- 
nution of the calculated fractional abundances by a factor of 
less than an order of magnitude. The reason for this decline is 
that the large ion-dipolar rate coefficients affect the depletion 
rates of large neutral molecules more strongly than the forma- 
tion rates. Recent experimental evidence and a variety of theo- 
retical treatments indicate that the rate coefficients of 
ion-dipolar neutral reactions are indeed larger than the Lange- 
vin value, especially at low interstellar temperatures. We there- 
fore consider it probable that these large rate coefficients do 
pertain, although it is still not clear just how large the rate 
coefficients can become at temperatures under 50 K. (Herbst 
and Leung 1986h were forced to use some rather crude esti- 
mates.) In this work, we have estimated the change in the 

abundances calculated with the large ion-dipolar rates due to 
the new values for the radiative association reactions con- 
sidered here. 

In the last two columns of Table 4 are tabulated the newly 
estimated peak abundances of dimethyl ether, ethyl alcohol, 
and acetaldehyde. It can be seen that for ethyl alcohol and 
dimethyl ether, the new fractional abundances are significantly 
smaller than previously calculated, whereas for acetaldehyde 
there is no change at 10 K and an increase at 50 K. These 
calculated maximum fractional abundances are compared with 
observed fractional abundances for the clouds TMC-1, Sgr B2, 
and Orion (compact ridge) in Table 5. Although the density of 
the Herbst and Leung (1986a, b) calculations is probably below 
that of Sgr B2 and Orion, the density dependence of complex 
molecular fractional abundances is insufficient to affect the 
conclusions discussed below (Leung, Herbst, and Huebner 
1984). 

For TMC-1, estimated to have a kinetic temperature of 10 
K, the calculated maximum fractional abundance of acetal- 
dehyde exceeds the observed value. To the best of our knowl- 
edge, dimethyl ether and ethyl alcohol have not yet been 
detected in this source. For Sgr B2, the kinetic temperature of 
most of the source is probably between 10 K and 50 K. Our 
calculated maximum fractional abundances for acetaldehyde 
at 10 K and 50 K are once again higher than the observed 
value. For dimethyl ether and ethyl alcohol, our calculated 
results are rather low. Even at a temperature of 10 K, our 
calculated maximum abundances for these two species are one 
to two orders of magnitude below observed values. One cannot 
conclude from this discrepancy that ion-molecule reactions in 
the ambient environment cannot explain the observed abun- 
dances of dimethyl ether and ethyl alcohol in Sgr B2, because 
different detailed gas phase chemical models can yield abun- 
dances differing by up to several orders of magnitude. In par- 
ticular, the calculation of Millar and Nejad (1985) obtains 
significantly higher abundances than the results of Herbst and 
Leung (1986a, b) for a wide variety of complex species, 
although the oxygen-containing species discussed here are not 
in their model. In addition, it is far from clear that we have 
considered all the possible major pathways for formation of 
these molecules (see below). Still, it is disturbing that our calcu- 
lated maximum abundances at even the lower temperature are 
so low. Perhaps chemical syntheses other than standard ion- 
molecule schemes are dominant here. 

For Orion, ethyl alcohol and acetaldehyde have not been 
detected, but dimethyl ether has been seen in the compact ridge 
source with a very large fractional abundance of ~ 10-8. This 

TABLE 4 
Calculated Maximum Fractional Abundances 

HL2 + New Rates 
HLla HL2b (estimate) 

Species 10 K 50 K 10 K 50 K 10 K 50 K 

CH3OCH3   2.1( —09) 6.1( —11) 2.9( —10) 5.2( —11) 9.4(-12)c 2.9(-13)c 

C2H5OH   8.7( —10) 6.4( —12) 1.0(-10) 2.6(-12) 9.7(-12) 1.5(-13) 
CH3CHO  5.1( —08) 5.3( —10) 9.5( —09) 2.6(-10) 9.5(-09) 1.5(-09) 

Note.—Parentheses enclose powers of factor 10. 
a Herbst and Leung 1986u. 
b Herbst and Leung 1986b; 50 K results unpublished. 
c These numbers increase to as high as 4.9 x 10“10 at 10 K and 7.7 x 10"11 at 50 K if reactions (21) and 

(22) in the text are included in the analysis. 
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TABLE 5 
Estimated Maximum Fractional Abundances Compared with Observations 

Orion 
Calculation Calculation (compact 

Species (10 K) TMC-1 Sgr B2 (50 K) ridge) 

CH.CHO  1(—08) 6( —10)a 2( — 10)b 2(-09) <2(-10)c; 
<8( — 10)a 

CH3OCH3   9( — 12)d ? 5(— 10)b 3( — 13)d l(-08)c’e; 
2(—08)a 

C2H5OH   l(-ll) ? 5(-10)b; 2( —13) <3(-10)a; 
7.5(— 10)c <5(— 10)c 

Note.—Parentheses enclose powers of factor 10. 
a Irvine et al 1985. 
b Cummins et al. 1986. N(H2) « 1024 cm-2. 
c Blake 1985. 
d If reactions (21) and (22) are included, these numbers increase to as much as 4.9 x 10 10 and 

7.7 xT0_ 11 at 10 K and 50 K respectively. 
e Sutton et al. 1985. 

compares with our calculated maximum value of 3 x 10“13 at 
50 K, a minimum temperature for this source! Unless we have 
missed the dominant formation reactions for dimethyl ether, 
this dramatic discrepancy, far stronger than in Sgr B2, strongly 
suggests that normal ion-molecule reactions are not 
responsible for the bulk of the formation of dimethyl ether in 
Orion. 

Huntress and Mitchell (1979) have considered several alter- 
native pathways for the production of both dimethyl ether and 
ethyl alcohol, considered as less likely by Leung, Herbst, and 
Hueber (1984). Some pathways involve reactions of the ion 
CH5

+ which would have to compete with the dominant 
proton transfer channel measured in most normal reactions of 
this ion. In our view, the least unlikely alternative pathway is 
one that leads to protonated dimethyl ether via two successive 
radiative association reactions : 

CH3 + + H2CO -> CH3OCH2 + + /iv , (21) 

followed by 

CH3OCH2
+ + H2 -► (CH3)2OH+ + hv . (22) 

Even this process is somewhat suspect, because association 
reactions involving molecular hydrogen often possess activa- 
tion energy barriers in their entrance channels and do not 
proceed at all (Herbst, Adams, and Smith 1983). Therefore, it 
is not very likely that reaction (22) occurs rapidly, although we 
would welcome a laboratory study at least of the analogous 
ternary association. The first association reaction is known to 
proceed efficiently as a ternary association at 300 K in the 
laboratory (Smith and Adams 1978) despite the existence of a 
competitive exothermic channel leading to HCO+ and CH4. 
Jarrold et al (1986) have indeed measured the existence and 
size of a barrier in this exothermic channel. (Note that the ion 
produced in reaction [21] is a distinct isomer from protonated 
acetaldehyde.) We have utilized our theoretical treatment with 
the parameters given in Table 1 to calculate the rate of this 
association reaction. If we adopt the size of the barrier as given 
in Jarrold et al (1986), our calculated value of the ternary 
association rate coefficient at 300 K is over one order of magni- 
tude too low. Since the method used by Jarrold et al (1986) to 
determine barrier heights can lead to low values, we have arbi- 
trarily increased their barrier height by 0.5 eV and obtain the 
ternary rate coefficient shown in Table 2, in good agreement 
with experiment. With this value for the barrier height, we have 

calculated the radiative association rate coefficient for reaction 
(21) in the 10-50 K range with the assumption that the rota- 
tional temperature of H2CO is a constant 10 K. As can be seen 
in Table 3, the rate coefficient is a large one. Assuming that 
reaction (22) proceeds efficiently (/c22 > 1 x 10-13 cm3 s-1), 
we estimate that the synthesis of protonated ether and subse- 
quently ether by reactions (21)-(22) is indeed more efficient 
than that via reaction (2) by a factor of as much as 270 at 50 K 
and leads to larger dimethyl ether maximum fractional abun- 
dances of 4.9 x 10“10 at 10 K and 7.7 x 10“11 at 50 K. These 
numbers are perhaps large enough to rationalize the observed 
abundance in Sgr B2 but are still short of the observed Orion 
abundance. 

A recent and cogent suggestion by Blake (1985) addresses 
the formation of dimethyl ether in Orion. In Blake’s view, the 
compact ridge source in Orion, in which dimethyl ether is 
centered, is formed from an interaction between the outflow 
from the plateau source and the quiescent cloud. This outflow 
is exceedingly oxygen-rich, and the enhancement in simple 
oxygen-containing species such as water results in enhanced 
abundances for species such as methanol and dimethyl ether 
via normal ion-molecule chemistry. The results of our analysis 
suggest that without this enhancement standard ion-molecule 
chemistry falls short of explaining the abundance of dimethyl 
ether in Orion, and that treatments such as that of Blake (1985) 
are highly desirable. 

v. SUMMARY 

Using new experimental results of Jarrold et al (1986) and a 
new approach to the calculation of radiative association rate 
coefficients for those systems possessing competitive exother- 
mic channels (Herbst 1985h, c), we have reinvestigated pro- 
posed gas phase ion-molecule synthesis of dimethyl ether, ethyl 
alcohol, and acetaldehyde under ambient dense interstellar 
cloud conditions. A new synthesis of acetaldehyde appears to 
account for the observed abundance of this species in TMC-1 
and Sgr B2. The synthesis of ethyl alcohol results in a calcu- 
lated fractional abundance that is low by more than an order 
of magnitude compared with the observed value in Sgr B2, 
even if a temperature of 10 K is assumed for this source. The 
synthesis of dimethyl ether might possibly explain the observed 
abundance of this species in Sgr B2 but falls significantly (more 
than two orders of magnitude) short of explaining its abun- 
dance in the compact ridge source of Orion, even if a question- 
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able reaction pathway is invoked. It is at least arguable that, as This work has been supported by grant AST-8513151 from 
suggested by Blake (1985), something in addition to normal the National Science Foundation, 
ambient gas phase interstellar chemistry is occurring in this 
source. 
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Note added in proof.—A new and possibly more efficient synthesis of the precursor ion to dimethyl ether has been proposed by 
G. A. Blake, E. C. Sutton, C. R. Masson, and T. G. Phillips (Ap. J., 315, in press [1987]) in which (CH3)2OH+ is formed via the 
normal exothermic reaction 

CH3OH2
++ ch3oh ^ (CH3)2OH++ h2o , 

which must, however, compete with an association reaction (Bass et al. 1983). Calculations or laboratory studies to measure its rate 
coefficient at temperatures under 100 K are needed to determine its viability. 

Since this paper went to press, D. R. Bates (Ap. J., 312, 363 [1987]) has proposed that radiative association rate coefficients can 
often be enhanced by electronic rather than vibrational spontaneous emission leading to larger values of krad. Both Bates and I are 
working to quantify this effect; at present it certainly does not appear to be large enough to upset the major conclusions of this 
paper. 
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