
2268 Journal of the American Chemical Society / 102:7 / March 26, 1980 

substitution. The energetic cost of deformation and the choice 
of the substituents are indicated by the present ab initio cal­
culations. Of the six ZH4 molecules studied, CH4 requires the 
largest energy for planarization; the corresponding energy for 
NH4

+, BH4
- , and PH4

+ is also considerable. Planarization 
is indicated to be relatively easy for AlH4

- and, to a lesser 
extent, for SiH4. The planar-tetrahedral energy difference is 
inversely related to the Z-H bond strength. 

An orbital isomerism is exhibited by the planar forms. The 
species with more electronegative central atoms, CH4 and 
NH4

+, have 7r-type HOMOs. The other ZH4 molecules prefer 
5-type HOMOs. The choice of the electronic configuration is 
determined by the central atom electronegativity. As a result, 
triplet states lie considerably higher in energy, with the possible 
exception of planar BH4

-. The electronic structural dichotomy 
has interesting consequences. The lumomer with the 7r-type 
HOMO pyramidalizes readily without activation. The 8 lu­
momer resists this distortion. The symmetry of the HOMO 
also determines the kind of substituents needed for stabiliza­
tion. The -K lumomers are stabilized by ir-acceptor, rz-donor 
groups, for example, electropositive substituents. The 5 lu­
momers require 7r-donor, cr-acceptor groups like OR, NR2, and 
F for stabilization. Silanes and alanes with this substitution 
pattern are more easily studied experimentally. Structural 
investigations to test our conclusions would be of interest. 
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I. Introduction 
It is well known that in the gas phase protonated species of 

nonpolar molecules exist as cluster ions. For H34", the tem­
perature dependence of the equilibria H„_2

+ + H2 = Hn
+ (n 

= 5, 7, 9, and 11) is measured with the pulsed electron beam 
mass spectrometer and the structure of the H n

+ cluster is 
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proposed on the basis of the observed enthalpy changes.2 Ac­
cording to a recent theoretical calculation, it is affirmed that 
the process of this clustering is described as the successive at­
tachment of H2's to three corners of the triangle of H3

+.3 

Protonated methane, CHs+, has also attracted much attention 
as a "superacid" and some gas-phase experiments have been 
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Abstract: An ab initio MO calculation is made for the CH5
+(CH4)„ (n = 0, 1, 2, and 3) system with the 4-3IG basis set. As 

a result of the geometry optimization, the first and the second CH4's attack two elongated C-H bonds successively and the 
third CH4 attacks the C-H bond of the methyl group of CH5

+. The secondary attack of CH4 (CH5
+-CH4-CH4) is found 

to be energetically unfavorable. The process of clustering, which is influenced by the mutual steric effect of CH4's, results in 
the formation of five "satellites" around CH5

+. The pattern of the electronic interaction involved in the CH5
+(CH4) cluster 

is analyzed by the energy decomposition scheme and configuration analysis. The role of some charge-transfer and polarization 
interactions on the cluster formation is discussed. 
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Table I. Calculated Energies for the Cluster CH5
+(CH4),, with the 4-31 G Basis Set 

n 

0 
1 

1 
1 
2 
3 

cluster 

CH4 [Td] 
CH5

+ [C1] 
CH5

+(CH4) 

CH5
+(CH4) 

CH5
+(CH4) 

CH5
+(CH4)2 

CH5
+(CH4)3 

model 

A 

B 
C 
D 
E 

total energy 
(Ej), au 

-40.139 774 
-40.327 153 
-80.471 908 

-80.471 282 
-80.467 845 
-120.61 585 
-160.75 747 

A£„-,,„,fl 

kcal/mol 

-118 
-3.1 

(-4.5)' 
-2.7 
-0.6 
-2.9 
-\.2d 

MTlJ 
kcal/mol 

-126 

-7.4 

-5.9 
-4.1 

Figure^ 

1 
1 
3 

3 
3 
4 
5 

" A£i.2 is, for instance, computed by £T[CH5
+(CH4)2] — ZTT[CH5

+(CH4)] — £T[CH4]. * Taken from ref 4. c Figures in which the optimized 
geometries are displayed. d While the decrease of the calculated stabilization energies is as expected, the large gap between n = 2 and n = 
3 is due to the partial optimization of the CH5

+(CH4)3 geometry (only the orientation of the third CH4 changed). e Reference 13. 

made, giving the enthalpy changes (AHn-I n) for the process 
CH5

+(CH4),,-1 + CH4 = CH5
+(CH4),, (n =1-5). The plot 

of the experimental AHn-\„ vs. n gives some information on 
the behavior of clustering. There is a large difference between 
AHx1I and AHi,?, and a small one between A//2,3 and A-TY34, 
showing that the first incoming CH4 molecules interact 
moderately, while the next three molecules participate in the 
clustering weakly and similarly.4 Although it is natural that 
the gradual charge dispersal with the addition of new CH4 
lessens AH„-\ „, its change obtained experimentally seems to 
indicate the characteristic of such cluster formation. Thus, it 
is tempting to examine theoretically the mode of interaction 
involved in this gaseous ion and the pattern of charge dispersal 
when the size of the cluster becomes large. In this work, the 
possible structure and the stability of the CH5

+(CH4),, cluster 
are studied with the ab initio MO calculation. 

H. Method of Calculation 
The electronic structure of CHs+(CH4Jn is obtained with 

the usual Hartree-Fock SCF MO using the GAUSSIAN 70 
program package.5 The STO-3G minimal basis set is primarily 
adopted for CH5

+(CH4) and CH5+(CH4)2, and it is found that 
such a small basis set cannot reproduce the stable structure of 
cluster ions owing to the absence of the widely spread orbitals. 
In the weakly interacting system, the inclusion of diffused-type 
orbitals is necessary; otherwise the long-range attractive energy 
is not obtained in a system without the heteroatoms.6 Next, the 
4-3IG basis set is tested and is found to give the attractive 
potential between CH5

+ and CH4. Although this 4-3IG basis 
still seems small in the sense of the accurate energetics, we are 
obligated to use it owing to the large size of the system. For 
instance, CH5

+(CH4)3 has 70 functions in this basis set. The 
geometries of CH5

+, CH5
+(CH4), CH5+(CH4)2, and 

CH5
+(CH4)3 are optimized to minimize the total energies for 

all or partial geometrical parameters and the stabilization 
energies (AE„-i„) are evaluated for this series of clusters. 

HI. Result of Optimization 

CHs+. A rigorous geometry optimization of the protonated 
methane was made with the near Hartree-Fock limit calcu­
lation by Kutzelnigg and his co-workers.7 Their result shows 
that the most stable structure has Cs symmetry. Starting from 
their geometry, it is reoptimized with the 4-31G basis set and 
its result is shown together with that of CH4 in Figure 1 and 
Table I. In this calculation, all the bond lengths (except 
/-(Q-Hd) = r(Ci-He)) are optimized and it is found that 
r(Ci-Ha) is slightly different from r(Ci-Hb). Here, it is 
noteworthy that the electron population on Hc, Hd, and He is 
larger than that on Ha and Hb. This difference apparently 
makes the attack of CH4 toward the methyl side of CH5

+ fa­
vorable. However, as is shown for the CH5

+(CH4) geometry, 
the clustering toward the Ci-H3 (or Ci-Hb) bond is energet­
ically more stable. This discrepancy comes from the fact that 

244(1.221) 

^ H . C . H = 1 1 6 . 9 
d ' e (110.8 

CH5 (C5) CH, (Td) 

atom 

c. 
\ 
Hb 

Hr 

Hd 

population 

6.7372 

0.6660 

0.6609 

0.6416 

0.6472 

atom 

C 

H 

population 

6.6114 

0.8471 

Figure 1. The optimized geometries and the electron population on each 
atom of CH5

+ and CH4 calculated with the 4-3IG basis set. The bond 
length is in angstroms and the angle is in degrees. Angles are measured 
within a cut plane composed of Ci, Ha, Hb, and H0 atoms. The values in 
parentheses are those given by Kutzelnigg et al.7 

the selectivity and the orientation of the attack of CH4 are 
determined not by the net charge but by the spatial extension 
of some low-lying vacant orbitals of CH5

+. For the discussion 
of clustering in section IV, the shapes of some important 
("frontier") MOs of CH5

+ and CH4 are schematically drawn 
and are displayed in Figure 2.8 

CHj+(CH^. There are various possibilities for CH4 to attack 
CH5

+ which are exhibited below. For all models, the most 

^* 
.H 

H H 

V 
KT^H 

H H 

\ / 
ft'C^H 

H H 

\ / 
ft'C"^H... *' 

H H 

\ / 
^ C ^ H 

\ "> 

H H 

\ / 
1Jf^H 

B' 

H Y 

\ / 
U. -C - . 

H 

Me 

C 

Me 
I 
H 

H H 

\ / 
u C ^ 

H H 

V 
B 

stable structure is sought in terms of the energy optimization. 
As a result, the geometries of models A, B, and C are found to 
be stable relative to the infinite separation between CH5

+ and 
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I t , 

H H 
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Figure 2. Orbital energies and shapes of MOs of CHj+ and CH4. 

CH4 and are exhibited in Figure 3. Other models may be ruled 
out owing to the absence of energy minima. In models A and 
B, CH4 approaches the Ci-Hb bond of CH5

+, whereas in 
model C, CH4 attacks the methyl side of CH5

+. The geome­
tries OfCH5

+ and CH4 in the CH5
+(CH4) cluster are not so 

different from those in their isolated state given in Figure 1. 
When £Ys displayed in Table I are compared, model A is 
found to be most stable. However, the geometry of model A 
is easily interchangeable with that of model B through the 
following slight movement of CH4 and they are essentially 

^C 

\ .—H 

= 0 

indistinguishable. In fact, the difference of their E-{% is too 
small to be physically meaningful. The detailed analysis for 
this cluster will be given in the next section. 

CHs+(CH4)2. In view of the most stable geometry of 
CH5

+(CH4), the structure of CH5
+(CH4)2 is determined 

similarly and is shown in Figure 4. The geometry of the 
CH5

+(CH4) part is not altered so drastically by the addition 
of the second CH4. However, two points should be noted. One 
is that the geometry is based on model B OfCH5

+(CH4) rather 

Obtained by the Energy Decompos 
Morokuma" 

definition 
comment for 

each term 

tion Sch erne c 

A 

)f Kitaura 

model 
B 

and 

C 

A£0 

£def 

£ e i 

ES 
EX 
PKCH5

+) 
Pl(CH4) 

CT(CH4 
- C H 5

+ 

CT(CH5
+ 

- C H 4 ) 
MIX 

net interaction energy 
defined in Table 1 
Af1OJ = £def+ Eel 

destabilization due to 
the deformation of 
CH5

+and CH4 
total electronic 

interaction; sum of the 
following seven terms 

electrostatic energy-
exchange repulsion 
polarization energy in CH5

+ 

polarization energy in 
CH4 

charge-transfer energy 

back CT energy 

coupling term 

-3.131 -2.734 -0.576 

0.434 0.905 0.119 

-3.564 -3.639 -0.695 

-2.234 -2.452 0.240 

5.300 5.874 0.632 
-0.006 -0.006 -0.001 
-2.346 -2.541 -1.064 

-2.148 -2.202 -0.235 

-0.121 -0.121 -0.056 

-2.009 -2.191 -0.211 

" All values are in kcal/mol. Negative values correspond to the 
stabilization of the system. 

than model A. The other is the effect of the steric hindrance 
which makes two CH4's separate. In model D, once the Ci-Hb 
bond OfCH5

+ is occupied, that along the Q-H 3 is attacked. 
An alternative model, CH5

+-CH4-CH4 , in which the Cn-Hf 
bond of the first CH4 is attacked by the second CH4, is unfa­
vorable. This is because the electron-deficient character 
causing the attractive intermolecular force is not transmitted 
effectively to the first CH4. 

CH5
+(CH4)3. Since the geometries of CH5

+ and CH4 are 
found to be hardly different from those in the cluster and the 
interaction between CH5

+(CH4)2 cluster and CH4 is weak, 
the structure of CH5

+(CH4)3 may be determined with only 
the intermolecular [CH5

+(CH4)2-CH4] distance and the 
orientation changed. For this system, the most important point 
is whether the third CH4 approaches CH5

+ or CH4. For each 
possibility, the stable geometry is sought. As a result of the 
geometry optimization, the third CH4 is found to approach the 
Ci-Hc bond of CH5

+ (model E in Figure 5 and Table I). 
However, any orientation of the third CH4 toward the hy­
drogen either of the first CH4 (Hf, Hg) or of the second CH4 
(Hj, Hk) gives no energy minimum. Although the geometry 
of the cluster is not fully optimized, the present calculation 
shows 
(CH4)2 

the preference 
-CH 4 . 

of CH5+-(CH4)3 over CH5
+-

IV. Discussion of the CH5
+(CH4) Cluster 

Let us analyze the mode of the interaction involved in 
CH5

+(CH4). The energy decomposition scheme put forth by 
Kitaura and Morokuma9 and configuration analysis10 are the 
useful tools for this purpose. Table II gives the result of the 
energy decomposition scheme for three models OfCH5

+(CH4). 
In this two-body interacting system, model A gains the largest 
attractive energy. The fact that a repulsive term, £def, is small 
(= 0.434 kcal/mol) indicates that drastic geometrical change 
is not necessary to yield the CH5

+(CH4) cluster. The largest 
term (absolute value) of the electronic component, £ei. i s f°"n d 

to be EX, which originates from the overlap of the electronic 
cloud of CH5

+ with that of CH4. The superiority of model A 
over model A"' is attributed almost completely to the smaller 
EX. It should be noted that Ee\ is not composed of a particular 
term but consists of the balance of all small values. This result 
shows that the electronic interaction is so weak as to be re-
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atom popu la t ion 

c l 
H1 

Hh 
"r 
Hrt 
H f 
cn 
Hg 
Hh 

6.7550 

0.6658 

0.6590 

0.6465 

0.6522 

0.8367 

6.6890 

0.7526 

0.8456 

B 
atom popu la t ion 

1.233 \ \ //„1.236 

104.5""W/ \86.6 

' • I 'M/y^" ' 0 8 7 

73.0 

<Hh< ,CT TH.=109.5 

c l H, 
Hh 
Hc 
Hrt 
cn 
H f 
H9 
Hh 

6.8018 

0.6527 

0.6377 

0.6413 

0.6484 

6.6974 

0.7507 

0.8284 

0.8466 

C I 
", 
Hb 
"c 
Hd 
H f 
CII 
H9 
Hh 

6.7461 

0.6674 

0.6574 

0.6376 

0.6475 

0.9393 

6.5997 

0.8185 

0.8195 

Figure 3. The optimized geometries and the electron population of CHs+(CH4) for three models. 

.,-y 

d , e 

<H,CTH=115.6 d i e 

D 
Figure 4. The optimized geometries of CH5

+(CH4)2. The intermolecular 
distance and the orientation of two CrVs toward CHs+ are taken to be 
equivalent and the Hb-Cn-Hf and Ha—Cin-Hj are taken to be col-
linear. 

garded as a perturbation and that the "one-term approxima­
tion" for C H 5

+ - C H 4 interaction is not appropriate to describe 
its origin. Such weakly bonding nature makes any model with 
significant geometrical rearrangement in the process of clus­
tering improbable. Instead, the stability of the system is ob­
tained by a gentle contact of the C-H bond with an electron-
deficient C|-Hb bond. It is obvious that pl(CH4) is much larger 
than Pl(CH5

+) and C T ( C H 4 - C H 5
+ ) is larger than 

C T ( C H 5
+ - C H 4 ) . The field presented by the C H 5

+ cation 
gives rise to the polarization of the electron donor, CH4. When 
each term of model A is compared with that of model B, £def 
of the latter is found to be slightly larger than that of the for­
mer. This destabilization energy of model B is brought about 
by the increase of the ZHb-Cu-Hg angle (i.e., the spreading 
of the H3C- "umbrella") due to cluster formation. The in­
stability of model C compared to model A is shown clearly by 
the smaller £ei- The electronic cloud composed of the methyl 
group OfCH5

+ interferes with the approach of the "electron-
rich" C-H bond of CH 4 through the exchange repulsion. 

3 ^ ) O -

" l , m 

,cAt̂ ,. 
'X2.815 

^ S 

Figure 5. The geometry of CH5
+(CH4)3. The structures of CH5

+(CH4J2 
and the third CH4 are fixed to those shown in Figures 4 and 1, respec­
tively. 

In order to investigate the behavior of the charge redistri­
bution in the CH 5

+ (CH 4 ) cluster formation, configuration 
analysis is carried out for model A. By the use of this method, 
the mode of the molecular interaction may be interpreted in 
terms of the monomer MOs and the wave function of the 
cluster [^(A)] is described by the sum of various electron 
configurations: 

¥ ( A ) = 0.975*o - 0.05l¥f,I-.Sa< + 0 . 0 2 6 ^ 2 L J , -

+ 0 . 0 2 5 ^ ^ + 0.016¥£^ 5 .< - 0 . 0 4 4 t f « 2 

+ 0 . 0 1 7 ^ ^ , - 0.014^1',PiV2 + 0.01 l*?'t
(£H

6t2 

- O . O l O t f S 1 , ^ + . . . (1) 

file:///86.6
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£? 
-0.02 

-0.05 

-0.1 '• 

LUMO [CH^) 0.02 

-0.05 

-0.02 

LUMO-t-1 (CHt) LUMO [CHj(CH4)) 
Figure 6. The change of the shape of the dominant unoccupied MOs before and after clustering (model A). The unit of the contour lines is bohr 3. The 
bold arrow shown in the upper right corner indicates that the direction of the attachment of the second CH4 coincides with that of the largest extension 
ofthe LUMO OfCH5

+(CH4). 

^o is the original configuration without any electron jumping 
(adiabatically interacting state). In eq 1, only major configu­
rations with coefficients of more than 0.01 (absolute value) are 
shown. Therefore, the small contribution of \^ba^kCTand 
\T/pi(CH5

+) is omitted in eq 1. Among four CT configurations 
exhibited in eq 1, the dominant one is ^3^—5a-, which is com­
posed of the Cn-Hf bonding orbital of CH4 and the LUMO 
of CHs+ localized at the Ci-Hb bond. The most important pi 
configuration is S^il^u where 3t2 and 6t2 have the lobe 
spreading toward the LUMO of CHs+. While the contribution 
of these electron configurations is expected to cause geomet­
rical distortion at the cluster formation, its degree is calculated 
to be negligibly small and this result is reflected by the com­
parable small values ofthe coefficients attached to CT and pi 
configurations. In general, when a molecular interaction is 
strong enough to change the geometry drastically, one par­
ticular CT configuration has a remarkably large contribution, 
corresponding to the fact that the formation ofthe stable bond 
is frontier controlled. In this weakly bonded cluster, such a 
particular configuration is absent. 

In the previous section, it was found that the first, the second, 
and the third CH4's attack the C]-Hb, Ci-H3, and Ci-H0 
bonds, respectively. This mode of clustering is interpreted in 
terms ofthe orbital interaction concept. Although the energy 
decomposition scheme demonstrates that the effect of the CT 
interaction is not so remarkably large, it still has an important 

role of controlling the orientation of clustering. Especially, the 
spatial extension of some vacant MOs of CHs+ which are eager 
to accept electrons determines the degree of the CT interaction, 
and then the orientation of CH4 is affected by the shape of 
these particular MOs. For the attack of the first CH4, the 
LUMO (5a') and the LUMO + 1 (6a') OfCH5

+ exhibited in 
Figure 2 play cooperatively the role of the charge acceptance 
through ^ ^ 1— 5a' ar>d ^3t2~6a'- Similarly, the attacking site of 
CH4 toward CH5

+(CH4)„_i (n ^ 2) is considered to be in 
accord with the direction along which its LUMO is localized. 
Thus, the investigation of orientation of CH4 is reduced to the 
analysis of the shape of this particular (frontier) vacant orbital. 
Let us consider the case of CH5

+(CH4) + CH4 -* 
CH5

+(CH4)2. The LUMO of CH5
+(CH4), LUMO, is com­

posed mainly of the HOMO[CH4], LUMO[CH5
+I, and 

LUMP + 1 [CH5
+I. The three MOs of CH5

+(CH4) (HOMO, 
LUMO, and LUMO + 1) are yielded approximately through 
the combination of these three MOs. In the framework of such 
"three-orbital" treatment, the LUMO which is the second 
orbital of CH5

+(CH4) should have a node and be described 
as LUMO[CH5

+(CH4)] =* HOMO[CH4] - LUMO[CH5
+] 

+ LUMP+ 1 [CH5
+]. The mode of this MO mixing localizes 

the LUMO of CH5
+(CH4) significantly on the Ha atom of 

CH5
+. The validity of this discussion is affirmed by the analysis 

of the density map of LUMO[CH5
+], LUMO + 1 [CH5

+], 
and LUMO[CH5

+(CH4)] given in Figure 6. Thus, the addi-
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tion of CH4 to CH5
+ enlarges the LUMO of CH5

+(CH4) at 
the Ci-Ha region, and there the approach of the second CH4 
becomes welcome. The same discussion of the mode of MO 
mixing generally holds for the orientation of CH4 toward 
CH5

+(CH4)„_ i (« = 2, 3,4, and 5). Although the geometries 
of CH5

+(CH4)4 and CH5
+(CH4)5 are not traced here, the 

fourth and the fifth CH4's are expected reasonably to attack 
the Ci-Hd and Ci-He bonds of CH5

+, respectively, according 
to such analysis. The position where the LUMO of 
CH5

+(CH4)„ is localized migrates (Ci-Hb -*• Ci-H3 -* 
Ci-Hc - • Ci-Hd and Ci-H6) through the addition of CH4 to 
CH5

+(CH4),,-,. 

V. Concluding Remarks 
In this work, we investigated how CH4's attack protonated 

methane. While CH4's are expected to approach the cationic 
center of CH5, the sequence of the attack is determined by the 
degree of the spatial extension of particular vacant orbitals 
(LUMO and LUMO + 1) along each C-H bond of CH5

+. 
When the first CH4 is located along a C-H bond, the LUMO 
of the newly formed cluster, CH5

+(CH4), is enlarged at the 
second C-H bond. Thus, the attachment of the first CH4 en­
hances that of the second and more CH4's, resulting in the five 
"satellite" molecules around the parent CH5

+. The secondary 
attachment, CH5

+-CH4-CH4 , may be unlikely, because the 
cationic character OfCH5

+ is not transmitted to the first CH4. 
In this respect, the coordination of the sixth CH4 to 
CH5

+(CH4)5 seems improbable. Also, CH4's interact with 
CH5

+ so weakly that the intermolecular bonds are not re­
garded as the "bridged three-centered" ones. That is, such 
degree of interaction belongs to a perturbation and the geo­
metrical deformation is negligibly small. Hiraoka and Kebarle 
speculated that CH5

+(CH4)4 exists as CH 5
+ - (CH 4 ) 2 -

(CH4)2 on the basis of a small A//4>5 obtained from the van't 
Hoff plots.4 However, this model may be ruled out, because 
the present calculation shows that the secondary attachment 
does not give enough energetic stability. Instead, when the fifth 
CH4 approaches the Ci-He bond OfCH5

+, the former mole­
cule will suffer from the steric hindrance presented by three 
(first, third, and fourth) neighboring CH4's and its attack may 
be interfered with to some extent. This interference may be 

HH 

M^^fl* 

H "~V" 
HH 

Figure 7. Schematic representation of the mode of the successive attach­
ment of CH4 's to CH5

+ . 

related to the unexpectedly small A//4,5. In short, CH4's ap­
proach successively CH5

+ under the influence of the mutual 
steric effect. This mode of clustering is schematically sketched 
in Figure 7. 
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