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On the basis of ab initio calculations, four new large metastable Rydberg molecules: 
NH&H,, NH2(CH3)2, NH(CHs)s, and N(CH3)4 are predicted to exist. All of these neutral 
species possess high-symmetry local minima but are not thermodynamically stable with re- 
spect to loss of H or CH,. Because they have pronounced barriers on the dissociation path- 
ways, they should be metastable. The dissociation barriers for NH,( CH,),-, decomposing to 
NH,-, (CH,),-,+H are smaller than for dissociation into NH,(CH3),-,-, +CH,. Thus, 
the lifetime of N(CH,), should be much longer than that of NH, due to the larger dissocia- 
tion barrier and the heavier mass of the departing CH3 species. 

I. INTRODUCTION 

Small Rydberg molecules such as NH, have been ob- 
served experimentally’” and studied theoretically.7-13 
However, species larger than NH, have not been estab- 
lished. Rydberg species such as NH4 can be viewed as 
consisting of a closed-shell cation “core” (e.g., NH$ ) with 
another electron attached to it in a Rydberg orbital. For 
NH4, this orbital is referred to as a “3s” orbital because it 
has two radial nodes and thus is similar to the 3s orbital of 
the isoelectronic ten-electron Na+ ion core. 

Tetrahedral NH4 is a local minimum on its potential 
energy surface and is separated from the dissociation prod- 
ucts NH3 and H by a small barrier. As a result, the disso- 
ciation lifetime of isolated (even vibrationally cold) NH, is 
on the order of 10d6 s. The deuterated species ND; is 
significantly longer lived, but also undergoes dissociation 
to ND3+D. In this article, we study the following mole- 
cules derived from NH, by replacing H by CH3:NH3CH3, 
NH,(CH,),, NH(CH,),, and N(CH3)& We expect these 
molecules to be metastable Rydberg species, and we antic- 
ipate that the N(CH3)4 molecule may have a significantly 
longer lifetime than ND., due to the much larger mass of 
the tunneling group, CH,. 

II. ATOMIC ORBITAL BASIS SETS AND TREATMENT 
OF ELECTRON CORRELATION 

The geometries of NH:, NH,, NH,CHr, NH3CH3, 
NH,(CH,),+, NWCW,, NH(CHd,+, NH(CW3, 
N(CH,)$, and N(CH3)4 were optimized employing ana- 
lytical energy gradient methodsI with polarized split- 
valence basis sets augmented by diffuse s and p functions 
[this basis is denoted self consistent field (SCF)/6-31+ 
+G**] (Refs. 15 and 16), and NH$, NH4, NH3CH,‘, 
NHJCH3, NH,(CH,)$, and NH,(CH3)2 were optimized 
at correlated second-order Msller-Plesset perturbation 
theory MP2( full) level using unrestricted Hartree-Fock 
(denoted USCF) and unrestricted second-order MP the- 
ory [denoted UMP2(full)] for the open-shell species. The 
fundamental vibrational frequencies, normal coordinates, 
and zero point energies (ZPE) were calculated by standard 
matrix methods. The MP2 (full)/6-3 1 + + G** equihb- 

rium geometries for the small and SCF/6-31+ +G** ge- 
ometries for the larger systems were used to evaluate elec- 
tron correlation energies at the full fourth-order frozen- 
core approximation both by Marller-Plesset perturbation 
theory17 and by unrestricted quadratic configuration inter- 
action including singles and doubles with approximate tri- 
ples (U)QCISD(T) ‘* using the 6-3 1 + +G** basis set. 
The USCF wave functions for open-shell systems were spin 
projected to generate pure spectroscopic states for use in 
the subsequent energy calculations whose results are de- 
noted PUSCF, PMPZ, PMP3, and PMP4.t9 Only modest 
spin contamination ((S*) =0.7507) was found for the dou- 
blet states of the neutral NH,(CH3)4-, species. The 
GAUSSIAN 90 program suite” was used to perform all of the 
calculations whose results are discussed here. 

Ill. FINDINGS 

A. NH: and NH4 

The calculated geometry of the tetrahedral NH: cat- 
ion [R (N-H) = 1.022 A] given in Table I agrees well with 
experimental data for NH: in the gas phase [R( N-H) 
=1.021+0.002 A (Ref. 21)] and with the best ab initio 
data [R (N-H) = 1.025 A (Ref. 1 1 )]. Our calculated har- 
monic frequency v3 = 3596 cm-’ is also in reasonably good 
agreement with experimental data y3 = 3343.1 cm- ‘,‘* and 
v,=3342.54 cm-1,23 the difference being mainly due to 
anharmonicity. Our calculated proton affinity of NH3 
[206.3 kcal/mol at the QCISD(T) +ZPE level] agrees 
with the experimental value 204.0 kcal/mo1,24 and with the 
best ab initio data 205.4 kcal/mol.*’ 

The neutral NH, molecule was found to be a local 
minimum [its dissociation barrier is 9.0 kcal/mol at the 
QCISD (T) level] as was found earlier. lo-‘* This radical lies 
higher than the dissociation products NH3 + H at our high- 
est level treatment by 2.5 kcal/mol. It is important to note 
that in the absence of the ZPE correction we would predict 
NH, to be more stable than NH3+H. The other dissocia- 
tion products, NH,+H, are also lower in energy than 
NH4, but by only 0.7 kcal/mol at the same level as quoted 
above for the NH3+H path (see Table II). Our ionization 
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TABLE I. Calculated molecular propertes of NH: and NH,. 

NW’(Tdt ‘A,) 
ESCF= -56.546 044 
R(N-H) = 1.012 A 

v,(q)=3574 
v*(e) = 1853 
y(t2)=3716 
vJt2)=1611 
ZPE=33.3 

MP2(fu11)/6-31+ +G** 
EMP2 = - 56.738 665 
R(N-H)=1.022 A 

v,(a,)=3438 
v2(e) = 1763 
v,(t,)=3596 
vq(t2)=1526 
ZPE=31.9 

QCISD(T)/6-31-t +G** 

GcF= -56.545 691 
EMp2= -56.734 616 
EMp) = - 56.749 124 
EMp4= -56.754 479 

E w,so= - 56.75 1 83 1 
EOCISDcTj = - 56.755 341 

E uscF= - 56.693 664 
R(N-H) = 1.020 A 

v,(a,) =3368 
v2(e) = 1787 
v,(t2) =3456 
va(t2) = 1490 
ZPE=31.1 
(.s2) =0.751 

MP2(fu11)/6-31++G** 
EUMP2 = - 56.899 695 
R(N-H) = 1.038 8, 

v,(a,)=3115 
v2(e)=1648 
v,(t,)=3193 
v.$(t2) = 1371 
ZPE=28.7 

QCISD(T)/6-31+ +G** 

E PUSCF= -56.692 954 
E PMP2= -56.895 861 
EM,,=-56909 651 
EM,= -56.916 466 

EQcIs,,= -56.912 732 
EOCISDLT, = -56.917 542 

potential (IP) for NH, is 4.6 ev ( 104.9 kca/mol), which is 
even lower than the IPs of Li (5.39 eV) and Na( 5.14 eV). 

Although electron correlation is very important for the 
accurate estimation of the dissociation energies of NH,+ 
and NH4, ZPE corrections are found to contribute more to 
the dissociation barriers than does electron correlation (see 
Table III). Because we find good agreement between our 
data for NH,f and NH, and the available experimental and 
the best theoretical data, we can anticipate that our results 
on the larger systems studied here will have similar accu- 
racy. 

B. NH&H3 

The NH,CH$ cation was found to have its global min- 
imum at a staggered C,,( ‘A ,) structure detailed in Table 
IV. The calculated proton affinity (Table II) of NH2CH3 is 
216.7 kcal/mol which is 2.6 kcal/mol higher than that 
given in Ref. 24. As expected, the proton affinity increases 
when one CH, group replaces H in NH,. Our calculated 
CH$ affinity of ammonia is 103.0 kcal/mol at the same 
level of theory (see Table II). 

The neutral NH3CH3 molecule is a local minimum 
(i.e., has no imaginary vibrational frequencies) also at a 
staggered C3J *A I ) structure. The corresponding eclipsed 
C3,( *Ai) structure is a saddle point for internal rotation 
(with a barrier of 2.1 kcal/mol) . The optimized geometries 
for neutral CH3NH3 and the CH,NH$ cation are very 
similar which is much like the situation for NH4 and NH2 
(see Tables I and IV), and correlation corrections to the 

TABLE II. Calculated dissociation energies (kcal/mol) at MP2(fu11)/6-31+ +G** level. 

Reaction 

PUSCF/6 PMP4/6- QCISD QCISD(T)/6 
-31++ PMP2/6- PMP3/6- PMP4/6- 31+ +G** (T)/6- -3l+ +G** 

G** 31++G** 31++G** 31++G** +ZPE 31++G** +ZPE EXPT. 

1. NH4-NH,+H 
2. NH,- NH, + H, 
3. NH,-NH: 
4. NH: -NH,+H+ 
5. NH&H, + NH, +CH, 
6. NH,CH3 - NH2CHJ +H 
7. NH&H, -NH, +CH, 
8. NH&H, -+ NHCH, + H, 
9. NH,CH, -+ NH,CH$ 

10. NH&H: -NH2CH,,+H+ 
11. NH$H$-NHJ+CH; 
12. NH,(CH,),+NH,CH,+CH, 
13. NH,(CHJ),-NWCHJ),+H 
14. NH,(CH,),-N(CH,),+H2 
15. NH,(CH,),-NHCH,+CH, 
16. NH,(CH&+NH,(CHS,; 
16. NH,(CH,);-.NH(CH&+H+ 
17. NH2(CH,): - NH,CH, + CH$ 
18. NH(CH,),-+NH(CH,),+CH, 
19. NH(CH,),-N(CH,),+H 
20. NH(CH,),-+N(CH&+CH, 
21. NH(CH&-+NH(CH,)$ 
22. NH(CHp):+N(CH,),+H+ 
23. NH(CH,)$ -NH(CH,),+CH: 
24. N(CH,),-+N(CH,),+CH, 
25. N(CHB):-N(CH,),+CH$ 
25. N(CH9)4+N(CH,)$ 

-5.0 
- 7.7 

+92.6 
+216.4 

-32.5 
-4.6 

- 34.3 
- 12.3 
+81.3 

+227.8 
f 94.9 
-31.8 

-5.7 
- 16.3 
-40.2 
+72.2 

+235.9 
+ 105.0 

- 32.9 
-9.0 

-44.4 
t-64.3 

+ 240.4 
+111.5 

-41.2 
+ 114.0 

+53.5 

+2.1 
+ 12.6 

+ 101.2 
+214.7 

-17.1 
+2.5 

- 12.9 
+ 6.2 

+91.1 
+225.2 
+111.7 

- 14.9 
+1.0 
-0.9 

- 17.5 
+82.1 

+ 232.7 
+ 123.0 

+3.3 
+8.6 

+ 100.8 
+216.4 

- 19.3 
+3.7 

- 17.8 
+ 2.3 

+90.4 
+227.1 
+ 109.6 

- 17.5 
+2.3 
-4.8 

-22.8 
+81.2 

+234.9 
+ 120.6 

+3.7 
+9.0 

+ 101.7 
+215.8 

- 17.8 
+4.2 

- 16.1 
+2.6 

+91.6 
f226.3 
+ 110.2 

- 15.7 
+2.8 
-4.4 

-20.9 
+ 82.6 

+233.9 
+ 121.3 

+214.1 

-2.8 +4.0 -2.5 
-0.8 $9.1 -0.7 

+ 104.9 + 101.7 + 104.9 
+ 206.1 +216.0 t-206.3 + 204.0 

-24.6 
-3.8 

-23.0 
-7.4 

+93.2 
+216.7 
+ 103.0 

-22.6 
-5.6 

- 15.5 
-26.6 
+ 84.0 

+224.0 
+ 110.0 
(-39.7y 
(- 17.5)” 
(-50.7y 
(+65.7)* 

(+230.5)= 
(+ 104.5y 

( -48.8)a 
(+ 100.6)’ 

( + 54.0)’ 

+220.6 

+225.1 

%CF/6-3 1 + + G** + ZPE level. 
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TABLE III. Calculated dissociation barriers (kcal/mol). 

PMPM- OCISD 
USCF/d PMP2/6- PMP3/6- PMP4/6- 31++G**+ (T)/6- OCISD(T)/6- 

Reaction 31++G** 31++G** 31$ +G** 31++G** ZPE 31++G** 31+ +G**+ZPE 

1. NH,dNH,+H 16.0 14.2 15.1 14.6 9.4 14.2 9.0 
2. NH,CH,-+NH,+CH, 20.4 14.5 15.6 13.4 10.3 
3. NH$H,-NH,CH,+H 14.3 12.1 13.1 12.6 6.8 
4. NH,(CH&dNH2CH,+CHj 22.5 16.8 18.0 17.1 13.5 
5. NH,(CH,),+NH(CHJ),+H 11.5 8.6 9.6 9.2 3.2 
6. NH(CH,),-N(CH,),+H 7.3 

geometries are not very large [AR (C-N) =O.Ol A, AR (N- 
H)=~.~~A,~R(c-H)=~.~~A,~<cNH=~“,~<NcH 
=o.!?. 

For the neutral NH&H3 molecule, four dissociation 
pathways are possible: (i) NH3+CH3(@= -24.6 kcal/ 
mol); (ii) NH,CH3+H(@= -3.8 kcal/mol); (iii) 
NHCHs (2A’)+H2(Df= -7.4 kcal/mol); and (iv) NH, 
( 2,41 ) + CH, (@= - 23.0 kcal/mol), with all of these data 
referring to the PMP4SDTQ+ZPE level. It follows that 
the neutral CH,NH, molecule is unstable with respect to 
loss of H, H,, CH,, or CH4. We have located dissociation 
barriers on the CHsNHJ + CHsNH2+H and the 
CH3NH,-+CH,+NH3 pathways (see Table III). How- 
ever, the lifetime of CH,NH, will be determined by its 
dissociation into NH2CH3 + H because this dissociation 
barrier is lower and the tunneling mass of H is smaller. 
Because the barrier for loss of H is less than in NH4, the 

TABLE IV. Calculated molecular properties of NH,CH: and NH,CH,. 

NH&H: NH,CH: NH$HS NH&H, 

lifetime of the NH&H, radical should be even shorter 
than that of NH4 ( 10m6 s). 

Finally, our calculated ionization potential for 
NHsCHs is 3.9 eV (93.2 kcal/mol) which is lower than the 
IP of NH4 and lower than the IPs of all alkali metal atoms 
(the lowest IP among these atoms is for Cs:IP = 3.89 eV) . 

C. fWCkJ, 
The NH,(CH,)z cation has its minimum energy 

structure at a staggered C2J ‘Ai) geometry (see Table V). 
The calculated proton affinity (see Table II) of NH ( CHs ) 2 
is 224.0 kcal/mol (at the MP4SDTQ + ZPE level) which is 
within 3 kcal/mol with the recommended experimental 
value of 220.6 kcal/mo1.24 The second CH3 group in 
NH ( CHs ) z thus increases the proton affinity (compared to 
NH,CHs) which is in agreement with experimental obser- 

1 

&F:E9t;89 86 
R(N-C)=l.S06 %, 
R(N-H) = 1.010 8, 
R(C-H) = 1.079 A 

LHNC=lll.S 
LHCN = 108.2 
LHNH = 107.4 
LHCH = 110.7 

c3, ‘4 
EMp2=-95.927 63 
R(N-C)=l.S06 A 
R(N-H) = 1.022 A 
R(C-H)=1.083 %I 

LHNC=111.5 
LHCN= 108.2 
LHNH = 107.4 
LHCH = 110.8 

v,(q)=3627 
y(q) =3249 
v,(q) = 1669 
v,(q) = 1588 
y(q)=988 
v&z*) = 303 
v,(e) =3727 
v*(e) =3362 
v9(e) = 1803 
v,,(e) = 1617 
v,,(e)=1383 
vt2(e) =976 
ZPE=53.1 

MP4SDTQ/ 
6-31+ +G** 

EMp2= -95.918 36 
EM,,=-95.94452 
EM,=-95955 96 

C3v ‘4 
&F= -95.719 49 
R(N-C)=1.490 A 
R(N-H) = 1.020 8, 
R(C-H) = 1.079 8, 

LHNC=llZ.l 
LHCN= 108.4 
LHNH = 106.7 
LHCH= 110.5 

(P) =0.751 
v,(q)=3409 
v2(a,) =3242 
v3(u,) = 1582 
v&,)=1561 
v,(q) = 1028 
v&u2) =299 
v,(e)=3414 
v*(e) ==3344 
vg(e)=1702 
vIo(e) = 1618 
vll(e) = 1370 

v,,(e) =966 
ZPE==51.4 

‘-73, *A, 
EMp2=-96.07263 
R(N-C)= 1.498 8, 
R(N-H) = 1.040 8, 
R(C-H)=1.084 8, 

LHNC=111.7 
LHNC= 108.1 
LHNH= 107.1 
&ICH= 110.8 

v,(q)=3167 
v,(q)=3108 
v3(u,) = 1461 
v,(q) = !429 
v,(q)=987 
va(u2) =306 
v,(e) =3289 
v8(e) =3093 
VP(e) = 1559 
q&e) = 1538 
v,,(e) = 1278 

v12(e) =906 
ZPE=48.3 

MP4SDTQ/ 
6-31+ +G** 

E PMP2= -96.063 55 
E PMP3= -96.088 56 
E PMP4= -96.101 92 
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TABLE V. Calculated molecular properties of NH,(CH,): and NH*(CH,),. 

NH,(CH,): NH,(CH,): NH,(CHd, NH2(CH,), 
SCF/6-3 1 + + G** 

C2, ‘A, 
Es,--= - 134.630 77 
R(C-N)=1.497 A 
R(N-H) = 1.009 A 
R(C-H’) = 1.080 b; 
R(C-H”) = 1.079 A 

LHNH= 105.7 
LCNC= 114.3 
LNCH’= 108.7 
LNCH”= 108.5 
LH’CH”= 110.4 
LH”CH”= 110.4 

v,(q) =3668 
v*(q) =3349 
v3(u,) =3242 
~~(a,) = 1802 
~~(a,) = 1625 
v,(q)=1607 
v,(q) = 1354 
Vs(U,) =907 
v&a,)=406 

v,,(u,)=3350 
~,,(a,)=1613 
~,~(a,) = 1502 
v,3(a*) = 1108 
q4(u2) =205 

q5(b,) =3728 
v,,(b,)=3352 
v,,(b,) = 1628 
vJb,) = 1383 
v,,(b,)=869 
v&b,) =279 

v,,(b,)=3348 
v2*( 9, =3240 
vZ3(b2)= 1618 
vz4(bz) = 1575 

vz>(bz)=1S61 
v&b,)=1157 
v&b*) = 1067 

ZPE= 72.3 

MPZ(fu11)/6-31+ +G** 
C2, ‘A, 

EM,,=-135.11792 
R(C-N)=l.SCKIA 
R(N-H) = 1.023 A 
R(C-H’) = 1.084 A 
R(C-H”)=1.084 A 

LHNH= 109.2 
XNC= 113.8 
LNCH’= 108.2 
LNCH”= 108.8 
LH’CH”= 110.6 
LH”CH”= 110.5 

MP4SDTQ/ 
6-31+$-G** 

EscF= - 134.630 32 
E MP2=-135.10331 
E MP3= - 135.140 32 
EMp4=-135.158 37 

SCF/6-3 1 -I- + G** 
C2m ‘A, 

MP2(fu11)/6-31+$-G** 
Can ‘A2 

EsFSCF= - 134.745 84 
R(C-N) = 1.483 8, 
R(N-H) = 1.022 A 
R(C-H’) = 1.081 A 
R(C-H”)=1.080 A 

LHNH= 103.5 
LCNC = 115.0 
LNCH’= 108.1 
LNCH”= 108.8 
LH’CH”= 110.2 
LH”CH”= 110.7 

EMp2= - 135.248 55 
R(C-N) = 1.489 A 
R(N-H) = 1.047 A 
R(C-H’) = 1.087 A 
R(C-H”) = 1.085 A 

LHNH= 104.6 
KNC= 114.8 
LNCH’= 107.7 
LNCH”= 108.5 
LH’CH”= 110.5 
LH”CH” = 111.1 

” (9) =a.75 1 
v,(q)=3382 
v2(u,) =3322 
v,(q)=3228 
v,,(q) = 1675 
vs(a,) = 1617 
q,(u,) = 1585 
v,(q)=1354 
v*(q) =926 
vy(a,) &cl5 

v,Ju2) =3330 
~,,(a~)=1608 
q2(u2) = 1515 
v,,(u,)=1111 
y4(u2) =205 

v,,(b,)=3333 
v,,( b,) = 3237 
v,,(b,)=1621 
v,*(b,) = 1365 
v,,(b,) =849 
v,,(b,)=276 

v2,(b2)=3327 
v2*(b2)=3226 
v,,(q)=1613 
v2,(b2)=1568 
yJ(b2) = 1546 
v2Jb2) = 1163 
v2,(b2)=llll 

ZPE= 70.8 

MP4SDTQ/ 
6-31~ =G** 

E PUSCF= - 134.744 98 
E PMP2= - 135.234 09 
E PMP3= - 135.269 66 
E PMP4= - 135.289 99 

vation. The CHZ affinity of NH&H, ( 110.0 kcal/mol) is 
increased as well compared to that of NH,. 

The NH,( CHs) 2 radical is also the local minimum at a 
C,,( 2AL ) structure, which has nearly the same geometry as 
the NH, ( CH3) 2 cation (see Table V). Correlation correc- 
tions to the SCF structures are not large. The NH,(CHs), 
molecule is predicted (Table II) to be thermodynamically 
unstable to loss of H ( -5.6 kcal/mol), H, ( - 15.5 kcal/ 
mol), CH3 ( -22.6 kcal/mol), or CH, ( -26.6 kcal/mol). 
The calculated barrier (Table III) on the 
NH2(CH3)2+NH(CH3)2+H path is 14.3 kcal/mol (at 
the SCF/6-3 1 + + G** level) which is less than the corre- 
sponding values for NH4 and NH&H, (at the same level). 
The barrier for NH2 ( CH, ) 2 -+ NH,CH, + CH, dissociation 
( 13.5 kcal/mol at PMP4/6-3 1 + +G**+ZPE level) is 
higher than for H atom loss and for NH,CH,-*NH, 
+ CHs. Therefore the lifetime of NH,( CH3)2 should be 

determined by its lo& of H and should be shorter than for 
NH4 or NH3CH3. 

The ionization potential of NH,( CH,) 2 is predicted to 
be 3.6 ev (84.0 kcal/mol) which is lower than the IPs of 
NH4 and NH&H, (see Table II). 

D. NH(CH3)3 

The largest species studied here, NH( CH3)s and 
N( CH3)4, were studied only at the SCF/6-3 1 + + G** 
level, but, as we have shown above, correlation corrections 
contribute only weakly to the energies and geometries and 
are therefore unlikely to alter conclusions based on SCF 
level data. 

The NH( CH,)$ cation has a global minimum at a 
staggered C,,( ‘Al) structure (see Table VI). The calcu- 
lated proton affinity (240.4 kcal/mol) and CH$ affinity 
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TABLE VI. Calculated molecular properties of NH(CH,): and 
NH(CH,)3. 

NWCH,),+ 

SCF/6-3 1 + +G** 
Cl, ‘4 

Ex-= - 173.669 51 
R(N-H) = 1.08 pi 
R(C-N)=l.494 8, 
R(C-H’) = 1.080 A 
R(C-H”) = 1.080 A 

fH’CN= 108.5 
fHNC= 107.1 

fH”CN = 109.0 
LH’CH”=llO.l 
LH”CH”=IlO.l 

v,(q)=3697 
y(q) =3345 
v3(u,) =3242 
v,(a,)=lW 
v&z,) = 1623 
v,,(q) = 1389 
v,(q) =848 
v&z,) =484 

vs(a2) =3341 
v,,(u,) = 1599 
V,,(U2)=1170 
V,&~) = 197 
q3(e)=3346 
v,,(e) =3341 
vIJ(e) =3236 
v,,(e) = 1631 
v,,(e) = 1615 
v&e) = 1576 
vlp(e) = 1558 
v2,Je) = 1363 
v,,(e)=1140 
v22(e) = 1047 
v23(e) =421 
y,(e) =272 
ZPE=91.0 

NWCH,), 

SCF/6-3 1 + +G** 
C3, ‘4 

EscF= - 173.772 05 
R(N-H) = 1.039 8, 
R(C-N)= 1.48lA 
R(C-H’) = 1.082 ii 
R(C-H”) = 1.081 8, 

fH’CN= 109.1 
fHNC= 106.6 

fH”CN= 108.6 
LH’CH”= 110.7 
z!.H”CH” = 109.1 

(S) =0.7504 
v,(q)=3320 
v2(a,) =3226 
v3(a,)=2972 
v,(q) = 1644 
v,(q)=1607 
v&z,) = 1379 
v,(q) =858 
v*(q) =479 

vg(u2) =3325 
v,&22) = 1595 
v,,(u,)=1171 
~,,(a,) = 188 
v13(e) =3322 
v,,(e)=3314 
v,,(e)=3216 
v,,(e) = 1627 
v,,(e) = 1606 
vlt(e) = 1569 
v19(e) = 1532 
v,(e) = 1374 
v,,(e)=1140 
v22(e) = 1083 
vz3(e) =432 
y,(e) =255 
ZPE=89.6 

( 111.5 kcal/mol) at the SCF/6-3 1 + +G** level for 
N( CH3) 3 and NH( CH3)2, respectively, are larger than 
those of the molecules with one less CHs group (see Table 
II). The experimentally recommended proton affinity of 
N(CH3)3 is 225.1 kcal/mol. 24 

The optimized geometrical parameters of the neutral 
NH(CH3)3 molecule are very close to the corresponding 
values of the NH ( CHs) $ cation (see Table VI). This neu- 
tral is not thermodynamically stable with respect to loss of 
H, CH3, or CH4. Its dissociation barrier for decomposition 
into N (CH,), + H is 7.3 kcal/mol which is the lowest H- 
atom-loss barrier in the NHn(CH3)4-n species. Finally, the 
calculated ionization potential of NH ( CH3)3 is lower than 
that of NH2(CH3),, as expected. 

E. WH,)4 
The tetramethylammonium cation N(CH,)z is also a 

minimum at a staggered Td( ‘A,) structure (see Table 
VII). The calculated CHC affinity of N(CH,)3 is 100.6 
kcal/mol (at the SCF/6-3 1 + + G** +ZPE level), which 

TABLE VII. Calculated molecular properties N(CH,)$ and N(CH,),. 

N(CH,): 

T,, ‘A, 
SCF/6-3 1 f +G** 
E,,=-212.70499 
R(N-C)=l.496 8, 
R(C-H) = 1.080 A 

LHCN = 109.0 
LNCH= 109.9 

v,(q) =3247 
~~((2~) = 1644 
v,(q)=790 
v4(uJ = 194 
v5(e) =3339 
v6(e)=1616 
y(e) = 1288 
v*(e) =378 

v&,) =3338 
qO(t,) = 1602 
v,,(r,)=1173 
v,,(r,)=312 

q3(r2) =3346 
v,.,( fz) =3235 
v,,(t,) = 1647 
v,,(r,) = 1578 
v,,( r2) = 1436 
q8(t2) = 1027 
q9(r2) =486 
ZPE= 109.6 

N(CH&, 
2 

SCF,6?1 :;G*’ 
Eso=-212.79028 
R(N-C)= 1.494 A 
R(C-H)=l.081 .& 

LHCN= 108.9 
fHCH= 110.0 

(S2) =0.7504 
v,(q)=3217 
v2(u,) = 1637 
v3(u,) =794 
v&,)=211 
v5(e) =3307 
v6(e) = 1606 
v,(e) = 1293 
v*(e)=385 

vs(t,) =3321 
q&r,) = 1601 
v,,(t,)=ll77 
v&)=321 

v,,(f,)=3318 
q4( r2) =3205 
~,~(r~) = 1635 
Vlb(f2) = 1574 
v,,( r,) = 1436 
v,*(t2) = 1027 
~,~(r~) =487 
ZPE=109.1 

is the largest CHC affinity in the NH3, NH,CHs, 
NH(CHs)2, N(C!H3)s series. 

The neutral tetramethylammonium N( CH,), mole- 
cule has a minimum-energy geometry with no imaginary 
frequencies (see Table VII) at a 7’J ‘Ai) structure that is 
similar to the cation’s structure. This radical is not ther- 
modynamically stable to loss of CH, ( -48.8 kcal/mol) . 
Although we were not able to locate the barrier on the 
N(CHs),+N(C!H3),+CH, pathway, we assume that it is 
not much less than that for NH,( CH,) 2 whose barrier was 
calculated to be 13.5 kcal/mol. If we use the latter barrier 
as an estimate for N(CH3)4, we should expect a much 
longer lifetime for N ( CHs) 4 than for NH4 (because the 
CH, mass is larger than the mass of H). 

IV. OVERVIEW 

All of the Rydberg species studied here NH,, 
NHsCHs, NH,(CH,),, NH(CH,),, and N(CH,)4 possess 
stable local minima, and are stable to loss of an electron. 
The highest occupied molecular (HOMO) orbital energies 
of all these species are negative: -0.1506 a.u. (NH,), - 
0.1335 a.u. (NH&H,), -0.1204 a.u. [NH2(CH,),], - 
0.1105 a.u. [NH(CH,)s], and -0.0858 a.u. [N(CH,)4]. 
The geometries of the neutrals and the corresponding cat- 
ions are quite similar, as is the case for the well known 
NH, Rydberg molecule and its NH: cation. These data 
support our claim that all of the neutral NH,(C!H,),-, 
species are Rydberg molecules. Further support for the 
Rydberg nature of these species is given in Table VIII, 
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TABLE VIII. LCAG-MO coefficients in the HOMO of the Rydberg 
NH,(CH,),-, molecules. 

Atom/A0 NH, NHP, NH,(C%h NWCH,), N(CH3)4 

N 2.9 0.165 0.137 0.105 
N2.S’ 0.640 0.571 0.467 0.327 

3s 0.668 0.43 1 0.130 0.233 - 1.314 

3P, 0.193 0.230 0.301 
H, 1s’ -0.203 -0.198 -0.209 -0.314 

2s -0.371 -0.554 -0.863 - 1.643 
II, 1.9’ -0.203 -0.198 -0.209 

2s -0.371 -0.554 -0.863 
H, 1s’ -0.203 -0.198 

2s -0.371 -0.554 
HN 1.9’ -0.203 

2s -0.371 
c, 2s’ 0.121 0.157 0.195 0.302 

3s 0.946 1.106 1.033 1.621 
Ha 2s -0.198 -0.359 -0.090 -0.551 
HclD -0.198 -0.138 -0.302 -0.551 
HCI 2s -0.198 -0.138 -0.302 -0.551 
c, 2s’ 0.157 0.195 0.302 

3s 1.016 1.033 1.621 

Fg 
-0.359 -0.090 -0.551 
-0.138 -0.302 -0.551 

Hc2 2s -0.138 -0.302 -0.551 
c, 2s’ 0.195 0.302 

3s 1.033 1.621 
Hc3 2.~ - 0.090 -0.551 
Hc3 2.~ -0.302 -0.551 
Hc3 2s -0.302 -0.551 
c4 2s’ 0.302 

3s 1.621 

rI$z 
-0.551 
-0.551 

Hc4 2s -0.551 

where the linear combination of atomic orbital+-molecular 
orbitals (LCAO-MO) coefficients of the HOMOs of the 
NH,(CH,),-, species are presented. It should be noticed 
that only the coefficients of the diffuse atomic orbitals 
(AOs) are significant, but not only the diffuse functions of 
the central nitrogen atom contribute to the Rydberg or- 
bital. Diffuse functions on all atoms, including the hydro- 
gen atoms, are strong contributors. We therefore conclude 
that the HOMOs in the NHn(CH3)4--n species are Ryd- 
berg orbitals that cover the entire molecule. 

One of the most important questions in studying Ry- 
dberg molecules is the question of the height of the disso- 
ciation barriers. We repeated earlier calculations of the 
barrier for NH ,+NH, +H, and found it did not depend 
strongly on the ab initio method employed (e.g., the height 
of the barrier varies from 14.2-15.1 kcal/mol; see Table 
III), but we found ZPE corrections to be essential. Our 
final value for this barrier is 9.0 kcal/mol at the QCISD/ 
6-3 1 + + G**/MP2 (f&1)/6-3 1 + + G** + ZPE/ 
MP2 (fu11)/6-3 1 + + G** level. 

The barriers for dissociation of NH,( CH3)4--n into 
NHn-l(CHs)4--nfH do not change substantially with the 
number of methyl groups. The barriers for fragmentation 
of these Rydberg radicals into NHn(CH3)4-n- i + CHs are 
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larger than the barriers to loss of H, as a result of which the 
lifetimes will be determined by the rate of H loss. However, 
for N(CH3)4 the H-loss channel is absent and the lifetime 
will be determined by the loss of CHs. Because the CHs- 
loss barrier for N(CH3)4 is higher than the H-loss barriers 
of the other species, the lifetime of N(CH3), should be 
much longer than that of the other species. 

The adiabatic ionization potentials of all the species 
studied here are very low: 4.5 eV (NH,), 4.0 eV 
(NH$H,), 3.6 eV [NH,(CH,)& 2.7 eV [NH(CHs)s], 
and 2.3 eV [N(CH,),]. These IPs decrease with the num- 
ber of methyl groups and are even lower than the IPs of 
alkali metal atoms (the lowest atomic IP= 3.89 eV is for 
the Cs atom26) as a result of which these molecules may be 
called superalkali molecules (see Refs. 27-30). In fact, the 
N(CH3)4 Rydberg radical has the lowest IP of all known 
ground-state molecules. 

V. CONCLUSIONS 

1. All of the methyl substituted NH,(CH,)4--n neutral 
molecules are local minima on their ground-state potential 
energy surfaces and all of them are electronically stable to 
loss of an electron. However, all of these species are not 
thermodynamically stable to loss of an H atom or a CH, 
grOUP- 

2. All substituted NH,(CH3)4-, molecules are Ryd- 
berg molecules, and diffuse functions of all constituent at- 
oms contribute to the highest occupied (Rydberg) molec- 
ular orbital. 

3. All NH,(CH3)4-, species have very low ionization 
potentials, and for n < 4 are lower than the IPs of alkali 
metal atoms. These IPs decrease with the number of me- 
thyl groups. The N(CHs), molecule has the lowest IP of 
all known molecules. 
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