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Molecular Clustering About a Positive Ion. 

Structures, Energetics, and Vibrational Frequencies of the Protonated 

+ + + + 
Hydrogen Clusters H

3 
, H

5 
, H

7 
, and H

9 

Yukio Yamaguchi, Jeffrey F. Gaw, and Henry F. Schaefer III 

Department of-Chemistry and Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 94720 

Abstract 

+ The positive hydrogen clusters H (H 2)n for n = 1,2,3,4 have 

been studied via nonempirical molecular electronic structure 

theory. Using double zeta (DZ) and double zeta plus polarization 

(DZ+P) basis sets, wave functions are reported at both the self-. 

consistent-field (SCF) and configuration interaction including all 

single and double excitations (CISD) levels of theory. In each 

case analytic gradient techniques have been used to locate 

stationary point geometries and to predict harmonic vibrational 

frequencies. The effects of electron correlation are shown to be 

greater for these loose molecular complexes than for ordinary 

molecules. + Although H
5 

in its lowest energy conformation is 

not qualitatively described as + H
3 

·H2 , the large~ molecular ions 

do fit the qualitative picture + + H
3 

(H2)n, with H3 as a nucleating 

center. Of special interest here are the "new" normal modes of 
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these clusters, i.e., those modes having no counterpart in the 

isolated H
3
+ or H

2 
species. There are fifteen such vibrational 

+ 
degrees of freedom for H

9 
, and the resulting harmonic vibrational 

f · f 775 cm-l all h d 63 -l requencles range rom t e way own to em 

Dissociation energies as a function of cluster size follow the 

pattern established experimentally by Hiraoka and Kebarle. 
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Introduction 

The formation of clusters by the attachment of several 

molecules to a positive ion has attracted much interest in recent 

years as a means of probing the no-man's land between ordinary 

1 2 molecular ions and solvation phenomena. ' Moreover, there is 

+ + 
a growing realization that species such as H7o3 

[or H (H20) 3 , 

if one prefers] are of interest in their own right and the proper 

subject of detailed physico-chemical studies. The sort of data 

now becoming available are typified by the dissociation enthalpies 

for the Li+(H 20)n system. 1 There the exothermicity associated 

with adding the first water molecule is 34 kcal, with· that for 

the second H20 being 26 kcal. Similarly the third, fourth, fifth, 

and sixth water molecules are bound by 21, 16, 14, and 12 kcal, 

respectively. One somewhat controversial question for such systems 

h h d . . d d' . h . 3 
is w et er 1st1nct inner an outer coor 1nat1on sp eres ex1st, 

. 4 the alternative being a more or less cont1nuous decrease in t.H 

values beyond attachment of the first ligand. Comparable data is 

also becoming available for negative ion clusters. For example, 

the successive C1-(H20)n dissociation energies have been measured 

by Castleman and his colleagues 5 and are 14.9, 12.6, 11.5, and 

10.9 kcal, respectively, through C1(H20) 4-. 

The very simplest example of clustering is that of molecular 

hydrogen about a proton. Furthermore, there is a significant 

amount of experimental data available for H+(H2)n systems. Such. 

ions are formed when solid hydrogen is intensely irradiated or 

bombarded and the long-known6 H
3
+ ion is the dominant species at 
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normal (low) pressures. However, at ion pressures as low as 

+ 7 100 Torr, the H
5 

ion (first reported in 1962) may become the 

more common ion.
8

•9 Perhaps the earliest detection of larger 

+ 10 H clusters was that of Buchheit and Henkes, whose mass spectra 
n 

indicated that these "species are predominantly odd A." With 

respect to the larger clusters, a very important early paper was 

11 that of Clampitt and Gowland, who reported the ejection of ion 

clusters of H2 from solid hydrogen by low energy (23 eV) electron 

impact. + With the exception of H2 , they found no evidence for 

the presence of molecular ions of even mass number. However, 

11 + + + 
Clampitt and Gowland did observe H

3
, H

5 
, H7 , ... and all 

+ the other odd numbered clusters up to H47 Their initial 

+ mass distribution showed H15 to be the most populous ion, while 

+ H5 becomes the most common species as equilibrium is approached. 

For the H15+ species, Clampitt and Gowland
11 

proposed as a nucleating 

+ center H3 , i.e., an octahedral structure of the general form 

H
3

+CH2) 6 . For the other ions, either H
3
+ or H+ was considered 

to be involved as the cluster nucleus. 

Related to the work of Buchheit and Henkes
10 

and of Clampitt 

and Gowland
11 

is the 1973 paper of van Deursen and Reuss.
12 

These 

authors produced H + clusters in a supersonic nozzle beam and were 
n 

bl d . H + + d + a e to etect the even mass number spec1es 6 , H8 , an H10 

However the van Deursen-Reuss experiment showed that even masses 

have intensities about 50 times smaller than odd masses. The ions 

H + + 
9 and HlS appeared to be particularly stable, consistent with 

' 
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11 
the observations of Clampitt and Gowland. In a related paper, 

van Lumig and Reuss 13 studied the collision of clusters ions from 

+ + + 
HZ to H41 (except for Hz , only the odd masses had sufficient 

intensity to be detected) with atomic helium. Both the ion 

intensity measurements and the relative fragmentation cross 

+ selections suggest the existence of particularly stable H
9 

, 

H
15

+, and H27+ molecular ions. 

Directly pertinent to the present theoretical study are 

experimental measurements of the dissociation energies for the 

processes 

H + + Hz + H + (1) 
3 5 

+ 
Hz H + (2) Hs + + 

7 

H + + Hz + H + (3) 
7 9 

Earlier there was a controversy concerning li.H for reaction (1) 

between the groups of Arifov
14 

(measured li.H = -5.1 kcal) and 

15 
Bennett and Field (li.H = -9.7 kcal). However this was resolved 

16 
by Hiraoka and Kebarle, who determined li.H for reaction (1) to 

be -9.6 kcal in a pulsed electron beam high pressure mass spectro~ 

meter. However, Hiraoka and Kebarle found' li.H = -4.1 kcal for 

reaction (Z) in conflict with Bennett and Field's value of only 

-1.8 kcal. Similarly Kebarle16 measured li.H = -3.8 kcal for reaction 

+ (3) and -2.4 kcal for the attachment of Hz to the H9 ion. Thus 

for the smaller molecular ions H;n+l (n = 1,2,3,4, and 5), it 

would appear that the thermochemistry is now reasonably well understood. 
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There have been a substantial number of theoretical studies 

of the positive hydrogen clusters, with most interest being 

f d h b . . H + . ocusse on t e u ~qu1tous 
3 

spec1es. However, our interest 

in H3+ lies primarily in its relation to H
5
+ through equation (1), 

17 18 + 
so we cite only two of the most recent studies. ' For H5 

much theoretical work has been done, 19- 31 with the most reliable 

investigation being that of Ahlrichs.
30 

The earliest study cited, 

19 that of Schaeffer and Thompson, is of special historical interest 

since it was made prior to the experimental discovery 7 of H
5
+ 

+ and predicted the H3 ·H2 molecular structure now generally 

accepted. 

+ Moving to the larger HZn+l 

studies 32- 34 of H
7
+, H

9
+, H

11
+, 

species, at least three systematic 

and in two cases H
13

+ have been 

reported at the self-consistent-field (SCF) level of theory. 

Although the study of Harrison, Massa, and Solomon32 used a 

33 limited basis set, those of Yamabe, Hirao, and Kitaura (YHK) 

and of Huber34 used double zeta (DZ) and double zeta plus polarization 

(DZ+P) basis sets, respectively, in complete geometry optimizations. 

All three theoretical studies concur that the equilateral triangle 

H
3
+ serves as a nucleating agent for H

2 
in these clusters. Thus 

+ the qualitative features of the molecular structures through H
13 

seem fairly well established. 

The present theoretical study is predicated on the contention 

+ that molecular ions of the general type A B are of inherent 
n 

interest and will attract the increasing attention of physical 

'Iii, 

ii. 
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chemists in the years to come. Specifically, we think it likely 

that detailed physical properties, espeically vibrational frequencies, 

will become available (from experiment) for such systems in the 

near future. To our knowledge, the present study represents the 

first theoretical predictions of the vibrational frequencies of 

+ + + H
5 

, H
7 

and H
9 

. Moreover, since some of these potential energy 

hypersurfaces are extremely flat in the region of the stationary 

points, a harmonic vibrational analysis may be required to 

ascertain the character of each stationary point, be it minimum, 

transition state, or something more exotic. Furthermore, for the 

+ + H
7 

and H
9 

systems, the level of theory employed here goes well 

beyond that of previous studies via the explicit variational 

~onsideration of correlation effects, 

Theoretical Approach 

The present study was made possible by the recent development 

of analytic gradient techniques for explicitly correlated wave 

. 35 36 functl.ons. ' These new methods allow the user to determine 

stationary point geometries to a high precision and subsequently 

(by taking finite differences of forces) to determine quadratic 

force constants and harmonic vibrational frequencies.
37 

The 

practice in this research was to consistently obtain the predicted 

38 
quantities at four distinct levels of theory. This practice 

is helpful not only as a means for evaluating the effectiveness 

of the lower levels of theory, but also serves to lessen the 

possibility of random errors creeping into the work. 
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The simplest level of theory pursued here employed a double 

zeta basis set of contracted gaussian basis functions within the 

framework of self-consistent-field theory (i.e., DZ SCF). The 

particular DZ basis chosen was the Huzinaga-Dunning set39 of 

four primitive s functions, contracted to two s functions and 

scaled by the standard factor of 1.2. With the same basis set, 

correlation effects were considered variationally by means of 

configuration interaction including all single and double excitations 

(CISD). The number of configurations thus included for aDZ. basis 

. + set is rather modest, be1ng for example 595 for H7 in point 

group cl. + Of course the c2v equilibrium geometry for H7 is 

of much higher symmetry than c
1

, but the determination of the 

quadratic force constants (in terms of cartesian coordinates) 

+ . of H7 requ1res one to do eight of the fifteen necessary gradient 

calculations in point group cl. 

The larger double zeta plus polarization(DZ+P) basis set 

added to the DZ set p , p , and p functions (orbital exponent 
X y Z 

ex= 1.0) centered on each nucleus. This basis, of course, is 

still far from complete. 34 However, systematic studies by Huber 

at the SCF level with a basis including one additional s and set 

of p functions on each hydrogen show no qualitative changes in 

+ the structures of HZn+l species. CISD was also systematically 

carried out with the DZ+P basis set and here the number of 

configurations becomes somewhat larger than with the DZ basis. 

For example, for H9+ in point group c 2v there are 3569 configurations 

in the DZ+P CISD treatment. 

.. 

.. 
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Nearly all computations were carried out on the Harris BOO 

superminicomputer. + For the largest calculations, those on H
9 

with the DZ+P basis set and the point group Czv• complete SCF 

gradient times were typically 8 minutes. The additional time 

required to obtain the CI wave function is~ 17 minutes, and 

thereafter 96 minutes is needed for the Z7 cartesian forces (or 

energy first derivatives) which comprise the CI gradient. 

Test Cases: +· H2 and H3--

+ For Hz and H3 there exist both experimental data and more 

accurate theoretical treatments than could be applied at the 

+ present time to a system as large as H
9 

. Therefore, these 

systems, while not of special interest in this research do give 

one a good idea of the reliability of the methods used systematically 

here. In this light, our results for Hz and H3+ are summarized 

in Figure 1 and Table I, where comparison with more accurate data 

is also made. For Hz the agreement between the DZ+P CI results 

and experiment is quite good, the DZ+P CI r value being only e 
0 -1 

O.OOZ A too short and the harmonic vibrational frequency we 114 em 

too high. It should be mentioned, however, that the observed 

.,.1 
(anharmonic) fundamental in Hz occurs at 4161 ern , significantly 

lower. Therefore, if one's primary concern is with what might be 

.,..1 
observed in the laboratory, the difference of 354 em between 

-1 
the theoretical harmonic frequency (4515 em ) and the experimental 

anharmonic frequency (4161 cm.,.1) will be of value to us. 
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For H
3
+ of course the experimental situation is less complete. 

However, the state-of-the-art experiment of Oka40 is very helpful 

-1 
in providing the degenerate bending fundamental v 2 = 2521 em 

-1 
By comparison, the best theoretical value (DZ+P CI) is 298 em 

too high, the discrepancy being due both to incompleteness of basis 

set and neglect of anharmonicity in the normal coordinate treatment. 

Although these two effects could + be separated for H
3 

, such a 

distinction is very difficult for the larger clusters such as H
9
+, 

where the proper theoretical treatment of anharmonicity is a major 

challenge in itself. For the symmetric stretching frequency, 

• 1 1 • '1 bl b C I • 1 41 
no exper1.menta va ue 1.s ava1. a e, ut arney s theoret1.cal va ue 

of v
1 

= 3220 cm-l should be reliable to within ±50 cm-l Accepting 

this value, it would appear that the DZ+P CI harmonic frequency 

-1 
will be ~ 350 em above the unobserved fundamental. The 

similarity with the comparable difference for H2 is striking. 

The best theoretical values for the bond distance and dissociation 

+ 17 energy to H + H2 are those of Dykstra,~ al., who used a basis 

set more than twice as large as the double zeta plus polarization 

set. The present DZ+P CI yields an H
3
+ equilateral triangle with 

0 

sides 0.006 A shorter than the most reliable existing theoretical 

"17 result. Better agreement is found for the dissociation energy, 

where the DZ+P CI result is only 0.4 kcal less than Dykstra's 

value of D . In presenting these comparisons, it must be noted 
e 

+ that H2 and H
3 

cannot be expected (even in principle) to be 

+ + + 
completely representative of H

5 
, H7 , and H9 . The reason is 

that the former systems have only two electrons and thus the CI 
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including single and double excitations represents an exact 

solution of the correlation problem, given the choice of basis 

set (molecular orbitals). 
+ + + 

For H
5 

, H
7 

, and H
9 

there are at 

least in principle additional errors inherent in the CISD wave 

functions due to· their neglect of true many-body correlation 

effects, i.e., triple, quadruple, and higher excitations relative 

to the Hartree-Fock reference configuration. These effects are 

not large as a rule for systems with few electrons and have been 

. d . b h f D .d I • 
42 

approx~mate ~n some cases y t e use o av1 son s correct1on 

for unlinked clusters. 

+ The H
5 

Molecular Ion 

Among theoretical studies of H
5
+, the work of Ahlrichs30 

stands out as clearly superior. He used a hydrogen basis set 

of size (6s 2p/3s 2p), almost twice as large as our DZ+P basis 

I 

set. Although AhlrichG pseudonatural orbital (PNO) CI is slightly 

less complete than our CISD, the two approaches are fundamentally 

similar. Ahlrichs also used the coupled electron pair approximation 

(CEPA), 43 but found little difference between the PNO-CI and 

+ CEPA results for H
5 

. With the CEPA method four different 

geometrical structures were optimized, and the entire energy 

range of these four conformers is less than two kcal. Both PNO-CI 

and CEPA methods were found by Ahlrichs to predict the n2d 

structure (with two equivalent H3 triangles sharing a vertex but 

lying in perpendicular planes) to represent the absolute minimum 
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+ on the H potential energy hypersurface. However, Ahlrichs 
5 

emphasizes the "extremely great mobility of the central proton", 

i.e., the unusual flatness of the potential surface in this regard. 

Among the four structures considered by Ahlrichs, the two 

+ c2v structures are of the general form H3 ·Hz. In his structure 

(1) the H2 axis lies perpendicular to the H3+ plane, while 

structure (2) has the H2 axis parallel (i.e., all five atoms lie 

+ in a single plane) to the H3 plane. Since Ahlrichs found 

structure (1) to lie energetically below structure (Z) at every 

level of theory, we did not consider structure (Z) in the present 

work. + However, the lower energy c2v H3 ·Hz structure as well as 

the o2d and o2h structures were determined at all four levels of 

theory and the results are shown in Figures 2-4. Total energies 

and vibrational frequencies for each of these three stationary 

points are given in Table II. 

+ . The only H
5 

geometr~cal parameter sensitive to the level of 

+ theory is R (for the H
3 

·H
2 

structure), the distance between the 

Hz midpoint and the nearest atom of the H
3
+ ring. The addition 

0 

of polarization functions reduces R by more than O.Z A and with 
0 

the DZ+P basis set CI reduces R by an additional O.Z75 A. For a 
0 

normal closed-shell molecule, of course, a decrease of 0.5 A in 

an intramolecular distance upon going from the DZ SCF to the DZ+P 

44 CI level of theory would be unheard of. But here the attraction 

+ between H
3 

and H2 is rather weak (of the order of a strong hydrogen 

bond) so the sensitivity of the bond distance to level of theory 

is perhaps not unexpected. More surprising, however, is the 

.. 
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+ . 0 

increase in the longer H
3 

ring distance re(H-H) from 0.903 A 
0 

(DZ+P SCF) to 0.976 A (DZ+P CI). Furthermore, the labeling of 

this structure as H
3
+·H

2 
becomes a bit questionable, since the 

0 

longer H-H distance is now 0.109 A longer than for the isolated 

+ H
3 

ion. 

The more symmetrical structures of o2d and o2h point groups 

are much less sensitive to the level of theory used. In addition 

the o2d and o2h structural parameters are very similar, except 

of course for the orientation of the two equivalent H3 planes. 

Specifically, at each level of theory, the comparable o2d and 
0 

o2h bond distances agree in every case to within 0.002 A. The 

qualitative description of these two structures involves two 
0 

equivalent, slightly stretched (by about 0.04 A) H2 molecules 

loosely connected by a central proton. 

At each of the four levels of theory considered, the distorted 

H3+·H2 or c2v structure lies lower in energy than the o2d or o2h 

structures. Although this result is at variance with Ahlrich's 

work, the difference may not be as great as would appear the 

case. Specifically, in Ahlrich's Table 4 there appears to be a 

shift in the order of the four conformers as one goes from SCF 

to correlated results. However, this may be slightly misleading, 

since Ahlrichs used the optimum CEPA geometries throughout. As we 

have seen, the predicted structures depend rather strongly on the 

level of theory applied, and Ahlrichs might have obtained somewhat 

different relative energies at the lower levels of theory had 

separate geometry optimizations been carried out. Nevertheless 
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Ahlrichs did perform geometry optimization at his highest level of 

theory (CEPA) and·the predicted n2d conformation differs from the 

c
2
v structure predicted by DZ+P CI to lie lowest in energy. Like 

Ahlrichs, we predict the twisted n2d structure to lie below the 

planar n2h geometry. Furthermore, at the DZ+P CI level of theory 

the n2d structure lies only 0.15 kcal above the c2v minimum. 

The vibrational frequencies of Table II represent this work's 

most original contribution to the H
5

+· problem. Three of the four 

levels of theory predict the c2v or distorted H
3
+·H2 structure to 

be a minimum on the H
5
+ energy surface. However the DZ CI method 

predicts this structure to be a transition state, with the imaginary 

frequency 26i carrying the molecule to the lower energy planar c2v 

structure (Ahlrichs' structu~e (2) discussed above). However, 

it seems quite certain that this DZ CI prediction is a spurious 

45 one and that the other levels of theory correctly predict the 

+ lower energy H
3 

·H
2 

structure. The degree to which the 

structure is distorted relative to infinitely separated 

+ latter H
5 

+ 
H3 + H2 

may also be gauged from the vibrational frequencies. For example, 

the H2 harmonic frequency is reduced from 4515 cm-l (DZ+P CI) in 

-1 + isolation to 4235 em for the H
5 

c2v minimum. In contrast the 

. -1 + H3 harmonic symmetric ring stretch is increased from 3566 em to 

-1 
3801 em as the H

5
+ complex is formed. Thus one could say that 

+ and H
3 

symmetric stretching frequencies approach each other 

as the + H
3 

·H2 complex is formed. This approach is much closer, 

of course, as the two three membered rings become equivalent 
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in the o2d and o2h structures. For the lower vibrational frequency 

(the degenerate mode) of isolated H
3
+, the changes in going to H

5
+ 

+ -1 are major. This degenerate harmonic frequency of H
3 

at 2819 em 

is split into a pair of 
. + 

modes at 2125 -1 1847 -1 
H5 em and em 

providing the strongest evidence yet that even this c2v structure 

is a severely distorted + 
H3 ·H2 complex. Among the "new" modes of 

+ + H5 , i.e., those modes not present in infinitely separated H
3 

+ H2 , 

-1 
the highest frequency is the b 2 mode at 1258 em . This normal 

+ mode corresponds to the H
3 

wag (H2 rock) motion. 

Table II shows that neither the n2d nor n2h structures are 

relative minima on any of the four potential energy hypersurfaces 

explored in this research. In all four cases, the n2d structure 

is a transition state connecting the two equivalent, lower energy 

c 2v structures. However it is clear from the wide variation in 

the imaginary vibrational frequency (DZ SCF 1330i; DZ CI 1283i; 

DZ+P SCF 976i; DZ+P CI 523i) that the portion of the H
5
+ energy 

hypersurface near the o2d transition state becomes successively 

flatter as the level of theory is raised. At the DZ+P CI level 

the classical barrier for the degenerate rearrangement 

(4) 

is only 0.15 kcal. The use of deuterium in equation(4) is only 

to demonstrate that reactants and products could be distinguished 

in this hypothetical isomerization if isotopic substituion were 

achievable. The observed H-H stretching frequencies at 4083 and 

-1 -1 
4014 em (compared to the isolated H2 value w = 4515 em ) 
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confirm our earlier statement that the n2d structure involves 

two stretched (i.e., lower vibrational frequency) hydrogen molecules 

linked by a central proton. 

+ The n2h structure of H
5 

has two imaginary vibrational 

frequencies predicted at each level of theory. This means that 

the n
2
h structure represents a potential maximum with respect to 

two degrees of freedom, while a minimum with respect to seven 

internal degrees of freedom. The normal mode with the larger 

imaginary frequency is quite similar to the single n2h imaginary 

mode. The second (and much smaller in absolute value) imaginary 

frequency, 187i at the DZ+P CI level of theory, corresponds to 

a twisting of the two H3 rings with respect to each other. In 

·-
other words, the 187i frequency carries the planar n2h structure 

into the lower energy, twisted D2d structure. 

+ Of course, a qualitatively 4ifferent picture of the H
5 

potential surface appears if Ahlrichs' characterization is correct. 

Ahlrichs states that with his larger basis set, the c2v structure 

is no longer a relative minimum on the H
5
+ energy hypersurface. 

If this is true, then we suspect that the c2v structure is a 

transition state for reaction (1). This being the case,the n2d 

structure would then be the absolute H
5
+ minimum and the n

2
h 

structure a transition state for twisting about the central proton. 

Although it would have been feasible to rigorously address these 

issues with a larger basis (e.g., the basis set chosen by Ahlrichs), 

such an elaborate treatment of H7+ and especially H
9
+ is not as 

straightforward, and our goal here was to complete a systematic 

study of the entire series from H
3
+ through Hg +. Future research will 

be directed toward the unambiguous characterization of Ht. 

.. 
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+ The H7 Molecular Ion 

In approaching H
7
+, one is immediately concerned whether the 

same sort of structural ambiguity involving H5+ (c2v vs. D2d) 

could occur here. Fortunately this is not the case, at least in 

the most qualitative senr.~~. This is because the analogs of the 

+ c2v and n2d structures of H
5 

are qualitatively indistinguishable 

+ + c2v structures for H7 . For H5 the Dzd conformation has two equiva-

lent H-H single bonds,while the c2v structure does not. However, 

+ for the lower symmetry H7 case the two equivalent H-H bonds, as 

seen in Figure 5, are the two hydrogen molecules loosely bound 

to the H
3
+ nucleating center. The above notwithstanding, a remnant 

of the H
5
+ dilemma does remain for H

7
+. In the latter case, the 

+ + counterpart of the H5 c2v structure has the H
3 

center separated 

fro~ the two H2 ligands by a larger distance. Similarly for H
7
+ 

+ + the counterpart of the n2d H5 structure has the H3 center much 

closer to the two hydrogen molecules. And it will be seen that 

1 1 . 1 d . . d' 24,32-34 f e ectron corre at1on, neg ecte 1n prev1ous stu 1es o 

H
7
+, has a significant effect on this H

3
+···H2 separation. 

The structures of H
7
+ predicted at the four levels of theory 

used here are seen in Figure 5. The theoretical values of the 

+ distance from the two equivalent H atoms of the H
3 

ring to the 
0 

bond midpoint of the nearest H
2 

molecule are 1.827 A (DZ SCF), 
0 0 0 

1.794 A (DZ CI), 1.721 A (DZ+P SCF), and 1.586 A (DZ+P CI). 

So it is seen that electron correlation reduces this H3+···H2 
0 

separation by about 0.14 A when the DZ+P basis set is used. 

Nevertheless, it is clear that the intramolecular forces in H
7
+ 
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+ are much less attractive than in H
5 

, where even the more "loosely" 

+ bound (in the geometrical sense) c2v structure displays a H
3 

···H
2 

0 

separation of 1.262 A. The same trend is seen in the other 

+ geometrical parameters of H7 For example the two H2 ligands, 
0 

with 0.749 A bond distances, are intermediate between those of 

0 0 + 
the isolated H2 (0.739 A) and the 0.761 A predicted for H

5 
. 

In addition the H-H distances within the ring are less distorted 

0 0 + 
,(by -0.004 A and +0.061 A) relative to isolated H

3 
than is the 

+ case for c2v H5 . 

Total energies and harmonic vibrational frequencies for H
7
+ 

are given in Table III. The two imaginary frequencies predicted 

at the DZ CI level are considered to be spurious, in like manner 

to the single imaginary DZ CI frequency discussed above for c2v 

H5+. In the H7+ case these two small imaginary frequencies 

correspond to rotation of the two H2 ligands into the planar 

+ H7 structure, which spuriously lies lower in energy at the DZ 

CI level of theory. In light of this deficiency in the DZ CI 

+ potential energy hypersurface for H
7 

, the DZ CI vibrational 

frequencies will not be further discussed here. 

Since H7+ is the largest of the H;n+l systems for which 

DZ+P CI vibrational frequencies were obtained, it is important 

to compare these results with those obtained at the more broadly 

applicable DZ SCF and DZ+P SCF levels of theory. Considering 

-1 first the vibrational frequencies above 2300 em , it is seen in 

Table III that all of these are reduced by the effects of electron 

correlation. Relative to the DZ+P SCF results, these reductions 

-1 
are 111, 112, 87, 139, and 248 em The comparable reductions 

relative to the DZ SCF frequencies are somewhat greater, namely 

.. 
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-1 em The five H7+ frequencies under 

consideration here correspond to those arising from infinitely 

+ separated H3 + H2 + H2 • 

+ + Since H7 may be qualitatively described as H3 ·(H2) 2 it is 

+ appropriate to compare the five highest H7 frequencies with ·those 

+ of H2 and H3 . Perhaps the most obvious difference is that the 

degenerate bonding frequency of H
3
+ (w2 = 2819 cm-l at DZ+P 

+ CI) is nondegenerate for H7 , splitting into two lower frequencies 

at 2617 and 2356 cm-1 • With respect to future observation of 

these two frequencies, however, one should recall (see Table I) 

that for H
3
+ the DZ+P CI harmonic bending frequency is 298 cm-l 

40 
higher than the observed fundamental. If an analogous geometric extrapolation 

i.s valid for H
7
+, then the two ring-bending fundamentals might be 

-1 expected to appear at 2340 and 2107 em. , respectively. 

.. + 
Among the other high frequency normal modes of H7 , the 

-1 vibration at 3423 em · corresponds to the symmetric ring stret·ch of 

+ -1 the isola-ted H3 molecule and is 143 em lower at the DZ+P CI 

level of theory. The two highest frequencies, at 4380 and 4376 

-1 -1 -1 em · , are split by only 4 em and lie 135 and 139 em , respectively, 

below the harmonic frequency predicted for the isolated H2 molecule. 

Thus all of the H7+ vibrational frequencies with direct counter-

+ parts in the separated H2 and H3 species are significantly 

reduced relative to the latter. 

Electron correlation has a perhaps unexpected effect on the 

+ next six vibrat.ional frequencies !Jf H7 , i.e., those ranging from 

971 cm-l to 498 cm-l at the DZ+P CI level of theory. All of 
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these frequencies are increased in going ·from the SCF to the CI 

38 method, in contrast to the known trend that for stable closed-

r 
shell molecules, correlation decreases the predicted frequencies. 

However "this result is readily explained when one recalls our 

earlier discussion that correlation significantly tightens up 

the predicted structures, i.e., decreases the distances between 

the H
3
+ nucleating center and the H2 "ligands". This decreased 

molecular ion size not unexpectedly increases the various force 

+ constants describing the interaction between H3 and the two 

hydrogen molecules. Among these six normal modes it is of 

interest t.o note the nature of the highest frequency, that at 971 

-1 
em This normal mode transforms according to the a

2 
irreducible 

represen·tation and represents a twisting motion similar to that 

depicted for H
9
+ in Figure 6. 

+ Ameng the lowest vibra,tional frequencies of H7 , the last two 

(81 em -l, 69 em -l) are inte·rnal rotations which carry the 

equilibrium g.eometry into the higher energy planar structure, 

also of c2v symmetry. One is certainly not surprised to find 

these conformat·ional motions occurring at such low frequencies. 

It will be seen that the three analogous H2 internal rotations 

in H
9
+ have very comparable frequencies. 

+ The H
9 

Molecular Ion 

On the basis of previous theoretical studies and the results 

+ + 
presented here for H5 and H7 • it is reasonable to assume for 

.. 
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H
9
+ a n3h structure of the type seen in Figure 7, which presents 

our geometrical predictions. This n3h structure places each of 

the three equivalent Hz ligands in positions perpendicular to the 

+ plane of the H
3 

center. However, since the three ligands now 

share equally in the attraction provided by the central positive 

+ charge, each H
3 

···Hz interaction is necessarily somewhat weaker. 

This finding is reflected first in the distance between the H
3
+ 

vertices and the adjacent Hz centers of mass. At the different 

levels of theory, this distance is 1.880 (DZ SCF), 1.847 (DZ CI), 
0 

1.807 (DZ+P SCF), and 1.700 A (DZ+P CI). Similarly the ligand 
0 

H-H distances are between 0.001 and 0.003 A shorter (i.e., closer 

to the H-H distance in isolated molecular hydrogen) than those 

predicted for H
7
+ at the comparable level of theory. Finally, the 

H-H distances for the + central H
3 

ring are now quite close to 

those of the isolated + H
3 

• Specifically, at the DZ+P CI level 
0 0 

the central H-H distance is 0.878 A, only 0.011 A longer than 

the 0.867 ~ predicted for H3+ in vacuo. 

Total energies and harmonic vibrational frequencies for H9+ 

are given in Table IV. Among the Zl vibrational degrees of 

freedom there are seven doubly degenerate frequencies and an equal 

number of nondegenerate frequencies. Of these fourteen distinct 

vibrational frequencies, only four exist for the infinitely 

+ separated H
3 

+ Hz + H2 + H2 asymptote. Therefore we discuss 

these four frequencies before moving onto a discussion of the 

+ "new !)lOdes" of H
9 

Two of the molecular hydrogen frequencies 

are degenerate (~ symmetry) in the context of H
9
+ but the third, 
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the highest a{ frequency, is distinct by symmetry but nevertheless 

lies just a few wave numbers higher. The actual splitting at the 

-1 -1 
two levels of theory is 4 em (DZ SCF) and 5 em (DZ+P SCF). 

However, although nearly degenerate, these harmonic frequencies 

are somewhat reduced compared to those of isolated H2 . The 

magnitude of these reductions is 121 cm-l (DZ SCF) and 141 -1 em 

(DZ+P SCF). In similar manner the H
9
+ normal modes having their 

. + ' 
origin in the H3 nucleus are readily identifiable. 

symmetric stretching frequency is slightly reduced in H
9
+, by 

127 cm-l (DZ SCF) and 138 cm-l (DZ+P SCF) at the two levels of 

theory. Likewise the H
3

+ degenerate bending frequency (experimentally40 

-1 -1 
2521 em ) is reduced in the larger cluster by 163 em (DZ SCF), 

and 188 cm-l (DZ+P SCF). Thus both levels of theory provide a 

consistent picture of H9+ as a slightly relax~d H3+CH2)n 

cluster. 

+ Even for a loosely bound cluster such as H9 , there is quite 

a significant range of vibrational frequencies due to "new modes", 

+ those not present in either H
3 

or H2 in isolation. These range 

-1 
from the three internal rotations of the H2 ligands [82 em 

-1 
(doubly degenerate) and 63 em ] to the degenerate frequency at 

-1 
775 em corresponding to the e" twisting motion illustrated in 

Figure 6. + Interestingly this highest of the new modes for H
9 

(775 cm-1 ) is lower than the highest such vibrational frequency 

(849 cm-1 ) of H
7
+ predicted at the same DZ+P SCF level of theory. 

On the surface this runs contrary to the simple notion that for 
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+ larger n, the cluster H
3 

(H 2)n should have an increasingly broad 

range of "new" vibrational frequencies. However, in reality this 

result simply reflects the fact (noted already in the structural 

+ . + results) that H7 1s a more tightly bound complex than is H
9 

. 

Finally it is encouraging that'the DZ SCF and DZ+P SCF 

vibrational frequencies are qualitatively similar for H
9

+ Even 

. + + 
for the largest known relatively stable H2n+l structure, H27 , it 

is quite feasible to carry out ab initio predictions of the 

structure and harmonic vibrational frequencies at the DZ SCF 

level of theory. The largest absolute differences between DZ SCF 

+ . -1 -1 
and DZ+P SCF H

9 
frequencies are 137 em (DZ 3603 ~ ; DZ+P 

-1 -1 -1 . -1 
3466 em ), 135 em (DZ 501; DZ+P 636 em ), and 109 em (DZ 

475; DZ+P 584 cm-1
) and the next largest difference is only 51 

~-l (DZ 724; DZ+P 775 cm-1). Furthermore, as discussed earlier, 

it should be possible to fairly realistically adjust DZ SCF 

frequencies for a system like + H27 based on higher level 

theoretical treatments such as DZ+P CI for smaller systems (e.g., 

Cluster Dissociation Energies 

As noted in the introduction, the room temperature enthalpies 

of dissociation are known for + the clusters through H
11 

from the 

mass spectrometric studies of 
16 

Hiraoka and Kebarle. Since this 

is the only detailed experimental information available for the 

'+ (H
3 

)(H2)n clusters, it is important for theory to make contact 

here. To this end we present first, in Table V, dissociation 
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energies D for the addition of molecular hydrogen, i.e., processes 
e 

(1)-(3). Unlike previous theoretical studies, we can also predict 

the dissociation energies D
0

, by correcting the energies of 

reactants and products for zero~point vibrational energies, seen 

in Table VI. This correction is made within the harmonic approxi-

mation using the vibrational frequencies collected in Tables 

I-IV. 

The predicted dissociation energies D given in Table V show 
e 

the trend as a function of cluster size established experimentally 

16 
by Hiraoka and Kebarle. The energies required to remove molecular 

+ + + 
hydrogen from H

5 
, H

7 
, and H

9 
are 6.94, 3.41, and 3.28 kcal, 

respectively, at the highest level of theory, compared to the 

16 4 8 experimental values 9.6, .1, and 3. kcal. In every case the 

theoretical dissociation energy is less than that observed in the 

laboratory. 

There is observed in Table V a gradual increase in D values 
e 

(and improved agreement with experiment) as one raises the level 

of theory from DZ SCF to Davidson corrected DZ+P CI. It should be 

noted that this trend is quite the opposite of that found for 

hydrogen bonded dimers such as (HF) 2 and (H
2

0) 2 . In the latter 

situations, the DZ SCF method predicts hydrogen bond energies 

46 
significantly larger than experiment. A simple explanation of 

+ both the present HZn+l results and the hydrogen bonded findings is 

provided by the fact that the DZ SCF approximation consistently 

44 
overestimates the dipole moments of polar molecules. Since the 

strength of a hydrogen bond is in some general sense proportional 
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to the polarity of the combining molecules, it is not surprising 

that the DZ SCF method also overestimates the hydrogen bond energy. 

However, 
+ 

the H
3 

and Hz species both have identically zero dipole 

moments, the type of bonding found . + 1.n H
5 

, 
+ 

H7 , and H9 
+ 

is so 

not affected by the artificial polarity inherent in the DZ basis 

set. 

Reasonable objections can be made for the above qualitative 

comparison with neutral, polar molecules. 

a partially charged positive center as it 

For example, H2 sees 

+ approaches H
3 

(whose 

dipole moment is only zero if evaluated at its center), just as the 

fluorine center in HF sees a partially charged positive proton 

center as it approaches a second (neutral) HF molecule. In this 

sense it may not be possible to explain basis set effects quite as simply 

a.s we have done in the previous paragraph. 

The addition of zero-point vibrational effects significantly 

+ worsens the agreement between theory and experiment for the HZn+l 

dissociation energies. For example, Table VI shows that the ZPE 

+ + of H
5 

is Z2.59 kcal, while that of H3 plus Hz is only 19.61 kcal. 

Thus D
0 

is predicted to be 2.98 kcal less than De, i.e., D
0 

= 

3.96 kcal at the highest level of theory. Similar results are 

f d f h H + d H + d" . . . oun or t e 7 an 
9 

1.ssoc1.at1.on energ1.es. Errors in D of 
0 

this magnitude must of course be due to the incompleteness of 

either the one-electron basis set or the set of configurations 

chosen for the variational treatment. To pinpoint the problem 

for H
5
+, we carried out a full CI geometry optimization with the 

DZ+P basis set. This in fact reduced the predicted dissociation 

energy, indicating that the DZ+P basis sets used here, though quite 

44 
suitable for most chemical problems, are too small to provide 

reliable theoretical dissociation energies for the positive hydrogen 

clusters. + For H
5 

only, we intend to pursue this aspect of the 

problem until a satisfactory dissociation energy is obtained. 
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Concluding Remarks 

The study of the vibrational spectroscopy of weakly bound 

molecular systems is likely to attract increasing attention in 

the years to come. A preview of coming attractions is given by 

47 the very recent research of Lee and co-workers on hydrogen 

fluoride polymers. + The HZn+l systems (n = 1,2,3,4) studied here 

are relatively unique in that they are small enough to be susceptible 

to reliable and detailed theoretical studies (including the effects 

of electron correlation), but nevertheless allow one to explore 

the consequences of a significant number of weakly coupled 

vibrational degrees of freedom. For stable, neutral, closed-

shell molecules the most sophisticated theoretical method used 

here (DZ+P CI) consistently provides harmonic vibrational frequencies 

~ 3.5% higher than the best experimental values~8 Although beyond 

the scope of this research, the theoretical treatment of vibrational 

anharmonicity also lies within range for molecular ions of the size 

+ of H
9 

. 

+ H7 , and 

For all these reasons, + we consider the molecules H
5 

, 

H
9
+ to be very appropriate, albeit very challenging, 

targets for experimental vibrational studies. 

An interesting general feature of the series of molecular ions 

+ + + H
5 

, H
7 

, and H
9 

is the way in which these systems schematically 

deviate from the H
3
+(H2)n model generally proposed to describe 

them. ll,32-34 Th 11 b f h . H + h e sma est mem ers o t e ser~es, 5 , ~ay ave a 

o2d ground state conformation (with four equivalent hydrogen nuclei) 

+ 
for which the designation H

3 
·Hz is simply not appropriate. 
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Furthermore even the c2v structure lying at essentially the same energy 

has a structure and vibrational frequencies characteristic of a 

severely distorted H
3
+·H

2 
arrangement. However as one goes to 

H
7
+, the next member of the series, the designation H

3
+(H

2
)

2 

becomes quite a suitable label. Moreover for the "saturated" 

+ + species H
9 

, the identification H3 (H2)
3 

is quite unambiguous 

from the perspective of either molecular structure or vibrational 

. + + H + characteristics. Therefore the ser~es H
5 

, H
7 

, 9 represents 

+ initially a very severe perturbation with respect to the H3 (H 2)n 

model, with a reversal coming at the middle of the series, and the 

final member H
9

+ being described just about as well as one could 

imagine by tne (H 3+)(H2)n picture. 

A final noteworthy feature of these weakly bound systems is 

that they are more sensitive to the level of theory applied than 

are ordinary closed-shell molecules. For example, the three 

+ equivalent distances between the H
3 

nuclei and the H2 centers of 

mass in H
9

+ are each decreased by more than 0.1 ~ in going from 

DZ+P SCF to DZ+P CI. In general the highest levels of theory 

favor significantly "tighter" structures than do the less complete 

types of wave functions. In the same vein, some surprises as a 

function of the level of theory were found for the vibrational 

frequencies. As a general rule, electron correlation tends to 

reduce predicted vibrational frequencies. 38 However, for these 

positive ion hydrog~n clusters, the highest intermolecular (i.e., 

those not existing £o~ ~ 3+ + n H2) vibrational frequencies are 

significantly increased by correlation effects. Thus one cannot 
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assume that the effects of correlation for such weakly bound 

systems will be analogous to those generally found for normal 

closed-shell monomeric species. 
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Figure Captions 

+ Predicted equilibrium geometries of H2 and H
3 

at 
0 

four different levels of theory. Bond distances are given in A. 

Figure 2. + Predicted equilibrium geometries of H
5 

at four 
0 

~istinct levels of theory. Bond distances are given in A. 

Figure 3. + o2d stationary point geometries for H
5 

, obtained 

at four different levels of theory. Bond distances are given in 
0 

A. Note in Table II that each of these structures is a transition 

state. 

Figure 4. o2h stationary point geometries for H
5
+, obtained at 

0 

four different levels of theory. Bond distances are given in A. 

Note in Table II that eacn of these structures has two imaginary 

vibrational frequencies. 

Figure 5. + Predicted equilibrium geometries of H7 at several 
0 

distinct levels of theory. Bond distances are given in A. Note 

in Table III that at the DZ CI level of theory this structure is 

not a minimum but has two imaginary vibrational frequencies. 

Figure 6. The normal vibration corresponding to the highest 

+ frequency "new mode" of H
9 

. The term "new mode" is meant to 

imply that there is no comparable vibrational frequency for either 

+ the nucleating center H
3 

or the three isolated H2 ligands. This 

.-1 
is the e" vibrational frequency at 775 em (DZ+P SCF level of 

theory). 

Figure 7. + Predicted equilibrium geometries of H
9 

at several 

distinct levels of theory. Note that each stationary point geometry 



-30-

+ present here has the three H
3 

nuclei and the three H2 bond midpoints 

lying in a single plane, with the three H
2 

internuclear axes perpen

dicular to this plane. 
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Table I. Theoretical predictions for H2 and H3+ compared with more reliable data. All vibrational 

frequencies are harmonic except for the experimental H3+ frequencies, which are the 

observed (anharmonic) fundamentals. 

H2 ' 
+ 

H3 
0 . -1 0 -1 -1 + r (A) w (em ) r (A) w1 (em ) w2(cm ) De(H -H2) e e e 

kcal 
DZ SCF 0.731 4648 0.850 3730 2902 93.6 

DZ CI 0.747 4362 I 0.861 3606 2813 96.8 

DZ+P SCF 0.733 4657 0.861 3604 2905 103.2 

DZ+P CI 0. 739 4515 0.867 3566 2819 105.9 I 
w 
V1 

Experiment or I 
I 

More Reliable Theory 0.74la 440la (0.873)b (3220) c . 2521 d (106.3)b 

aK. P. Huber and G. Herzberg, Constants of Diatomic Molecules (Van Nostrand Reinhold, New York, 1979). 

b Reference 17. 

cReference 41. 

d 
Reference 40. 



Table II. Total energies (in hartrees) and harmonic vibrational frequencies (in cm-1) for 
+ three conformers of H5 at four levels of theory. 

c2v DZ SCF DZ Cl DZ+P SCF DZ+P CI 

Energy -2.40782 -2.46231 -2.43457 -2.50987 

Normal Modes 

al 4480 4230 4434 4235 

al 3712 3592 3663 3801 

al 2778 2680 2515 1847 
I 
w 

bl 2723 2612 2612 2125 0\ 
I 

b2 719 736 948 1258 

b2 534 516 744 941 

b1 511 542 648 915 

al 442 460 447 506 

a2 104 26i 150 173 

<; 



I 

• e, 

Table II continued. 

02d DZ SCF DZ CI DZ+P SCF DZ+P CI 

Energy -2.40018 -2.45567 -2.43202 -2.50963 

Normal Modes 

al 4211 4010 4173 4083 

b2 4121 3936 4088 4014 

{ 1474 1387 1701 1635 
I e 1474 1387 1701 1635 w 

"---
I 

al 1372 1342 1447 1466 

{ 1051 1014 1037 1039 
e 

1051 1014 1037 1039 

bl 179 100 203 192 

b2 1330i 1283i 976i 523i 



Table II continued. 

02h DZ SCF DZ CI DZ+P SCF DZ+P CI 

Energy -2.39987 -2.45558 -2.43160 -2.50926 

Normal Modes 

a 4226 4026 4190 4101 
g 

b3u 4127 3942 4095 4021 

b2u 1571 1462 1853 1776 
I 

a 1372 1345 1448 1467 w 
'():) g I 

blu 1312 1311 1226 1244 

blg 1186 1083 1430 1357 

b2u 972 946 956 956 

a 179i 80i 203i 187i u 

b3u 1341i 1292i 993 i 560i 

.. 
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Table III. Theoretical predictions for the positive hydrogen cluster H
7
+. Total energies 

are given in hartrees and vibrational frequencies in cm-1 . The corresponding 

geometrical structures are seen in Figure 5. 

DZ SCF DZ CI DZ+P SCF DZ+P CI 

Total Energy -3.53884 -3.61709 -3.57108 -3.67889 

Normal Modes 

a 4508 4274 4491 4380 
1 

bl 4506 4268 4488 4376 

al 3641 3525 3510 3423 

2812 2756 2617 
I 

bl 2727 w 
\0 
I 

al 2662 2560 2604 2356 

a2 765 781 849 971 

b1 617 650 668 812 

b2 547 518 709 757 

a2 498 475 634 678 

b2 460 468 517 607 

bl 409 426 341 297 

a1 403 422 419 498 

al 135 144 151 190 

b2 72 47i 98 81 

a2 60 35i 81 69 
• 



• 

Table IV. Harmonic vibrational frequencies (in cm-1) for the H
9
+ molecular ion. Total 

energies (in hartrees) refer to the equilibrium geometries seen in Figure 7. 

DZ SCF DZ Cl DZ+P SCF DZ+P CI 

Total Energy -4.66930 -4.77069 -4.70694 -4.84678 

Normal Modes 

a' 
1 

4527 4516 

r 4523 4511 

e' 
4523 4511 

a' 
1 

3603 3466 

f 2739 
2717 

e' 
2739 2717 

{ 724 775 
e" 

724 775 

a' 
2 

680 700 

a" 501 636 2 

{ 475 584 
e" 

475 584 

{ 408 373 
e' 

408 373 

a' 
1 333 343 

II 

a2 165 175 

.f" 

I 
~ 
0 
I 

~ 



... 

Table IV continued. 

DZ SCF DZ+P SCF 

Normal Modes 

C09 114 
e' 

109 114 

{ 65 82 
e" 

65 82 

a" 53 63 
1 I 

.p. 

..... 
I 



Table V. Dissociation energies (in kcal/mole) for the removal of molecular hydrogen from 
+ positive hydrogen clusters. This means, for example, that for H

9 
, the binding 

energy referred to is that required to produce infinitely separated H7+ plus H2. 

Preferred experimental dissociation energies are those of Hiraoka and Kebarle, 

reference 16. 

Davidson Corrected Davidson Corrected 
DZ SCF DZ CI DZ CI DZ+P SCF DZ+P CI DZ+P CI Experiment 

+ 
H5 ccz) 3.35 3.64 3.66 4 .. 76 6.76 6.94 9.6 

+ 
H5 CDzd> -1.44 -0.53 -0.43 3,16 6.60 6.85 

I 
~ 
N 

+ 
H5 (D2h) -1.64 -0.58 -0.48 

I 
2.89 6.37 6.62 

+ 
H7 (C2) 2.74 2.95 2.96 3.31 3.45 3.41 4.1 

+ 
H9 (D3h) 2.39 2.59 2.60 2.90 3.26 3.28 3.8 

r ~ 

" 



,. 
~ .. 

Table VI. Zero point vibrational frequencies (in kcal/mole), obtained within the 

harmonic approximation, for H2 and the positive ion clusters H;n+l 

(n = 1,2,3,4). 

DZ SCF DZ CI DZ+P SCF DZ+P CI 

H2 6.64 6.24 6.66 6.45 

H + 
3 

13.63 13.20 13.46 13.16 

+ 
H5 (C2) 22.88 21.97 + 0.04i 23.10 22.59 

+ 
H5 (D2d) 21. 35 + 1. 90i 20.29 + 1.83i 22.00 + 1.40i 21.59 + 0.75i 

+ 
H5 (D2h) 21.11 + 2.17i 20.18 + 1.96i 21.73 + 1. 7li 21.33 + 1. 07i 

+ 
H7 (C2) 31.59 30.36 + 0.12i 31.90 31.61 

+ 
40.33 H9 (D3h) 39.95 -

'-

I 
.p. 
w 
I 
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