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Stabilization of HHeF by Complexation: Is it a Really Viable Strategy?

Maria Giordani,””! Paola Antoniotti,’”’ and Felice Grandinetti*!*!

Abstract: Ab initio calculations at the
MP2 and CCSD(T) levels of theory
have disclosed the conceivable exis-
tence of fluorine-coordinated com-
plexes of HHeF with alkali-metal ions
and molecules M* (M*=Li*-Cs"),
M*-OH,, M*-NH; (M*=Li*, Nat),
and MX (M=Li, Na; X=F, Cl, Br).
All these ligands L induce a shortening
of the H-He distance and a lengthen-
ing of the He—F distance accompanied
by consistent blue- and redshifts, re-

HNgY, but are quantitatively more
pronounced. For example, the blue-
shifts of the H—He stretching mode are
exceptionally large, ranging between
around 750 and 1000 cm™'. The interac-
tions of HHeF with the ligands investi-
gated herein also enhance the (HHe)™*
F~ dipole character and produce large
complexation energies of around 20-
60 kcalmol™!. Most of the HHeF-L
complexes are indeed so stable that the
three-body dissociation of HHeF into

H+He+F, exothermic by around 25-
30 kcalmol™, becomes endothermic.
This effect is, however, accompanied
by a strong decrease in the H-He—F
bending barrier. The complexation en-
ergies, AE, and the bending barriers,
E*, are, in particular, related by the in-
verse relationship  E*(kcalmol ') =
6.9exp[—0.041AE(kcalmol *)]. There-
fore the HHeF—L complexes, which
are definitely stable with respect to
H+He+F+L (AE~25-30 kcalmol ™),

spectively, of the H—He and He—F
stretching modes. These structural ef-
fects are qualitatively similar to those
predicted for other investigated com-
plexes of the noble gas hydrides

Introduction

The chemistry of the noble gases is currently enjoying an
upsurge in interest,!) stimulated by the recent discovery of
unprecedented compounds and bonding motifs.”*! The
noble gas hydrides HNgY (Ng=noble gas atom; Y =elec-
tronegative fragment) constitute, in particular, a important
part of modern noble gas chemistry.” '’ These molecules are
prepared by photodissociation of HY in a cold Ng matrix
and subsequent mobilization of the hydrogen atoms. Species
already observed include HATrF, the only argon com-
pound,™*? nearly 20 HKrY and HXeY species,'”! and the
dinuclear compounds HXeCCXeH!"™ and HXeOXeH.!
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are predicted to have bending barriers
of only 0.5-2 kcalmol™'. Overall, our
calculations cast doubt on the conceiv-
able stabilization of HHeF by complex-
ation.

noble gases -

In 2000, Wong predicted the conceivable existence of
HHeF.!" This species still remains the only candidate for a
covalent compound of the lightest noble gases, and the con-
ditions for its stabilization have therefore been investigated
in considerable detail."7*" All the calculations predict that
HHeF has a very compact structure with short bond lengths
and high harmonic frequencies. The dissociations shown in
reactions (1) and (2) are, however, largely exothermic and
HHeF can therefore exist only as a metastable species. At
the multi-reference configuration interaction level of theory
with triple-zeta basis sets and without the inclusion of zero-
point energies (ZPE), the energy changes of reactions (1)
and (2) are estimated to be —0.721 and —6.831 eV, respec-
tively."” The lifetime of HHeF, first predicted as 120 ps
(14ns for DHeF),"™ was subsequently revised to only
157 £s.'"! This small value essentially reflects the fast occur-
rence of reaction (1), a collinear dissociation process with a
barrier of 0.224 eV (with no ZPE)."") Reaction (2) occurs in-
stead by a bending motion and has a higher activation barri-
er (with no ZPE) of 0.448 eV.'! The intrinsic instability of
HHeF stimulated interest in its conceivable stabilization by
environmental effects. It was thus predicted® that at pres-
sures above 15 GPa a solid helium matrix could completely
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block reactions (1) and (2) and make HHeF indefinitely
stable. The required experiments are however extremely
challenging® and it became of interest to investigate wheth-
er complexation effects could still stabilize HHeF in cold
matrices.?*?") In general, a first requisite for a ligand L to
stabilize HHeF is that the complexation energy of (HHeF)L
is larger than the energy change of reaction (1), namely,
around 25 kcalmol™" (including the ZPE). All the HNgY
species observed to date are in fact theoretically more stable
than H4Ng+ Y.l"% A ligand L can also affect the stability
of HHeF with respect to reaction (2). The only evidence in
this regard is that a single xenon atom slightly decreases the
bending barrier.” In addition, the bending barriers of
HATF complexed to HF?3 and of HXeOH clustered with
water moleculesP®! are lower than the bending barriers of
HATrF and HXeOH.

HHeF — H+ He +F (1)

HHeF — He + HF (2)

The complexes of HHeF with noble gas atoms,***"%
N,,»3 and COP*¥ are hydrogen-bonded structures with
complexation energies of only 1-3 kcalmol™'. It has been
suggested that large xenon clusters or matrices could sup-
press the dissociation of HHeF along the stretching mode,
but this stabilization by bulk effects has not been directly
supported by calculations. In their equilibrium geometries,
the noble gas hydrides HNgY feature a covalent H—Ng
bond and a strong ionic interaction, best described by the
resonance form (H—Ng)*Y~' The charge separation of
HHeF is, in particular, predicted to be as large as around
+0.65¢/—0.65¢,”!) and one expects that electrophilic ligands
L bind to the fluorine atom of HHeF to form HHeF-L com-
plexes. Such fluorine-coordinated structures are, however,
still unreported. In this computational study, we found that
alkali-metal ions and molecules bind to the fluorine atom of
HHeF with complexation energies that range between
around 20 and 60 kcalmol™'. These values are, in general,
large enough to stabilize HHeF with respect to H+He+F.
However, this thermochemical stabilization is invariably ac-
companied by an appreciable lowering of the H—He—F
bending barrier, which is predicted to be between only 0.5
and 3 kcalmol . We discuss herein the properties of our in-
vestigated HHeF-L complexes, the relationships between
their complexation energies and bending barriers, and the
implications of these results for the conceivable stabilization
of HHeF by complexation.

Results and Discussion

Structures and harmonic frequencies: The naked and solvat-
ed alkali-metal ions Mt (M* =Li*-Cs*), M*-OH,, and M™*
-NH; (M*=Li*, Nat), and the alkali-metal halides MX
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(M=Li, Na; X=F, Cl, Br) bind to HHeF to form the fluo-
rine-coordinated complexes shown in Figure 1.5

He F
H
(C..)
0.793 1.413
M+
H 138
H €
(C.)
Li* 0.743 1.630 1.673
Na* 0.744 1.578 2.054
K- 0.748 1.553 2.385
Rb* 0.749 1.552 2.491
Cs* 0.750 1.549 2.637

(Cy)
Lt 0742 1.603 1699  1.897 (1.849) 127.2 (127.3)
Na* 0745 1.563 2081 2281 (2.245) 127.7 (127.7)
F Mt "

(€

Lit 0742 159 1704 2.022 (1.980) 1132 (113.6)
Na* 0.745 1.561 2.084 2.416 (2.378) 113.3 (113.5)
- He F M X
(C..)
LiF 0.746 1.510 1.792 1.627 (1.586)
LiCl 0.745 1.522 1.764 2.086 (2.029)
LiBr 0.744 1.525 1.757 2.252(2.188)
NaF 0.752 1.494 2.167 1.995 (1.954)
NaCl 0751  1.502 2143 2.432 (2.385)
NaBr 0750  1.503 2.139 2.588 (2.538)

Figure 1. MP2(full)/6-311 ++ G(2d,2p)/SDD optimized geometries (bond
lengths in A and angles in °) of the HHeF-L complexes. The parameters
of the free ligands L are given in parentheses.

All these species were characterized as true minima on
the MP2(full)/6-3114++ G(2d,2p)/SDD potential energy sur-
face and their CCSD T1 diagnostics®™ were invariably
within the threshold of 0.02. This suggests that they should
be, in general, well described by single-reference methods.
We reoptimized the geometries of the exemplary HHeF-M*
complexes (M*=Li*-Cs*) at the MP2(full)/def2-TZVPP
level of theory and also recalculated the bond lengths of
HHeF-Li* and HHeF-LiF at the CCSD(T,full)/aug-cc-
pVTZ level of theory. In all cases, we noticed only minor
differences with the MP2(full)/6-311++ G(2d,2p) absolute
values and geometric trends.

The fluorine complexation of HHeF is invariably accom-
panied by a shortening of the H—He distance and a length-
ening of the He—F distance. The H—He distance is short-
ened by around 0.04-0.05 A and is only little affected by the
nature of the ligand L. It is, however, still possible to recog-
nize, for example, the periodic increase of the effect on pass-
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ing from HHeF-Li* to HHeF-Cs*. The lengthening of the
He—F distance is instead more appreciable and, in general,
more pronounced for the cationic rather than the neutral li-
gands. The largest elongations produced by M* (Mt =Lit-
Cs*) range from 0.217 (Lit*) to 0.136 A (Cs*) and decrease
in the periodic order Li* >Na*>K*~Rb* > Cs™. The sol-
vated ions M*-OH, and M*-NH; (M*=Li*, Na') still
lead to an increase in the He—F bond length of HHeF, but
less than with the naked cations. We also note that the
effect is inversely related to the nucleophilicity of the solvat-
ing molecule, namely, MT-NH; < M*-OH,. The optimized
geometries of HHeF-Li*-Nu and HHeF-Na*-Nu (Nu=
H,O, NH;) also indicate that the solvation of HHeF-M*
elongates the F—M bond and that this effect is larger for the
more nucleophilic ligand NH;. The neutral LiX and NaX
(X=F, Cl, Br) lengthens the He—F distance of HHeF by
around 0.1 A and, for any X, the predicted elongations
follow the periodic trend LiX >NaX (X=F, Cl, Br). In addi-
tion, for both LiX and NaX, the effect slightly decreases in
the order Br>Cl>F. We also note that the coordination of
any M*-OH,, M*-NHj, and MX (M=Li, Na; X=F, Cl,
Br) to the fluorine atom in HHeF lengthens the M—O, M—
N, and M—X distances of the free ligands by around 0.04-
0.05 A.

The structural changes in HHeF induced by fluorine com-
plexation are invariably accompanied by consistent shifts of
the harmonic frequencies. The relevant data are reported in
Table 1.

We note, in particular, the exceptionally large blueshift
(increase in the harmonic frequency and decrease in the IR
intensity) of the H—He stretching mode, computed to be be-
tween around 750 and 1000 cm ™', and the still large redshift
(decrease in the harmonic frequency and increase in the IR
intensity) of the He—F stretching mode, computed to be be-
tween around 130 and 370 cm~'. The H-He—F bending
mode is also redshifted by around 140-330 cm™'. The largest

Table 1. MP2(full)/6-311 4+ G(2d,2p)/SDD harmonic frequencies and frequency shifts [cm '] of the HHeF-L

11001

Av(H-He)/cm!

FULL PAPER

and lowest effects are invariably predicted, respectively, for
the lithium cationic complexes HHeF-Li* and HHeF-Li*-
Nu (Nu=H,0, NHj,), and for the sodium neutral complexes
HHeF-NaX (X=F, Cl, Br). Interestingly, the blueshift of
the H—He stretching mode and the redshift of the He—F
stretching mode are nearly linearly related to the shortening
of the H-He distance and to the lengthening of the He—F
distance, respectively. These correlations are shown in Fig-
ures 2 and 3.

L™ 1y om,
10004 " OLi"NH,
Nat "
Na‘OH, -~
//4\ LiBr
900 1 I.(* )/LlF +/ LiC1
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Figure 2. MP2(full)/6-311 ++ G(2d,2p)/SDD  blueshift of the H-He

stretching mode versus shortening of the H-He bond length by fluorine
complexation of HHeF with the specified ligands.

Complexation energies and stabilities: To evaluate the sta-
bilities of the HHeF-L complexes, we calculated the energy
changes, AE, at 0K of the dissociations shown in re-
actions (3a), (3b), and (3c¢).

HHeF-L — HHeF+L  (3a)

HHeF-L - H+He+F—+L

complexes (see Figure 1). IR intensities [kmmol '] are given in parentheses. (3b)
L v(H-He) Av(H-He) v(He—F) Av(He—F) 0(H-He-F)®)  A9(H-He—F)
None 2702 (2952) 1006 (509) 829 (38) HHeF-L — He + HF + L
Lit 3732 (99) +1030 (—2853) 640 (84)  —366 (—425) 503 (148) —326 (110) (3¢)
Li*-OH, 3725 (35) +1023 (=2917) 700 (154) =306 (—=355) 551 (140) —278 (102)

553 (141)L —276 (103) o
Li*t-NH, 3721 (27) +1019 (—2925) 699 (119)  —307 (=390) 555 (145) ~274 (107) For the cationic HHeF-M™*
Na* 3667 (0) 4965 (=2952) 751 (544) =255 (35) 598 (123) —231 (85) M*=Lit-Cs*), we also ex-
Na+—OH2 3641 (11) +939 (—2941) 770 (572) —236 (63) 606 (120)[b] —223 (82) plored ltS Conceivable rupture

607 (118)" —222(80) into HHe™ and MF. The results
Na*-NH, 3635 (15) +933(—2937) 773 (585) —233 (76) 615 (117) —214 (79) . . .
K+ 3588 (59) +886 (—2893) 778 (609)  —228 (100) 642 (110) —187 (72) obtained by single-point calcu-
Rb* 3563 (89) +861 (—2863) 776 (650)  —230 (141) 639 (106) —190 (68) lations at the CCSD(T.full)/6-
Cs* 3537 (147) +835(=2805) 776 (703)  —230 (194) 643 (103) —186 (65) 311+ +G(3df,3pd)/SDD  level
LiF 3585 (183) +883(—2769) 858 (636)  —148 (127) 672 (99) —157 (61) of theory are reported in
LiCl 3628 (117) +926 (—2835) 841 (708)  —165 (199) 648 (101) —181 (63) Table 2
LiBr 3641 (101) +939 (—2851) 836 (727) —170 (218) 642 (102) —187 (64) : . .
NaF 3457 (436) +755 (~2516) 875 (621) —131(112) 682 (88) ~147 (50) The complexation energies,
NaCl 3494 (376) +792 (-2576) 864 (656)  —142 (147) 686 (90) 143 (52) AE(3a), range between 19.8
NaBr 3502 (368) +800 (—2584) 861 (673)  —145 (164) 630 (90) —149 (52) (L=NaF) and 61.6 kcalmol™

[a] Doubly-degenerate bending motion. [b] B; symmetry. [c] B, symmetry.
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Figure 3. MP2(full)/6-311 ++4 G(2d,2p)/SDD redshift of the He—F stretch-
ing mode versus lengthening of the He—F bond by complexation of
HHeF with the specified ligands.

Table 2. CCSD(T.full)/6-311 4+ G(3df,3pd)/SDD//MP2(full)/6-311 + + G-
(2d,2p)/SDD dissociation energies at 0 K for the HHeF-L complexes (refer-
ence species). The values in parentheses do not include the BSSE.

L Dissociation energy [kcalmol ] Exla)
HHeF+L HHe*+MF H+He+F+L He+HF+L [kcalmol™]
None 279(-262) —161.3 6.9 (1304i)
Lit 61.6 (63.6) 584 (59.3) 343 (374)  —977 0.5 (678i)
Li*-OH, 528 (55.4) 255(292)  —105.9 0.8 (729)
Li*-NH, 51.6 (54.1) 243 (279) 1072 0.8 (7381)
Na* 447 (466) 612 (62.5) 173 (204)  —1147 13 (808i)
Na*-OH, 39.7 (41.6) 122(154)  —1197 1.6 (839))
Na*-NH, 389 (40.8) 115 (146)  —1205 1.6 (846i)
K+ 350 (35.9) 67.1(683)  74(97) 1254 1.9 (887i)
Rb* 328 (338) 678 (685)  53(7.6)  —1275 2.2 (396i)
Cs* 301 (31.1) 66.5(67.7)  25(49)  —1302 2.3 (909)
LiF 247 (273) 28(11)  —1340 2.0 (923i)
Licl 285 (3L.1) 10 (49)  -1302 1.8 (8861)
LiBr 293 (31.9) 18(57) 1294 1.7 (8751)
NaF 19.8 (21.6) _78(—46) —139.7 3.0 (993i)
NaCl  22.0 (23.9) _56(=23) 1374 2.6 (972i)
NaBr  22.4 (243) 252(=19) —137.0 2.6 (967i)

[a] Energy barrier at 0 K for the decomposition HHeF-L—He +HF+L. The
single imaginary frequency of the corresponding TS is given in parentheses.

odic trends Lit>Na®>K*>Rb*>Cst and LiX>NaX
(X=F, Cl, Br). In addition, for both LiX and NaX, they reg-
ularly decrease in the order Br> Cl>F. Interestingly, these
variations strictly parallel the trends in the geometric
changes and frequency shifts of HHeF induced by complex-
ation. The regular decrease in the complexation energies of
HHeF with M* (M*=Li*-Cs*) is consistent with the peri-
odic trends of the alkali metal ion affinities of numerous nu-
cleophiles.”™™ It is also established that solvated alkali
metal ions are, in general, weaker Lewis acids than the
naked cations.””***! For example, passing from Li* and
Na™ to Lit-OH, and Na*-OH,, the complexation energies
with water decrease by around 8 and 4 kcalmol™', respec-
tively.® Similarly, passing from Li* and Na* to Li*-NH;
and Na*t-NHj, the complexation energies with ammonia de-
crease by around 5 and 3 kcalmol™', respectively."” Interest-
ingly, we note from Table 2 that on passing from Lit and
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Nat* to Li*-Nu and Na*-Nu (Nu=H,0O, NH;) the complex-
ation energies with HHeF are reduced by around 5-
10 kcalmol™'. On the other hand, the absolute complexation
energies of HHeF are apparently larger than expected from
qualitative arguments. For example, at the CCSD(T) level
of theory with a triple-zeta basis set,*!] the Li* affinity of
HF is 22.2 kcalmol ', significantly lower than the Li* affini-
ties of H,O (33.1 kcalmol™!) and NH; (38.0 kcalmol '). We
obtained in this work similar theoretical values of 24.3, 31.4,
and 36.2 kcalmol™, respectively, which compare favorably
with the experimental Li* affinities of H,O (31.8 kcalmol™)
and NH; (38.0 kcalmol™) at 0 K. Our calculated Na* af-
finities of H,O (21.9 kcalmol™') and NH; (25.0 kcalmol ")
are also in very good agreement with the experimental
values at 0 K of 22.6 and 24.4 kcalmol™!, respectively.’® We
therefore regard the complexation energies listed in Table 2,
in general, to be reasonably accurate and conclude that the
alkali-metal-ion affinities of HHeF are remarkably large and
are nearly twice the alkali-metal-ion affinities of H,O. As
discussed below, the interaction between the alkali-metal li-
gands and HHeF is of ion—dipole or dipole-dipole character.
Taking into account the large dipole character of HHeF,
even enhanced by complexation, it is not actually surprising
that the complexation energies of the HHeF-L complexes
are indeed particularly large.

For any cationic ligand and for the neutral ligands LiBr
and LiCl, the values of AE(3a) are indeed so large that the
dissociation reaction (3b) is endothermic. In contrast, for
the neutral ligands LiF and NaX (X=F, Cl, Br), reac-
tion (3b) is exothermic by 5-8kcalmol™!. All cationic
HHeF-M* (M* =Li*-Cs") species are also far more stable
than HHe* and MF. On the other hand, all the HHeF-L
complexes are largely unstable with respect to the loss of
HF. The values of AE(3c) in fact range between —97.7 (L=
Li™) and —139.7 kcalmol ! (L =NaF). However, similarly to
HHegF, these dissociations are protected by the bent transi-
tion-state structures (TS) shown in Figure 4.

Similarly to the HHeF-L energy minima, the CCSD T1
diagnostics of these species are invariably within the thresh-
old of 0.02. Passing from any minimum to the corresponding
TS, the He—F bond length increases, the F—M bond length
slightly decreases, and the H-He bond length remains es-
sentially unchanged or only slightly decreases. The most im-
portant structural change required to overcome the activa-
tion barrier is, however, the closing of the H-He—F bond
angle, which is invariably reduced by nearly 60°. The He—F—
M bond angle remains instead essentially unchanged at
around 180°. The activation barriers of reaction (3c), E*(3c),
are significantly lower than that of HHeF (Table 2). They
range in fact between 0.5 (L=Li") and 3.0 kcalmol ™ (L=
NaF), whereas the bending barrier of HHeF is predicted to
be 6.9 kcalmol . We noticed in particular that these activa-
tion barriers and the complexation energies of the HHeF-L
complexes, AE(3a), are related by Equation (6) (r*=0.95)

E*(3c) = 6.9exp[—0.041AE(3a)] (4)

Chem. Eur. J. 2010, 16, 6257 - 6264
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He F

(€

H

Lit 0.742 1233 1.728 1.669
Na* 0.744 1209 1.688 2.049
K* 0.740 119.4 1.670 2.377
Rb* 0.740 119.2 1671 2.481
Cs* 0.740 1189 1.669 2.621

Li* 0740 122.7 1.704 1.695 1.900  127.2
Na* 0.740  120.6 1.674 2.074 2.284 127.7

(C)

Lit 0.740 1225 1.701 1.699 2.025 1133
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Figure 5. CCSD(T,full)/6-311 ++ G(3df,3pd)/SDD//MP2(full)/6-311 ++
G(2d,2p)/SDD activation barrier, E*, for the decomposition HHeF-L —
He+HF+L versus the complexation energy, AE, of HHeF with the

specified ligands. In the dark zone, the dissociation HHeF-L—H+He +
F+L is endothermic.

Na* 0740 1205 1672 2078 2042 1133 support or confute the general validity of Equation (4). The
IRC calculations performed to characterize the TSs shown
M in Figure 4 revealed that, for the HHeF-M™* complexes (M™*
=Li*-Cs%), reaction (3c) proceeds through an intermediate
= complex M*-FH, which in turn dissociates with no barrier
e into Mt and HF. Figure 6 shows the exemplary energy dia-
H _,< gram for the decomposition of HHeF-Li*.
LiF 0738 1204 1618 1781 1.632
LiCl 0738 1211 1628  L755 2.093
LiBr 0738 1213 1630 1749 2259 -
NaF 0740 1189 1612 2156 1.999 5
NaCl 0739 1193 1617 2133 2437 £ HCE + Lit .
NaBr 0739 1193 1618 2129 2595 £ 6007615 _,,}%
Figure 4. MP2(full)/6-311 4+ + G(2d,2p)/SDD optimized geometries (bond & \\ //’/ - H+ He + F +Li"
lengths in A and angles in °) of the TS for the decomposition HHeF-L— N //I T 343
He+HF+L. \\ LT
0.0 H-He-F-Li' _-Z--7 1S .
0.0 0.5
\l
‘L
‘\
The single points and the fitting curve are shown in 500 |
. . . -0V A
Figure 5. The most relevant observation is that the HHeF-L !
complexes that reside in the “stability island” of HHeF with '\ He+ HE +Li"
respect to H4+He+F feature low bending barriers of only ‘\ e s LiHE S
: : e+ Li"-HF
0.5-2 kcalmol . These species are therefore predicted to be  -12007 —_—0
hardly observable even in cold matrices. This finding has im-
plications for the proposed stabilization of HHeF by com- reaction coordinate
ple?(atlon. In paI‘thl.llaI', if one assumes that Equation (4) is Figure 6. CCSD(T,full)/6-311 ++ G(3df,3pd)//MP2(full)/6-311 4+ G-
valid for any fluorine-coordinated complex of HHeF, our (2d,2p) energy diagram for the decomposition HHeF-Li*—He+HF +
calculations, in general, cast doubt on the conceivable stabi- Li*.
lization of HHeF by complexation. They show in fact that it
is possible to find ligands that inhibit the three-body dissoci-
ation of HHeF, but that the ensuing HHeF-L complexes are Charge distributions and bonding analysis: The charge dis-
intrinsically unstable with respect to the decomposition in tributions of the HHeF-L complexes and the results of the
reaction (3¢c). It is also known that hydrogen-coordinated atoms-in-molecules (AIM) analysis are reported in Tables 3
complexes such as Ng-HHeF, N,-HHeF, and CO-HHeF are and 4.
too weakly bound to stabilize HHeF with respect to H+ The fluorine complexation of HHeF invariably enhances
He+F> It will certainly be of interest to search for the ion-pair character (HHe)*F~. The charge separation of
novel fluorine-coordinated complexes of HHeF to definitely HHeF, estimated to be +40.69¢/—0.69e, increases up to
Chem. Eur. J. 2010, 16, 62576264 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org — 6261
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Table 3. MP2(full)/6-311 4+ + G(2d,2p)/SDD NBO atomic charges (¢) of the HHeF-L complexes. The values in
the free ligands are given in parentheses.

L q(HHe) q(He) q(F) g(M)F g(X) q(H)

None 0.688 0341 —0.688

Li* 0.931 0321 ~0.917 0.986 (+1)

Li*-OH, 0917 0325 ~0.899 0.966 (0.990) ~1.000 (~1.031) 0.508 (0.521)
Li*-NH, 0915 0.326 ~0.894 0.949 (0.978) “1.131 (- 1.172) 0.387 (0.398)
Na* 0.899 0.329 ~0.893 0.994 (+1)

Na*-OH, 0.888 0331 ~0.880 0.985 (0.996) ~0.989 (~1.007) 0.498 (0.505)
Na*-NH, 0.888 0331 ~0.877 0.972 (0.984) “1.117 (~1.139) 0378 (0.385)
K+ 0.878 0332 ~0.872 0.994 (+1)

Rb* 0.875 0332 ~0.866 0.991 (+1)

Cs* 0.870 0332 ~0.861 0.991 (+1)

LiF 0.857 0.342 ~0.842 0.946 (0.957) ~0.961 (—0.957)

LiCl 0.868 0.340 ~0.846 0.907 (0.927) ~0.929 (—0.927)

LiBr 0.872 0.340 ~0.848 0.895 (0.915) ~0.919 (—0.915)

NaF 0.832 0.342 ~0.825 0.973 (0.978) ~0.980 (—0.978)

NaCl 0.840 0341 ~0.831 0.944 (0.946) ~0.953 (—0.946)

NaBr 0.843 0341 ~0.832 0.938 (0.936) —0.947 (—0.936)

[a] M =alkali metal. [b] X=0O, N, F, Cl, Br.

Table 4. MP2(full)/6-311 4+ G(2d,2p)/SDD AIM analysis of the HHeF-L complexes. The charge density, p
[eA~], and the Laplacian of the charge density, 7’ [¢e A~°] calculated at the bond critical point on the speci-

teraction between HHeF and
the presently investigated li-
gands is confirmed by the re-
sults of the AIM analysis. At
the bond critical point (bcp) of
any F-M bond (see Table 4),
the charge density is low and
the corresponding Laplacian is
positive. The predicted values
of p and ’o range between
around 0.2 and 0.4eA~> and
between around 4 and 12 eA’S,
respectively, and are in general
comparable with the p and °p
values of the essentially purely
ionic MX moieties of the
HHeF-MX complexes (M =Li,
Na; X=F, Cl, Br). As for
HHeF, its complexation with
any ligand L does not alter the
covalent (%0<0) and ionic

fied bond.
' - - — o S o (V% >0) nature of the H-He
L pHHe) vp(HHe) p(HeF) vip(HeF) p(F-M)™ vp(F-M* p(M—X*" vp(M=X)™™ ,1d He—F bonds, respectively.
None 1816  —47.547 0926 14338 We also note that, on passing
Li* 1817  —73333 0456 8.871 0353 11.604 from free to complexed HEHeF
Li*-OH, 1846  —71453  0.496 9.558 0.327 10.481 0.208 5.535 P ’
Li*-NH, 1849  —71.164 0501 9.647 0324 10266 0.204 4290 at the bep of the H-He bond
Na* 1.865 —68.297 0.539 10.165 0.241 6.639 the value of p increases, where-
Na*-OH, 1878  —66.922 0566  10.563 0.226 6.015 0.146 3.446 as at the bep of the He—F bond
+ . .
Na*-NH, 1879  —66.682 0570  10.625 0.224 5.945 0.144 2740 the value of p invariably de-
K+ 1880  —64.995 0588  10.798 0215 4.157 h o
LiF 1932 —63846 0665 12186 0.243 7.233 0.427 14.056 creases. lhese variations are
LiCl 1.926 65237 0639  11.856 0.264 8.048 0.268 5291 consistent with the other struc-
LiBr 1.924 —65.666 0.632 11.754 0.270 8.267 0.224 3.781 tural changes induced in HHeF
NaF 1.923 —60.645 0705 12511 0.177 4.401 0.299 8.361 by complexation, namely, a
NaCl 1.923 —61.540  0.688 12315 0.188 4784 0.205 3.925 shortenine of the H-He dis.
NaBr 1922 61772 0683  12.263 0.190 4.836 0.177 2.955 g

[a] M =alkali metal. [b] M =alkali metal; X=0, N, F, Cl, Br.

+0.93¢/—0.92¢ for HHeF-Li*. In all complexes, this arises
from a charge flux of nearly 0.15-0.20e from the fluorine to
the hydrogen atom, whereas the positive charge on the
helium atom remains unchanged or only slightly decreases.
The increased dipole character of HHeF depends on the
ligand and follows the same periodic trends already noted
for the other ligand-induced structural changes of HHeF,
namely, Lit >Nat >K*>Rb" > Cs*, LiX>NaX (X=F, Cl,
Br), and, for both LiX and NaX, Br>CI>F. On the other
hand, the charge distribution of the ligands is invariably
only little affected by complexation. This suggests that the
HHeF-L complexes are of ion—dipole or dipole—dipole char-
acter, and that the different shifts in charge induced in com-
plexed HHeF essentially reflect the different polarizing abil-
ity of the alkali-metal ions and molecules (e.g., Lit <Na* <
K*<Rb*<Cs*). This is consistent with previous stud-
iesl*** that indicate that the nature of the bonding in gas-
phase complexes of alkali-metal ions is essentially electro-
static (charge—dipole interaction), especially when the bind-
ing site is a first-row atom.”! The ionic character of the in-
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tance and a lengthening of He—
F distance accompanied by con-
sistent blue- and redshifts of
the H-He and He—F stretching modes, respectively.

Comparison with other related complexes: A comparison of
the HHeF-L complexes investigated herein with the already
investigated hydrogen-coordinated complexes of
HHeF?+232] suggests that the fluorine and hydrogen com-
plexation of HHeF induce qualitatively similar structural ef-
fects. All the linear Ng-HHeF,**?"-¥ NN-HHeF,**! and
CO-HHeF™*! gpecies feature in fact a shortening of the
H—He distance, a lengthening of the He—F distance, and a
consistent blue- and redshift, respectively, of the correspond-
ing harmonic frequencies. They are also characterized by an
enhanced dipole character (HHe)*F~ and electrostatic inter-
action energies. However, from a quantitative point of view,
the effects of fluorine complexation are in general more
pronounced than hydrogen complexation. At levels of
theory directly comparable to those employed in this
study,*?"! the linear Ng-HHeF, NN-HHeF, and CO-HHeF
feature complexation energies of only 1-3 kcalmol™!, short-
ening of the H—He distances of between 0.005 and 0.03 A,
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lengthening of the He—F distances of between 0.04 and
0.1 A, and corresponding frequency shifts of between 4220
and +460 cm™', and —70 and —340 cm™', respectively. These
comparisons are of course strongly limited by the very dif-
ferent character of the ligands involved in the presently
comparable hydrogen- and fluorine-coordinated complexes
of HHeF. In any case, it is of interest to note that the fluo-
rine-coordinated complex HATF-HF was predicted®*” to
be more stable than the hydrogen-coordinated HF-HArF
by around 13 kcalmol™, and that the complexation energy
of HArF-HF was as large as around 18 kcalmol . In addi-
tion, for the fluorine-coordinated structure, the H—Ar dis-
tance is reduced with respect to HArF by 0.04 A, the Ar—F
distance is increased by 0.12 A, and the corresponding har-
monic frequencies are blue- and redshifted, respectively, by
around 400 and 60 cm~'. For the hydrogen-coordinated
structure, these structural changes were invariably signifi-
cantly less pronounced. Quite recently, the larger stability of
the halogen-coordinated complexes of HNgY (Y =halogen
atom) was confirmed by experiment. HKrCIl-HCL™!
HXeCl-HCL* and HXeBr-HBr*! were in fact observed in
cold matrices together with their corresponding hydrogen-
coordinated structures HX-HNgY. Based also on theoretical
calculations, the halogen-coordinated structures were char-
acterized by particularly large blueshifts of the H-Ng bonds.
The blueshift of around 300 cm™ of the H—Kr stretching
mode of HKrCI-HCI* is, in particular, probably the largest
blueshift experimentally observed for a 1:1 molecular com-
plex of the noble gas hydrides. Interestingly, the halogen-co-
ordinated complexes are invariably more stable than the hy-
drogen-coordinated isomers. In addition, the structural
changes induced in HNgY by halogen complexation (short-
ening of the H-Ng distance, lengthening of the Ng-F—dis-
tance, and blue- and redshifts, respectively, of the corre-
sponding harmonic frequencies), are qualitatively similar
but quantitatively more pronounced than hydrogen com-
plexation.

As a final note, the blueshift of the hydrogen-coordinated
complexes of the noble gas hydrides HNgY was initially re-
garded as somewhat unusual.*! A hydrogen bond A--H-B
is in fact normally accompanied by elongation of the H—B
bond and a redshift of its stretching frequency. Numerous
subsequent experiments and calculations confirmed, howev-
er, that, apart from a few exceptions,”ﬂ the contraction of
the H-Ng bond and the blueshift of the corresponding fre-
quency must be viewed as a normal effect for both hydro-
gen- and Y-cooordinated complexes of HNgY.*”! We con-
firm here this effect for the fluorine-coordinated complexes
of HHeF.

Conclusion
Searching for helium compounds still remains a fascinating
challenge. Although theory has so far predicted the conceiv-

able existence of numerous cationic and dicationic covalent
species,® the HHeF molecule is to date the only theoretical
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candidate for a neutral covalent helium compound. This spe-
cies is intrinsically unstable, but could become indefinitely
stable in solid helium at the highest pressures. To avoid such
extreme conditions, it has been suggested that HHeF could
be stabilized in cold matrices by complexation effects. In
general, any (HHeF)L complex must be first thermochemi-
cally stable with respect to H+He+F+L. This requires
large complexation energies of around 25 kcalmol . In this
study, we found that alkali-metal ions and molecules can
indeed stabilize HHeF with respect to the three-body disso-
ciation. This favorable thermochemical effect is, however,
invariably accompanied by a strong decrease in the H-He—
F bending barrier, which amounts to only 0.5-2 kcalmol™".
Opverall, our calculations cast doubt on the possible stabiliza-
tion of HHeF by complexation. In any case, they disclose
the first examples of fluorine-coordinated complexes of
HHeF and encourage us to investigate the still little ex-
plored interaction of the noble gas hydrides HNgY with
strongly electrophilic (especially cationic) species.

Computational Details

The calculations were performed with the Gaussian 03 program!®! by
using the standard internal 6-311+4G(2d,2p) and 6-311++ G(3df,3pd)
basis sets for hydrogen, helium, lithium, sodium, potassium, nitrogen,
oxygen, fluorine, chlorine, and bromine. The small-core relativistic Stutt-
gart/Dresden (SDD) effective core potentials (ECPs) and the valence
basis sets designed for these ECPs were used for rubidium and
cesium.F**!] The combinations of these basis sets are denoted here as 6-
3114++G(2d,2p)/SDD and 6-311++G(3df,3pd)/SDD, respectively. The
geometries and harmonic frequencies of the HHeF-L complexes, of their
fragments, and of the transition-state structures (TS) for their decomposi-
tion into He + HF +L were optimized at the second-order Mgller-Plesset
level of theory™ (full electrons) by using the 6-31144G(2d,2p)/SDD
basis set. We also optimized the geometries of the HHeF-M* energy
minima (M*=Li*-Cs*) at the MP2(full) level of theory with the def2-
TZVPP basis set.”** Any TS located with the MP2(full)/6-311 4+ G-
(3df,3pd)/SDD level of theory was unambiguously related to its intercon-
nected energy minima by intrinsic reaction coordinate (IRC) calcula-
tions.”! The total energies were subsequently refined by single-point cal-
culations at the coupled cluster level of theory, CCSD(T), (full elec-
trons) performed with the 6-311+4+G(3df3pd)/SDD basis set. The
atomic charges were computed by natural bond orbital (NBO) analysis"®”
of the MP2(full)/6-311++ G(2d,2p)/SDD wave function. The effect of
the basis set superposition error (BSSE) on the dissociation energies was
estimated by MP2(full)/6-311 ++ G(3df,3pd)/SDD//MP2(full)/6-311 + +
G(2d,2p)/SDD single-point calculations using the counterpoise method
of Boys and Bernardi.”® Zero-point energies were included in all calcula-
tions using the MP2(full)/6-311 4+ G(2d,2p)/SDD harmonic frequencies.
Chemical bonding analysis was based on the theory of atoms-in-mole-
cules (AIM) approach,™ as implemented in AIM2000.°! We calculated
in particular the MP2(full)/6-311 + + G(2d,2p)/SDD charge density p and
the Laplacian of the charge density /%o at the bond critical points (bcp),
intended as points on the attractor interaction lines where s7p=0 (for a
discussion about bond paths and chemical bonds see refs. [61-66]).
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