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Abstract: Isotope effects are important in the making and
breaking of chemical bonds in chemical reactivity. Here we
report on a new discovery, that isotopic substitution can
fundamentally alter the nature of chemical bonding. This is
established by systematic, rigorous quantum chemistry calcu-
lations of the isotopomers BrLBr, where L is an isotope of
hydrogen. All the heavier isotopomers of BrHBr, BrDBr,
BrTBr, and Br4HBr, the latter indicating the muonic He atom,
the heaviest isotope of H, can only be stabilized as van der
Waals bound states. In contrast, the lightest isotopomer,
BrMuBr, with Mu the muonium atom, alone exhibits vibra-
tional bonding, in accord with its possible observation in
a recent experiment on the Mu + Br2 reaction. Accordingly,
BrMuBr is stabilized at the saddle point of the potential energy
surface due to a net decrease in vibrational zero point energy
that overcompensates the increase in potential energy.

Since the discovery of deuterium,[1] isotopic substitution and
its effect on molecular properties and reaction dynamics has
played an important role in chemistry.[2, 3] However, deute-
rium is only twice as heavy as hydrogen, and though tritium is
three times as heavy, it has seen only limited use since it is
dangerously radioactive. Hence it has fallen to muon sci-
ence[4–6] to broaden the H-atom isotopic mass scale, from

muonium (Mu = m+e�), with a mass of 0.114 u,[4,5] to muonic
helium (4H = [4He++m�] + e�), with a mass of 4.116 u.[7–9] Here
we establish a new quantum isotope effect in which the
substitution of Mu for H in the BrHBr radical can funda-
mentally change the nature of chemical bonding.

Conventionally, the formation of chemical bonds is due to
a decrease in potential energy (PE), often accompanied by
small increases in vibrational zero point energy (ZPE). In
principle, this basic mechanism can be completely reversed,
wherein chemical bonds may even be formed by an increase
in PE if there is a sufficiently compensating decrease in
vibrational ZPE, giving rise to what has been coined “vibra-
tional bonding” of molecules stabilized at saddle-point
barriers on a potential energy surface (PES), far away from
potential minima. Though this purely quantum mechanical
phenomenon is well known,[10–18] the stabilization of vibra-
tionally bound states has heretofore not been convincingly
demonstrated.[19] This communication presents the first clear
evidence for their existence, established through high-level
quantum calculations of the eigenstates of the products
BrLBr formed by isotopic substitution in the Br + LBr
reaction over the remarkable range of a factor of 36 in H-
atom (L) isotopic mass, from 4H, T, D, H, to Mu.

Both BrHBr and BrDBr have been detected by photo-
detachment electron spectroscopy of their anionic precur-
sors;[20–22] they have also been isolated in Ne and para-H2

matrices.[23,24] Recent experimental evidence suggests that the
BrMuBr radical may be formed as a product of the Mu + Br2

reaction,[25] in accord with earlier theory.[26] Van der Waals
(vdW) bonded eigenstates of BrHBr with bent and slightly
more stable linear (hydrogen-bonded) geometries have also
been calculated on a PES that includes spin–orbit coupling
(SOC), determined in the vicinity of these vdW potential
minima (though not at the potential barrier).[27] The exper-
imental photodetachment studies clearly demonstrate that
the BrHBr and BrDBr radicals are not vibrationally
bound.[20–22] An earlier claim[16] of vibrational bonding in
BrHBr is thus incorrect, due to potential barriers assumed in
the semiempirical PESs used then that were too low,
compared to later quantum chemical calculations,[26] also
shown herein.

The essence of the quantum mechanical mechanism of
vibrational bonding was formulated in a series of papers on
the IHI system,[10,12, 14–18] also treated semiclassically.[11, 13]

Symmetric heavy–light–heavy XLX radicals, with an H
atom isotope (L) between two heavy halogens (X), are
expected to be ideal candidates for vibrational bonding, if the
barrier on the PES is not too high. In contrast to conventional
bonding, the effect of ZPE increases with the mass ratio
mX/mL

[16, 17] in the case of vibrational bonding. Consequently,
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though not viable for BrHBr[20, 22] and BrDBr[20] (or for BrTBr,
Br4HBr), vibrational bonding could be stabilizing in
BrMuBr,[25, 26] providing motivation for the present study.
Establishing this, though, demands accurate calculations and
interpretation of the eigenstates of BrLBr, an open-shell
system. For this purpose we have calculated a new global
three-dimensional (3D) (Born–Oppenheimer) PES at the
MRCI + Q/AVTZ level of quantum chemistry, well beyond
the semiempirical PESs used in the earlier studies[10–19, 21] and
also beyond that utilized in Ref. [26], though also without
SOC.

This global surface is illustrated in Figure 1 by three
characteristic equipotential contour diagrams (ECDs) and by
a schematic 1D potential energy profile (the red curve). There
are two different types of vdW minima corresponding to bent
(red “ � ”) and linear (red “ + ”) structures, separated by the
potential barrier at the transition state (TS, red “�”), which
has a linear BrLBr structure.

The properties of these stationary points are given in
Table 1 (see also Figures 2, 3, and 4). Comparisons with the
results for the vdW minima from the calculations of Toboła
et al. ,[27] restricted to regions of the surface in the domains of
these minima, only, are also given. Though their geometries
and energies are obtained at an even higher level of quantum
chemistry than the present results, the level of agreement seen
in Table 1 affirms the high quality of the present global PES,
which is the most accurate yet reported in the barrier region.

The wavefunctions and energies of the ground states of all
isotopomers of BrLBr are evaluated on this new global PES
using the method of Ref. [28] (for details see the Computa-
tional Section). The resulting quantum mechanical probabil-
ity densities (corresponding to the squares of the wave-
functions) and their total energies (PE plus ZPE) are
illustrated in Figure 2 for the lightest isotopomer, BrMuBr,
and in Figure 3 for the heavier ones, exemplified by
BrDBr (a) and BrHBr (b). In these latter cases the 3D

Figure 1. Potential energy surface (PES) of the isotopomers BrLBr with
L = Mu, H, D, T, or 4H. The three-dimensional (3D) global PES is
exemplified by three 2D equipotential contour diagrams (ECDs)
reminiscent of a “figure eight” (right). The corresponding distances
R(Br–Br) between the Br nuclei are fixed at the values 6.16, 6.46, and
7.89 a0 for the potential barrier (red �) and for two types of van der
Waals minima (red � and +). The blue arrows indicate the construc-
tion of the potential energy profile along the schematic reaction
coordinate.

Table 1: Comparisons of selected properties for the stationary points of
the potential energy surface for BrHBr and its isotopomers.

Property RHBr [a0] RBrBr [a0] q [8][a] Energy [eV][b]

Linear vdW minimum C1v

MRCI + Q/AVTZ[c] 2.69 7.98 180.0 �0.053
RCCDD(T)/AVQZ[d] 2.67 8.01 180.0 �0.055

Bent vdW minimum Cs

MRCI + Q/AVTZ[c] 2.69 6.46 73.4 �0.059
RCCDD(T)/AVQZ[d] 2.67 6.92 78.7 �0.042

Transition state D1h

MRCI + Q/AVTZ[c] 3.08 6.16 180.0 0.286

[a] Br-H-Br angle. [b] Energy measured from the asymptotic Br + HBr
potential minimum. [c] Present work. [d] From Ref. [27].

Figure 2. Vibrational bonding of the lightest isotopomer, BrMuBr. The
bottom panel shows a 2D equipotential contour diagram (ECD) of the
PES, with symbols as in Figure 1, together with the quantum mechan-
ical structures of linear BrMuBr. The heavy Br nuclei are localized in
the domains of the small brown spheres close to the twin centers of
the “figure-eight” ECD. The 3D probability distribution of the central
Mu atom is illustrated by purple equidensity contour (for the value
that corresponds to 66% of the maximum density) and appears as
a purple double cone centered at the potential barrier (red �). This is
also illustrated by the purple line for the probability density shown
above the schematic 1D energy profile, adapted from Figure 1.
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quantum mechanical probability densities of the light atom
(L) nuclei are trapped close to the vdW minima, with equal
probabilities for sitting near one Br nucleus or the other.
Accordingly, all the heavy isotopomers BrHBr, BrDBr,
BrTBr, and Br4HBr may be stabilized with two different
vdW structures centered at the linear and bent vdW potential
minima, only.

In contrast, linear BrMuBr is stabilized at the TS. The
change from vdW bonding (Figure 3) to vibrational bonding
(Figure 2) by isotopic substitution is the central result of this
communication. The broad flat region in the domain of the
saddle point has the effect of lowering the ZPE of the lightest
isotopomer, BrMuBr, such that it is “trapped” in a vibration-
ally bound state, with a double-cone-type density distribution
of the Mu atom centered at the TS, halfway between the two
Br atoms (Figure 2).

In addition to the entirely different structures and local-
izations of vibrationally bonded BrMuBr at the TS versus the
vdW-bonded heavy isotopomers of BrLBr in potential wells,
Figures 2 and 3 also indicate entirely different mechanisms
and energetics for the chemical bonding involved. Consider
first the stabilization energy of the bent vdW structure
exemplified by BrHBr in Figure 3b, 0.051 eV (= 0.163–
0.112 eV). This is mainly due to the traditional gain of
potential energy (0.059 eV) resulting from bond formation, at
the expense of a small loss of ZPE (�0.008 eV); thus 0.051 eV
also equals 0.059–0.008 eV.

Next consider the linear vdW-bonded structure exempli-
fied by BrDBr in Figure 3a. Again the stabilization energy of
0.044 eV (= 0.117–0.073 eV) is driven by the gain in potential
energy due to bond formation (0.053 eV), at the expense of
a small amount of ZPE (�0.009 eV), leading to a similar

result, 0.044 eV (= 0.053–0.009 eV). For the two vdW-bonded
BrTBr and Br4HBr radicals, almost the same values and
sharing of stabilization energies are obtained (see Figure 4).

In contrast, the energy balance for vibrationally bonded
BrMuBr is entirely different (Figure 2). Here though the
stabilization energy 0.056 eV (= 0.481–0.425 eV) consists of
the dominant gain of ZPE (=+ 0.342 eV) at the expense of
potential energy (�0.286 eV). This complete reversal of the

Figure 3. Van der Waals bonding with linear (a) and bent (b) structures of the heavy isotopomers BrLBr with L = H, D, T, 4H. Notations analogous
to those in Figures 1 and 2. The 3D quantum mechanical probability densities of the nuclei of the L atoms are trapped close to the vdW minima
of the PES, with equal probabilities for sitting near one Br nucleus or the other one. The cylindrical symmetry of the molecular structures implies
that the probability densities of L for the bent molecules (b) appear as two equivalent tori circulating about one or the other Br nuclei (lower
panel). All heavy isotopomers BrLBr exist as linear (a) or bent (b) vdW structures. Here they are exemplified by BrDBr (a) and BrHBr (b).

Figure 4. Van der Waals bonding of Br4HBr, BrTBr, BrDBr, and BrHBr
vs. vibrational bonding of BrMuBr. Each of the 4 + 1 panels shows the
values of the potential energy (PE) VR and VP as well as the ground
state energies ER and EP for the reactants (R) LBr+ Br and for the
products (P) BrLBr, adapted from Figures 2 and 3. The continuous red
and dashed purple lines guide the eye from R to P. The gray-shaded
gaps between these lines illustrate the variations in vibrational zero
point energies (ZPEs), from R to P. The vdW bonding of the heavy
isotopomers is due to the decrease in PE (first four panels). In
contrast, vibrational bonding of BrMuBr results from the decrease of
ZPE at the saddle point which overcompensates for the increase in PE
(last panel).
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roles of PE and ZPE means an unprecedented switch in the
mechanism of chemical bonding due to isotopic substitution,
as succinctly summarized in Figure 4. The principal result of
this communication can be seen by comparing the last two
panels in this figure. While the potential energy decreases
from reactants (VR) to products (VP) for BrHBr upon the
formation of a vdW-bound state (and for all heavier
isotopomers), for BrMuBr it dramatically increases at the
saddle point, but still there is a net gain in stabilization energy
of 0.056 eV, arising from the ZPE difference between
reactants and products.

The novel message of this communication is that isotopic
substitution can change the nature of chemical bonding in
a profound manner, from vdW bonding to vibrational
bonding. This discovery means entirely different structures
and symmetries and, most importantly, energetics and mech-
anisms of chemical bonding for different isotopomers of the
heavy–light–heavy system discussed here. This conclusion is
supported by a mosaic of complementary experimental
results.[20–25] It should also help to stimulate searches for
similar phenomena in other systems, including in similarly
weakly bound vdW or hydrogen bonded molecules.

Computational Section
The ab initio potential energy surface for the ground-state
BrHBr molecular system has been calculated at a multirefer-
ence configuration interaction electronic structure level, with
the augmented correlation consistent with a triple-zeta (aug-
cc-pVTZ) basis set (MRCI + Q/AVTZ level of quantum
chemistry), using the MOLPRO program code,[29] though
without spin–orbit coupling. Comparisons with earlier more
accurate quantum calculations in the region of van der Waals
bound states for the HBr2 system that do include spin–orbit
coupling[27] show that its exclusion here is of only minor
consequence in determining the binding energy of the
BrMuBr vibrationally bonded state, which is the central
result of this communication. Likewise, the results are robust
with respect to non-Born–Oppenheimer corrections; for
example, the finite difference approximation of the diagonal
term yields a barrier reduction that supports vibrational
bonding of BrMuBr even further, albeit by only 0.01 eV. We
performed the above electronic structure calculations over
8000 geometries and a three-dimensional cubic spline inter-
polation was finally employed to yield a global potential
energy surface (PES) for the system. Using this new global
PES the resulting wavefunctions and energies of the ground
states for all the isotopomers of the heavy–light–heavy
molecule BrLBr, where L is an H atom isotope that varies
from its lightest (muonium) to heaviest (muonic He[7, 8]), are
evaluated, using the method of Ref. [28]. For this purpose we
have used the cylindrical coordinates (R,1,z), as in the
quantum calculations of Ref. [21], where R is the Br–Br
internuclear distance, with 1 and z representing the position
of the central hydrogen atom or isotope in these coordinates.
We performed three-dimensional evaluations of the wave
functions using a discrete variable representation (DVR)
method. For the R and z coordinates, standard particle-in-box
basis sets were used while the radial portion of a two-

dimensional harmonic oscillator was used for the 1 coordi-
nate.

Received: August 13, 2014
Published online: October 10, 2014

.Keywords: BrHBr · isotope effects · muonium chemistry ·
van der Waals bonding · vibrational bonding

[1] H. C. Urey, F. G. Brickwedde, G. M. Murphy, Phys. Rev. 1932, 39,
164 – 165.

[2] J. A. Kaye, Isotope Effects in Chemical Reactions and Photo-
dissociation Processes, ACS Symposium Series 502, American
Chemical Society, Washington D.C., 1992.

[3] A. Kohen, H.-H. Limbach, Isotope Effects in Chemistry and
Biology, CRC, Boca Raton, 2006.

[4] S. Baer, D. Fleming, D. Arseneau, M. Senba, A. Gonzalez in
Isotope Effects in Chemical Reactions and Photodissociation
Processes, ACS Symposium Series 502, American Chemical
Society, Washington D.C., 1992 S. 111 – 137.

[5] D. G. Fleming, M. Senba, Perspectives in Meson Science, North
Holland, Amsterdam, 1992, pp. 219 – 260.

[6] E. Roduner, Appl. Magn. Reson. 1997, 13, 1 – 14.
[7] D. G. Fleming, D. J. Arseneau, O. Sukhorukov, J. H. Brewer,

S. L. Mielke, G. C. Schatz, B. C. Garrett, K. A. Peterson, D. G.
Truhlar, Science 2011, 331, 448 – 450.

[8] D. G. Fleming, D. J. Arseneau, O. Sukhorukov, J. H. Brewer,
S. L. Mielke, D. G. Truhlar, G. C. Schatz, B. C. Garrett, K. A.
Peterson, J. Chem. Phys. 2011, 135, 184310 – 184318.

[9] P. G. Jambrina, E. Garc�a, V. J. Herrero, V. S�ez-R�banos, F. J.
Aoiz, J. Chem. Phys. 2011, 135, 034310 – 16.

[10] J. Manz, R. Meyer, E. Pollak, J. Rçmelt, Chem. Phys. Lett. 1982,
93, 184 – 187.

[11] E. Pollak in Jerusalem Symposium on Quantum Chemistry and
Biochemistry: Intramolecular Dynamics, (Eds.: B. Pullman, J.
Jortner), Reidel, Dordrecht, 1982, pp. 1 – 16.

[12] D. C. Clary, J. N. L. Connor, Chem. Phys. Lett. 1983, 94, 81 – 84.
[13] E. Pollak, Chem. Phys. Lett. 1983, 94, 85 – 89.
[14] J. Manz, R. Meyer, J. Rçmelt, Chem. Phys. Lett. 1983, 96, 607 –

612.
[15] J. Manz, R. Meyer, E. Pollak, J. Rçmelt, H. H. R. Schor, Chem.

Phys. 1984, 83, 333 – 343.
[16] D. C. Clary, J. N. L. Connor, J. Phys. Chem. 1984, 88, 2758 – 2764.
[17] J. Manz, R. Meyer, H. H. R. Schor, J. Chem. Phys. 1984, 80,

1562 – 1568.
[18] C. Kubach, G. Nguyen Vien, M. Richard-Viard, J. Chem. Phys.

1991, 94, 1929 – 1938.
[19] G. C. Schatz, J. Phys. Chem. 1990, 94, 6157 – 6164.
[20] R. B. Metz, A. Weaver, S. E. Bradforth, T. N. Kitsopoulos, D. M.

Neumark, J. Phys. Chem. 1990, 94, 1377 – 1388.
[21] R. B. Metz, D. M. Neumark, J. Chem. Phys. 1992, 97, 962 – 977.
[22] H. G�mez, G. Meloni, J. Madrid, D. M. Neumark, J. Chem. Phys.

2003, 119, 872 – 879.
[23] M. Lorenz, D. Kraus, M. R�s�nen, V. E. Bondybey, J. Chem.

Phys. 2000, 112, 3803 – 3810.
[24] S. C. Kettwich, L. F. Pinelo, D. T. Anderson, Phys. Chem. Chem.

Phys. 2008, 10, 5564 – 5573.
[25] D. G. Fleming, S. P. Cottrell, I. McKenzie, R. M. Macrae, Phys.

Chem. Chem. Phys. 2012, 14, 10953 – 10966.
[26] T. Takayanagi, Chem. Phys. 2007, 334, 109 – 116.
[27] R. Toboła, G. Chałasiński, J. Kłos, M. M. Szczęśniak, J. Chem.

Phys. 2009, 130, 184304 – 184308.
[28] J. H. Frederick, E. J. Heller, J. Chem. Phys. 1987, 87, 6592 – 6608.
[29] H. J. Werner, et al., MOLPRO package of ab initio programs,

version 2010.1: http://www.molpro.net.

Angewandte
Chemie

13709Angew. Chem. Int. Ed. 2014, 53, 13706 –13709 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1103/PhysRev.39.164
http://dx.doi.org/10.1103/PhysRev.39.164
http://dx.doi.org/10.1007/BF03161967
http://dx.doi.org/10.1126/science.1199421
http://dx.doi.org/10.1063/1.3657440
http://dx.doi.org/10.1063/1.3611400
http://dx.doi.org/10.1016/0009-2614(82)83689-0
http://dx.doi.org/10.1016/0009-2614(82)83689-0
http://dx.doi.org/10.1016/0009-2614(83)87215-7
http://dx.doi.org/10.1016/0009-2614(83)87216-9
http://dx.doi.org/10.1016/0009-2614(83)80058-X
http://dx.doi.org/10.1016/0009-2614(83)80058-X
http://dx.doi.org/10.1016/0301-0104(84)85009-0
http://dx.doi.org/10.1016/0301-0104(84)85009-0
http://dx.doi.org/10.1021/j150657a018
http://dx.doi.org/10.1063/1.446852
http://dx.doi.org/10.1063/1.446852
http://dx.doi.org/10.1063/1.459914
http://dx.doi.org/10.1063/1.459914
http://dx.doi.org/10.1021/j100379a005
http://dx.doi.org/10.1021/j100367a034
http://dx.doi.org/10.1063/1.463199
http://dx.doi.org/10.1063/1.480941
http://dx.doi.org/10.1063/1.480941
http://dx.doi.org/10.1039/b806276e
http://dx.doi.org/10.1039/b806276e
http://dx.doi.org/10.1039/c2cp41366c
http://dx.doi.org/10.1039/c2cp41366c
http://dx.doi.org/10.1016/j.chemphys.2007.02.017
http://dx.doi.org/10.1063/1.453444
http://www.angewandte.org

