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’ INTRODUCTION AND BACKGROUND

Free radicals are reactive chemical species with unpaired
electrons that are of long-standing interest, having largely
fostered the development of electron paramagnetic resonance
(EPR) spectroscopy over decades as a powerful tool for the study
and characterization of these spin-polarized systems. An important
aspect in this development has been the study of D-atom isotopic
effects. However, since H and D atoms differ by only a factor of 2
in mass, their EPR isotopic effects are relatively minor. With the
development of nuclear science techniques, the muonium atom
(Mu = μþe-) with a positive muon (μþ) for the nucleus, a radio-
active and almost 100% spin-polarized elementary particle, has
emerged as a remarkably light H-atom isotope (mMu = 0.113 amu).
Themuon spin resonance (μSR) technique,1,2 an EPR analogue for
characterizing Mu-containing species, has been widely employed to
study isotopic effects in a number of chemical systems, including
both Mu formation and reaction rates,3-5 and of particular interest
here, muoniated free radicals.1

A central measurement in free radical studies, either by EPR or
by μSR, is the isotropic hyperfine coupling constant (HFCC)
that arises from the interaction between unpaired electrons and
nuclear spins, and which provides valuable electronic structural
information about the free radical under study. In the past decade

alone, the HFCCs of various muoniated radicals have been
obtained and often characterized with the aid of theory in a wide
variety of host media and molecular environments.6-13 The
present paper focuses on calculations of HFCCs for muoniated
butyl radicals at 0 K, in part to help explain the experimental data
discussed in the paper that follows, hereafter referred to as paper
II.14 To our knowledge, there have been no previous detailed and
systematic ab initio calculations of the HFCCs of butyl radicals
beyond the early INDO results of Krusic et al.15 and the later
UHF study of Carmichael for the tert-butyl radical16,17 and of
Overill,18 also for tert-butyl, only. The only reference to previous
calculations of muon HFCCs in butyl radicals appears to also be
from the early work of Carmichael for the muoniated tert-butyl
radical,17 thoughmainly focused on the trend for the temperature
dependence of these HFCCs.

The HFCC is proportional to the electron spin density at the
nucleus of interest. At first glance, it might seem that any
theoretical method that can be used to calculate the electron
spin density should be amenable to the calculation of HFCCs.
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ABSTRACT: The hyperfine coupling constants (HFCCs) of all the butyl
radicals that can be produced by muonium (Mu) addition to butene isomers
(1- and 2-butene and isobutene) have been calculated, to compare with the
experimental results for the muon and proton HFFCs for these radicals
reported in paper II (Fleming, D. G.; et al. J. Phys. Chem. A 2011, 10.1021/
jp109676b) that follows. The equilibrium geometries and HFCCs of these
muoniated butyl radicals as well as their unsubstituted isotopomers were
treated at both the spin-unrestricted MP2/EPR-III and B3LYP/EPR-III levels
of theory. Comparisons with calculations carried out for the EPR-II basis set have also beenmade. All calculations were carried out in
vacuo at 0 K only. A C-Mu bond elongation scheme that lengthens the equilibrium C-H bond by a factor of 1.076, on the basis of
recent quantum calculations of the muon HFCCs of the ethyl radical, has been exploited to determine the vibrationally corrected
muon HFCCs. The sensitivity of the results to small variations around this scale factor was also investigated. The computational
methodology employed was “benchmarked” in comparisons with the ethyl radical, both with higher level calculations and with
experiment. For the β-HFCCs of interest, compared to B3LYP, theMP2 calculations agree better with higher level theories and with
experiment in the case of the eclipsed C-Mu bond and are generally deemed to be more reliable in predicting the equilibrium
conformations andmuonHFCCs near 0 K, in the absence of environmental effects. In some cases though, the experimental results in
paper II demonstrate that environmental effects enhance themuonHFCC in the solid phase, where much better agreement with the
experimental muon HFCCs near 0 K is found from B3LYP than from MP2. This seemingly better level of agreement is probably
fortuitous, due to error cancellations in the DFT calculations, which appear to mimic these environmental effects. For the staggered
proton HFCCs of the butyl radicals exhibiting no environmental effect in paper II, the best agreement with experiment is
consistently found from the B3LYP calculations, in agreement also with benchmark calculations carried out for the ethyl radical.
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However, these methods can often fail dramatically in calculating
HFCCs because most are designed to give a good description
of valence-shell electron interactions so that other molecular
properties, such as bond lengths and atomization energies, can be
satisfactorily predicted.

An early attempt to predict HFCCs by ab initio methods can
be found in Meyer’s 1969 Hartree-Fock (HF) calculations.19

However, due to its lack of electron correlation, the HF method
was found unsuitable to yield quantitative results for HFCCs.
Even though several post-HF methods that were subsequently
developed, such as configuration interaction theory (CI),20 the
multiconfiguration self-consistent-field (MCSCF) method21 and
coupled cluster (CC) theory,22,23 were able to include electron
correlation effects, these post-HF methods are usually too
demanding on computational resources for routine use in HFCC
calculations, even for medium size molecules. Typically, second-
order Møller-Plesset perturbation theory (MP2) can recover
more than 80% of electron dynamic correlation effects and has
been successful at reproducing experimental HFCCs at accep-
table computational cost.24,25 Accordingly, we have employed
MP2 here.

An alternative method to obtain HFCCs is to use density
functional theory (DFT), which has become popular in the past
decade for its speed and accuracy. This is particularly true for
proton HFCC calculations, confirmed by a recent regression
analysis that indeed showed DFT to be a promising tool.26

Nevertheless, the use of approximate exchange-correlation func-
tionals limits the broad utility of the DFT method in the calculation
of HFCCs, because the good agreement often found between DFT
calculations and experimental results can stem from error cancella-
tions.27 Several examples of this artifact can be found, for example, in
the calculations of HFCCs for some metal complexes, regardless of
the form of the density functionals employed.28 This appears to be
the case as well for some specific muoniated butyl radicals, depend-
ing on environment, as discussed below.

Besides the form of the Hamiltonian adopted in theoretical
investigations, the quality of the basis set in a HFCC calculation
also plays an important role.18,20,29,30 To obtain accurate electron
(and spin) density near a nucleus of interest,31,32 basis sets, such
as EPR-II and EPR-III, which were specially tailored for EPR
studies, are always much preferred.33

Moreover, it is essential to have good geometric parameters to
calculate HFCCs, because the electron density at each nucleus is
very sensitive to molecular structural changes.31,32 Although
some theoretical studies have shown that HFCCs of small rigid
molecules are often not very sensitive to different computational
methods and basis sets employed,26 that is not the case in the
present study. The muoniated adducts formed from muonium
addition to butene isomers are complicated geometrically due to the
flexible aliphatic chains of the resultant radical isomers, especially
those formed from 1-butene. In such cases, theoretical methods
must be carefully selected to meet geometric requirements.

Early studies showed that MP2 could be unsatisfactory in
calculating the formation processes of alkyl radicals by atom
addition to alkenes because of large spin contamination, which
indicates that MP2 calculations could have a potentially negative
impact on the reliability of calculations of HFCCs of these radical
systems.34,35 On the other hand, DFT methods have also proven
inadequate for some conformational calculations due to their
inability to account for weak, noncovalent, interactions.36-40

Since both DFT and MP2 methods have their merits and
shortcomings in determining the stationary conformations of

open-shell species from different perspectives, we have thor-
oughly benchmarked their performance against other high-level
theories and various density functionals with different basis sets
(see the Supporting Information). In the end, both DFT and
MP2methods utilizing the EPR-III basis set have been employed
and compared in this study of butyl radical HFCCs, on the basis
of considerations of a balance between accuracy and efficiency.

Beyond concerns about the electronic structure andmolecular
geometry, quantitative HFCC calculations of molecular free
radicals also demand the inclusion of dynamic and thermal
corrections. Even at 0 K, atoms in a molecule vibrate around
their equilibrium positions, so the HFCC of each atom is
constantly changing from its value at a fixed equilibrium position.
When the temperature increases, higher vibrational states be-
come populated, causing even larger-amplitude vibrations com-
pared with zero-point vibrations, and further thermal corrections
need to be considered in calculating temperature-dependent
HFCCs to obtain quantitative agreement with experiment. This
vibrational effect is particularly important in the present study,
due to the very light mass of Mu, only one-ninth that of the H
atom. A scheme to compensate for this vibrational effect is
introduced below.

Since higher temperatures facilitate the population of higher
vibrational states, this increases the deviation of β-Mu from its
preferred “eclipsed” configuration at 0 K that corresponds to the
maximum overlap between the C-Mu (or C-H) bond and the
half-filled pz orbital at the radical center. The HFCC of the eclipsed
muon or proton decreases thenwhen the temperature increases, and
concurrently the corresponding proton HFCC at the “staggered”
position increases. For alkyl radicals, it is the torsional barrier to the
internal rotation about the CR-Cβ bond thatmainly determines the
temperature dependence of the β muon/proton HFCCs. Qualita-
tively speaking, a high torsional barrier translates into a late onset of
HFCC change with increasing temperature and a shallow slope in
the temperature-dependent region in the muon/proton HFCC
plots. These barriers have been determined phenomenologically
for themuoniated butyl radicals reported on in paper II, by fitting the
measured temperature dependences of both proton and muon
HFCCs to amodel potential inwhich the calculated values predicted
herein provided essential input.

As alluded to above, the actual HFCCs of a free radical can also
be affected by its environment and particularly in the solid phase
due to intermolecular (“host-guest”) interactions with sur-
rounding molecules, evidence for which has been reported by
Percival and co-workers in an early μSR study of the tert-butyl
radical,41 where the muon HFCCs exhibit a dramatic increase in the
solid phase at the bulk melting point. Similar results are seen in cis-
and trans-2-butyl radicals discussed in paper II. Smaller changes in
muon HFCCs, at the few percent level, have also been reported in
μSR studies of solvent effects on the HFCCs of the Mu-cyclohex-
adienyl radical in the gas and liquid phases42 and in polar environ-
ments43 and for the MuCH2 radical in ketene environments,8

depending on dielectric constant and polarizability.
Though environmental effects such as those mentioned above

can be important, even in the largely nonpolar media of butyl
radicals, a first-principles computation of temperature-dependent
HFCCs that combines both vibrational and environmental
effects is well beyond the scope of the present paper. Thus, only
in vacuo calculations of the HFCCs of butyl radicals at 0 K are
reported, to provide a basis for comparison with the experimental
data in paper II that follows. Some qualitative discussion of
environmental effects affecting these HFCCs is also presented.
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’METHODOLOGY AND RESULTS

Some Remarks on the Calculations.Though it is recognized
that non-Born-Oppenheimer effects may play an important role
in calculating the properties of Mu-containing radicals, all
calculations in this study are within the framework of the
Born-Oppenheimer (BO) approximation. Explicit non-BO
calculations are still prohibitive at present for the butyl radicals
of interest here. Perhaps the most explicit demonstration of
corrections to the BO approximation in Mu systems to date is
found in a study of barrier heights for the isotopomers of the H3

reaction system.44 Not surprisingly, the largest correction is for
the Mu þ H2 reaction rate, but even so the correction to the
barrier height is only 3.8%. We can expect an even smaller
correction to the C-Mu bond in the case of the muoniated butyl
radicals studied here.
Both spin-unrestricted B3LYP45,46 DFT and MP2 methods

with EPR-III basis sets33 implemented in Gaussian 0347 have
been used to obtain the equilibrium structures and the HFCCs of
all butyl radical isomers. This particular choice of computational
methods, a balance of accuracy and speed, as noted above, is
based on a series of thorough numerical tests of the effects of
different Hamiltonians and basis sets on the torsional potential
energy surface of the sec-butyl radical (see the Supporting
Information). Some comparisons of results obtained with the
EPR-II basis set are also presented below.
Besides the pure electronic structure effect, the importance of

incorporating vibrational corrections in HFCC calculations is
well-known, as discussed in a recent review article.32 As already
mentioned, vibrational corrections are particularly important for
C-Mu bonds in muoniated radicals,8,48 and of particular rele-
vance here are earlier studies of the muoniated ethyl radical.49-51

Though the HFCCs of several small radicals have been calculated
in Barone’s group with the inclusion of vibrational corrections by
a fully automated second-order perturbative approach imple-
mented locally in Gaussian03,52 this implementation is generally
not available to other Gaussian03 users. In the current study of
muoniated butyl radicals, lacking a direct analytical first-princi-
ples evaluation of the dynamical effect of vibrational averaging,
the C-Mu bond has been intentionally elongated to 1.076 times
the corresponding equilibrium C-H bond length and calcula-
tions have been carried out on this modified (static) geometry to
account for contributions to HFCCs from averaging over vibra-
tional anharmonicity in the C-Mu bond stretch. This factor is
based on the recent quantum calculations of B€ohm et al. for the
muoniated ethyl radical53 and is justified below. For convenience,
all muon HFCC values reported here are in “reduced” units,
Aμ
0 = Aμ/3.184, which corrects for the gyromagnetic ratio

between muon and proton, thereby allowing their direct com-
parison as well as with the experimental results in paper II. The
spin contamination was monitored and found insignificant for all
the radical species studied.
Geometries and Molecular Structures. The first step in a

calculation of the HFCCs of the butyl radicals of interest is to
determine their equilibrium geometries. As noted earlier, all
calculations were carried out within the BO framework using the
Gaussian 03 package. This means that all nuclei in these radicals
are depicted to move on a potential energy surface. As a
consequence, the electronic Hamiltonian is independent of the
nuclear mass and all isotopomers have the same equilibrium
geometries and electronic structures, so the optimized conforma-
tions of muoniated butyl radicals can be discussed in terms of the

corresponding hydrogen isotopomers without loss of generality.
The reaction schemes for Mu (or H atom) addition to butene
isomers and the corresponding optimized radical adducts formed
are shown in Figures 1 and 2, with the optimized structures for
1-butene shown separately in Figure 3. The geometric optimiza-
tion results are discussed individually in the following paragraphs.
Conventional or common names of these species are typically
used, though IUPAC names are also sometimes cited.
The isobutene precursor has only one geometric isomer with

four coplanar carbon atoms. Hydrogen addition to the carbon
double bond of isobutene results in two isomers: a tert-butyl and
an isobutyl radical (Figure 1). The B3LYP calculations identified
only one conformational isomer for each of these two radical
products (t and i1 in Figure 2). However, two conformational
isomers were found for isobutyl at theMP2 level. In addition to i1
(Figure 2b), a conformational isomer i2 (Figure 2c) was also
found with its singly occupied pz orbital on the radical center
aligning with one of the βmethyl groups, instead of aligning with
a hydrogen atom as in the i1 structure. However, this i2 structure
does not correspond to the direct product of Mu/H addition to
isobutene and moreover the isobutyl radical is not discussed in
paper II and so is not discussed further here either. Several earlier
calculations of the equilibrium structure, giving C3v “pyramidal”
symmetry, and HFCCs of the tert-butyl radical at the UHF level,
have been reported.16-18 The equilibrium structure for tert-butyl
found in the present study (Figure 2a) is close to C3v but not
identical to it.
For the 2-butene precursors, textbook knowledge tells us that

there are both cis (less stable) and trans (more stable) isomers,
and both isomers were confirmed by the MP2 and B3LYP
calculations carried out here. Supported by the large and distinct

Figure 1. Hydrogen or muonium atom addition to different butene
isomers. Only the carbon skeleton is shown. The dots on the product
side indicate locations of the radical center. The identification of possible
conformers are given in parentheses with their corresponding geome-
tries displayed in Figures 2 and 3.
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muon HFCC values reported in paper II, one would expect the
sec-butyl radicals formed by H/Mu addition to trans- or cis-2-
butene to be s1 (Figure 2d) and s3 (Figure 2f), respectively. The
B3LYP calculations identified only two structures: the expected
trans conformation s1 (Figure 2d), corresponding to the product
of hydrogen addition to trans-2-butene, but also a gauche conforma-
tion s2 (Figure 2e), which is not directly associated with either of the
2-butene precursors. On the other hand, the MP2 calculations, in
addition to these two isomers from B3LYP, also found the cis
structure s3 (Figure 2f), corresponding to the radical formed from
hydrogen addition to cis-2-butene. Since the s2 (gauche) structure
has a dihedral angle of the carbon backbone of about 90� and has no
eclipsed β hydrogens, it is not expected to be observed near 0 K in
the muon experiments reported in paper II. Though there could be
some contribution from this s2 conformer at high temperatures, this
structure will also not be discussed further here.
The most problematic cases in the present study are the

1-butene conformers and their muonium adducts. To the best of
our knowledge, the relative stability of the gauche and cis conforma-
tions of 1-butene (Figure 3) is still ambiguous, despite the fact that
their existence is well acknowledged both theoretically and experi-
mentally. On the basis of far-infrared spectra (FIR) of 1-butene, Bell
and co-workers suggested the cis-1-butene isomer to be 0.8 kJ/mol
more stable than the gauche one.54 In the same study, up to fourth-
orderMøller-Plesset perturbation theory (MP4) was employed to

calculate the electronic energies of the two isomers, but the
computational results contradicted the order of relative stability
derived from the FIR data. The experimental results, though, were
supported by an earlier study of microwave spectra.55

We have also carried out CCSD/cc-pVDZ calculations in
addition to MP2 and B3LYP calculations on both 1-butene
isomers. The gauche conformation was predicted to be the global
minimum by all three theoretical methods applied. Though some
experimentalists have believed that the cis conformation of
1-butene is more stable than the gauche form at low tempera-
tures, it is worth noting that the gauche form has always been
determined to be relatively more abundant than the cis form in all

Figure 2. Optimized structures of ethyl, tert-butyl, isobutyl, sec-butyl, and n-butyl radicals. H and C atoms are shown by small (light) and large (dark)
numbered spheres, respectively.

Figure 3. Optimized gauche and cis conformations of 1-butene. H and
C atoms are shown by small (light) and large (dark) numbered spheres,
respectively.
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three commonly accessible phases (gas, liquid, and solid).56 This
is also the case in a recent electron momentum spectroscopy
investigation of 1-butene in the gas phase, where the gauche
(or “skew”) conformer was favored over the cis (or “syn”) form
by a mole ratio of 2:1.57 These experimental results, combined
with our theoretical predictions, lead us to believe that the gauche
form is indeed the more stable form and is thus the main
1-butene precursor in the experiments reported in paper II.
Therefore, our theoretical effort here is focused on the corre-
sponding Mu or H atom adducts to this gauche form.
Though the isotopic labeling is different and hence the μSR

results in paper II are distinctly different for Mu addition to
1-butene or 2-butene, H/Mu addition to the terminal unsatu-
rated carbon atom of 1-butene results in the same equilibrium
structure for the sec-butyl radical formed as in addition to
2-butene. On the basis of stereochemistry and our calculations,
the s1 and s2 conformations are the sec-butyl radicals formed
from H addition to the terminal carbon of gauche 1-butene from
the less and the more hindered side, respectively. The s3
structure (Figure 2f) is associated with addition to the terminal
double bond carbon atom of cis-1-butene and is expected to be
less important experimentally.
Hydrogen/muonium can also add to the nonterminal double

bond carbon atoms in 1-butene, forming the n-butyl (or 1-butyl)
radicals (n1 to n5 in Figure 2g-k). The B3LYP calculations for
n-butyl located three local minima (n1, n2, and n3), whereas
the MP2 calculations located all five of them (n1-n5). The n3
and n1 butyl conformations can be designated as the radicals

produced fromH addition to the nonterminal carbon atom of the
double bond of gauche-1-butene from the less hindered and
more hindered side, where the presence of the ethyl group
hinders the attack of H/Mu, respectively. The n3 radical is then
the more stable form. The n4 butyl radical stems from hydrogen
addition to cis-1-butene. The other two isomers, n2 and n5, are
not directly associated with any reaction products formed by
hydrogen addition to 1-butene isomers at low temperatures, so
these two structures are also not discussed further in this study.
Again though they might contribute to experiments at higher
temperatures.
Overview and Calculated HFCCs. On the basis of the

optimized geometries discussed above, the HFCCs calculated
at the B3LYP/EPR-III and MP2/EPR-III levels of theory are
listed in Table 1. The HFCC on any nucleus of a free radical is
proportional to the electron spin density on that nucleus and can be
decomposed into two contributions: the direct (delocalization)
contribution from the singly occupied molecular orbital and the
indirect spin polarization contribution due to electron correlation
effects.32,58 In this study, the spin density on the eclipsed β-hydrogen
was found to be much larger than that on the staggered hydrogen(s)
because the eclipsed β-hydrogen atom can share some spin density
with the aligned half filled pz orbital via hyperconjugation, consistent
with what is known for muoniated alkyl radicals.13,17,41,50 Therefore,
the large muon HFCCs seen near 0 K for the muoniated sec-butyl
radicals in paper II can be assigned to eclipsed conformations. This is
also true for some proton HFCCs reported in paper II. Another fact
in support of assigning eclipsed structures at 0 K to these radicals is

Table 1. Calculated Proton and Muon HFCCs of Butyl and Mu-Butyl Isomersa

Radical atom 5 atom 6 atom 7 atom 8 atom 9 atom 10 atom 11 atom 12 atom 13 theoretical method

tert-butyl 22.90 22.78 22.87 117.35 22.77 117.37 22.90 117.32 22.75 MP2/EPR-III (H)
30.63 29.70 30.59 133.06 29.76 133.26 30.61 133.13 29.63 B3LYP/EPR-III (H)
21.47 22.03 22.89 115.94 22.01 115.97 22.91 131.14 21.32 MP2/EPR-III (Mu)
28.48 27.98 29.72 130.51 28.04 130.70 29.75 153.72 27.51 B3LYP/EPR-III (Mu)

isobutyl 117.91 -64.53 -64.53 0.40 -2.50 -1.30 0.40 -1.30 -2.50 MP2/EPR-III (H)
140.05 -61.26 -61.26 0.44 -1.92 -1.50 0.44 -1.50 -1.92 B3LYP/EPR-III (H)
129.89 -63.87 -63.87 0.39 -1.22 -2.70 0.39 -1.22 -2.70 MP2/EPR-III (Mu)
159.81 -57.77 -57.77 0.53 -2.17 -1.36 0.53 -1.36 -2.17 B3LYP/EPR-III (Mu)

sec-butyl (si) -1.88 -2.21 -1.49 12.29 46.42 125.69 113.85 47.16 -60.03 MP2/EPR-III (H)
-2.10 -1.76 -1.57 12.85 66.24 137.36 126.70 66.65 -61.44 B3LYP/EPR-III (H)
-1.83 -2.49 -1.44 11.76 46.48 124.14 127.36 45.44 -59.02 MP2/EPR-III (Mu þ 2-butene)
-1.89 -2.06 -1.44 11.47 65.31 134.62 145.17 64.10 -57.74 B3LYP/EPR-III (Mu þ 2-butene)
-1.88 -2.19 -1.46 11.34 44.71 139.55 113.44 47.20 -58.98 MP2/EPR-III (Mu þ 1-butene)
-1.88 -1.55 -1.36 11.39 63.51 157.28 124.17 65.75 -57.69 B3LYP/EPR-III (Mu þ 1-butene)

sec-butyl (s2) 14.40 22.92 131.61 34.08 34.22 -60.93 11.63 -3.84 -3.40 MP2/EPR-III (H)
34.38 20.51 148.24 55.90 28.12 -60.86 12.11 -4.14 -3.42 B3LYP/EPR-III (H)
14.11 21.70 145.95 32.64 34.36 -59.94 11.07 -3.84 -3.41 MP2/EPR-III (Mu þ 1-butene)
32.52 18.13 168.32 52.78 26.92 -54.12 11.91 -3.72 -3.03 B3LYP/EPR-III (Mu þ 1-butene)

sec-butyl (s3) 8.15 -0.53 77.52 109.71 110.81 -62.64 0.10 -2.01 -2.52 MP2/EPR-III (H)
7.33 -0.65 77.15 108.13 123.98 -61.69 0.17 -1.95 -2.81 MP2/EPR-III (Mu þ cis-2-butene)
7.79 -0.88 75.30 121.75 110.27 -61.66 0.21 -1.99 -2.52 MP2/EPR-III (Mu þ 1-butene)

1-butyl (n1) -0.65 0.44 0.48 -66.07 -65.52 -2.54 -1.54 130.21 36.84 MP2/EPR-III (H)
-0.18 0.82 0.85 -62.03 -62.13 -2.14 -1.73 150.28 54.32 B3LYP/EPR-III (H)
-0.79 0.59 0.44 -65.41 -64.82 -2.80 -1.49 143.46 35.52 MP2/EPR-III (Mu þ 1-butene)
-0.30 1.05 0.76 -55.92 -55.97 -2.22 -1.44 169.84 51.67 B3LYP/EPR-III (Mu þ 1-butene)

1-butyl (n3) -2.57 -66.26 -64.96 -1.55 35.32 134.81 -1.56 2.07 0.08 MP2/EPR-III (H)
-2.62 -62.30 -61.34 -1.86 41.61 157.73 -0.82 2.42 0.50 B3LYP/EPR-III (H)
-2.53 -65.58 -64.23 -1.44 34.05 148.62 -1.58 2.19 0.01 MP2/EPR-III (Mu þ 1-butene)
-2.44 -58.72 -57.70 -1.63 39.70 179.42 -0.89 2.62 0.44 B3LYP/EPR-III (Mu þ 1-butene)

1-butyl (n4) -63.75 -65.04 36.01 122.38 1.00 -2.16 0.94 0.43 -0.20 MP2/EPR-III (H)
-63.02 -64.36 34.70 134.94 1.05 -2.40 0.91 0.28 -0.23 MP2/EPR-III (Mu þ 1-butene)

aAtoms are labeled according to Figure 2. In the last column, the “H” in parentheses denotes that the HFCCs were calculated at their equilibrium
structures for the unsubstituted radicals (H atoms only). The “Mu” in parentheses means that the HFCC highlighted in italic was calculated on the basis
of the structure where the C—Mubondwas intentionally stretched to 1.076 times the equilibriumC-Hbond length. TheHFCC values for 1-butyl (n4)
were based on the geometry from MP2/EPR-II calculations.
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that the incoming Mu/H attacks preferentially to the CdC double
bond from the pπ orbital direction and this naturally leads to eclipsed
radical products.59

The proton HFCCs are usually satisfactorily obtained at the
B3LYP level of theory in the present study, particularly for the
staggered protons of muoniated alkyl groups, which are typically
underestimated by the MP2 calculations. However, the calcu-
latedmuonHFCCs using equilibrium geometries (entries marked
with “H” in Table 1) fall some 10-40 MHz (ca. 5-20%) below
the experimental data for the sec-butyl radicals in paper II, and
also for the Mu-tert-butyl data published earlier for muoniated
tert-butyl in ref 41, for both the MP2 and B3LYP calculations.
This difference stems from vibrational effects. As already
commented, atoms in molecules are not at rest even at 0 K
and zero-point motion then affects the (averaged) HFCCs
observed, a dynamical effect that is especially important in the
case ofMu-substitutedmolecules.8,48-51,53 The light muonmass,
about one-ninth that of a proton, makes the average C-Mubond
considerably longer than the C-H bond at the same position in
an isotopomer. This vibrational effect cannot be accounted for by
the optimized equilibrium geometry, and overlooking it can
dramatically underestimate the muon HFCCs, as noted above.
Of course, there is a similar vibrational effect on the C-H bond
length, but the proton HFCCs are much less affected.53 We have
therefore calculated the proton HFCCs on the basis of equilib-
rium geometries only.
Vibrational Averaging of Muon HFCCs. Conventionally, a

molecular vibration is usually decomposed into anharmonic and
harmonic components, both of which will affect the averaged
properties of molecules. The harmonic correction to HFCCs is
believed to be dominant over the anharmonic one for most
regular molecules,32 and this appears to be the case for the low-
lying vibrational states of the muoniated ethyl radical as well.50

For muoniated radicals, vibrational effects become much more
dramatic due to increased anharmonicity, especially in the
C-Mu stretching mode. Theoretical calculations of HFCCs
for small molecular radicals, such as HCO and HOO radicals,
showed that the vibrational contributions became much larger
when a heavy H atom was replaced by a lighter isotope:49 up to
45% in the COMu case, though these areR-radicals. Calculations

for the muoniated ethyl radical have also shown appreciable
anharmonic corrections to the vibrationally averaged β-muon
HFCC,50,51,53,60 and as well for the muoniated methyl radical.8

To evaluate vibrational corrections to HFCCs or other
molecular properties theoretically, several approaches have been
developed. As previously noted, some first-principles attempts to
solve the vibrational Schr€odinger equation were made by Barone
and co-workers by applying perturbation theory within their
locally modified code.52 Instead of a direct analytical analysis, a
path-integral Monte Carlo (PIMC) study has also been carried
out to calculate averaged HFCCs of the muoniated ethyl
radical,53 and the results of these calculations are compared with
our calculations for the Mu-ethyl radical in Table 2. The
theoretical results from this PIMC study are also very important
for us to benchmark the performance of a third approach to
estimate vibrationally corrected HFCCs; namely, by changing
geometric properties, and in particular bond lengths, from the
optimized equilibrium geometry. This third method is based on a
mathematical treatment that proves the anharmonic and partial
harmonic corrections to molecular properties can be obtained at
the vibrationally averaged geometry.61

Exploiting this third approach, and specifically the results of
the PIMC study of ref 53, we sought the vibrationally averaged
structure of a muoniated radical to calculate anharmonically cor-
rected HFCCs, beginning with the Mu-ethyl radical, which served
as a “benchmark” for the methodology, to calculate the HFCCs of
the muoniated butyl radicals of interest (Table 1). As expected, the
effect of this vibrational averaging is dramatic for the stretchingmode
of the C-Mu bond, with a thermal-equilibrium bond length at 25 K
elongated by a factor of 1.076 in ref 53 compared to its equilibrium
value. There is some decrease with temperature in this bond scaling
effect, by about 10% up to 300 K, but with amuch smaller difference
at low temperatures, so this same scale factor of 1.076 has been
assumed in the present calculations at 0 K. Though a scale factor of
1.02 is also found due to vibrationally averaged anharmonic correc-
tions in the C-H bond, the effect of this on calculated proton
HFCCs is small enough to be ignored, judging from the results of
Claxton et al.51 As previously noted then, the proton HFCCs
have been calculated only at the equilibrium geometries found in
the present study.

Table 2. Experimental and Theoretical HFCCs (in MHz) for Protons in Unsubstituted Ethyl and for Muons and Protons in
Muoniated Ethyl, Mainly at 0 Ka

Isotopomer β H (eclipsed) β H (staggered) ÆAβæ, β H (averaged) R H theoretical method

ethyl 141.4 31.8 68.4 -67.2 MP2/EPR-III

162.7 40.2 81.1 -62.9 B3LYP/EPR-III

137.0 31.6 66.7 -67.3 MP4/EPR-III

139.8 33.8 69.1 -71.1 CCSD/EPR-III

135.1 31.9 66.3 -72.7 QCISD(T)/DZP20

69.3 -65.7 QCISD(T)/TZP20

68.7 -62.6 vibrationally corrected QCISD(T)/TZP20

65.0 -68.0 CCSD(T)/TZ2P22

65.2 -72.3 CCSD(T)/Chipman basis set22

76(1) -63(1) ethyl experimental13,63 (errors in parentheses)

Mu-ethyl 156.1 30.6 72.5 -66.5 MP2/EPR-III (elongated C-Mu bond)

184.7 37.9 86.8 -58.3 B3YLP/EPR-III (elongated C-Mu bond)

195.0 42.6 93.4 -46.8 B3LYP/EPR-III//tight-binding equilibrium structure53

151(2) 36(2) 80(2) -60(1) Mu-ethyl experimental13,63 (errors in parentheses)
aThe MP2/EPR-III and B3LYP/EPR-III calculations for the Mu-ethyl radical were carried out on a modified geometry whose C—Mu bond was
stretched to 1.076 times the equilibrium C-H bond length.
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Similar C-Mu bond scale factors have been reported by
Webster et al.50 and by Claxton et al.51,60 for muoniated ethyl,
over a range from about 1.05 to 1.10, depending on how one
assesses this effect. However, these calculations have adopted a
vibrational-perturbative approach with only three active modes
to evaluate the effects of bond anharmonicity, in contrast to the
more fully quantum multimode analysis of B€ohm et al.53

It should be noted that the averaged bond distance is not
identical to the bond length at the vibrationally averaged
geometry but differs by a small amount related to the harmonic
vibrational constant.61,62 In this sense, simply elongating the
C-Mu bond by the factor of 1.076 justified above (and in
Table 3) can only be regarded as an approximation to the true
effective geometry of the muoniated radical. Typical deviations
due to harmonic vibrations are reported to be about 10% of the
overall HFCC,32 similar to the deviations found here between
theory and experiment near 0 K.
Benchmark Calculations for HFCCs.A study of the hydrogen

and muon HFCCs of the unsubstituted and muoniated ethyl
radicals was carried out to “benchmark” the performance of the
MP2/EPR-III and B3LYP/EPR-III methods applied in the
current study, utilizing the bond-elongation scheme of 1.076
for the C-Mu bond proposed above. Comparisons with both
experiment and other theoretical methods are given for the
eclipsed and staggered conformers for both the unsubstituted
and muoniated ethyl radicals in Table 2. The calculated β-proton
HFCCs for both are also shown as the averaged values for a
“freely-rotating” CH3 group, ÆAβæ, which can be directly com-
pared with the experimental EPR data (temperature-indepen-
dent down to 4 K; see Figure 13 in ref 13), and defined by
ÆAβæ = 1/3(Aμ

0 þ 2Ap) for the β-HFCC of -CH2Mu for the
muoniated radical.13,41

From Table 2, it is evident that, at the electronic structure
level, for the unsubstituted ethyl radical, the MP2 calculation
outperforms the B3LYP calculation for β-proton HFCCs in
comparison with results from higher-level theories, both at 0 K
and for the averaged β-methyl proton HFCCs, ÆAβæ, as can be
seen most completely in comparison with the results from ref 20.

In comparison with the experiment for ÆAβæ of the unsubstituted
ethyl radical, both the MP2 and B3LYP calculated results are
about equal, falling below and above experiment by ∼10%,
respectively, though somewhat better agreement is found from
the B3LYP calculations. The experimental R-proton HFCC
(-63( 1 MHz) is also well predicted by the B3LYP calculation,
better than by MP2. It is noted also that the MP4/EPR-III re-
sults for the ethyl radical are very similar to those from the
MP2/EPR-III calculations.
For the muoniated ethyl radical, the agreement between

theory and experiment for the eclipsed β-muon HFCC at
0 K (151 ( 2 MHz, extrapolated) is also impressive at the
MP2/EPR-III level of theory, utilizing the aforementioned scale
factor 1.076 for the C-Mu bond. It is important to point out that
there is no evidence that the HFCC of the Mu-ethyl radical,
Aμ
0 (T), is being affected by the phase transition at the melting

point of ethylene.13,50,63 This “phase-free” effect means that the
muoniated ethyl radical is a good benchmark system to assess
electronic and vibrational effects free from the environmental
influence of the surrounding matrix of ethylene molecules. In
contrast to the eclipsed bond, the extrapolated staggered proton
HFCC to 0 K of-CH2Mu for muoniated ethyl (36( 2MHz) is
better predicted by B3LYP/EPR-III, whereas for the averaged β-
methyl HFCC (80 ( 2 MHz) and for the R-proton (-62 ( 1
MHz) HFCC of Mu-ethyl, both the MP2 and B3LYP calcula-
tions give much the same level of agreement with the data.
In summary, these benchmark calculations comparing the-

ory and experiment for the ethyl radical clearly favor the
MP2/EPR-III calculations for the muon HFCC, using the
bond-elongation scheme adopted from ref 53, but on balance,
favor the B3LYP/EPR-III calculations for the proton HFCC, the
latter for both the substituted and unsubstituted radical.
Nevertheless, as previously noted, in this study, the results for

both the B3LYP andMP2 calculations are presented to provide a
more complete picture of the comparison between theory and
experiment for the HFCCs of the butyl radicals of interest. In
fact, in some cases, the MP2 results are actually in better agree-
ment with experiment for proton HFCCs than the B3LYP

Table 3. Scale Factor and Basis Set Variations for the Muon and Proton HFCCs of the Ethyl Radical

β H (eclipsed) β H (staggered) β H (averaged) R H factor method

141.4 31.8 68.3 -67.2 1.00 MP2/EPR-III

150.9 31.2 71.1 -66.8 1.05 MP2/EPR-III

156.1 30.6 72.4 -66.5 1.076 MP2/EPR-III

161.6 30.2 74.0 -66.3 1.10 MP2/EPR-III

162.7 40.2 81.1 -62.9 1.00 B3LYP/EPR-III

176.0 38.3 84.2 -58.5 1.05 B3LYP/EPR-III

184.7 37.9 86.8 -58.3 1.076 B3LYP/EPR-III

193.6 37.4 89.5 -58.0 1.10 B3LYP/EPR-III

135.3 30.3 65.3 -72.6 1.00 MP2/EPR-II

150.4 29.2 69.6 -71.8 1.076 MP2/EPR-II

155.4 38.2 77.3 -64.3 1.00 B3LYP/EPR-II

176.8 35.9 82.9 -59.7 1.076 B3LYP/EPR-II

76(1) -63(1) ethyl experimental13,63 (errors in parentheses)

151(2) 36(2) 80(2) -62(1) Mu-ethyl experimental13,63 (errors in parentheses)
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calculations. However, from the comparisons presented in paper
II, the excellent agreement often seen from the B3LYP calcula-
tions for the muon HFCCs in the solid phase (including at
temperatures near 0 K) suggest that these calculations may
fortuitously mimic the environmental effect of guest-host
interactions in the solid phase, which is addressed further in
the discussion that follows.
Though the scaling factor of 1.076 introduced above for the

muon HFCCs, along with the use of EPR-III basis sets for both
the MP2 and B3LYP calculations, gives good agreement with
experiment from the entries in Table 1 for the butyl radicals
discussed in paper II, typically at the 10% level or better, and seen
as well in the benchmark comparisons shown in Table 2, it is
nevertheless of interest to explore just how sensitive the calcu-
lated results for HFCCs are to small variations in these scaling
factors as well as to explore the effect of a change in basis set, to be
able to assess the level of agreement that could inherently be
expected between the calculated and experimental values for
HFCCs. These comparisons are shown in Table 3 as a further
benchmark for the ethyl radical.
First, the top entries for different scale factors for the

Mu-ethyl radical exhibit variations of about 2.5% in the eclipsed
(muon) HFCC for the MP2/EPR-III calculation, though less for
the staggered proton HFCCs, both scaling essentially linearly in
this small range. Variations at this level are well within systematic
error in determining the experimental values from extrapolation
to 0 K. Setting the scale factor to 1.0 gives the same result as for
the unsubstituted radical, demonstrating a significant 10%
increase in muon HFCC due to vibrational corrections. A
larger effect by about a factor of 2 is seen in the case of the
B3LYP/EPR-III calculation, which provides another argu-
ment in favor of the MP2/EPR-III results for muon HFCC in
the absence of lattice interaction effects. Though a case could be
made that a smaller scale factor of 1.05 (forMP2/EPR-III) would
be in better agreementwith the experimental result forAμ0 (0) =151(
2MHz, consistent with calculated results reported for Mu-ethyl
in ref 50 or refs 51 and 60, it is important to remember here that
these smaller scale factors around 1.05 were determined pheno-
monologically, in contrast to the factor of 1.076 we have utilized,
found from the quantum Monte Carlo calculations of ref 53.
Though it is a common view that calculations carried out with

larger basis sets (e.g., EPR-III) give superior results to smaller
ones (e.g., EPR-II), this could depend on the molecular proper-
ties in question, and in particular here, spin densities andHFCCs.
To assess this level of sensitivity, we also compare results for
calculation of HFCCs with the EPR-II basis set for the ethyl
radicals in Table 3 (bottom half). Similar variations are seen as
found for the scale factors discussed above, with the EPR-II
results even in slightly better agreement with the experimental
measurements. Nonetheless, the few megahertz difference is not
inconsistent with the expected experimental error. Moreover, in
this case, the EPR-III calculations for the unsubstituted ethyl
radical (scale factor =1.0) agree better with the MP2 calculations
for the staggered protons and with the B3LYP calculations for
R-H (cf. Table 2), again though with differences only at the few
percent level. Similar differences in HFCCs for the variations
shown in Table 3 are observed for the tert-butyl radical, but in this
case the lattice interaction effects referred to above render the
comparison with the experimental value for Aμ0 (0) less mean-
ingful. In fact, even if environmental effects are much less than
those seen for muoniated tert-butyl (paper II), molecular inter-
actions and vibrational/dynamical effects will always be present

at some level and as such are bound to affect the measured
HFCCs, rendering the seemingly better agreement noted above
for the smaller EPR-II basis set somewhat suspicious, because
this comparison impacts only differences in the electronic
contributions to HFCCs.
Suffice it to say that we can expect the present calculations for

bothmuon and protonHFCCs for the butyl radicals of interest in
paper II, with our assumed muon scale factor of 1.076 and the
EPR-III basis set, to be accurate to the 5-10% level, well within
“state of the art” and also in accord with experimental error for
the results reported in paper II.

’RESULTS AND DISCUSSION: COMPARISONS WITH
EXPERIMENT

The central outcome of the present work is the calculated
muon and proton HFCCs for the butyl radicals given in Table 1.
Entries shown are all given in vacuo at 0 K and can be compared
with the extrapolated data to 0 K from μSR measurements for
muoniated butyl radicals and with the averaged values from early
EPR measurements. As previously noted, though not calculated
herein, the torsional barriers to internal rotation, determined
from model fits to measured temperature-dependent HFCCs
reported in paper II, are nevertheless of interest and are discussed
on a qualitative basis in support of the results from theory
reported in Table 1. Comparisons between theory and experi-
ment are discussed on a case-by-case basis below.
Isobutyl and tert-Butyl Radicals Formed from Isobutene.

Two muoniated radicals can be formed from muonium addition
to isobutene, the Mu-tert-butyl (muoniated tert-butyl), from
Mu addition to the terminal C atom (Figure 2a) and Mu-
isobutyl (muoniated isobutyl), from Mu addition to the non-
terminal C atom of isobutene (Figure 2b). Our calculations at the
MP2/EPR-III level indicate that the isobutyl radical (i1) is 20.6
kJ/mol less stable thermodynamically than the tert-butyl radical,
suggesting a much weaker experimental signal than for the
dominant Mu-tert-butyl radical expected to form. Since not
reported on in paper II, the isobutyl radical is not discussed
further here.
Data for the HFCCs of the Mu-tert-butyl radical have been

reported earlier by Percival et al. in both the solid and liquid
phases,41 and these results, along with some additional data
points taken from the present study at temperatures below 50 K,
are given in paper II. The Aμ

0 (T) data exhibit a clear “McConnell
plateau” at low temperatures, with an extrapolated result to 0 K of
155 MHz that is seemingly in excellent agreement at first glance
with the present B3LYP calculations, giving 153.7 MHz for Aμ

0 at
0 K (Table 1).
However, the benchmark comparisons made with the ethyl

radical in Table 2 and the earlier discussion suggest that this
seemingly excellent level of agreement is likely fortuitous, due to
environmental effects resulting from host-guest (isobutene-
tert-butyl) interactions that enhance the muon HFCCs in the
solid phase and which just happen to be well reproduced by the
B3LYP calculations. The MP2 calculations of muon HFCCs are
expected to be more reliable in the absence of lattice interactions.
Experimental evidence for these interactions in the tert-butyl case
is clearly indicated by the discontinuity or “gap” seen in Aμ

0 (T) in
ref 41 (reported also in Figure 7 of paper II), where the muon
HFCC drops sharply in the liquid phase precisely at the
temperature of the solid-liquid phase transition of the isobutene
matrix. Similar effects are observed for the sec-butyl radicals
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formed from 2-butene at the distinct melting points of cis- and
trans-2-butene and are addressed below.
The origin of this gap is unclear. As noted by Percival et al.,41

the slope of the trend in Aμ0 (T) for Mu-tert-butyl changes as a
result of the phase change upon the melting of the matrix of host
isobutene molecules, suggesting that the origin of the disconti-
nuity seen in Aμ0 (T) at the melting point may be rooted in
differences in torsional barriers about the CR-Cβ bond for the
Mu-tert-butyl in the different phases. Internal rotation barriers
were determined by fits to the experimental data in ref 41, giving
∼3.4 kJ/mol in the solid phase with a lower barrier of ∼2.3
kJ/mol in the liquid phase, with similar torsional barriers found
from the model calculations reported in paper II. These fitted
barriers were predicated on the assumption that the muon
HFCCs at 0 K in the solid and liquid phases are the same, which
is equivalent to the assumption that there is no environmental
effect on spin-polarization or geometric alteration affecting Aμ0 -
(T). The higher barrier found in the solid phase is then the result
of more hindered internal rotation, which then simply “relaxes” at
the phase transition.
An alternate possibility is that environmental effects do affect

the electron spin density at the muon, and hence the muon
HFCC is different in the two phases due to differences in
polarized spin density or to an altered molecular geometry. It
becomes interesting to appreciate then what would happen if we
were able to “switch off” the environmental effect due to host-
guest interactions. We would then expect the Aμ

0 (T) data for
Mu-tert-butyl in the solid to be shifted well below its extra-
polated value to 0 K, where it is actually seen by experiment.
Concomitantly, it would also be shifted below the calculated
value at 0 K from the B3LYP calculations that agree with the
trend in the data, in accord with the benchmark comparisons of
Mu-ethyl discussed earlier (Table 2) showing that the B3LYP
calculations overestimate the muon HFCC near 0 K. Thus, being
consistent as well with these benchmark results, the MP2/EPR-III
calculated muon HFCC of 131.1 MHz at 0 K (Table 1) does
indeed fall well below both the experimental intercept and the
B3LYP-calculated value at 0 K and can also give an equally good
fit to the data in the liquid phase (see paper II) as that reported by
Percival et al.41 These effects of distinct changes in torsional
barriers that are reflected in the different slopes seen in the liquid
and solid phases, and in intrinsic HFCCs at 0 K due to
environmental effects, are likely acting synergistically, but with
different weightings depending on the nature of the butyl radical
that is formed.
sec-Butyl Radicals Formed from 2-Butene. In contrast

to the tert-butyl case above and sec-butyl from 1-butene discussed
below, whereMu addition places the muon in a terminal CH2Mu
group, Mu addition to cis- or trans-2-butene places it at
the central methylene position in the sec-butyl radical,
CH3-CHMu- _CH-CH3. In this case, there is only one muo-
niated structure possible for each 2-butene isomer, in contrast to
Mu addition to both isobutene and 1-butene, where different
isomeric products can be formed. Experimentally, as seen in
Figure 6 of paper II, the two muoniated sec-butyl radicals show a
clear distinction in Aμ

0 (T) for the sec-butyls formed from trans-
and cis-2-butene in the solid phase, suggesting preservation of the
parent cis and trans geometries. The muon HFCCs from CHMu
also demonstrate a rather remarkable sensitivity to these different
butene environments, with marked discontinuities seen in Aμ0 (T)
at the specific melting points of cis- (134 K) and trans-2-butene
(168 K), behavior that is similar to that seen for the muoniated

tert-butyl radical. Above ca. 150 K, the muon HFCC of the
sec-butyl radicals formed from cis- and trans-2-butene precursors
merge into a single curve, demonstrating that the barriers
separating local minima on the PES have been mostly overcome,
with the different conformations then easily interconvertible.
As in the Mu-tert-butyl case previously discussed, the B3LYP

calculations in Table 1 for the s1 (trans) isomer (Figure 2d)
provide almost quantitative agreement with the trend in the data
for the trans-2-butyl radical in the solid phase, again mimicking
the environmental effect of lattice interactions that are believed to
enhance the muon HFCC. The B3LYP-calculated value of 145.2
MHz at 0 K is only a few megahertz above the extrapolated
experimental result in paper II, as is the model fit to Aμ0 (T)
discussed therein utilizing these B3LYP-calculated muon HFCCs,
giving a torsional barrier of 3.0 kJ/mol, essentially the same barrier
as found41 for the tert-butyl radical. For the cis isomer
(s3, Figure 2f), formed from the separate cis-2-butene precusor,
the experimental muon HFCC lies a few megahertz above Aμ0 (T)
for the trans radical at low temperatures and also has a somewhat
steeper falloff, suggesting a lower internal rotation barrier about the
CR-Cβ bond. This is consistent with theoretical predictions that
the cis conformation is associated with a lower backbone torsional
barrier than the trans one.64 However, no energy minimum could
be found for the cis isomer from the B3LYP calculation.
In like manner as well to the results for Mu-tert-butyl above,

the muon HFCC calculated at the MP2 level of theory
(126.2 MHz at 0 K, Table 1), falls well below the experimental
intercept for trans-2-butyl in the solid phase but agrees verywell with
the fit to theAμ0 (T) data in the liquid phase reported in paper II. This
is consistent with the suggestion advanced earlier that the muon
HFCC Aμ0 (T) appear to be intrinsically phase-dependent, such that
theMP2 calculations are inherently more accurate in the absence of
lattice interactions. This claim is further substantiated by the
comparisons between the MP2 theory and experiment for the sec-
butyl radical formed from 1-butene, discussed below.
With regard to the dramatic gaps seen in Aμ

0 (T) for the
tert-butyl and both sec-butyl radicals reported in paper II,
precisely at their respective parent alkene melting points, it is
noted that these radicals are formed from planar alkenes
(isobutene and the cis- and trans-2-butenes), which can be
expected to exhibit different and more ordered packing arrange-
ments in the solid phase compared to the liquid phase. In
contrast, 1-butene (discussed below) is dominated by the non-
planar gauche form with a flexible carbon skeleton, suggesting a
more disordered environment and which in fact shows no gap in
Aμ
0 (T) at the bulk melting point.
The muoniated sec-butyl radicals formed from cis- or trans-2-

butene have two distinct β-proton environments, the three
equivalent protons of the terminal methyl group, and the single
proton of the central Mu-substituted methylene group, -CHMu.
The eclipsed proton of the CH3 group in trans-2-butyl also
exhibits a large proton HFCC near 0 K, giving an experimental
intercept of ca. 125MHz, in excellent agreement with theory, but
here, anomalously, with the MP2-calculated proton HFCC of
124.1 MHz (atom 10, third entry for s1 in Table 1). Thus, in this
case, the B3LYP-calculated result of 134.6 MHz at 0 K is about
10 MHz above the MP2 result and correspondingly gives a
poorer account of the trend in the data. The slope of ACH3

(T) for
the temperature dependence of the HFCC for the methyl
protons of trans-2-butyl is very shallow in the solid phase
and correspondingly yields a rather high torsional barrier of
V2 = 4.7 kJ/mol from fits to the experimental data in paper II.
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This relatively high barrier found is perhaps the result of two
synergistic effects: the coupling of this internal rotation about the
CR-CH3 bond to the torsional mode of the carbon skeleton and
the presence of muonium in the middle of the backbone chain, in
the CHMu-CH3 group. The net effect is that internal rotation
about the CMuH-CH3 bond is coupled with the torsion about
the CR-CMuH bond, causing hindered rotation of the terminal
β-methyl group,60 thereby raising the overall internal rotation
barrier about the CR-CH3 bond. This feature may also be
responsible for the rather dramatic discontinuity seen for
ACH3

(T) at the bulk melting point of trans-2-butene (168 K)
in Figure 6 of paper II.
Good agreement is seen in paper II between the B3LYP theory

and experiment for the staggered proton HFCC of the Mu-
substituted group, -CHMu, both for the calculated trend in
ACHMu(T) and for the extrapolated 0 K intercept, with a B3LYP-
calculated value of 64.1 MHz, again for the s1 conformer of the
sec-butyl radical (atom 12, fourth entry for s1 in Table 1). It is
noteworthy that the trend seen for ACHMu(T) in Figure 6 of
paper II is opposite to that for Aμ0 (T), as expected, and
noteworthy as well that only a single proton is involved in the
calculation here. The level of agreement seen is also in accord
with the benchmark calculations carried out earlier for the
staggered protons of -CH2Mu of the muoniated ethyl radical
(Table 2), consistent with the fact that the MP2-calculated result
at 0 K is 45.4 MHz for trans-2-butene here, much too low to
account for the data. This brings back into focus the aforemen-
tioned and seemingly anomalous result that much better agree-
ment between theory and experiment was found with the MP2
calculations for the eclipsed methyl proton HFCCs, ACH3

(T),
though it is again remarked that these are for eclipsed not
staggered protons. That result for ACH3

(T) is believed due to
the synergistic couplings noted above, facilitated by the location
of the C-Mu bond in the central methylene position, which
gives rise to the relatively high torsional barrier of 4.7 kJ/mol
seen. This synergism appears to be reflected as well in the barrier
to internal rotation found for ACHMu(T) of 5.6 kJ/mol in paper
II, utilizing the B3LYP-calculated HFCCs from Table 1.
sec-Butyl Radicals Formed from 1-Butene. Similar to Mu

addition to isobutene, which could form both the tert-butyl
(major product) and isobutyl (minor product) radicals, two
distinct isomers can also be formed from Mu/H addition to
1-butene, the dominant sec-butyl radical and the minor, primary,
n-butyl (or 1-butyl) radical, from Mu addition to the central
carbon, CH3CH2CHMu _CH2 (n1-n5 in Figure 2). It is also worth
recalling that in both the Mu-tert-butyl and Mu-sec-butyl radicals
here, themuon is placed in the terminalmethyl group,-CH2Mu, in
contrast to the trans-2-butyl radical discussed above, where the
muon is placed in the central methylene group.
Among the several possible muoniated sec-butyl isomers that

could be formed from 1-butene, the trans-like sec-butyl radical
(s1 in Figure 2d) is the most likely candidate for several reasons.
First, Mu is favored to add to the gauche form of 1-butene
(Figure 3a), which is the least bulky direction, directly yielding
the trans-sec-butyl (s1) radical, the same radical as formed from
trans-2-butene discussed above. Second, this adduct is also the
most stable isomer among all eight possible radical products from
1-butene (s1, s2, s3, and n1-n5 in Figure 2). Third, supporting
evidence provided by the data in Figure 3 of paper II exhibits a
large protonHFCC close to 125MHz near 0 K that can only arise
from an eclipsed C-H bond, thus convincingly eliminating the
s2 sec-butyl radical that has no such bond. Though formation of

the cis (s3) isomer remains a possibility, as discussed in paper II,
both themuon and protonHFCC do not agree as well with fits to
the data as those from the s1 conformer do. Some interconver-
sion between these different conformers could again be expected
though at the higher temperatures.
However, unlike the cases of muoniated tert-butyl or sec-butyl

formed from 2-butene discussed above, there is no obvious gap
seen experimentally in the muon HFCCs Aμ0 (T) at the melting
point of 1-butene (88 K). Even though a small gap cannot be
completely ruled out, this would still suggest a highly reduced
level of lattice interactions in comparison with both the muo-
niated tert-butyl and sec-butyl radicals discussed above, perhaps
due to the more disordered or polycrystalline nature of 1-butene
noted earlier. Accordingly, the muon HFCCs for the muoniated
sec-butyl radical formed directly from 1-butene are much better
accounted for by the MP2-calculated HFCC here, both for the
eclipsed C-Mu bond at 0 K, where the theory value of 139.6
MHz (atom 10, fifth entry for s1 in Table 1) falls only about 4
MHz below experiment, and in the fit to Aμ0 (T) from the MP2
calculations here in the model fits of paper II. The torsional
barrier determined from this fit is 2.9 kJ/mol, very similar to that
found for the muoniated tert-butyl radical in ref 41 and in paper
II. In contrast, the B3LYP-calculated muonHFCC of 157.2MHz
at 0 K (Table 1) is well above the (extrapolated) experimental
result of about 144 MHz, a similar outcome to that seen in
benchmark comparisons with the muoniated ethyl radical
(Table 2). This result for the muon HFCC of trans-sec-butyl
from 1-butene provides further evidence supporting the view
consistently expressed herein that the MP2 calculation intrinsi-
cally gives a better account of the muon HFCC in the absence of
interactions in the solid state.
This view has its genesis in the aforementioned benchmark

calculations for the ethyl radical (Table 2) where the MP2
calculations also gave the best agreement with experiment for
the muon HFCCs. It is noteworthy here that ethylene, though
planar, in contrast to 1-butene, has reduced polarizability com-
pared to 1-butene, so we may expect both of them to exhibit
relatively less variation in different condensed phases compared
to isobutene and 2-butene. Thus, it is fair to speculate that the
muoniated adducts formed from 1-butene and ethylene will be
much less influenced by the phase transition at their respective
precursor melting points, and their radical products indeed do
not exhibit any obvious gap in Aμ

0 (T) at such temperatures.
The most stable n-butyl radical is the n3 conformer (Figure 2i),

expected to be favorably formed from the more stable gauche form
of its 1-butene precursor, and which is also facilitated as the product
of Mu/H addition to gauche 1-butene from a less hindered
direction. However, like the isobutyl radical from isobutene, it is
expected to have minor presence and has only been tentatively
identified in paper II, so is also not discussed further.
As in the case of the methyl protons of trans-2-butyl above,

there is also a large proton HFCC for the sec-butyl from 1-butene
at 0 K in Figure 3 of paper II, due to an eclipsed proton of the
unsubstituted β-methylene group, -CH2. The B3LYP-calcu-
lated value of 124.2 MHz for the trans s1 conformer (atom 11,
sixth entry for s1 in Table 1) is in good agreement with the
extrapolated experimental intercept, and consistent as well with
the fit to the temperature-dependence of the experimental
HFCC for ACH2

(T) in the solid phase. These proton HFCC
data also exhibit a discontinuity at the melting point of 1-butene,
though the gap is not nearly so dramatic as for the trans-2-butyl
data in Figure 6 of paper II. While a good fit to the data for
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ACH2
(T) is obtained from the B3LYP-calculated HFCC in the

solid, it was not possible to simultaneously fit the data in the solid
and liquid phases with these calculated HFCCs, the latter being
much better accounted for by the MP2-calculated HFCC, with a
0 K intercept of 113.4 MHz for the s1 conformer (atom 11, fifth
entry in Table 1), well below that for the B3LYP calculations.
This situation is reminiscent of that for the muon and proton

HFCCs of the trans-2-butyl radical discussed above, both data
sets suggesting that environmental effects also impact on proton
HFCCs. However, in contrast to trans-2-butyl, the fitted tor-
sional barriers in paper II are quite low, 1.4 kJ/mol in the solid
and 1.5 kJ/mol in the liquid. An important difference between
the sec-butyl radicals formed from 2-butene and, here, 1-butene,
is that the Mu atom adds to the terminal carbon in 1-butene but
to a central carbon in 2-butene. Hence the synergistic effect
discussed above between the internal rotation of the C-Mu
bond and the backbone distortion of the carbon chain in the case
of trans-2-butyl is largely missing in the present case, likely
explaining the much reduced barriers seen for the methylene
protons here. This probably also lies at the heart of why it is the
MP2 calculations that give better fits for the methyl proton
HFCCs, ACH3

(T), for trans-2-butyl in the solid phase, in contrast
to the better result found here from the B3LYP calculations for
ACH2

(T). It is also possible that fast interconversion between
energetically close-lying conformers is contributing to the rela-
tively low barriers found here.
The HFCCs of the staggered protons of the terminal CH2Mu

group were also observed in the sec-butyl data from 1-butene in
Figure 3 of paper II and again are in excellent agreement with the
B3LYP calculations, both near 0 K and in the overall fitted trend
with temperature, ACH2Mu(T). In this case, as for ACHMu(T) for
trans-2-butyl (Figure 6 in paper II), there is no discontinuity at
the phase transition, and the good agreement found in fitted
trends with temperature for B3LYP-calculated staggered proton
HFCCs is again consistent with the benchmark calculations
discussed above for the ethyl radical (Table 2).

’CONCLUDING REMARKS

The HFCCs of muoniated butyl isomers, formed from
muonium addition to the parent butenes, have been investigated
by ab initio theory using the Guassian03 suite of programs. On
the basis of comparisons with experiment (paper II) near 0 K, the
muon adducts are confirmed to be Mu-eclipsed radicals. The
equilibrium geometries of the butene precursors and Mu-radical
products were established by using both B3LYP/EPR-III and
MP2/EPR-III calculations, with MP2 found to be more reliable
in predicting stable conformers. All calculations were carried out
in vacuo at 0 K assuming the validity of the BO approximation.

A self-consistent first-principles calculation of vibrational
contributions to these HFCCs has not been attempted but rather
we have tried to account for such effects by a C-Mu bond
elongation scheme in which a scaling factor of 1.076, determined
from the quantum Monte Carlo calculations of B€ohm et al. for
the Mu-ethyl radical,53 was introduced to alter the equilibrium
geometry, with the muonHFCC calculations then carried out on
this modified albeit static structure. Comparisons with different
scale factors that have been varied by a few percent as well as
comparisons of the results of EPR-II and EPR-III basis sets that
have also been carried out demonstrate that the calculated results
for both muon and proton HFCCs for the butyl radicals of

interest reported herein can be expected to be reliable to the
5-10% level.

Comparisons of these calculated HFCCs with experiment are
complicated by phase transitions between solid and liquid in both
cases of the muoniated tert-butyl and sec-butyl radicals, formed
from planar isobutene and 2-butene isomers, respectively, where
the experimental temperature dependences of themuonHFCCs,
Aμ
0 (T), exhibit marked discontinuities at themelting points of the

alkene precursors. These discontinuities signify a large contribu-
tion to muon HFCCs from environmental effects due to lattice
interactions in the solid phase, where the experimental values
appear to be best predicted by the B3LYP/EPR-III calculations.
In contrast, theMP2/EPR-III calculations yield better agreement
between theory and experiment for the muon HFCC of these
butyl radicals in the liquid phase, predicting HFCC at 0 K well
below the B3LYP results.

The experimental result for the muon HFCC at 0 K for the
sec-butyl radical formed from 1-butene (paper II) is markedly
different compared to the result for both themuoniated tert-butyl
and trans-2-butyl radicals. In contrast to those cases, the sec-butyl
formed from 1-butene exhibits no obvious gap in Aμ

0 (T) at the
bulk melting point, indicating that environmental effects on
the muon HFCC are relatively unimportant in this case. This
may be a consequence of the fact that the carbon skeleton of the
1-butene precursor is nonplanar, in contrast to that of isobutene
and 2-butene. As a result, much better agreement between theory
and experiment for Aμ

0 (T) is found across the phase transition
from the MP2 calculations in accord with expectations from
“benchmark” calculations carried out for the muoniated ethyl
radical, which also exhibits no discontinuity in Aμ

0 (T) at the bulk
melting point, and where better agreement with experiment is
also found near 0 K. In both of these cases, the B3LYP-calculated
result is well above the experimental data.

The MP2/EPR-III calculations appear to give the best
intrinsic agreement with higher level calculations as well as
experimental muon HFCCs in the absence of appreciable
host-guest interactions. This suggests that the seemingly good
agreement found with experiment for the tert-butyl and trans-2-
butyl radicals from the B3LYP/EPR-III calculations below the
melting point is likely fortuitous, due to error cancellations in the
method, causing these DFT-calculated results to effectively
mimic the effect of host-guest interactions in the solid phase.

Since the marked discontinuities seen in muon HFCCs at
melting points is only observed for the planar alkene parents
(isobutene and 2-butenes), it suggests that more ordered envi-
ronments facilitate enhanced muon HFCCs in the solid phase, in
contrast to the less ordered or more polycrystalline environment
of 1-butene, where the sec-butyl formed exhibits no such clear
discontinuity in Aμ

0 (T). However, establishing the reason(s) for
this phenomenon from first-principles calculations would involve
including the environment effects of radical-host interactions on
the muon HFCCs, which is well beyond the level of the
calculations reported here.

In contrast to the muon HFCCs, the β-proton HFCCs are, by
and large, better predicted by the B3LYP/EPR-III calculations in
both phases, though here too there are caveats that need to be
made. Large proton HFCCs near 0 K, due to eclipsed C-H
bonds in like manner to C-Mu, are observed in the sec-butyl
radicals, from the methylene protons, ACH2

(T), in the sec-butyl
radical from 1-butene, and from the protons of the terminal
methyl group, ACH3

(T), in the trans-2-butyl radical. In the case of
ACH2

(T) from 1-butene, the B3LYP-calculated HFCCs agree
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well near 0 K with the extrapolated data from paper II, as do the
model fits to the temperature dependence for these proton
HFCCs. On the other hand, for ACH3

(T) from trans-2-butyl,
the best agreement with the data in the solid phase, both near 0 K
and its temperature dependence, is found with the MP2-calcu-
lated HFCCs, a seemingly anomalous result in view of the
generally good level of agreement found from B3LYP calcula-
tions of proton HFCCs in all other cases.

Both the protonHFCCsACH2
(T) from 1-butene andACH3

(T)
from trans-2-butene exhibit clear and unprecedented disconti-
nuities in their temperature dependences at bulk melting points
in paper II, and most dramatically so for the terminal methyl
group in the trans-2-butyl radical, demonstrating, for the first
time, that lattice-interaction effects also influence proton
HFCCs. In the liquid phase, it is the MP2 calculations that give
the best agreement with the data for ACH2

(T) from 1-butene but
this is also true for ACH3

(T) from trans-2-butene in the solid
phase, suggested above as being anomalously so. In the latter case
in particular, coupling of the internal rotation about both the
CMu-CR bond at the central methylene position and about the
CR-CH3 bond with the carbon backbone torsion in the sec-butyl
radical, may enhance the barrier to internal rotation for the
methyl protons of the muoniated trans-2-butyl radical, thus
possibly explaining both the high fitted barrier found in paper
II and the better agreement found in proton HFCC from the
MP2 calculation.

The staggered proton HFCCs of the-CH2 protons in the sec-
butyl radical from 1-butene and of the -CHMu proton in the
trans-sec-butyl radical from 2-butene, both consistently give
much better agreement with the B3LYP-calculated HFCCs than
with MP2, the clearest case perhaps of matching the predictions
of the benchmark calculations carried out herein for the muo-
niated ethyl radical. In both cases, the temperature dependences
mirror those of the corresponding muon HFCCs, Aμ0 (T), as
expected, but with lower barrier heights, indicative of non-rigid-
rotor internal rotation.

Though mindful of the exceptions noted above, the apparent
general level of success found here with the B3LYP/EPR-III
method employed in our calculations of proton HFCCs may
have its roots in the parametrization of the basis set that evolved
during the development of EPR-II and EPR-III basis sets using
spin-unrestricted Kohn-Sham equations.33 The parametriza-
tion of these basis sets is determined in part from optimizing
comparisons with experiment for EPR measurenents of isotropic
and anisotropic hyperfine coupling constants, yet conceals and
mixes some important underlying physics, such as correlation
effects, dynamic/vibrational effects, and environment or lattice
interaction effects. Especially for hydrogen, the optimal 1s shell
basis function contraction scheme for an isolated H atom HFCC
can be quite different from that of hydrogen atoms in molecules.
That is, the specialized treatment that emerged from designing
the EPR-II/EPR-III basis sets, by fitting to molecular computa-
tions, likely particularly benefits the comparison between calcu-
lated and averaged experimental values of proton HFCCs in
unsubstituted molecules. On the other hand, this beneficial effect
may be considerably reduced or possibly even act in the opposite
direction in the case of isotopically substituted molecules and
notably here for muoniated radicals, particularly when calcula-
tions of individual 0 K proton/muon HFCCs are performed.

Finally, to echo a previous remark, all the calculations in this
paper have been carried out within the limits of the BO approxi-
mation. This well-known approximation is usually adequate for

many property calculations, including HFCCs of ordinary chem-
ical species whose nuclear masses are overwhelmingly large
compared to the electron mass. However, it is certainly less valid
formuoniated species where themuonmass is only 206 times the
electron mass1,2,44,53 such that the basic assumption of a single
nuclear configuration may begin to break down. Since quantum
tunneling is known to be prominent in Mu reactivity, and
particularly in its addition reactions to alkene double bonds,3

there could also be some muonium tunneling effects altering
muon positions in the muoniated butyl radicals studied here,
which could also impact the simple model for the torsional
barrier adopted in paper II.53 In any muon-containing species,
there has to be some concern that the motion of the muon is not
as separable from the electron motion as in the case of normal
H-atoms in unsubstituted molecules.
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