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We present the first variational calculation of the isotropic hyperfine coupling constant of the
carbon-13 atom in the CHj radical for temperatures 7 =0, 96, and 300 K. It is based on a
newly calculated high level ab initio potential energy surface and hyperfine coupling constant
surface of CHj in the ground electronic state. The ro-vibrational energy levels, expectation values
for the coupling constant, and its temperature dependence were calculated variationally by using
the methods implemented in the computer program TROVE. Vibrational energies and vibrational
and temperature effects for coupling constant are found to be in very good agreement with the
available experimental data. We found, in agreement with previous studies, that the vibrational
effects constitute about 44% of the constant’s equilibrium value, originating mainly from the large
amplitude out-of-plane bending motion and that the temperature effects play a minor role. © 2015 AIP

Publishing LLC. [http://dx.doi.org/10.1063/1.4938253]

. INTRODUCTION

The importance of the nuclear motion contributions
to various electromagnetic molecular properties is by now
well understood.'~!” The zero-point vibrational corrections
(ZPVCs) are proved to be non-negligible for the electron para-
magnetic resonance (EPR),'®?" nuclear magnetic resonance
(NMR),®!152! and non-linear optical (NLO) properties.”?> The
so-called pure vibrational contributions to NLO properties>’
are often comparable or even larger in magnitude than
that due to electronic motions.>*°!! Moreover, some of
the experimentally observed effects, such as temperature
dependence and isotope shifts of electric and magnetic
properties, are entirely due to the effect of molecular vibrations
and rotations. '’

Several successful methods for evaluating the ro-
vibrational contributions to various molecular properties were
formulated using the perturbation theory (PT) approach over
the last few decades.>*?*?> The applications of the PT-based
approaches are however limited to quasi-rigid molecules
vibrating harmonically within a single minimum potential en-
ergy surface (PES). For molecules exhibiting large amplitude
anharmonic motions, due to the poor convergence of the PT
expansion, the ro-vibrational wave functions and subsequent
contributions to molecular properties must be obtained by vari-
ational methods. This, however, is much more computation-
ally demanding and requires a more sophisticated numerical
description of the PES. Thus, it is only applicable to small
molecules. Only recently, a few general variational methods
have been proposed capable of solving the ro-vibrational prob-
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lem accurately for very highly excited states. These methods
are routinely applicable to molecules with an arbitrary geomet-
rical structure.2°-39 One of them, TROVE, %3 has been applied
to compute the ZPVC-, temperature-, and isotope-dependence
of the isotropic spin-spin coupling constants of NH3.!> The
response theory approach has been developed for the vibra-
tional configuration interaction method allowing accurate
calculations of the pure vibrational contributions to the NLO
properties.>'3? In these and a few other'®!”!? studies, the
importance of a proper variational treatment of the large ampli-
tude vibrations in obtaining accurate estimates of molecular
properties has been emphasized.

In the present work, we report the first comprehensive
variational calculations of the ro-vibrational contributions to
the isotropic hyperfine coupling constant of the carbon-13
atom in the methyl radical CHj, which we henceforth refer
to as HFCC. The methyl radical is important in combustion
processes and as an intermediate in many chemical reactions,**
it has been observed in interstellar space,34 and it iS an
example of a molecule with large vibrational contribution to
HFCC that accounts for up to about 41% of the total value.'®
CHj; has been the subject of many theoretical studies?>
characterizing the electronic structure and vibrational motion.
The most recent works*># reported the ab initio calculated
PES and dipole moment surface and the variational ro-
vibrational energy calculations for CHs. Also, there have been
a number of theoretical studies of the HFCC for '3CHj.'847-49
To the best of our knowledge, in all previous studies of
the HFCC, the vibrational effects were described by means
of PT. In the present work, we have computed the new
PES and HFCC surface for CHj in the ground electronic
state. For the PES, we used the explicitly correlated coupled
cluster CCSD(T)-F12 level®® with the correlation consistent
basis set cc-pVQZ-F12,%! while the HFCC was computed

©2015 AIP Publishing LLC
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by means of the conventional CCSD(T) with the augmented
correlation consistent basis set aug-cc-pVTZ-J.7233 We expect
these methods to yield an adequate accuracy for at least
low energy levels, sufficient to converge the ro-vibrational
contributions to HFCC at the room temperature and below.
The PES and HFCC surface were used to compute the ro-
vibrational energy levels, ZPVC, and temperature corrections
to HFCC by means of the variational method TROVE.?$-3
The resulting vibrational energies and the total value of the
HFCC at a temperature T = 96 K were found to be in good
agreement with experiment, as well as with results of previous
theoretical studies. For illustrative purposes, we compared the
variationally computed expectation values of HFCC with those
obtained from the perturbed-rigid-molecule (PRM) approach.
As expected, the results confirm that PRM is not reliable
for the expectation values of CHj3 in the excited out-of-plane
bending states.

. COMPUTATIONAL DETAILS

The calculations of the HFCC have been carried out within
the framework of the Born-Oppenheimer approximation
following a conventional three-step approach. First, the ab
intito calculations of the ground state potential energy surface
and the electronic contribution to HFCC are performed, which
are followed by the calculations of the ro-vibrational energy
levels and wave functions. The HFCC values associated
with the ro-vibrational states of interest or their Boltzmann
distribution are evaluated by averaging the ab initio HFCC
function over the corresponding ro-vibrational wave functions.

(1) The electronic energies for the ground electronic state
of CH3 were computed on a grid of 22 640 symmetry-unique
molecular geometries employing the open-shell RCCSD(T)-
F12b°%%* level of theory (explicitly correlated F12 restricted
coupled cluster included single and double excitations with
a noniterative correction for triples) and the F12-optimized
correlation consistent polarized valence basis set cc-pVQZ-
F12°! In correlated calculations, the carbon inner-shell
electron pair was treated as a frozen core. The diagonal fixed-
amplitude ansatz 3C(FIX)*> and a Slater geminal exponent
value of 8 = 1.0 (Ref. 56) were used. To evaluate the many-
electron integrals in F12 theory, three additional auxiliary basis
sets are required. For the resolution of the identity basis and the
two density fitting basis sets, we utilized the corresponding
OptRI>7 cc-pV5Z/JIKFIT,® and aug-cc-pwCV5Z/MP2FIT
basis sets, respectively. Calculations were carried out using
the MOLPRO program.®’ The analytical representation for the
PES was obtained in a least-squares fitting procedure using
the functional form from Ref. 61. By varying 248 parameters,
we achieved a fitting root-mean-square (rms) deviation of
0.9 cm™!. The values of the fitted parameters are given in the
supplementary material®® together with a Fortran 90 routine
for calculating the PES.

For the coupling-constant surface, the geometry-depen-
dent values of the isotropic hyperfine coupling constant (also
known as Fermi contact term) for carbon were obtained®’ as

2
AfﬁZ) = gﬂoﬂNng(N) (1)
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for 19 959 symmetry-unique molecular geometries.

In Eq. (1), the index N labels a specific nucleus (carbon
in our case), o is the vacuum permeability, uy is the nuclear
magneton, gy is the nuclear g factor, and p(N) is the spin
density at the carbon nucleus. The hyperfine coupling constant
is an important parameter in EPR spectroscopy; it describes
the hyperfine splitting and the positions of the resonance
lines. A non-vanishing HFCC is due to interaction between
the magnetic moments of the unpaired electron and the nuclei
in the molecule. It is usually reported in the literature in units
of magnetic field strength (G or T) and serves as a measure of
the electronic magnetic spin interactions. To obtain the HFCC
in Hz, the right hand side of Eq. (1) should be multiplied by
the conversion factor g.up/h (Hz T™'), where g is the g-factor
of free electron, ugp is the Bohr magneton, and /4 is the Planck
constant. In the static view of CHj3 as a planar molecule,
there is no direct contribution from the unpaired electron
to the HFCC and the main contribution comes from spin
polarization effects. The out-of-plane vibration allows and
adds the direct contribution from the unpaired electron to the
equilibrium value of the HFCC. We have calculated the HFCC
employing the all-electron unrestricted open-shell CCSD(T)
level of theory to account for spin polarization effects and the
basis set aug-cc-pVTZ-J?>* designed to ensure the proper
nuclear-cusp behaviour of the electronic wave function and
thus a good description of the HFCC. The calculations were
performed with the CFOUR program.** We have fitted the
calculated points to the totally symmetric sixth-order power
series expansion® in terms of six variables

é:k=(rk_re)exp(_(rk_re)2): k:1’2’3’ (2)

& = Qay - ay - a3)/V6, 3)
&= (a2 — a3)/V2, 4)
& =1-2/V3sin([a; + az + 3]/6), 5)

where ry — r, denotes the displacement from the equilibrium
value r, of the distance between C and Hy, a1, a», and a3 are
the instantaneous values of the bond angles /(H,—C-Hj3),
/(H;—C-H3), and /(H;—C-H,), respectively. The factor
exp (—(rx — re)?) in Eq. (2) ensures a physically reasonable
asymptotic behaviour of the power series at large distances
7.0 In a least-squares fitting procedure, we determined 185
expansion parameters that reproduce the HFCC data with the
rms of 0.11 G. The optimized parameters together with the
Fortran 90 function for calculating the HFCC surface are
given in the supplementary material.®?

(2) The ab initio PES was used to compute the ro-
vibrational energy levels of CH3 employing the variational
approach and computer program TROVE.?®3? In TROVE,
the ro-vibrational Hamiltonian is defined by the power-series
expansions of its kinetic energy operator (KEO) and potential
energy operator (PEO) in terms of internal coordinates
around the equilibrium or reaction-path configuration. In the
present work, the expansions of the kinetic and potential
parts were truncated after the 6th and 8th order terms, respec-
tively, and the six internal coordinates are three r; = C—H;
(i =1...3) stretching coordinates, two symmetry-adapted
bending coordinates &4 and &s, as given in Egs. (3) and (4),
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and one out-of-plane bending coordinate 7 (see Ref. 67 for
details). The size of the vibrational basis set is controlled by
the polyad number P,

P =2(n, +np, +np) +ng, + nes + ne /2, (6)

where n; are the quantum numbers defined in connection with
the primitive basis functions,?8 each describing ith vibrational
degree of freedom. They are essentially the principal quantum
numbers associated with the local mode vibrations of CHj.
The vibrational basis set contains only products of primitive
functions for which P < P..x. We found that P, = 10
was sufficient to converge the vibrational energies below
7000 cm™' to better than 0.05 cm™! and the thermally
averaged values of HFCC at a temperature 7 = 300 K to
better than 0.002%. The ro-vibrational basis functions are
generated as products of vibrational basis functions and
symmetric-top rotational eigenfunctions and the ro-vibrational
wave functions are obtained variationally by diagonalizing
the full ro-vibrational Hamiltonian matrix.”® Since TROVE
uses symmetry-adapted basis functions and the total-angular-
momentum quantum number J is a good quantum number, the
diagonalization of the Hamiltonian matrix for each irreducible
representation of the Ds, symmetry group, and each value
of J, is done separately. Another important consequence
of molecular symmetry is that the nuclear spin statistical
factors®® for the X A electronic state of CHj are zero for
the irreducible representations A} and A, besides for each of
the doubly degenerate representations E’ and E”, only one
degenerate component needs to be treated, thus reducing the
total computational expenses for CH3 by a factor of two. For
CD3, all statistical weight factors are non-zero; thus, only the
second argument is viable.

(3) The vibrational and ro-vibrational expectation values
of the HFCC were computed for '*CH; and '*CDj; using
the ab initio calculated coupling constant surface and the
TROVE wave functions. The thermal average values for
different temperatures were computed by summing over all
ro-vibrational states the expectation values multiplied with
the corresponding Boltzmann and degeneracy factors. For an
ensemble of molecules in thermal equilibrium at absolute
temperature 7', the thermal average of the isotropic HFCC Aj,,
is given by

Ex
kT

1
(Asohr = 5 ) i exp ( - ) (Aol 0

where g; is the degeneracy of the ith state with the energy
Er(f,) relative to the ground state energy, k is the Boltzmann
constant, Q is the internal partition function defined as

£
Q=Zgiexp(—k;), ®)

and (Ajso); is the expectation value of the operator Ajs, (Which
represents the HFCC) in the rovibrational state i,

(Aiso)i = (DD Ajgo| D). ©9)

The calculation of the quantities in E?s. (7)—(9) requires the
eigenvalues Er(i) and eigenvectors (I)r’v> which are obtained
variationally with TROVE.

J. Chem. Phys. 143, 244306 (2015)
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FIG. 1. Convergence of the T =300 K thermally averaged HFCC vs Jmax
plotted for 13CH; (blue circles) and '3CDs (orange squares) relative to the
ZPVC.

The degeneracy factor is computed as (2J + 1)gys, where
&ns 1s the nuclear spin statistical weight taking values in D3y,
symmetry group in the order (A’, Aé, E’, A;’, Aé’, E”) as (8,
0, 4, 8, 0, 4) for '*CHj; and (2, 20, 16, 2, 20, 16) for '*CDs.
(Note that the symmetry of the electronic wave function
is A}.) The convergence of the thermal averaged values of
HFCC at T = 300 K with respect to the maximal rotational
excitation, defined by Jyax, is shown in Fig. 1. The values
are plotted relative to the ZPVC (see Table IV). The energy
spectrum of the heavier molecule CD3 has a higher density
than that of CHs. In addition, CD5; has more states allowed
by spin statistics. Consequently, in CD3, more ro-vibrational
states become populated at a given temperature and so, higher
J-values must be considered in the theoretical calculations in
order to obtain converged values of the thermal averages. The
computed values of the partition functions used to normalize
the thermally averaged values for 7 =300 K(96 K) are
737.08(127.10) for '*CH; and 7519.94(1194.11) for '*CD;.

lll. RESULTS

The planar equilibrium geometry of the electronic ground
state, X 2A§', of CHj has Ds, geometrical symmetry. The
normal modes v; and v, of CHs; have non-degenerate
symmetries A{ and A7, respectively, and associated principal
quantum numbers v; and v;. The normal modes v3 and vy
are of doubly degenerate symmetries £’ and E”, respectively,
the associated quantum numbers here are vf 3 and vf“. The
calculated 24 lowest vibrational energy levels of '2CHs,
3CH3, and '’CDs are listed in Table I where they are
compared with the results of other theoretical studies**®
and experiment.®®’> Each vibrational state is assigned by
the symmetry in D3,(M) and vibrational quantum numbers
(v1,02, v§ 3 vf“) obtained from the basis function with the largest
contribution to the vibrational eigenfunction. The agreement
with experiment is generally good, the standard deviation for
six states is 3.2 cm~! which is a little improvement over the
previous theoretical results of 4.6 cm™!' (Ref. 45)and 7.4 cm™!
(Ref. 46). The complete list of computed vibrational energies
up to 8000 cm™! for three isotopologues can be found in the
supplementary material.%?
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TABLE L. Calculated and experimental vibrational energies (in cm™) for '2CHs, 3CHj3, and '3CDs.

IZCH3 12CH3 12CH3
vl V2 vf 3 vf“ I'® Present work Reference 45" Reference 46° Experiment! Present work Present work
0000 0% Al [6466.9] [6449.2] [6445.9] [6446.4] [4742.1]
010°0° Al 601.1 596.3 591.7 606.5 596.1 4474
020°0° A" 1278.3 1278.9 1266.2 1288.1 1267.7 944.6
000°1! E’ 1389 1387.5 1388.4 1397 1384.1 1022.8
010°1! E” 2001.8 1997 1991.8 1992.1 1475.7
030°0° Al 2006 2025.6 1994.2 2019.2 1989.2 1476.4
020°1! E’ 2688.8 2690 2674 2673.7 1977.6
000°2° A 27524 27482 2750.7 27424 2022.6
000022 E’ 2770.9 2766.1 2767.8 2761.1 2039.5
040°0° A’ 2771.8 2829 2763.2 .. 2749.6 2034.9
100°0° A 3003.4 2991.5 2988.5 3004.4 3002.6 2154.1
001'0° E’ 3159.5 3144.6 3142.6 3160.8 3147.3 2362.0
010020 Al 3378.6 3371.1 3367.1 3365.0 2482.5
010022 E” 3395.2 3388.5 3382.9 3380.7 2498.3
030°1! E” 3426.6 3447 3407.5 3405.5 2514.0
110°0° Ay 35951 3575.5 3572.8 3587.5 2595.2
050°0° Al 3564.5 3686 3557.7 3536.3 2616.8
01100 E” 3736.2 3716 3710.2 3719.5 2793.7
020020 Al 4075.1 4057.5 4056.1 2989.4
020022 E’ 4091.8 4073.1 4072.1 3005.2
000°3! E’ 41284 4107.7 4114.7 3026.1
000033 A 4144.9 4138.9 4140.4 3053.9
000033 A) 4150.1 4138 41354 3052.4
040011 E’ 4200.2 4179.7 4172.7 3076.2
120000 Al 42584 42343 4246.0 3091.2

rreducible representation spanned by the wave function.
PICMRCI+Q ab initio calculation.

€¢CASSCF-MR-CI ab initio calculation employing the aug-cc-pVTZ basis set.

dSee Refs. 69-72.
€Zero-point energy.

The calculated expectation values of the HFCC for '3CH;
given in Table II for a number of vibrational states show a
very strong dependence on vy, the quantum number of the out-
of-plane vibration. This is due to both the nonrigid character
of the out-of-plane motion and the strong dependence of the
coupling constant on the out-of-plane coordinate (see Fig. 2).
Even though we need to only consider one minimum of the
PES here so that no tunneling motion takes place, the accu-
rate treatment of the nonrigid character of the out-of-plane
vibrational mode is very important. This is evident from the
comparison (Table II) of HFCC expectation values obtained
as described above with the results of a more conventional
PRM approach, commonly used to compute vibrational correc-
tions to molecular properties.®!® The PRM results in Table II
were obtained variationally in the present work by expand-
ing the TROVE Hamiltonian in normal coordinates with the
KEO, PES, and HFCC parts truncated after zero-, quartic-,
and second-order terms, respectively. All expectation values in
Table II were obtained variationally but it is obvious that the
use of normal coordinates and the restrictive truncation of the
various series expansions introduce substantial changes in the
expectation values. The PRM results deviate mostly from those
of the nonrigid-model TROVE calculation for excited states
of the out-of-plane bending mode. For such states, the devi-
ations reach values around 10 G or 10%-20%. A “true” PRM

calculation, using perturbation theory to solve the rovibrational
Schrodinger equation, would introduce additional approxima-
tions and we surmise that it would produce results deviating
even more from the nonrigid-model values. A complete list of
HFCC vibrational expectation values for '3CH; and '3CDj is
given in the supplementary material.®?

In Table III, we give the theoretical equilibrium-geometry
value of the HFCC for '3CH;, the ZPVC, and the value
resulting from the thermal averaging at 7 = 96 K. These
values are compared with the results of the previous theoretical
studies and experiment. In the previous theoretical studies,
different electronic structure methods and basis sets were
used to compute the potential and coupling constant surfaces
and the vibrational corrections were treated by means of
perturbation theory. As can be seen from the table, the HFCC
value is strongly dependent on the ZPVC, which in this work
is found to constitute about 44% of the equilibrium value.
The temperature correction originating in excited rotation-
vibration states (i.e., the correction obtained on top of ZPVC)
at T =96 K is 0.02 G and thus tiny; it obviously increases
with increasing temperature and attains a value of 1.0 G
(see Table IV) for T =300 K. For '3CD;, the ZPVC is
approximately 25% of the equilibrium HFCC value (25.8 G);
the additional 7 = 300 K temperature correction has a small
value of 1.7 G.
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TABLE 1I. Vibrational energies, Eyip, (in cm™!) and expectation val-
ues of HFCC (in G) computed for 13CH; using the TROVE vari-
ational and the perturbed-rigid-molecule (PRM) approaches (see the
text).

HFCC
o1 vz 02 0l re Evip TROVE PRM
000°0° Al 0.0 37.1 37.6
010°0° Al 596.2 52.8 55.8
020°0° A 1267.7 64.5 70.5
000°1! E’ 1384.1 394 38.6
030°0° AY 1989.2 74.6 83.1
010°1! E” 1992.2 54.6 57.0
020°1! E’ 2673.7 66.0 71.6
000°2° A 2742.4 522 40.2
040°0° A 2749.6 76.0 93.9
000022 E’ 2761.1 429 39.6
100°0° Al 3002.6 39.0 39.3
001100 E’ 3147.3 385 39.6
010°20 Al 3364.9 58.7 58.2
010°22 E” 3380.7 57.6 67.7
030°1! E" 3405.5 75.5 73.9
050°0° AY 3536.3 90.5 101.5
100%0! Al 3587.5 55.9 58.2
001'0! E” 3719.5 54.6 58.5
020°20 Al 4056.1 68.9 72.3
020°22 E’ 4072.1 67.7 72.3
000°3! E' 41147 517 41.6
000°33 Al 4135.4 44.7 40.6
000°3? A 4140.9 49.9 40.6
040°1! E’ 41727 84.5 93.1
120000 A 4246.0 67.2 86.2
060°0° Al 4353.7 98.5 94.9
021'0° E’ 43715 66.3 72.4
100°1! E’ 4385.0 423 40.3
001 1! Al 4510.3 40.6 40.5
001 1! E’ 4518.1 40.9 40.3
001 1! Al 4526.4 41.6 40.6
010°3! E” 4742.2 63.5 58.9
010°3° Al 4765.3 62.9 67.9
010933 A 4766.1 58.7 59.0
03020 AY 4801.4 78.1 74.0
030922 E” 4813.1 77.8 83.1
130000 Al 4959.3 76.8 80.6
050°1! E" 4964.7 83.7 99.9
11oo1! E” 4984.3 66.4 59.5

#rreducible representation spanned by the wave function.

J. Chem. Phys. 143, 244306 (2015)
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FIG. 2. The HECC in '3CHj calculated at the CCSD(T)/aug-cc-pVTZ-J level
of theory for molecular geometries with all three C—H bond lengths fixed at
1.0759 A and all three H-C—H bond angles equal. The HFCC is plotted as a
function of p, the angle between the three-fold rotational axis and any one of
the three C—H bonds.

IV. DISCUSSION AND SUMMARY

Table III confirms that for the theoretical, thermally aver-
aged values of the HFCC of '3CHs, the differences between
the value at equilibrium Ai(eq) and the vibrationally/thermally

SO

averaged value Af;(:) are dramatic. As mentioned previously,
these differences are solely due to the effect of the ZPVC.
Analysis of the contributions from the individual vibrational
modes has shown that the dominant vibrational effect
originates from the out-of-plane bending mode (corresponding
to the “umbrella-flipping” inversion of ammonia NH3). Other
vibrational modes contribute only slightly since the associated
fundamental and overtone states are hardly populated at
T =96 K. In Fig. 2, we show the dependence of the HFCC
in '3CH; on the out-of-plane vibrational coordinate p, which
is defined as the angle between the three-fold rotational axis
and any one of the three C-H bonds. Clearly, the strong
dependence of the HFCC on p along with the effect of
delocalization of the out-of-plane vibrational wave functions,
due to the large amplitude character of the vibration, makes
the corresponding expectation value and thus the contribution
to the ZPVC quite substantial.

Our CCSD(T) equilibrium value Ag:g) agrees well with the
results of previous QCISD(T)* and MCSCF* (Multiconfig-
urational Self-Consistent-Field) calculations (Table III), with
slightly larger deviation from the B3LYP result,'® which is
known to overestimate the spin polarization effect.”* The

TABLE III. The calculated and experimental HFCC (in G) of 13CH;. The values listed are the electronic
HFCC at equilibrium geometry, AE:S), the total HFCC value including ZPVC (T'=0 K) and temperature

(T =96 K) correction, A"

iso ’

as well values of the ZPVC (per temperature) effects with respect to the equili-

brium.
; (eq) (tot) (tot) (eq)

Method/basis set Al Ao A A T (K) Reference
P(CI)/DZ 222 35.1 12.9(58%) 96 47
QCISD(T)/TZVP 27.8 37.7 9.9(36%) 96 48
MCSCF/cc-pVTZus2st 27.7 37.3 9.6(35%) 0 49
B3LYP/Huz-11Isu3 29.9 422 12.3(41%) 0 18
CCSD(T)/aug-cc-pVTZ-J 25.8 37.1 11.3(44%) 0/96 This work
Experiment 27.0 38.3 96 73
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TABLE IV. Thermal contribution to HFCC (in G) in '3CHj3 and '3CDs.

Temperature (K) 13CH; 13Cp;
0 37.068 34.239
96 37.092 34.275
300 38.076 35917

deviations can also be partly attributed to the effect of the
different basis sets used in electronic structure calculations. We
employed the basis set aug-cc-pVTZ-J, specifically designed
for core properties. In several studies,”>7>7¢ this basis set has
proved to yield coupling constants in good agreement with
experiment.

We conclude that with the high-level electronic structure
method and comprehensive variational treatment of the ro-
vibrational motion employed in the present work, we were
able to obtain reliable values of the HFCC for '3CH; and
13CDjs in very good agreement with experiment (Table III).
In particular, we calculate realistically the large vibrational
contribution to the HFCC, which we found to be 44% of the
equilibrium value. In agreement with previous studies, the
large vibrational contribution can be attributed to the large
amplitude out-of-plane bending motion. For the temperatures
considered in this study (7 < 300 K), the thermal effects play
a minor role.

ACKNOWLEDGMENTS

This work was supported in part by Grant No. JE 144/24-1
from the Deutsche Forschungsgemeinschaft (DFG), ERC
Advanced Investigator Project No. 267219, and FP7-MC-
IEF Project No. 629237. S.Y. acknowledges support from
a “Tomsk State University Academic D.I. Mendeleev Fund
Program” under Grant No. 8.1.51.2015.

IB. Kirtman, J. M. Luis, and D. M. Bishop, J. Chem. Phys. 108, 10008 (1998).
2V. E. Ingamells, M. G. Papadopoulos, N. C. Handy, and A. Willetts, J. Chem.
Phys. 109, 1845 (1998).

3B. Kirtman, B. Champagne, and J. M. Luis, J. Comput. Chem. 21, 1572
(2000).

4V. E. Ingamells, M. G. Papadopoulos, and A. J. Sadlej, J. Chem. Phys. 112,
1645 (2000).

Sp-0. Astrand, K. Ruud, and P. R. Taylor, J. Chem. Phys. 112, 2655 (2000).
%K. Ruud, P.-O. Astrand, and P. R. Taylor, J. Chem. Phys. 112, 2668 (2000).
7K. Ruud, P--O. Astrand, and P. R. Taylor, J. Comput. Methods Sci. Eng 3, 7
(2003).

8T. A. Ruden and K. Ruud, “Ro-vibrational corrections to nmr parameters,” in
Calculation of NMR and EPR Parameters: Theory and Applications (Wiley-
VCH Verlag GmbH & Co. KGaA, 2004), pp. 153-173.

9M. Torrent-Sucarrat, J. M. Luis, and B. Kirtman, J. Chem. Phys. 122,204108
(2005).

10y M. Luis, H. Reis, M. Papadopoulos, and B. Kirtman, J. Chem. Phys. 131,
034116 (2009).

11C. C. Chou and B. Y. Jin, Theor. Chem. Acc. 122, 313 (2009).

12T, B. Pedersen, J. Kongsted, T. D. Crawford, and K. Ruud, J. Chem. Phys.
130, 034310 (2009).

3R, Zalesny, I. W. Bulik, W. Bartkowiak, J. M. Luis, A. Avramopoulos, M. G.
Papadopoulos, and P. Krawczyk, J. Chem. Phys. 133, 244308 (2010).

14A S. Dutra, M. A. Castro, T. L. Fonseca, E. E. Fileti, and S. Canuto, J. Chem.
Phys. 132, 034307 (2010).

I5A. Yachmeney, S. N. Yurchenko, I. Paidarova, P. Jensen, W. Thiel, and S. P.
Sauer, J. Chem. Phys. 132, 114305 (2010).

I6E. S. Naves, M. A. Castro, and T. L. Fonseca, J. Chem. Phys. 136, 014303
(2012).

J. Chem. Phys. 143, 244306 (2015)

7M. Garcia-Borrds, M. Sol4, D. Lauvergnat, H. Reis, J. M. Luis, and B.
Kirtman, J. Chem. Theory Comput. 9, 520 (2013).

18X Chen, Z. Rinkevicius, K. Ruud, and H. Agren, J. Chem. Phys. 138, 054310
(2013).

9H. Reis, J. M. Luis, M. Garcia-Borrés, and B. Kirtman, J. Chem. Theory
Comput. 10, 236 (2014).

20X Chen, Z. Rinkevicius, Z. Cao, K. Ruud, and H. Agren, Phys. Chem. Chem.
Phys. 13, 696 (2011).

2IR. D. Wigglesworth, W. T. Raynes, S. P. A. Sauer, and J. Oddershede, Mol.
Phys. 94, 851 (1998).

225 M. Luis, B. Champagne, and B. Kirtman, Int. J. Quantum Chem. 80, 471
(2000).

2D, M. Bishop, “Molecular vibration and nonlinear optics,” in Advances in
Chemical Physics (John Wiley & Sons, Inc., 2007), pp. 1-40.

247, Lounila, R. Wasser, and P. Diehl, Mol. Phys. 62, 19 (1987).

25A. J. Russell and M. A. Spackman, Mol. Phys. 84, 1239 (1995).

26M. H. Beck, A. Jickle, G. A. Worth, and H.-D. Meyer, Phys. Rep. 324, 1
(2000).

27y, M. Bowman, S. Carter, and X. C. Huang, Int. J. Quantum Chem. 22, 533
(2003).

283 N. Yurchenko, W. Thiel, and P. Jensen, J. Mol. Spectrosc. 245, 126 (2007).

29E. Mityus, G. Czaké, and A. G. Csészar, J. Chem. Phys. 130, 134112
(2009).

30A . Yachmenev and S. N. Yurchenko, J. Chem. Phys. 143, 014105 (2015).

310. Christiansen, J. Chem. Phys. 122, 194105 (2005).

320, Christiansen, J. Kongsted, M. J. Paterson, and J. M. Luis, J. Chem. Phys.
125, 214309 (2006).

3G. Herzberg, The Spectra and Structures of Simple Free Radicals, st ed.
(Dover, Mineola, NY, 1971).

34R. A. Zhitnikov and Y. A. Dmitriev, Astron. Astrophys. 386, 1129 (2002).

35W. A. Lathan, W. J. Hehre, L. A. Curtiss, and J. A. Pople, J. Am. Chem. Soc.
93, 6377 (1971).

36G. T. Surratt and W. A. Goddard III, Chem. Phys. 23, 39 (1977).

3D, s. Marynick and D. A. Dixon, Proc. Natl. Acad. Sci. U. S. A. 74, 410
(1977).

38V, Spirko and P. R. Bunker, J. Mol. Spectrosc. 95, 381 (1982).

39p. Botschwina, J. Flesch, and W. Meyer, Chem. Phys. 74, 321 (1983).

40D, M. Chipman, J. Chem. Phys. 78, 3112 (1983).

41U. Salzner and P. v. R. Schleyer, Chem. Phys. Lett. 199, 267 (1992).

42D, A. Dixon, D. Feller, and K. A. Peterson, J. Phys. Chem. A 101, 9405
(1997).

430. Roberto-Neto, S. Chakravorty, and F. B. C. Machado, Int. J. Quantum
Chem. 103, 649 (2005).

4M. Keceli, T. Shiozaki, K. Yagi, and S. Hirata, Mol. Phys. 107, 1283 (2009).

45D. W. Schwenke, Spectrochim. Acta, Part A 55, 731 (1999).

46D, M. Medvedev, L. B. Harding, and S. K. Gray, Mol. Phys. 104, 73 (2006).

47y. Ellinger, F. Pauzat, V. Barone, J. Douady, and R. Subra, J. Chem. Phys.
72, 6390 (1980).

48V Barone, A. Grand, C. Minichino, and R. Subra, J. Chem. Phys. 99, 6787
(1993).

9B, Ferndndez, O. Christiansen, O. Bludsky, P. Jgrgensen, and K. V.
Mikkelsen, J. Chem. Phys. 104, 629 (1996).

0T. B. Adler, G. Knizia, and H.-J. Werner, J. Chem. Phys. 127, 221106 (2007).

SIK. A. Peterson, T. B. Adler, and H.-J. Werner, J. Chem. Phys. 128, 084102
(2008).

52p. F. Provasi, G. A. Aucar, and S. P. A. Sauer, J. Chem. Phys. 115, 1324
(2001).

3E. D. Hedegard, J. Kongsted, and S. P. A. Sauer, J. Chem. Theory Comput.
7,4077 (2011).

3T. B. Adler and H.-J. Werner, J. Chem. Phys. 130, 241101 (2009).

553, Ten-No, Chem. Phys. Lett. 398, 56 (2004).

56]. G. Hill, K. A. Peterson, G. Knizia, and H.-J. Werner, J. Chem. Phys. 131,
194105 (2009).

57K. E. Yousaf and K. A. Peterson, J. Chem. Phys. 129, 184108 (2008).

58, Weigend, Phys. Chem. Chem. Phys. 4, 4285 (2002).

39C. Hiittig, Phys. Chem. Chem. Phys. 7, 59 (2005).

60H.-J. Werner, P. J. Knowles, G. Knizia, F. R. Manby, and M. Schiitz, “Molpro:
A general purpose quantum chemistry program package,” WIREs: Comput.
Mol. Sci. 2, 242-253 (2012).

61Y. Lin, W. Thiel, S. N. Yurchenko, M. Carvajal, and P. Jensen, J. Chem. Phys.
117, 11265 (2002).

62See supplementary material at http://dx.doi.org/10.1063/1.4938253 com-
prising FORTRAN routines for the calculation of the potential energy and
HFCC surfaces of CH3 together with lists of vibrational energy values and
vibrationally averaged HFCC values for CH3 and its isotopologues.


http://dx.doi.org/10.1063/1.476460
http://dx.doi.org/10.1063/1.476760
http://dx.doi.org/10.1063/1.476760
http://dx.doi.org/10.1002/1096-987X(200012)21:16<1572::AID-JCC14>3.0.CO;2-8
http://dx.doi.org/10.1063/1.480731
http://dx.doi.org/10.1063/1.480840
http://dx.doi.org/10.1063/1.480841
http://dx.doi.org/10.3233/JCM-2003-3103
http://dx.doi.org/10.1063/1.1909031
http://dx.doi.org/10.1063/1.3171615
http://dx.doi.org/10.1007/s00214-009-0516-1
http://dx.doi.org/10.1063/1.3054301
http://dx.doi.org/10.1063/1.3516209
http://dx.doi.org/10.1063/1.3298914
http://dx.doi.org/10.1063/1.3298914
http://dx.doi.org/10.1063/1.3359850
http://dx.doi.org/10.1063/1.3673569
http://dx.doi.org/10.1021/ct300805p
http://dx.doi.org/10.1063/1.4789769
http://dx.doi.org/10.1021/ct400938a
http://dx.doi.org/10.1021/ct400938a
http://dx.doi.org/10.1039/C0CP01443E
http://dx.doi.org/10.1039/C0CP01443E
http://dx.doi.org/10.1080/00268979809482379
http://dx.doi.org/10.1080/00268979809482379
http://dx.doi.org/10.1002/1097-461X(2000)80:3<471::AID-QUA17>3.0.CO;2-B
http://dx.doi.org/10.1080/00268978700102031
http://dx.doi.org/10.1080/00268979500100861
http://dx.doi.org/10.1016/S0370-1573(99)00047-2
http://dx.doi.org/10.1080/0144235031000124163
http://dx.doi.org/10.1016/j.jms.2007.07.009
http://dx.doi.org/10.1063/1.3076742
http://dx.doi.org/10.1063/1.4923039
http://dx.doi.org/10.1063/1.1899156
http://dx.doi.org/10.1063/1.2400226
http://dx.doi.org/10.1051/0004-6361:20020268
http://dx.doi.org/10.1021/ja00753a007
http://dx.doi.org/10.1016/0301-0104(77)89041-1
http://dx.doi.org/10.1073/pnas.74.2.410
http://dx.doi.org/10.1016/0022-2852(82)90137-0
http://dx.doi.org/10.1016/0301-0104(83)85184-2
http://dx.doi.org/10.1063/1.445226
http://dx.doi.org/10.1016/0009-2614(92)80117-T
http://dx.doi.org/10.1021/jp970964l
http://dx.doi.org/10.1002/qua.20534
http://dx.doi.org/10.1002/qua.20534
http://dx.doi.org/10.1080/00268970902889626
http://dx.doi.org/10.1016/S1386-1425(98)00275-3
http://dx.doi.org/10.1080/00268970500238663
http://dx.doi.org/10.1063/1.439137
http://dx.doi.org/10.1063/1.465822
http://dx.doi.org/10.1063/1.470858
http://dx.doi.org/10.1063/1.2817618
http://dx.doi.org/10.1063/1.2831537
http://dx.doi.org/10.1063/1.1379331
http://dx.doi.org/10.1021/ct200587k
http://dx.doi.org/10.1063/1.3160675
http://dx.doi.org/10.1016/j.cplett.2004.09.041
http://dx.doi.org/10.1063/1.3265857
http://dx.doi.org/10.1063/1.3009271
http://dx.doi.org/10.1039/b204199p
http://dx.doi.org/10.1039/b415208e
http://dx.doi.org/10.1002/wcms.82
http://dx.doi.org/10.1002/wcms.82
http://dx.doi.org/10.1063/1.1521762
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253
http://dx.doi.org/10.1063/1.4938253

244306-7 Adam et al.

31n units of T (tesla), when all quantities on the right hand side of Eq. (1)
are in SI units, another customary unit is the Gauss (G); 1 G = 1074 T.
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C. Puzzarini, K. Ruud, F. Schiffmann, W. Schwalbach, C. Simmons, S.
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http://www.cfour.de.
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