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Potential Energy Surfaces Spanned by Low Level

Normal Coordinates - Application to CHFCII and
CDFCIlI

Sandra Heislbetz!, Peter Schwerdtfeger?, and Guntram Rauhut**
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Stuttgart, Germany.

2 Centre of Theoretical Chemistry and Physics (CTCP), Bldg. 44, Institute of Fundamen-
tal Sciences, Massey University (Auckland Campus), Private Bag 102904, North Shore
MSC, Auckland, New Zealand.

1 Abstract

The impact of approximate normal coordinates for spanning high level potential energy
surfaces on vibrational frequencies is studied within the framework of vibrational SCF
and configuration interaction calculations (VCI). The use of low level normal coordinates
avoids expensive geometry optimizations and harmonic frequency calculations and thus
allows for a significant reduction in CPU time. Benchmark calculations are provided for
a set of molecules ranging from 5 to 7 atoms. An application to CHFCII and CDFCII
shows that this approximation still allows for very accurate results. These molecules are

of particular interest for studying parity violation effects.

*To whom correspondence should be addressed: rauhut@theochem.uni-stuttgart.de
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2 Introduction

The calculation of accurate vibrational spectra is a time consuming task. At reliable
computational levels, e.g. CCSD(T)/aug-cc-p(C)VTZ and beyond, such calculations may
require several weeks of CPU time even for small molecules and within the harmonic ap-
proximation. Consequently, most computational studies on vibrational spectra are based
on density functional theory rather than wave function based ab initio methods [1]. In
most approaches for calculating anharmonic vibrational spectra, the computation of a re-
liable harmonic spectrum is a necessary prerequisite. Within perturbational approaches,
the anharmonic corrections are simply added to the harmonic values [2-4] , while for
variational vibrational SCF calculations (VSCF) the normal modes of the harmonic cal-
culation are often used within the expansion of the potential [5-7]. In perturbational
calculations it appears to be common practice to compute the anharmonic corrections at
a lower computational level than the harmonic frequencies [1,3,4]. In analogy to this,
the expansion of the potential in terms of many mode representations can be performed
at different computational levels as well, i.e. important one-mode terms (1D) need to
be computed at the highest level, while for the less important three-mode or four-mode
coupling terms (3D and 4D) lower theoretical levels appear to be sufficient [8,9]. The
impact of the approximation was found to be very little once the different computational
levels have been chosen carefully. For example, a 1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2
multi-level scheme appears to be quite successful within the calculation of anharmonic
vibrational spectra [8,10]. As the multidimensional potential calculated by a multi-level
scheme does not refer exactly to the normal modes used for spanning the potential, the
question arises if normal modes at lower computational levels can be used whithout intro-
ducing significant errors. Of course, this is not an approach for very accurate calculations
(e.g. Ref. 11,12), but if the errors remain reasonably small the achieved accuracy may be
sufficient for many applications while the overall CPU-time can be significantly reduced.
Such a method would be appealing for two reasons: (1) low level calculations like MP2 or
DFT are much faster than coupled-cluster calculations with a perturbational treatment
of triple excitations. (2) For many low level methods analytical first and/or second order
derivatives are available, while for the more sophisticated methods, e.g. density fitting
CCSD(T), second derivatives need to be computed by twofold numerical differentiation

which scales quadratically with respect to the degrees of freedom rather than linearly.
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Here we present a systematic study on the impact of different normal modes used for
spanning multi-level potential energy surfaces on anharmonic vibrational frequencies. All
calculations are based on configuration-selective vibrational CI calculations (cs-VCI) as
will be described in detail below. In section 4 we present calculations for the fundamental
modes of CHFCII and CDFCII which will be compared with the most recent experimental
results of Soulard et al. [13]. These molecules are of particular interest as they are potential
candidates for significant parity violation effects [14,15]. In addition, this study extends

our work on chiral methane derivatives (see Ref. 10).

3 Approximate normal coordinates

3.1 Computational details

A small set of molecules ranging from 4 to 7 atoms has been used for studying the impact
of the normal modes obtained from different electronic structure levels on the fundamen-
tal modes obtained from multi-level VCI calculations. This test set comprises formalde-
hyde [16], phosphorus trichloride [17], dibromomethane [18,19], trans-difluoroethylene
[20], vinyl chloride [21] and 1,2,5-oxadiazole [8,22]. Using a cc-pVTZ basis set through-
out [23], all structures were optimized at the MP2, MP4(SDQ) and CCSD(T) levels of
theory. The innermost 10 electrons of bromine (in dibromomethane) were approximately
treated by a Stuttgart small core relativistic effective core potential ECP10MDF with a
correlation consistent basis set adjusted by Peterson et al. [25]. Harmonic frequencies and
thus the normal coordinates were computed at the same electronic structure levels. These
coordinates were used for spanning multi-level 1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2 po-
tentials (see equation 1) which were applied in the subsequent variational VSCF and VCI

calculations based on the Watson Hamiltonian [26].
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In all calculations presented here, this series has been truncated after the 3D terms, which
was found to be sufficient for most applications. The correction due the 4D terms, which
are fully implemented in our code, is very small. The difference potentials V;(¢;), Vi; (¢, ¢;)

etc. are given as

Vilg:) = V;'O(Qi)—vo (2)
Vilgna;) = Vidlang) — > Vilar) (3)

refi,g}

and likewise for all other terms (3D and 4D). All quantities with the superscript 0 denote
the total energy as obtained from the electronic structure calculations at distorted nuclear
configurations. Vj represents the total energy at the equilibrium geometry. In order to
determine the incremental contributions in such a scheme correctly, one would in principle
need to compute the one-mode (1D) contributions at all three levels and the 2D terms at
the MP4(SDQ) and MP2 levels. This repeated calculation of the 1D and 2D grid points is

necessary in order to generate consistent difference potentials which obey the conditions:

Vij(q"’qﬂ' =0) :Vij(%' :0>Qj) =0 (4)

However, as in the MOLPRO suite of ab initio programs [27] the MP2 energy is a byprod-
uct of the CCSD(T) and MP4(SDQ) computational schemes, in practice only the 1D
terms need to be computed twice, i.e. at the CCSD(T) and MP4(SDQ) levels. Conse-
quently, the additional computational effort is rather limited. The multi-level scheme has
not been changed during this study. We explicitly note here, that this computational
scheme usually is not sufficient to ensure an accuracy which results in excellent agree-
ment with experimental data. Usually larger basis sets including diffuse functions [28],
core correlation effects, and spin-orbit couplings appear to be important [8,12]. However,

the computational scheme used here is accurate enough in order to exclude substantial
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artifacts and to allow for a comparison with experimental data. As reported in detail else-
where [9] the potential energy surfaces of all molecules within this study were generated
by a fully automated and parallelized algorithm which is based on an iterative inter-
polation technique and a prescreening scheme for the 3D contributions. Each difference
potential is represented by 16 grid points in each dimension. These fine grids are obtained
from one-dimensional polynomial interpolations based on an increasing number of coarse
grid points. Within the VSCF approach single-mode vibrational wave functions (modals)
were generated from 16 distributed Gaussians using a collocation algorithm [29]. Vibra-
tional correlation effects were accounted for by a configuration-selective VCI approach,
i.e. cs-VCI, including configurations with at most four different excited modals (quadruple
excitations) while restricting the maximum excitation level within one modal to the fourth
root. In addition, the overall excitation level was restricted to seven. From these initially
generated configurations a subset has been selected for the final VCI calculations using a
recently developed configuration selection scheme. All these algorithms are implemented

in a development version of the MOLPRO suite of ab initio programs [27].

3.2 Results

Tables I - V show the results for the fundamental modes of the test set molecules except
for 1,2,5-oxadiazole. In all these tables, the frequencies based on potentials spanned by
CCSD(T)/ce-pVTZ normal coordinates were taken as the reference (last three columns).
The harmonic MP2 and MP4(SDQ) frequencies usually lead to a strong systematic over-
estimation with respect to the CCSD(T) results. The mean absolute deviation for MP2
is 15.7 em~! with maximum deviations as large as 47.4 cm~!. Based on these results one
is also tempted to expect rather significant deviations between the MP2 and CCSD(T)
normal coordinates. However, calculation of the dot products of the normal coordinate
displacement vectors obtained at different levels of electronic structure theory shows that
this is not necessarily the case. As a result, the VSCF and c¢s-VCI frequencies obtained
from potentials spanned by low level (i.e. MP2 or MP4(SDQ)) calculations usually closely
resemble those obtained from CCSD(T) normal coordinates. For VSCF calculations, the
mean absolute deviation is as low as 0.3 ecm™! for MP2 and 0.5 cm™! for MP4(SDQ),
respectively. For cs-VCI calculations this deviation is slightly larger: 0.5 cm™! for MP2

URL: http://mc.manuscriptcentral.com/tandf/tmph
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and 0.6 cm™! for MP4(SDQ) normal coordinates. The enhanced sensitivity of the VCI
results mirrors the observation in electronic structure theory that correlation methods are
more sensitive to the basis set size and integral accuracy than Hartree-Fock calculations.
Maximum deviations scatter in the range between 0.3 and 3.0 cm™?, the latter observed

for the 1a’ mode of vinyl chloride (MP2, Table IV). At the MP4(SDQ) level the max-

imum deviation decreases to 2.2 cm™ .

These errors are far below the intrinsic error of
the electronic structure levels. Usually, core correlation effects or spin-orbit couplings can
be as large as 10 cm~!. The same holds true for increasing the basis set from triple-C to
quadruple-¢ quality. Consequently, the approximation introduced appears to be save if

no higher accuracy is desired.

The substitution of CCSD(T) normal coordinates by low level coordinates is based on
the assumption that both sets strongly resemble each other. The question arises, what
happens if this cannot be guaranteed?” For this very reason we have included 1,2,5-
oxadiazole into the test set. This is a molecule which is poorly represented by MP2 and
even MP4(SDQ) calculations. For example, the CN bond lengths differ from the CCSD(T)
bond length by 0.016 A at the MP2 level and by 0.010 A at the MP4(SDQ) level, re-
spectively. Likewise, the CC bond length deviates at the MP2 level by 0.023 A from the
coupled-cluster value. Dot products between the MP2 and the CCSD(T) normal coordi-
nate displacement vectors can be as low as 0.81 (6a1). Consequently, larger deviations
than for the other test molecules must be anticipated in this case. VCI results for this
molecule are provided in Table VI. As expected, a mean absolute deviation of 2.7 cm™!
at the MP2 level is far above the value for the other molecules and a maximum deviation
of 9.8 em™! for the 3a; mode is not acceptable. This prompted us to use methods for
calculating normal coordinates, which are not included in the multi-level approximation
of the potential, but simply provide a reliable approximation to the coupled-cluster co-
ordinates. Two methods appear to be particularly promising in that respect: (1) density
functional methods which are known for a proper representation of vibrational frequencies
and (2) the QCISD(T) method, which can be considered a truncated coupled-cluster vari-
ant [30]. QCISD(T) calculations are not significantly faster than CCSD(T) calculations,
but for the former one analytical gradients are available in MOLPRO which avoids the

twofold numerical differentiation [24]. These results are also included in Table VI. Both

URL: http://mc.manuscriptcentral.com/tandf/tmph
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methods yield results which are in excellent agreement with the coupled-cluster results.
Furthermore, the deviations introduced by this approximation are significantly smaller
than the error obtained from the limited basis set or the neglect of core-correlation ef-
fects. Consequently, it occurs that even problematic molecules can be handled within
this approximation and thus expensive geometry optimizations and harmonic frequency

calculations at the CCSD(T) appear not to be necessary for most systems.

The saving in CPU-time due to the introduced approximation can be quite substantial. As
outlined above, the savings are due to 2 reasons: (1) the use of analytical first derivatives
instead of a twofold numerical differentiation leads to a reduction from quadratic to linear
scaling within the generation of the normal coordinates. (2) The formal scaling with
respect to the molecular size of the low level correlation methods (O(N®) for MP2 and
O(N*) for DFT) is significantly better than for CCSD(T), i.e. O(N7). For the molecules of
the test set this leads to speed-ups in the generation of the normal modes up to a factor of
about 40. Consequently, the overall calculation time can be reduced significantly without

introducing substantial errors.

4 The vibrational spectra of CHFCII and CDFCII

4.1 Computational details

The structure of CHFCII has been optimized at the MP2 and CCSD(T) levels in combi-
nation with aug-cc-pVTZ and aug-cc-pVQZ basis sets. Core correlation effects have not
been included and the influence of the innermost 28 electrons of iodine was simulated by
a Stuttgart small core relativistic effective core potential (ECP28MDF) with correlation
consistent basis sets adjusted by Peterson [25]. Harmonic frequencies were computed for
both isotopomers at the MP2/aug-cc-pVTZ, MP2/aug-cc-pVQZ and CCSD(T)/aug-cc-
pVTZ levels. While first analytical derivatives could be used for the MP2 calculation, the
calculation of the CCSD(T) harmonic frequencies required a twofold numerical differen-

tiation step.
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Potential energy surfaces were spanned either by normal coordinates obtained from MP2/aug-

; cc-pVTZ or CCSD(T)/aug-cc-pVTZ calculations and were generated from a multi-level
3 1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2 scheme in combination with an aug-cc-pVTZ basis
4

5 set [9]. In total 2636 grid points (1D: 88, 2D: 796 and 3D: 1752) had to be computed at the
? different computational levels. The frozen core approximation has been used throughout.
g Calculation of the potential on a 2 processor dual core AMD Opteron 285 (2.6 GHz) takes
10 slightly less than 5 days. Within the VSCF and VCI calculations the same conditions
11

12 have been used as discussed in detail above for the test molecules. In the VCI calcula-
ii tions about 500 configurations (selected from 7675 initially generated configurations) were
ig needed on average in order to yield converged results.

17

18

19

20 4.2 Results

21

22

23 Results for all internal coordinates of the equilibrium structure are provided in Table VII.
24

25 The same trends are observed as in our previous study on CHFCIBr [10]: In compari-
g? son to the MP2 results, CCSD(T) leads to slightly larger bond lengths. We address this
ég general trend to the overestimation of correlation effects in MP2 calculations. Primarily
30 this affects the CCI and CI bonds lengths. However, the overall agreement between the
31

32 MP2 and CCSD(T) coordinates is excellent, in particular for the larger aug-cc-pVQZ
2?1 basis set. Moreover, based on the CCSD(T)/aug-cc-pVnZ, n = 2 — 4, equilibrium bond
35 lengths we have also computed the 7. bond lengths for the complete basis set (CBS) limit
36

37 using the three-parameter extrapolation formula of Peterson et al. [31] (denoted CBS-3)
gg and the two-parameter equation (CBS-2) of Helgaker et al. [32,33]. These bond lengths
22 must be considered the most accurate values. The two different approaches used for cal-
42 culating the basis set limit provide an error bar of about +0.0005 A. Surprisingly, the
43

44 CBS-3 value for the CH bond is larger than the CCSD(T)/aug-cc-pVQZ result. This may
22 originate from a rather short CCSD(T)/aug-cc-pVTZ value which is already very close to
j; the CCSD(T)/aug-cc-pVQZ bond length. However, the uncertainty of the CBS results is
49 larger than the elongation with respect to the CCSD(T)/aug-cc-pVQZ bond length. The
50

51 CBS values indicate that except for the CH bond even the aug-cc-pVQZ results are far
gg from being converged. The largest correction is found for the CCl bond length, but it
2‘51 is well known that for 2nd-row atoms the basis set exprapolation based on aug-cc-pVnZ
56

57

58

59

60

URL: http://mc.manuscriptcentral.com/tandf/tmph



©CoO~NOUTA,WNPE

Molecular Physics
bases may lead to nonnegligible errors [34] and thus we expect the CBS value for the
CClI bond length to be less accurate than for the other bonds. In order to account for vi-
brational effects on the structural parameters, anharmonicity corrections were computed
from the expectation value using the aug-cc-pVTZ multi-level VCI wavefunction of the
vibrational ground-state. These corrections were applied to both, the MP2 and CCSD(T)
equilibrium structures which refer to the aug-cc-pVTZ basis set. Results are shown in
Table VIII. Here, the most important result is that the MP2 and CCSD(T) values results
coincide due to the vibrational corrections - which of course is expected as long as the
wave functions of the vibrational ground state are very similar. While these corrections
are rather large in the MP2 case, they are significantly smaller for the CCSD(T) calcu-
lation. In other words, without performing a CCSD(T) geometry optimization, one is
able to reproduce the coupled-cluster geometrical parameters - but of course in a more
economic way. To the best of our knowledge experimental geometrical parameters are
not available for this molecule. However, Soulard et al. [13] provide rotational constants
for the CH*CIFI and CH3"FCII isotopomers corresponding to vibrationally averaged ge-
ometries. Hence, we computed these constants for the equilibrium and the vibrationally
averaged structures (cf. Table IX). The rotational constants were not computed via the
expectation value of the eigenvalues of the moment of inertia tensor for the vibrational
ground state but rather from the moment of inertia tensor of the vibrationally averaged
structure. With respect to the equilibrium values still a considerable basis set dependence
can be seen and for the A constant the CBS values still differ considerably from the aug-
cc-pVQZ result. The two different methods for calculating the complete basis set limit
again provide a measure for the uncertainty within these values. Empirical corrections to
the CCI and CI bond lengths would yield slightly shorter bonds and thus larger rotational
constants [35]. As our calculations do not include core-correlation effects, which - in line
with the empirical corrections - usually lead to shorter bonds, we consider the CBS values
provided in Table IX being slightly too low. However, as the experimental values and
the computed values at the equilibrium geometry refer to different structures (7. instead
of r,), this is not a fair comparison (although it is frequently done in the literature).
Consequently, the only meaningful comparison is between the experimental values and
the vibrationally averaged structure. The computed vibrationally averaged values under-
estimate the experimental values, indicating that the CCSD(T)/aug-cc-pVTZ structure

is not yet fully converged.
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The harmonic frequencies and their corresponding intensities (obtained from analytical
dipole moment derivatives) are listed in Tables X and XI. While basis sets (from aug-cc-
pVTZ to aug-cc-pVQZ) appear to be rather small (the maximum deviation Aw,,, at the
MP2 level is 5.2 em™!), differences between MP2 and CCSD(T) are still quite substantial
(AWpae = 24.3 cm™1). While a direct comparison of the harmonic frequencies of CHFCII
with the experimental results of Soulard et al. [13] (cf. Table XII) remains unsatisfying, it
is interesting to note, that the lowest three vibrations (w; —wg) are properly represented by
both, the harmonic MP2 and the harmonic CCSD(T) calculations. Consequently, these
modes appear to be less sensitive to electron correlation effects and are fairly harmonic
in nature, while anharmonic corrections are important for all other modes. The overall
agreement of the fundamental VCI modes (cf. Table XII) with the experimental values
is excellent. The mean absolute deviation is 4.6 cm~! while the maximum deviation is
about twice as large (8.3 ecm™!). The approximation introduced above for reducing the
computational effort within the calculation of the normal modes essentially leads to neg-

! maximum

ligible deviations for both isotopomers (mean absolute deviation: 0.3 cm™
deviation (CCI stretching mode): 1.1 em™). This result is not unexpected as the MP2
structural parameters closely resemble the CCSD(T) results (see above). On the other
hand, the savings in CPU-time amount to about 20 days for this system, when running
the harmonic frequency calculations on just one processor. No experimental values are
available for CDFCII in the literature. Therefore, the data compiled here must be con-
sidered a prediction. However, we do not anticipate any larger errors for this isotopomer
than for CHFCIIL. On the contrary, in analogy to our previous study on CHFCIBr and

CDFCIBr we expect slightly smaller deviations with respect to experimentally observed

values.

5 Summary and Conclusions

It could be shown that for the calculation of accurate vibrational spectra, it is not neces-
sary to optimize the structural parameters of molecules at the highest levels of electronic

structure theory. Aslong as the structural parameters of a molecule obtained by a low level
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method closely resemble those of high level methods, e.g. CCSD(T)/aug-cc-pVTZ (typi-
cally deviations should be less than 1%), it appears that despite considerable differences
in the harmonic frequencies the impact of the low level normal coordinates on the VCI
frequencies is rather small - a very few wavenumbers only. Modern density functionals,
which are known to be particular successful in the reproduction of structural parameters
and harmonic vibrational spectra, appear to be the most promising low-level approaches
for the generation of approximate normal coordinates. Even for small molecules, this
may result in significant time savings. For the systems presented here, the fairly accu-
rate multi-level VCI calculations (i.e. surface generation plus a vibrational CI calculation)
usually takes about as long as a corresponding high-level harmonic frequency calculation.
However, it must be admitted that this ratio holds only true as long as a twofold numer-

ical differentiation at the high level cannot be avoided.

The structure and vibrational frequencies of CHFCII and CDFCII have been studied by
accurate calculations up to the CCSD(T)/aug-cc-pVQZ level. Fundamental frequencies
obtained from multi-level vibrational CI calculations are in excellent agreement with re-
cent experimental results of Soulard et al. [13] for CHFCI. Maximum deviations are

1

as low as 8.3 cm™". In addition to that we present here predictions for the deuterated

isotopomer.
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Table I: Harmonic and anharmonic frequencies (cm™') of formaldehyde obtained from multi-level potential energy surfaces
(1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2) spanned by normal coordinates obtained at different levels of electronic structure the-

ory.

MP2¢ MP4(SDQ)* CCSD(T)“
v; Sym Expt.© Harm. VSCF VCI Harm. VSCF VCI Harm. VSCF  VCI
1 ap 2782.5  2970.0 2814.5 2780.5 2953.3 2814.1 2780.2 2929.0 2814.4 2780.1
2 1746.0 1771.5 1751.6 1748.5 1812.3 1751.9 17485 1779.9 1751.9 1748.6
3 1500.2  1553.2 1512.2 1506.6 1556.2 1511.3 1506.7 1542.8 1511.6 1506.8
4 by 2843.3 3043.0 2835.9 2836.6 3082.6 2835.4 2837.7 2995.6 2835.6 2838.3
5 1249.1  1280.1 1252.4 1248.0 1284.0 12524 1248.2 1274.6 1252.3 1248.2
6 by 1167.3 1208.6 1161.7 1159.9 1212.5 1160.3 1158.5 1192.0 1160.2 11584
| Agl® 21.7 0.5 0.7 31.2 0.2 0.2 0.0 0.0 0.0
1A |’ 474 1.5 1.7 87.0 0.3 0.6 0.0 0.0 0.0

a) Level of electronic structure theory for calculating the normal coordinates.
b) Mean and maximum absolute deviation with respect to results obtained from calculations based on multi-level potential energy
surfaces spanned by CCSD(T) normal coordinates (last three columns).

c) Experimental values were taken from Ref. [16].

URL: http://mc.manuscriptcentral.com/tandf/tmph
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Table II: Harmonic and anharmonic frequencies (cm™) of phosphorus trichloride obtained from multi-level potential energy surfaces

11 (1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2) spanned by normal coordinates obtained at different levels of electronic structure theory.

14 MP22 MP4(SDQ)* CCSD(T)®

16 v; Sym Expt.© Harm. VSCF VCI Harm. VSCF VCI Harm. VSCF VCI
1 1 a; 504 5157 5136 511.8  522.7 5135 511.6 5283 513.4 511.3
19 2 252 256.3 2552 254.9  261.0 255.2 254.9  261.1 255.2 254.9
21 3 e 482 507.6 503.7 5024  516.7 503.8 502.3  517.7 503.7 502.4
- 4 198 184.4 183.7 1835  187.8 183.7 183.5  188.0 183.6 183.5
24 | Ay’ 78 01 0.1 1.7 01 01 0.0 00 00
26 A 126 02 05 56 01 03 0.0 00 00

91

29 a) Level of electronic structure theory for calculating the normal coordinates.
31 b) Mean and maximum absolute deviation with respect to results obtained from calculations based on multi-level potential energy
32 surfaces spanned by CCSD(T) normal coordinates (last three columns).

34 c) Experimental values were taken from Ref. [17].

46 URL: http://mc.manuscriptcentral.com/tandf/tmph
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Table III: Harmonic and anharmonic frequencies (cm™!) of dibromomethane obtained from multi-level potential energy surfaces

(1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2) spanned by normal coordinates obtained at different levels of electronic structure theory.

MP2¢ MP4(SDQ)* CCSD(T)“
v; Sym Expt.® Harm. VSCF VCI Harm. VSCF VCI Harm. VSCF  VCI
1 a; 3009 3161.1 3014.0 3000.5 3158.7 3014.0 2999.9 3138.3 3014.1 3001.2

2 1382 1455.7 1424.0 1409.9 1463.6 1423.8 1409.4 1446.5 1423.7 1409.7
3 588 6065 5834 580.2 5981 583.7 5804  589.0 5838 580.5
4 169 1744 169.2 169.8 1734 169.2 169.8  170.8 169.1 169.8
5 ay 1095 1136.8 11154 1102.3 1136.7 11154 1102.1 1121.8 11154 1102.2
6 by 3073 3247.5 3061.0 3059.8 3241.6 3061.2 3059.8 3220.9 3061.2 3059.6
7 812 8289 8285 811.9 829.0 8284 811.7  819.1 8285 811.9
8 by 1195 12323 1213.7 1201.1 1241.0 1213.6 1200.9 1221.4 1213.6 1201.0
9 653  695.3 657.4 654.6  688.2 657.6 6547  670.8 657.6 654.7
| A’ 155 02 02 146 01 03 0.0 00 00
| Apae|” 266 04 07 207 01 13 0.0 00 00

a) Level of electronic structure theory for calculating the normal coordinates.
b) Mean and maximum absolute deviation with respect to results obtained from calculations based on multi-level potential energy
surfaces spanned by CCSD(T) normal coordinates (last three columns).

c) Experimental values were taken from Refs. [18,19].
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1

é Table IV: Harmonic and anharmonic frequencies (cm™!) of vinyl chloride obtained from multi-level potential energy surfaces
4 (1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2) spanned by normal coordinates obtained at different levels of electronic structure theory.
:

7 MP2® MP4(SDQ)* CCSD(T)~

8 v; Sym Expt.© Harm. VSCF  VCI Harm. VSCF  VCI Harm. VSCF  VCI

ig 1 a> 3121 3306.3 3104.2 3102.3 3286.8 3105.5 3103.6 3261.6 3105.1 3105.3

ig 2 3087  3252.3 3049.9 3082.1 3247.0 3052.2 3080.8 3221.1 3051.8 3080.6

14 3 3020  3200.0 3037.1 3017.1 3189.0 3037.8 3017.9 3163.3 3037.6 3019.0

ig 4 1610 1657.6 1618.3 1606.5 1684.3 1618.4 1608.0 1648.9 1618.6 1607.2

" 5 1371 1414.8 1388.6 1365.3 1427.5 1388.5 1365.3 1408.6 1388.8 1366.6

19 6 1280 1310.4 1284.3 1273.2 1320.7 1285.0 1273.6 1302.8 1284.8 1273.7

32 7 1031  1047.4 1043.4 10224 1056.4 1043.5 1022.7 1042.4 1043.6 1022.9

2% 3 722 7432 7230 TILT 7351 7223 TIL7 7250 7224 T120

gg 9 398  396.7 405.0 390.8  397.5 404.6 391.3  391.5 404.7 3916

26 10 a” 942 987.4 9714 9432  991.2 971.2 9434  966.8 971.5 943.3

% 11 897 9145 9234 891.1 937.5 923.3 891.2  906.5 923.0 891.3

gg 12 620 6404 655.7 6176  638.4 655.8 618.0  624.1 6554 617.7

g; Ay’ 172 06 09 207 03 06 00 00 00

33 | Aaz|” 44.7 1.9 3.0 35.4 0.4 1.7 0.0 0.0 0.0

34

gg a) Level of electronic structure theory for calculating the normal coordinates.

2573 b) Mean and maximum absolute deviation with respect to results obtained from calculations based on multi-level potential energy
28 surfaces spanned by CCSD(T) normal coordinates (last three columns).

41 c) Experimental values were taken from Ref. [21].

e

44

45
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Table V: Harmonic and anharmonic frequencies (cm™!) of trans-difluoroethylene obtained from multi-level potential energy surfaces

(1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2) spanned by normal coordinates obtained at different levels of electronic structure theory.

MP2¢ MP4(SDQ)* CCSD(T)®
v; Sym Expt.© Harm. VSCF  VCI Harm. VSCF VCI Harm. VSCF  VCI
1 ag, 3109 3281.0 3115.9 31029 3272.4 3115.8 3102.9 3244.6 3115.9 3105.1
2 1702 1762.0 1716.0 1706.2 1787.3 1716.2 1706.4 1749.3 1715.5 1706.2
3 1286  1322.3 1295.6 1286.0 1330.8 1295.8 1286.3 1313.6 1295.5 1285.9
4 1123 1173.7 1151.8 1146.5 1180.5 1151.8 1146.7 1167.5 1151.7 1146.4
) 552 560.1 551.4 549.6 563.5 551.5 549.7 556.4 551.1 5494
6 a, 8742 925.7 911.1 888.0  931.3 911.3 887.8  907.5 9109 8875
7
8
9

335 345.2 333.6 333.6 345.3 333.8 333.7 3379 3334 3333
by 788 824.0 806.6 785.1 834.3 806.8 785.4 799.9 806.4 785.3
3101 3272.2 3086.9 3089.0  3262.6 3086.8 3089.7 3235.8 3086.4 3088.7

10 1274.2 13144 12921 1279.5 1324.3 1292.6 1280.1 1310.1 1292.0 1279.6
11 1159 12034 1176.8 1172.2 1208.1 1176.6 1172.0 11959 1176.6 1172.1
12 324 3169 3204 3153 3207 320.6 3155 3146 3202 315.2
Ay’ 140 02 04 190 04 05 0.0 00 00
| Apaa|® 364 05 22 344 07 22 0.0 00 00

a) Level of electronic structure theory for calculating the normal coordinates.
b) Mean and maximum absolute deviation with respect to results obtained from calculations based on multi-level potential energy
surfaces spanned by CCSD(T) normal coordinates (last three columns).

c) Experimental values were taken from Ref. [20].
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1

2

3

g Table VI: Anharmonic cs-VCI frequencies (cm™!) of 1,2,5-oxadiazole obtained from multi-
? level potential energy surfaces (1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2) spanned by nor-
8 mal coordinates obtained at different levels of electronic structure theory.

9

10

11 # Sym B3LYP® MP2* MP4(SDQ)* QCISD(T)* CCSD(T)*
ig 1 a 3155.81 3151.81 3155.84 3151.74 3152.93
1;1 2 1417.00 1413.23 1417.86 1417.66  1417.66
16 3 1309.11 1319.59 1308.45 1309.55 1309.75
17

18 4 1037.39 1039.42 1037.20 1038.52 1038.55
e 5 1000.54  999.39 1000.52 999.68  999.77
g; 6 871.16  865.37 871.83 870.28 870.66
” T b, 3132.79 3131.85 3134.16 312027 3129.57
gg 8 1530.20 1534.47 1529.54 1530.72 1530.89
27 9 1174.94 1172.07 1173.13 1173.60 1173.56
o 10 946.89 947.98 04372 94591  946.11
gg 11 832.91 831.64 841.62 835.98 835.70
> 12 ay  890.16 891.74 890.65 890.26  890.55
2‘5‘ 13 637.36  634.38 636.01 635.92 635.70
> 14 by 849.72  850.03 850.63 849.07  849.10
gg 15 628.80 626.80 628.87 628.65 628.63
40 | Ago]® 1.2 2.7 1.6 0.2 0.0
41

4 Aoz 3.2 9.8 5.9 1.2 0.0
43

jg a) Level of electronic structure theory for calculating the normal coordinates.
46 b) Mean and maximum absolute deviation with respect to results obtained from cs-VCI
47

48 calculations based on multi-level potential energy surfaces spanned by CCSD(T) normal
49 .

50 coordinates (last column).

51

52

53

54

55

56

57

58

59

60
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Table VII: Optimized internal coordinates for CHFCII at various levels of theory. Dis-

tances r, in Angstrom, bond and torsion angles, o, and 7., in degrees.

Molecular Physics

MP2 CCSD(T)
Parameter avtz avqz avtz avqz CBS-3* CBS-2°
r&H 1.0837 1.0832  1.0847 1.0843 1.0845 1.0840
TSF 1.3549 1.3515 1.3550 1.3506 1.3482 1.3474
roct 1.7574 1.7513  1.7671 1.7604 1.7563 1.7555
ro! 21379 2.1398 21490 2.1513 2.1534 2.1529
aHCl 107.55 107.42  107.62 107.42
afcl 109.50 109.42  109.46 109.39
alier 112.18 11221 11227 112.29
TClCIH 119.45 119.49  119.43 119.42
TFCIH -118.80 -118.71 -118.92 -118.83

e

a) Complete basis set limit using the three-parameter extrapolation formula (CBS-3) of

Peterson et al. [31].

b) Complete basis set limit using the two-parameter formula (CBS-2) of Helgaker et

al. [32,33].

URL: http://mc.manuscriptcentral.com/tandf/tmph
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13 Table VIII: Vibrationally averaged structures of CHFCII and CDFCII. Distances, r,, in

15 Angstrom, bond and torsion angles, o, and 7,, in degrees.

17 CHFCII CDFCII

19 MP2¢ CCSD(T)®  MP2¢ CCSD(T)e
21 rCH 1.0930 1.0930  1.0908 1.0908
23 rCF 1.3603 1.3602  1.3602 1.3601
24 rCet 1.7732 17730 1.7727 1.7726

25 z
26 rot 2.1550 2.1550  2.1546 2.1545

z

28 act 107.84 107.83  107.80 107.79

z

ret 109.32 109.32  109.28 109.36

z

3 ciet 112.16 112,16 112.20 112.20

33 7OICIH 119 67 119.66  119.63 119.61
35 FFCIH 11901  -119.01 -118.95  -118.96

w
o
R L R

a) Level of electronic structure theory for calculating the normal coordinates. The
39 wavefunction of the vibrational ground state used for calculating the vibrationally

41 averaged parameters was obtained from a multi-level potential (see text).
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Table IX: Experimental and calculated rotational constants (in MHz) for CH*FCII and CH3FCII

CH*FCII CH*"FCII
Method Type A B C A B C
Exp.¢ Reference 6278.65 1474.15 1224.41 6192.86 1432.70 1192.57

CCSD(T)/avtz Equilibrium 6248.61 1461.53 1215.06 6163.50 1420.27 1183.34
CCSD(T)/avqz Equilibrium 6282.95 1462.85 1217.11 6197.13 1421.64 1185.37
CCSD(T)/CBS-3° Equilibrium 6304.97 1462.81 1217.84 6218.61 1421.66 1186.12
CCSD(T)/CBS-2¢ Equilibrium 6311.32 1463.70 1218.66 6224.85 1422.53 1186.92
CCSD(T)/avtz Vibr. averaged 6207.64 1454.34 1209.12 6123.60 1413.23 1177.54

a) Experimental value taken from Ref. [13].
b) Complete basis set limit using the three-parameter extrapolation formula (CBS-3) of Peterson et al. [31].

c¢) Complete basis set limit using the two-parameter formula (CBS-2) of Helgaker et al. [32,33].

URL: http://mc.manuscriptcentral.com/tandf/tmph
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15 Table X: Harmonic vibrational frequencies w; (in cm™!) and intensities (in km/mol) for

17 CHFCIL.

MP2 CCSD(T)

avtz avqz avtz
23 Mode w Int. w Int. w
o5 w1 3183.2 0.3 31827 0.3 3158.9
P Wy 13320 9.0 13341 87 1326.7
28 w3 1212.5 75.0 1212.6 73.7 1202.1
30 W 1083.1 172.5 1084.7 173.0 1087.6
32 W 797.6 163.9  802.8 162.6 782.2
We 615.5 325  610.3 35.0 602.2
35 Wy 419.6 0.4 4215 04 414.0
37 ws 2780 0.3 2773 0.3 273.7
39 W 1971 0.0 1973 0.0 193.1

URL: http://mc.manuscriptcentral.com/tandf/tmph
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Table XI: Harmonic vibrational frequencies w; (in em™!) and intensities (in km/mol) for

CDFCIL.

Molecular Physics

MP2 CCSD(T)

avtz avqz avtz

Mode w Int. w  Int. w
w1 23442 0.5 23438 0.5 23259
Wy 1086.5 170.8 1087.7 169.7 1091.8
w3 985.0 8.8 987.7 9.0 980.8
Wy 921.2 147.0 920.3 147.9 912.9
Ws 762.3 89.8 766.7 87.7 747.8
We 572.4 21.1 568.2 229 559.9
Wy 4175 04 4194 0.5 412.0
ws 2775 0.3 276.8 0.3 273.2
Wy 196.4 0.0 196.6 0.0 192.4

URL: http://mc.manuscriptcentral.com/tandf/tmph
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12 Table XII: Fundamental frequencies v; for CHFCII and CDFCII (in cm™).

15 CHFCII CDFCII

17 Mode  MP2* CCSD(T)* Exp.! MP2* CCSD(T)*
18 vy 3014.9 3014.7 3010 2255.4 2255.1
20 Vs 1296.9 1297.4 1301 1061.4 1061.8
22 Vs 1179.4 1179.3 1180  962.6 962.3
” Vs 1059.5 1059.6 1053  895.9 895.7
Vs 764.6 765.4 764 731.9 733.0
27 Ve 594.2 594.8 587  554.2 554.2
29 vr 409.5 409.7 418  407.6 407.6
Vg 271.0 271.2 274 2705 270.6
32 Vo 191.7 1919 197 1911 191.1

35 a) Level of electronic structure theory for calculating the normal coordinates. The wave-
37 function of the vibrational ground state was obtained from a multi-level potential (see
38 text).

40 b) Taken from Ref. 13. There is a misprint in Table 3 of Ref. 13. According to private
42 communication with Dr. J. Crassous the given Raman frequency of 3150 cm~! has to be

a4 replaced by 3010 cm™!,
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1 Abstract

The impact of approximate normal coordinates for spanning high level potential energy
surfaces on vibrational frequencies is studied within the framework of vibrational SCF
and configuration interaction calculations (VCI). The use of low level normal coordinates
avoids expensive geometry optimizations and harmonic frequency calculations and thus
allows for a significant reduction in CPU time. Benchmark calculations are provided for
a set of molecules ranging from 5 to 7 atoms. An application to CHFCII and CDFCII
shows that this approximation still allows for very accurate results. These molecules are

of particular interest for studying parity violation effects.

*To whom correspondence should be addressed: rauhut@theochem.uni-stuttgart.de
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2 Introduction

The calculation of accurate vibrational spectra is a time consuming task. At reliable
computational levels, e.g. CCSD(T)/aug-cc-p(C)VTZ and beyond, such calculations may
require several weeks of CPU time even for small molecules and within the harmonic ap-
proximation. Consequently, most computational studies on vibrational spectra are based
on density functional theory rather than wave function based ab initio methods [1]. In
most approaches for calculating anharmonic vibrational spectra, the computation of a re-
liable harmonic spectrum is a necessary prerequisite. Within perturbational approaches,
the anharmonic corrections are simply added to the harmonic values [2-4] , while for
variational vibrational SCF calculations (VSCF) the normal modes of the harmonic cal-
culation are often used within the expansion of the potential [5-7]. In perturbational
calculations it appears to be common practice to compute the anharmonic corrections at
a lower computational level than the harmonic frequencies [1,3,4]. In analogy to this,
the expansion of the potential in terms of many mode representations can be performed
at different computational levels as well, i.e. important one-mode terms (1D) need to
be computed at the highest level, while for the less important three-mode or four-mode
coupling terms (3D and 4D) lower theoretical levels appear to be sufficient [8,9]. The
impact of the approximation was found to be very little once the different computational
levels have been chosen carefully. For example, a 1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2
multi-level scheme appears to be quite successful within the calculation of anharmonic
vibrational spectra [8,10]. As the multidimensional potential calculated by a multi-level
scheme does not refer exactly to the normal modes used for spanning the potential, the
question arises if normal modes at lower computational levels can be used whithout intro-
ducing significant errors. Of course, this is not an approach for very accurate calculations
(e.g. Ref. 11,12), but if the errors remain reasonably small the achieved accuracy may be
sufficient for many applications while the overall CPU-time can be significantly reduced.
Such a method would be appealing for two reasons: (1) low level calculations like MP2 or
DFT are much faster than coupled-cluster calculations with a perturbational treatment
of triple excitations. (2) For many low level methods analytical first and/or second order
derivatives are available, while for the more sophisticated methods, e.g. density fitting
CCSD(T), second derivatives need to be computed by twofold numerical differentiation

which scales quadratically with respect to the degrees of freedom rather than linearly.
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Here we present a systematic study on the impact of different normal modes used for
spanning multi-level potential energy surfaces on anharmonic vibrational frequencies. All
calculations are based on configuration-selective vibrational CI calculations (cs-VCI) as
will be described in detail below. In section 4 we present calculations for the fundamental
modes of CHFCII and CDFCII which will be compared with the most recent experimental
results of Soulard et al. [13]. These molecules are of particular interest as they are potential
candidates for significant parity violation effects [14,15]. In addition, this study extends

our work on chiral methane derivatives (see Ref. 10).

3 Approximate normal coordinates

3.1 Computational details

A small set of molecules ranging from 4 to 7 atoms has been used for studying the impact
of the normal modes obtained from different electronic structure levels on the fundamen-
tal modes obtained from multi-level VCI calculations. This test set comprises formalde-
hyde [16], phosphorus trichloride [17], dibromomethane [18,19], trans-difluoroethylene
[20], vinyl chloride [21] and 1,2,5-oxadiazole [8,22]. Using a cc-pVTZ basis set through-
out [23], all structures were optimized at the MP2, MP4(SDQ) and CCSD(T) levels of
theory. The innermost 10 electrons of bromine (in dibromomethane) were approximately
treated by a Stuttgart small core relativistic effective core potential ECP10MDF with a
correlation consistent basis set adjusted by Peterson et al. [25]. Harmonic frequencies and
thus the normal coordinates were computed at the same electronic structure levels. These
coordinates were used for spanning multi-level 1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2 po-
tentials (see equation 1) which were applied in the subsequent variational VSCF and VCI

calculations based on the Watson Hamiltonian [26].
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Vi, ... q3n-0) ZV @)+ Viglan )+ > Virlai 5. ax)

z<] i<j<k
cesp(T) MP4(SDQ) MP2
+ > Vi@ 45 @ @) + - (1)
1<j<k<l

neglected

In all calculations presented here, this series has been truncated after the 3D terms, which
was found to be sufficient for most applications. The correction due the 4D terms, which
are fully implemented in our code, is very small. The difference potentials V;(g;), Vi; (¢, ¢;)

etc. are given as

Vilg)) = V;'O(%)—Vo (2)
Vilgna5) = Villang) — > Velar) (3)

refi,j}

and likewise for all other terms (3D and 4D). All quantities with the superscript 0 denote
the total energy as obtained from the electronic structure calculations at distorted nuclear
configurations. Vj represents the total energy at the equilibrium geometry. In order to
determine the incremental contributions in such a scheme correctly, one would in principle
need to compute the one-mode (1D) contributions at all three levels and the 2D terms at
the MP4(SDQ) and MP2 levels. This repeated calculation of the 1D and 2D grid points is

necessary in order to generate consistent difference potentials which obey the conditions:

However, as in the MOLPRO suite of ab initio programs [27] the MP2 energy is a byprod-
uct of the CCSD(T) and MP4(SDQ) computational schemes, in practice only the 1D
terms need to be computed twice, i.e. at the CCSD(T) and MP4(SDQ) levels. Conse-
quently, the additional computational effort is rather limited. The multi-level scheme has
not been changed during this study. We explicitly note here, that this computational
scheme usually is not sufficient to ensure an accuracy which results in excellent agree-
ment with experimental data. Usually larger basis sets including diffuse functions [28],
core correlation effects, and spin-orbit couplings appear to be important [8,12]. However,

the computational scheme used here is accurate enough in order to exclude substantial
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artifacts and to allow for a comparison with experimental data. As reported in detail else-
where [9] the potential energy surfaces of all molecules within this study were generated
by a fully automated and parallelized algorithm which is based on an iterative inter-
polation technique and a prescreening scheme for the 3D contributions. Each difference
potential is represented by 16 grid points in each dimension. These fine grids are obtained
from one-dimensional polynomial interpolations based on an increasing number of coarse
grid points. Within the VSCF approach single-mode vibrational wave functions (modals)
were generated from 16 distributed Gaussians using a collocation algorithm [29]. Vibra-
tional correlation effects were accounted for by a configuration-selective VCI approach,
i.e. cs-VCI, including configurations with at most four different excited modals (quadruple
excitations) while restricting the maximum excitation level within one modal to the fourth
root. In addition, the overall excitation level was restricted to seven. From these initially
generated configurations a subset has been selected for the final VCI calculations using a
recently developed configuration selection scheme. All these algorithms are implemented

in a development version of the MOLPRO suite of ab initio programs [27].

3.2 Results

Tables I - V show the results for the fundamental modes of the test set molecules except
for 1,2,5-oxadiazole. In all these tables, the frequencies based on potentials spanned by
CCSD(T)/ce-pVTZ normal coordinates were taken as the reference (last three columns).
The harmonic MP2 and MP4(SDQ) frequencies usually lead to a strong systematic over-
estimation with respect to the CCSD(T) results. The mean absolute deviation for MP2
is 15.7 em~! with maximum deviations as large as 47.4 cm~!. Based on these results one
is also tempted to expect rather significant deviations between the MP2 and CCSD(T)
normal coordinates. However, calculation of the dot products of the normal coordinate
displacement vectors obtained at different levels of electronic structure theory shows that
this is not necessarily the case. As a result, the VSCF and ¢s-VCI frequencies obtained
from potentials spanned by low level (i.e. MP2 or MP4(SDQ)) calculations usually closely
resemble those obtained from CCSD(T) normal coordinates. For VSCF calculations, the
mean absolute deviation is as low as 0.3 cm™! for MP2 and 0.5 ecm™! for MP4(SDQ),
respectively. For cs-VCI calculations this deviation is slightly larger: 0.5 cm™! for MP2
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and 0.6 cm™! for MP4(SDQ) normal coordinates. The enhanced sensitivity of the VCI
results mirrors the observation in electronic structure theory that correlation methods are
more sensitive to the basis set size and integral accuracy than Hartree-Fock calculations.

Maximum deviations scatter in the range between 0.3 and 3.0 cm™?, the latter observed

for the 1a’ mode of vinyl chloride (MP2, Table IV). At the MP4(SDQ) level the max-

imum deviation decreases to 2.2 cm™ .

These errors are far below the intrinsic error of
the electronic structure levels. Usually, core correlation effects or spin-orbit couplings can
be as large as 10 cm™!. The same holds true for increasing the basis set from triple-¢ to
quadruple-¢ quality. Consequently, the approximation introduced appears to be save if

no higher accuracy is desired.

The substitution of CCSD(T) normal coordinates by low level coordinates is based on
the assumption that both sets strongly resemble each other. The question arises, what
happens if this cannot be guaranteed?” For this very reason we have included 1,2,5-
oxadiazole into the test set. This is a molecule which is poorly represented by MP2 and
even MP4(SDQ) calculations. For example, the CN bond lengths differ from the CCSD(T)
bond length by 0.016 A at the MP2 level and by 0.010 A at the MP4(SDQ) level, re-
spectively. Likewise, the CC bond length deviates at the MP2 level by 0.023 A from the
coupled-cluster value. Dot products between the MP2 and the CCSD(T) normal coordi-
nate displacement vectors can be as low as 0.81 (6a;). Consequently, larger deviations
than for the other test molecules must be anticipated in this case. VCI results for this
molecule are provided in Table VI. As expected, a mean absolute deviation of 2.7 cm™!
at the MP2 level is far above the value for the other molecules and a maximum deviation
of 9.8 ecm™! for the 3a; mode is not acceptable. This prompted us to use methods for
calculating normal coordinates, which are not included in the multi-level approximation
of the potential, but simply provide a reliable approximation to the coupled-cluster co-
ordinates. Two methods appear to be particularly promising in that respect: (1) density
functional methods which are known for a proper representation of vibrational frequencies
and (2) the QCISD(T) method, which can be considered a truncated coupled-cluster vari-
ant [30]. QCISD(T) calculations are not significantly faster than CCSD(T) calculations,
but for the former one analytical gradients are available in MOLPRO which avoids the

twofold numerical differentiation [24]. These results are also included in Table VI. Both
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methods yield results which are in excellent agreement with the coupled-cluster results.
Furthermore, the deviations introduced by this approximation are significantly smaller
than the error obtained from the limited basis set or the neglect of core-correlation ef-
fects. Consequently, it occurs that even problematic molecules can be handled within
this approximation and thus expensive geometry optimizations and harmonic frequency

calculations at the CCSD(T) appear not to be necessary for most systems.

The saving in CPU-time due to the introduced approximation can be quite substantial. As
outlined above, the savings are due to 2 reasons: (1) the use of analytical first derivatives
instead of a twofold numerical differentiation leads to a reduction from quadratic to linear
scaling within the generation of the normal coordinates. (2) The formal scaling with
respect to the molecular size of the low level correlation methods (O(N®) for MP2 and
O(N*) for DFT) is significantly better than for CCSD(T), i.e. O(N7). For the molecules of
the test set this leads to speed-ups in the generation of the normal modes up to a factor of
about 40. Consequently, the overall calculation time can be reduced significantly without

introducing substantial errors.

4 The vibrational spectra of CHFCII and CDFCII

4.1 Computational details

The structure of CHFCII has been optimized at the MP2 and CCSD(T) levels in combi-
nation with aug-cc-pVTZ and aug-cc-pVQZ basis sets. Core correlation effects have not
been included and the influence of the innermost 28 electrons of iodine was simulated by
a Stuttgart small core relativistic effective core potential (ECP28MDF) with correlation
consistent basis sets adjusted by Peterson [25]. Harmonic frequencies were computed for
both isotopomers at the MP2/aug-cc-pVTZ, MP2/aug-cc-pVQZ and CCSD(T)/aug-cc-
pVTZ levels. While first analytical derivatives could be used for the MP2 calculation, the
calculation of the CCSD(T) harmonic frequencies required a twofold numerical differen-

tiation step.
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1

2

3

4 Potential energy surfaces were spanned either by normal coordinates obtained from MP2/aug-
5

6 cc-pVTZ or CCSD(T)/aug-cc-pVTZ calculations and were generated from a multi-level
g 1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2 scheme in combination with an aug-cc-pVTZ basis
9 set [9]. In total 2636 grid points (1D: 88, 2D: 796 and 3D: 1752) had to be computed at the
10

11 different computational levels. The frozen core approximation has been used throughout.
ig Calculation of the potential on a 2 processor dual core AMD Opteron 285 (2.6 GHz) takes
1;1 slightly less than 5 days. Within the VSCF and VCI calculations the same conditions
16 have been used as discussed in detail above for the test molecules. In the VCI calcula-
17

18 tions about 500 configurations (selected from 7675 initially generated configurations) were
;g needed on average in order to yield converged results.

21

22

23

24 4.2 Results

25

26

;; Results for all internal coordinates of the equilibrium structure are provided in Table VII.
29 The same trends are observed as in our previous study on CHFCIBr [10]: In compari-
30

31 son to the MP2 results, CCSD(T) leads to slightly larger bond lengths. We address this
g% general trend to the overestimation of correlation effects in MP2 calculations. Primarily
2‘51 this affects the CCI and CI bonds lengths. However, the overall agreement between the
36 MP2 and CCSD(T) coordinates is excellent, in particular for the larger aug-cc-pVQZ
37

38 basis set. Moreover, based on the CCSD(T)/aug-cc-pVnZ, n = 2 — 4, equilibrium bond
28 lengths we have also computed the 7. bond lengths for the complete basis set (CBS) limit
41 using the three-parameter extrapolation formula of Peterson et al. [31] (denoted CBS-3)
42

43 and the two-parameter equation (CBS-2) of Helgaker et al. [32,33]. These bond lengths
jg must be considered the most accurate values. The two different approaches used for cal-
j? culating the basis set limit provide an error bar of about +0.0005 A. Surprisingly, the
48 CBS-3 value for the CH bond is larger than the CCSD(T)/aug-cc-pVQZ result. This may
49

50 originate from a rather short CCSD(T)/aug-cc-pVTZ value which is already very close to
g; the CCSD(T)/aug-cc-pVQZ bond length. However, the uncertainty of the CBS results is
gi larger than the elongation with respect to the CCSD(T)/aug-cc-pVQZ bond length. The
55 CBS values indicate that except for the CH bond even the aug-cc-pVQZ results are far
56

57 from being converged. The largest correction is found for the CCI bond length, but it
gg is well known that for 2nd-row atoms the basis set exprapolation based on aug-cc-pVnZ
60
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bases may lead to nonnegligible errors [34] and thus we expect the CBS value for the
CClI bond length to be less accurate than for the other bonds. In order to account for vi-
brational effects on the structural parameters, anharmonicity corrections were computed
from the expectation value using the aug-cc-pVTZ multi-level VCI wavefunction of the
vibrational ground-state. These corrections were applied to both, the MP2 and CCSD(T)
equilibrium structures which refer to the aug-cc-pVTZ basis set. Results are shown in
Table VIII. Here, the most important result is that the MP2 and CCSD(T) values results
coincide due to the vibrational corrections - which of course is expected as long as the
wave functions of the vibrational ground state are very similar. While these corrections
are rather large in the MP2 case, they are significantly smaller for the CCSD(T) calcu-
lation. In other words, without performing a CCSD(T) geometry optimization, one is
able to reproduce the coupled-cluster geometrical parameters - but of course in a more
economic way. To the best of our knowledge experimental geometrical parameters are
not available for this molecule. However, Soulard et al. [13] provide rotational constants
for the CH*CIFI and CH3"FCII isotopomers corresponding to vibrationally averaged ge-
ometries. Hence, we computed these constants for the equilibrium and the vibrationally
averaged structures (cf. Table IX). The rotational constants were not computed via the
expectation value of the eigenvalues of the moment of inertia tensor for the vibrational
ground state but rather from the moment of inertia tensor of the vibrationally averaged
structure. With respect to the equilibrium values still a considerable basis set dependence
can be seen and for the A constant the CBS values still differ considerably from the aug-
cc-pVQZ result. The two different methods for calculating the complete basis set limit
again provide a measure for the uncertainty within these values. Empirical corrections to
the CCI and CI bond lengths would yield slightly shorter bonds and thus larger rotational
constants [35]. As our calculations do not include core-correlation effects, which - in line
with the empirical corrections - usually lead to shorter bonds, we consider the CBS values
provided in Table IX being slightly too low. However, as the experimental values and
the computed values at the equilibrium geometry refer to different structures (7. instead
of r,), this is not a fair comparison (although it is frequently done in the literature).
Consequently, the only meaningful comparison is between the experimental values and
the vibrationally averaged structure. The computed vibrationally averaged values under-
estimate the experimental values, indicating that the CCSD(T)/aug-cc-pVTZ structure

is not yet fully converged.
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The harmonic frequencies and their corresponding intensities (obtained from analytical
dipole moment derivatives) are listed in Tables X and XI. While basis sets (from aug-cc-
pVTZ to aug-cc-pVQZ) appear to be rather small (the maximum deviation Aw,,, at the
MP2 level is 5.2 ecm™!), differences between MP2 and CCSD(T) are still quite substantial
(AWpae = 24.3 cm™1). While a direct comparison of the harmonic frequencies of CHFCII
with the experimental results of Soulard et al. [13] (cf. Table XII) remains unsatisfying, it
is interesting to note, that the lowest three vibrations (w; —wg) are properly represented by
both, the harmonic MP2 and the harmonic CCSD(T) calculations. Consequently, these
modes appear to be less sensitive to electron correlation effects and are fairly harmonic
in nature, while anharmonic corrections are important for all other modes. The overall
agreement of the fundamental VCI modes (cf. Table XII) with the experimental values
is excellent. The mean absolute deviation is 4.6 cm~! while the maximum deviation is
about twice as large (8.3 cm™!). The approximation introduced above for reducing the
computational effort within the calculation of the normal modes essentially leads to neg-

! maximum

ligible deviations for both isotopomers (mean absolute deviation: 0.3 cm™
deviation (CCI stretching mode): 1.1 em™'). This result is not unexpected as the MP2
structural parameters closely resemble the CCSD(T) results (see above). On the other
hand, the savings in CPU-time amount to about 20 days for this system, when running
the harmonic frequency calculations on just one processor. No experimental values are
available for CDFCII in the literature. Therefore, the data compiled here must be con-
sidered a prediction. However, we do not anticipate any larger errors for this isotopomer
than for CHFCII. On the contrary, in analogy to our previous study on CHFCIBr and

CDFCIBr we expect slightly smaller deviations with respect to experimentally observed

values.

5 Summary and Conclusions

It could be shown that for the calculation of accurate vibrational spectra, it is not neces-
sary to optimize the structural parameters of molecules at the highest levels of electronic

structure theory. As long as the structural parameters of a molecule obtained by a low level
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method closely resemble those of high level methods, e.g. CCSD(T)/aug-cc-pVTZ (typi-
cally deviations should be less than 1%), it appears that despite considerable differences
in the harmonic frequencies the impact of the low level normal coordinates on the VCI
frequencies is rather small - a very few wavenumbers only. Modern density functionals,
which are known to be particular successful in the reproduction of structural parameters
and harmonic vibrational spectra, appear to be the most promising low-level approaches
for the generation of approximate normal coordinates. Even for small molecules, this
may result in significant time savings. For the systems presented here, the fairly accu-
rate multi-level VCI calculations (i.e. surface generation plus a vibrational CI calculation)
usually takes about as long as a corresponding high-level harmonic frequency calculation.
However, it must be admitted that this ratio holds only true as long as a twofold numer-

ical differentiation at the high level cannot be avoided.

The structure and vibrational frequencies of CHFCII and CDFCII have been studied by
accurate calculations up to the CCSD(T)/aug-cc-pVQZ level. Fundamental frequencies
obtained from multi-level vibrational CI calculations are in excellent agreement with re-
cent experimental results of Soulard et al. [13] for CHFCI. Maximum deviations are

1

as low as 8.3 cm™". In addition to that we present here predictions for the deuterated

isotopomer.
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Table I: Harmonic and anharmonic frequencies (cm™') of formaldehyde obtained from multi-level potential energy surfaces
(1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2) spanned by normal coordinates obtained at different levels of electronic structure the-

ory.

MP2¢ MP4(SDQ)* CCSD(T)“
v; Sym Expt.© Harm. VSCF VCI Harm. VSCF VCI Harm. VSCF  VCI
1 ap 2782.5 2970.0 2814.5 2780.5 2953.3 2814.1 2780.2 2929.0 2814.4 2780.1
2 1746.0 1771.5 1751.6 1748.5 1812.3 1751.9 17485 1779.9 1751.9 1748.6
3 1500.2  1553.2 1512.2 1506.6 1556.2 1511.3 1506.7 1542.8 1511.6 1506.8
4 by 2843.3 3043.0 2835.9 2836.6 3082.6 2835.4 2837.7 2995.6 2835.6 2838.3
5 1249.1  1280.1 1252.4 1248.0 1284.0 1252.4 1248.2 1274.6 1252.3 1248.2
6 by 1167.3 1208.6 1161.7 1159.9 1212.5 1160.3 1158.5 1192.0 1160.2 11584
|Agl” 21.7 0.5 0.7 31.2 0.2 0.2 0.0 0.0 0.0
1Az’ 47.4 1.5 1.7 87.0 0.3 0.6 0.0 0.0 0.0

a) Level of electronic structure theory for calculating the normal coordinates.
b) Mean and maximum absolute deviation with respect to results obtained from calculations based on multi-level potential energy
surfaces spanned by CCSD(T) normal coordinates (last three columns).

c¢) Experimental values were taken from Ref. [16].
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Table II: Harmonic and anharmonic frequencies (cm™!) of phosphorus trichloride obtained from multi-level potential energy surfaces

(1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2) spanned by normal coordinates obtained at different levels of electronic structure theory.

el
N = O

[
w

MP2° MP4(SDQ)* CCSD(T)"
v; Sym Expt.© Harm. VSCF VCI Harm. VSCF VCI Harm. VSCF VCI
1 a, 504 5157 513.6 511.8 5227 513.5 511.6 5283 5134 511.3
2 252 256.3 2552 254.9  261.0 255.2 254.9  261.1 255.2 254.9
3 e 482  507.6 503.7 5024  516.7 503.8 502.3  517.7 503.7 502.4
4 198 184.4 183.7 183.5  187.8 183.7 183.5  188.0 183.6 183.5
| Ay|” 78 01 0.1 1.7 01 0.1 0.0 00 00
| Apaa|” 126 02 05 56 01 03 0.0 00 00
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a) Level of electronic structure theory for calculating the normal coordinates.
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b) Mean and maximum absolute deviation with respect to results obtained from calculations based on multi-level potential energy

w w
N =

surfaces spanned by CCSD(T) normal coordinates (last three columns).

w w
B W

c¢) Experimental values were taken from Ref. [17].
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Table IIT: Harmonic and anharmonic frequencies (cm™!) of dibromomethane obtained from multi-level potential energy surfaces

(1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2) spanned by normal coordinates obtained at different levels of electronic structure theory.

Molecular Physics

MPp2¢ MP4(SDQ)® CCSD(T)e
v; Sym Expt.© Harm. VSCF VCI Harm. VSCF VCI Harm. VSCF  VCI
1 a; 3009 3161.1 3014.0 3000.5 3158.7 3014.0 2999.9 3138.3 3014.1 3001.2
2 1382  1455.7 1424.0 1409.9 1463.6 1423.8 1409.4 1446.5 1423.7 1409.7
3 588 606.5 583.4 580.2 598.1 583.7 580.4 589.0 583.8 580.5
4 169 174.4  169.2 169.8 173.4  169.2 169.8 170.8 169.1 169.8
5 as 1095 1136.8 1115.4 1102.3 1136.7 1115.4 1102.1 1121.8 1115.4 1102.2
6 by 3073 3247.5 3061.0 3059.8 3241.6 3061.2 3059.8 3220.9 3061.2 3059.6
7 812 8289 8285 811.9 829.0 8284 811.7 819.1 828.5 811.9
8 by 1195 1232.3 1213.7 1201.1 1241.0 1213.6 1200.9 1221.4 1213.6 1201.0
9 653 695.3 657.4 654.6 688.2 657.6 654.7 670.8 657.6 654.7
| A’ 155 02 02 146 01 0.3 0.0 00 00
A aal” 266 04 07 207 01 13 00 00 00

a) Level of electronic structure theory for calculating the normal coordinates.

b) Mean and maximum absolute deviation with respect to results obtained from calculations based on multi-level potential energy

surfaces spanned by CCSD(T) normal coordinates (last three columns).

c¢) Experimental values were taken from Refs. [18,19].

URL: http://mc.manuscriptcentral.com/tandf/tmph
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1

é Table IV: Harmonic and anharmonic frequencies (cm™!) of vinyl chloride obtained from multi-level potential energy surfaces
4 (1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2) spanned by normal coordinates obtained at different levels of electronic structure theory.
:

7 MP2¢ MP4(SDQ)* CCSD(T)*

8 v; Sym Expt.® Harm. VSCF  VCI Harm. VSCF  VCI Harm. VSCF  VCI

ig 1 a> 3121 3306.3 3104.2 3102.3 3286.8 3105.5 3103.6 3261.6 3105.1 3105.3

ig 2 3087 32523 3049.9 3082.1 3247.0 3052.2 3080.8 3221.1 3051.8 3080.6

14 3 3020  3200.0 3037.1 3017.1 3189.0 3037.8 3017.9 3163.3 3037.6 3019.0

ig 4 1610 1657.6 1618.3 1606.5 1684.3 1618.4 1608.0 1648.9 1618.6 1607.2

g 5 1371 1414.8 1388.6 1365.3 1427.5 1388.5 1365.3 1408.6 1388.8 1366.6

19 6 1280  1310.4 1284.3 1273.2 1320.7 1285.0 1273.6 1302.8 1284.8 1273.7

52 7 1031 1047.4 1043.4 1022.4 1056.4 1043.5 1022.7 1042.4 1043.6 1022.9

2% 8 722 7432 7230 TILT 7351 7223 71T 7250 7224 7120

gg 9 398  396.7 405.0 390.8  397.5 404.6 391.3  391.5 404.7 391.6

26 10 a” 942 987.4 9714 9432  991.2 971.2 9434  966.8 971.5 943.3

;; 11 897 9145 9234 891.1  937.5 923.3 891.2  906.5 923.0 891.3

gg 12 620  640.4 655.7 6176  638.4 655.8 618.0  624.1 6554 617.7

g; | Ay|” 172 06 09 20.7 03 06 00 00 00

33 A |’ 447 19 30 354 04 17 0.0 00 00

34

gg a) Level of electronic structure theory for calculating the normal coordinates.

2573 b) Mean and maximum absolute deviation with respect to results obtained from calculations based on multi-level potential energy
28 surfaces spanned by CCSD(T) normal coordinates (last three columns).

41 c¢) Experimental values were taken from Ref. [21].

e

jg URL: http://mc.manuscriptcentral.com/tandf/tmph
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Table V: Harmonic and anharmonic frequencies (cm™!) of trans-difluoroethylene obtained from multi-level potential energy surfaces

(1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2) spanned by normal coordinates obtained at different levels of electronic structure theory.

©CoO~NOUTA,WNPE

61

MP2° MP4(SDQ)* CCSD(T)"
v; Sym Expt.© Harm. VSCF  VCI Harm. VSCF VCI Harm. VSCF  VCI
1 a, 3109 3281.0 31159 3102.9 32724 3115.8 31029 3244.6 3115.9 3105.1
2 1702 1762.0 1716.0 1706.2 1787.3 1716.2 1706.4 1749.3 1715.5 1706.2
3 1286 1322.3 1295.6 1286.0 1330.8 1295.8 1286.3 1313.6 1295.5 1285.9
4 1123 1173.7 1151.8 11465 1180.5 1151.8 1146.7 1167.5 1151.7 1146.4
5 552 560.1 5514 549.6  563.5 5515 549.7  556.4 551.1 549.4
6 a, 8742 9257 911.1 888.0  931.3 911.3 887.8  907.5 910.9 887.5
7 335 3452 333.6 333.6 3453 333.8 3337 3379 3334 333.3
8 b, 788 8240 806.6 785.1 8343 806.8 7854  799.9 806.4 785.3
9 3101 32722 3086.9 3089.0 3262.6 3086.8 3089.7 3235.8 3086.4 3088.7
10 1274.2 13144 12921 12795 1324.3 1292.6 1280.1 1310.1 1292.0 1279.6
11 1159 12034 1176.8 1172.2 1208.1 1176.6 1172.0 11959 1176.6 1172.1
12 324 3169 3204 3153 3207 3206 3155 3146 3202 3152
| Ay|” 140 02 04 190 04 05 0.0 00 00
| Apaa|” 364 05 22 344 07 22 0.0 00 00

c¢) Experimental values were taken from Ref. [20].

a) Level of electronic structure theory for calculating the normal coordinates.

surfaces spanned by CCSD(T) normal coordinates (last three columns).

URL: http://mc.manuscriptcentral.com/tandf/tmph
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1

2

3

4

5

6

7

8

9 Table VI: Anharmonic cs-VCI frequencies (cm™!) of 1,2,5-oxadiazole obtained from multi-
12 level potential energy surfaces (1D:CCSD(T)-2D:MP4(SDQ)-3D:MP2) spanned by nor-
ig mal coordinates obtained at different levels of electronic structure theory.

14

15 # Sym B3LYP® MP2* MP4(SDQ)* QCISD(T)* CCSD(T)*
16

17 1 a; 3155.81 3151.81 3155.84 3151.74 3152.93
o 2 1417.00 141323 1417.86  1417.66  1417.66
;2 3 1309.11 1319.59 1308.45 1309.55 1309.75
22 4 1037.39 1039.42 1037.20 1038.52 1038.55
23

24 5 1000.54  999.39 1000.52 999.68 999.77
gg 6 871.16 865.37 871.83 870.28 870.66
27

28 7 by 3132.79 3131.85 3134.16 3129.27 3129.57
i 8 1530.20 1534.47 1529.54  1530.72  1530.89
g; 9 1174.94 1172.07 1173.13 1173.60 1173.56
33 10 946.89  947.98 943.72 945.91 946.11
o 11 832.91  831.64 84162 83598 835.70
36

37 12 ay 890.16 891.74 890.65 890.26 890.55
> 13 637.36  634.38 636.01 635.92  635.70
40

a1 14 by 849.72  850.03 850.63 849.07 849.10
jé 15 628.80 626.80 628.87 628.65 628.63
jg | Ago]® 1.2 2.7 1.6 0.2 0.0
46 A s |? 3.2 9.8 5.9 1.2 0.0
47

jg a) Level of electronic structure theory for calculating the normal coordinates.
22 b) Mean and maximum absolute deviation with respect to results obtained from cs-VCI
52 calculations based on multi-level potential energy surfaces spanned by CCSD(T) normal
53

54 coordinates (last column).

55

56

57

58

59

60
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Table VII: Optimized internal coordinates for CHFCII at various levels of theory. Dis-

tances r, in Angstrom, bond and torsion angles, o, and 7., in degrees.

MP2 CCSD(T)
Parameter avtz avqz avtz avqz CBS-3* CBS-2°
r&H 1.0837 1.0832  1.0847 1.0843 1.0845 1.0840
TSF 1.3549 1.3515 1.3550 1.3506 1.3482 1.3474
roct 1.7574 1.7513  1.7671 1.7604 1.7563 1.7555
ro! 21379 2.1398 21490 2.1513 2.1534 2.1529
aHel 107.55 107.42  107.62 107.42
afcl 109.50 109.42  109.46 109.39
alicr 112.18 11221 11227 112.29
TCICIH 119.45 119.49  119.43 119.42
TFCIH -118.80 -118.71 -118.92 -118.83

e

a) Complete basis set limit using the three-parameter extrapolation formula (CBS-3) of

Peterson et al. [31].

b) Complete basis set limit using the two-parameter formula (CBS-2) of Helgaker et

al. [32,33].

URL.: http://mc.manuscri2p1tcentral.com/tandf/tmph
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Table VIII: Vibrationally averaged structures of CHFCII and CDFCII. Distances, r,, in

Angstrom, bond and torsion angles, o, and 7., in degrees.

CHFCII CDFCII

MP2¢ CCSD(T)®  MP2¢ CCSD(T)@
rCH 1.0930  1.0930 1.0908  1.0908
rCF 13603  1.3602  1.3602  1.3601
rCCt 17732 L7730 17727 17726
rC1 21550 21550 2.1546  2.1545

z

Aot 107.84 107.83  107.80 107.79

z

ret 109.32 109.32 109.28 109.36

z

cier 112.16 11216 112.20 112.20

z

7CICIH 119 67 119.66  119.63 119.61
FFOTH 11901 -119.01 -118.95  -118.96

z

S Lo ©°

a) Level of electronic structure theory for calculating the normal coordinates. The
wavefunction of the vibrational ground state used for calculating the vibrationally

averaged parameters was obtained from a multi-level potential (see text).

URL.: http://mc.manuscri2p2tcentral.com/tandf/tmph
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Table IX: Experimental and calculated rotational constants (in MHz) for CH*FCII and CH3"FCII

Molecular Physics

CH*FCII CH3"FCII
Method Type A B C A B C
Exp.® Reference 6278.65 1474.15 1224.41 6192.86 1432.70 1192.57
CCSD(T)/avtz Equilibrium 6248.61 1461.53 1215.06 6163.50 1420.27 1183.34
CCSD(T)/avqz Equilibrium 6282.95 1462.85 1217.11 6197.13 1421.64 1185.37
CCSD(T)/CBS—3b Equilibrium 6304.97 1462.81 1217.84 6218.61 1421.66 1186.12
CCSD(T)/CBS-2¢ Equilibrium 6311.32 1463.70 1218.66 6224.85 1422.53 1186.92
CCSD(T)/avtz Vibr. averaged 6207.64 1454.34 1209.12 6123.60 1413.23 1177.54

a) Experimental value taken from Ref. [13].

b) Complete basis set limit using the three-parameter extrapolation formula (CBS-3) of Peterson et al. [31].

c) Complete basis set limit using the two-parameter formula (CBS-2) of Helgaker et al. [32,33].

URL: http://mc.manuscriptcentral.com/tandf/tmph
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Table X: Harmonic vibrational frequencies w; (in cm~!) and intensities (in km/mol) for

21 CHFCII.

24 MP2 CCSD(T)

26 avtz avqz avtz
27 Mode w  Int. w Int. w
29 w1 3183.2 0.3 31827 0.3 3158.9
31 Wy 13320 9.0 1334.1 8.7 1326.7
33 w3 1212.5  75.0 1212.6 73.7 1202.1
Wy 1083.1 1725 1084.7 173.0 1087.6
36 Ws 797.6 163.9 802.8 162.6 782.2
38 We 615.5 325 610.3 35.0 602.2
Wy 419.6 04 421.5 04 414.0
41 ws 278.0 0.3 2773 0.3 273.7
43 Wy 197.1 0.0 197.3 0.0 193.1

URL.: http://mc.manuscri2picentral.com/tandf/tmph
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Table XI: Harmonic vibrational frequencies w; (in cm™!) and intensities (in km/mol) for

CDFCIL

MP2 CCSD(T)

avtz avqz avtz

Mode w  Int. w Int. w
w1 23442 0.5 23438 0.5 23259
Wy 1086.5 170.8 1087.7 169.7 1091.8
w3 985.0 8.8 987.7 9.0 980.8
Wy 921.2 147.0 920.3 147.9 912.9
Ws 762.3  89.8 766.7  87.7 747.8
We 572.4  21.1 568.2 229 559.9
Wy 4175 04 4194 0.5 412.0
ws 2775 0.3 276.8 0.3 273.2
Wy 196.4 0.0 196.6 0.0 192.4

URL.: http://mc.manuscri2p5tcentral.com/tandf/tmph
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16 Table XII: Fundamental frequencies v; for CHFCII and CDFCII (in cm™).

19 CHFCII CDFCII
21 Mode  MP2¢ CCSD(T)* Exp. MP2¢ CCSD(T)*
23 " 3014.9 3014.7 3010 2255.4 2255.1
24 Vs 1296.9 12974 1301 1061.4 1061.8
26 Vs 1179.4 1179.3 1180  962.6 962.3
28 Vs 1059.5 1059.6 1053  895.9 895.7
Vs 764.6 765.4 764  731.9 733.0
31 Ve 594.2 594.8 587  554.2 554.2
33 vr 409.5 409.7 418  407.6 407.6
35 Vg 271.0 271.2 274 270.5 270.6
Vo 191.7 191.9 197  191.1 191.1

39 a) Level of electronic structure theory for calculating the normal coordinates. The wave-
41 function of the vibrational ground state was obtained from a multi-level potential (see
43 teXt).

44 b) Taken from Ref. 13. There is a misprint in Table 3 of Ref. 13. According to private
46 communication with Dr. J. Crassous the given Raman frequency of 3150 cm~! has to be

48 replaced by 3010 cm™1.
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