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ABSTRACT: We consider basis set convergence and the
effect of various approximations to CCSD(T)-F12 for a
representative sample of harmonic frequencies (the
HFREQ2014 set). CCSD(T*)(F12*)/cc-pVDZ-F12 offers a
particularly favorable compromise between accuracy and
computational cost: its RMSD <3 cm™ from the valence
CCSD(T) limit is actually less than the remaining discrepancy
with the experimental value at the valence CCSD(T) limit
(about 5 cm™' RMSD). CCSD(T)-F12a and CCSD(T)-F12b
appear to benefit from error compensation between CCSD

and (T).

B INTRODUCTION

The importance of vibrational spectra in chemistry, biochem-
istry, and chemical biophysics hardly requires elaboration. In
recent years, CCSD(T)" anharmonic force fields have proven a
powerful predictive spectroscopic tool.>* Basis set convergence
of CCSD(T) vibrational frequencies is fairly slow,*”” and
hence, such force fields are computationally very expensive
beyond very small molecules, although this is somewhat
mitigated by the recent availability of CCSD(T) analytical
second derivatives® in a parallel implementation.” One recent
approach has been to combine CCSD(T) harmonic frequencies
with a DFT anharmonic force field.'”"" Another tack has been
to carry out pointwise basis set extrapolations, as seen, e.g., in
the work of Huang et al."”>~* and in ref 15.

Yet another tactic would be to speed up basis set
convergence of the CCSD(T) part by means of explicitly
correlated (F12) approaches:'®"” for many applications, these
offer quintuple-zeta or better results with triple-{ sized basis
sets, or more generally a gain by 2—3 “zeta steps.” Huang et
al.'"* compared extrapolation and F12 techniques for quartic
force fields of H,O, N,H*, NH,*, and C,H, and concluded that
F12 is competitive and in some cases necessary. Rauhut et al.'®
carried out comparative CCSD(T) and CCSD(T)-F12{ab}
basis set convergence studies for harmonic frequencies of H,0,
HCN, CO,, C,H,, and H,CO, as well as compared conven-
tional and explicitly correlated anharmonic frequencies with the
aug-cc-pVTZ basis set”” for the above molecules plus H,0,,
CH,NH, and C,H,O: they conclude that the “two zeta gain
rule” applies here as well and unreservedly advocate for
explicitly correlated methods.

Since, however, the full CCSD-F12 approach is both
algebraically and computationally very involved,”® and no
practical implementation of CCSD(T)-F12 without any
approximations is available, one now needs to pay heed not
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only to the choice of the basis sets but also to the choice of the
specific approximation made.

Werner and co-workers proposed”"** the CCSD-F12a and
CCSD-F12b approximations, which they implemented in the
popular MOLPRO package:>> more recently, Hittig et al.
proposed** the CCSD(F12*) approximation (ak.a, CCSD-
F12c) which offers CCSD(F12)*>%¢ quality at a cost
comparable to that of CCSD-F12b. It should be noted here
that the CCSD-F12b approximation includes a subset of terms
from CCSD(F12*) and CCSD-F12a likewise from CCSD-
F12b; thus, CCSD-F12a, CCSD-F12b, and CCSD(F12*) can
be considered a hierarchy of increasingly rigorous approx-
imations to CCSD-F12.

In the present work, we will consider basis set convergence of
harmonic frequencies using different approximations to CCSD-
(T)-F12 for a medium-sized benchmark set of small molecules
(HFREQ2014) selected and expanded from our -earlier
HFREQ27 set.”” We will show that CCSD(T*)(F12*)/cc-
pVTZ-F12 and especially CCSD(T*)(F12*)/cc-pVDZ-F12
offer particularly cost-effective means of calculating reliable
vibrational spectra.

B COMPUTATIONAL DETAILS

Most calculations were carried out using MOLPRO 2012.1%
running on the Faculty of Chemistry HPC cluster at the
Weizmann Institute of Science. Some additional calculations
were performed using Turbomole 6.5*° running on the same
platform.

In most calculations, we employed the cc-pVnZ-F12
correlation consistent basis sets (n = D,T,Q) optimized for
F12 calculations® and the auxiliary basis sets’® and CABS
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Table 1. Difference Statistics for CCSD(T) Harmonic Frequencies (cm™') Using Various Basis Sets and F12 Approximations®
VQZ-F12 VQZ-FI2 AVSZ VTZF12 VIZF12 VIZF12 VDZFI2 VDZFIZ VDZ-FI2
(F12¥) F12b (FI12%)' (F12%) Fl2b  Fl2a (FI2¥) FI2b  Fl2a

(T*) scaled

MSDiff  REF  -1.08 -0.50 -033 -271 -329 -038  -4.11 -5.91
RMSDiff  REF 1.33 — 333 4.04 2.72 6.36 =§§Iﬁ|
Max+Dev REF  0.14 036 148 015 -027 931 7.99 5.27
Max-Dev  REF  -475 -375 -227 -12.85 -1430 939  -21.82  -26.40
T unscaled
MSDIff 079  -034 022" 117  -L12  -1.71 3.34 -0.18 -1.97
RMSDiff | 0,99 - Uy 161 159 221 e |I 352 4.24
Max+Dev 3.87 053 237 552 139 040 1453 13.26 10.56
Max-Dev -128  -1.74 -0.78 -144 531 674 -639  -1222  -15.05

“The total number of nonunique frequencies in the HFREQ2014 set is 124. Retaining degenerate duplicates is equivalent to having weights equal to
the degeneracies in the statistics. Geminal exponents used for the F12 calculations are as recommended in ref 59: 0.9 for cc-pVDZ-F12, 1.0 for cc-
pVTZ-F12, 1.1 for cc-pVQZ-F12, and 1.4 for aug-cc-pVSZ. VnZ-F12 is the abbreviation for cc-pVnZ-F12. Color shading is on a spectrum from
green for the lowest to red for the highest RMSD, with yellow representing the median value. *, subset of 33 frequencies. °, subset of 24 frequencies.

Table 2. Difference Statistics, Relative to CCSD(T*)-F12(*)/cc-pVQZ-F12, for Conventional CCSD(T) Harmonic Frequencies
(cm™) Using Various Basis Sets”

AV{Q,5}Z* cc-pV(T+d)Z cc-pV(Q+d)Z aug-cc-pV(Q+d)Z aug-cc-pV(5+d) 7
MSDiff —0.33 —2.80 —0.88 —-3.09 —1.46
RMSDiff 0.86 11.25 545 4.17 2.09
Max+Dev 221 52.36 27.17 3.68 0.88
Max-Dev —-2.36 —42.05 —24.45 —12.69 —6.70

“AV{Q,5}Z refers to pointwise energy extrapolation from CCSD(T)/aug-cc-pV(Q+d)Z and CCSD(T)/aug-cc-pV(5+d)Z calculations using the
Martin-Karton formula® for the SCF component and the Schwenke formula®” for the correlation energy. The statistics for AV{Q,5}Z and aug-cc-
pV(5+d)Z are exclusive of CH;OH. “Subset of 112 frequencies.

(complementary auxiliary basis sets)*" developed for use with (overriding the MOLPRO default). Total energies were
them. Slater-type geminals are used throughout: the recom- converged to 1 picohartree where feasible (cc-pVDZ-F12, cc-
mended values® of the geminal exponent were used for them, pVTZ-F12, and most cc-pVQZ-F12), but for the aug-cc-pVSZ
namely, 0.9 for cc-pVDZ-F12, 1.0 for cc-pVTZ-F12, 1.1 for cc- and some second-row cc-pVQZ-F12 calculations, convergence
pVQZ-F12, and 1.4 for aug-cc-pVSZ. The SCF component was criteria had to be relaxed to 10 or even 100 picohartree. In cases
improved through the “CABS correction” (refs 21 and 32 and where 1 or 10 picohartree was feasible, a step size of 0.005 au
references therein). was used in the numerical differentiation in order to reduce

In conventional calculations, we employed the correlation discretization error; the default stepsize of 0.01 au was
consistent basis sets cc-pV(T+d)Z, cc-pV(Q+d)Z, aug-cc- employed where only 100 picohartree convergence was
pV(Q+d)Z, and aug-cc-pV(5+d)Z.** The “+d” notation refers possible. For a few molecules and the conventional CCSD(T)
to the addition of a high-d exponent to second row atoms, method, we considered various step sizes for the double-
which is essential>* > for accurate results in molecules (such as numerical frequency calculations and compared them to the
SO,) where the second-row atom is in a high oxidation state fully analytical values obtained using CFOUR.®®> These
and can receive back-donation into the 3d orbital.>” (Such basis experiments suggest that our computed vibrational frequencies
functions are already included® in cc-pVnZ-F12.) should have a numerical precision, on average, of about 0.25

Experimental harmonic frequencies for the diatomics were cm™ or better.
taken from Huber and Herzberg®® (for CIF, a significantly We considered the CCSD-F12a, CCSD-F12b,*"** and
revised remeasurement®** was substituted), while (quasi- CCSD(F12%)** (aka, CCSD-Fl12c) approximations. F12
)experimental data for polyatomics were compiled from various approaches as presently practiced do not directly affect the
studies. Some of these are from experimental studies (C,H,,*' connected quasiperturbative triples, so the basis set con-
CICN,* COZ,43 CSZ,44 HZO,45 HZS,46 HCN,¥ NZO,48 0cs,® vergence behavior of the (T) contribution is effectively that of
and SO,>) and others from computed force fields that were an orbital-based calculation. In an attempt to speed up their
adjusted in variational or perturbational calculations for best basis set convergence, Marchetti and Werner® proposed

agreement with experiment (NH,,! C2H4y52 CClL,>* CF,>* scaling the (T) contribution by the MP2-F12/MP2 correlation
CH4,55 HZCO,56 HZCS,57 PH3,58 and CH3OH59), while in two energy ratio. Marchetti-Werner scaling will be indicated by the

cases (HOCI®® and BH,®), outright ab initio calculations of notation (T*) instead of (T) in the present article. (We note in

near-spectroscopic quality were used. passing that a genuine explicitly correlated (T) correction®® has
Internal options in the CCSD-F12 code were set to recently been proposed.)

ortho cabs=1,thrcabs=1d-9,thrcabs_rel=1d-9. Atomic masses For a number of the diatomic molecules, we also considered

for the most abundant isotopes were used throughout the full CCSD(F12) method by means of the implementation
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Table 3. Basis Set Convergence of CCSD Harmonic Frequencies (cm™') Using Various Basis Sets and F12 Approximations”

VQZ- VQZ- VTZ- VTZ- VTZ- VDZ- VDZ- VDZ-
AVSZ AVSZ

Fi12 Fi12 F12 F12 F12 F12 F12

(F12*) F12b (F12*) FI12b (F12*) F12b Fl2a (F12*) FI12b Fl2a

MSDiff REF  -0.59 -022 0.67
RMSDiff REF 1.08 ).58 {
Max-+Dev REF 3.40 0.50 0.25
Max-Dev REF  -3.04 -242 -1.74

-0.26 207 -2.61  -055 -3.09 -4.88

1.41
-2.00 -821 942 -582 -1538 -19.92

2.60 325 224 4.97
1.58 0.97 5.77 o ]

“Results with the AVSZ basis set are for a 32-frequency subset.

Table 4. RMS Differences (Angstrom) in Calculated Bond Lengths for the HFREQ2014 Molecules

explicitly correlated

(F12%) F12b (F12%) F12b (F12%) F12b Fl2a (F12%) F12b Fl2a
VQZ-F12 VQZ-F12 AVSZ AVSZ VTZ-F12 VTZ-F12 VTZ-F12 VDZ-F12 VDZ-F12 VDZ-F12
CCSD(T*) REF 0.0004 0.0001 0.0004 0.0011 0.0014 0.0013 0.0021 0.0027
CCSD(T)“ 0.0003 0.0001 0.0002 0.0003 0.0006 0.0008 0.000S 0.0010 0.001S5
CCSD only REF 0.0003 0.0001 0.0001 0.0003 0.0009 0.0011 0.0013 0.0018 0.0023
conventional CCSD(T)* CCSD(T*) (F12*) incl. core
cc-pV(T+d)Z cc-pV(Q+d)Z aug-cc-pV(Q+d)Z aug-cc-pV(5+d)Z AV( Q,S)Zb CVTZ-F12 CVQZ-F12
0.0056 0.0021 0.0023 0.0010 0.0002 0.0025°¢ 0.0026°

“Relative to valence CCSD(T*)-F12(*)/cc-pVQZ-F12. bPpointwise energy extrapolation. “This number reflects the effect of core—valence

correlation.

in Turbomole 6.5.°® Geometries and harmonic frequencies
were obtained by calculating energies at 11 points spaced at
0.01 A around the CCSD-F12b equilibrium distance, fitting the
highest-order polynomial in (r — r,)/r, that it is still statistically
significant (typically order 5—7), and performing a Dunham
analysis.”> For the species considered, CCSD(F12) and
CCSD(F12*) spectroscopic parameters were found to agree
to within the uncertainties of the fits. It was thus concluded
that, while CCSD(F12) and CCSD(F12*) show discrepancies
in total energies, the two models are functionally equivalent for
the purpose of calculating vibrational frequencies.

B RESULTS AND DISCUSSION

Full harmonic frequency data for the molecules considered are
given in the Supporting Information. As we have no “exact”
CCSD(T) reference values per se, we have arbitrarily chosen
CCSD(T*)(F12*)/cc-pVQZ-F12 as our vantage point and
calculated difference statistics from that for the various levels
considered. These are given in Table 1, while for perspective,
we are including statistics for orbital-based CCSD(T) in Table
2.

In addition, in order to separate out the (T) contribution, we
are presenting the same statistics for various CCSD-FI12
approximations in Table 3.

Basis set convergence of CCSD(T)-F12a and CCSD(T)-
F12b for a small subset of HFREQ2014 was recently
considered by Rauhut et al.'®* We verified, by recalculation,
that the small discrepancies between their and our data result
from their use of # = 1.0 and of isotope-averaged masses versus
ours of most-abundant-isotope masses and of basis set-
optimized S values.

First of all, we note that CCSD(F12*)/cc-pVQZ-F12 and
CCSD(F12*)/aug-cc-pVSZ agree to about 0.6 cm™' RMSD,
basically to within the numerical precision of the calculations.
Second, CCSD(F12*)/cc-pVQZ-F12 and CCSD(F12*)/cc-
pVTZ-F12 agree to about 0.6 cm™' over the entire set of

molecules, suggesting that CCSD(F12%)/cc-pVQZ-F12 is
effectively converged with the basis set and can be used as a
reference. Third, CCSD-F12b agrees to better than 1.1 cm™!
with those values for both the cc-pVQZ-F12 and aug-cc-pV5Z
basis sets. Fourth, CCSD-F12b/cc-pVTZ-F12 and CCSD-
F12a/cc-pVIZ-F12 deviate by about 2.6 and 3.3 cm™' RMS,
which actually exceeds the 2.2 cm™' obtained at the
CCSD(F12*) level with the small cc-pVDZ-F12 basis set.
With said basis set, CCSD-F12b and CCSD-F12a have RMSDs
of 5 and nearly 7 cm™'. Inspection of the mean signed
deviations reveals that CCSD-F12b and CCSD-F12a both
systematically underestimate frequencies with smaller basis sets,
while CCSD(F12*) does not appreciably do so even with cc-
pVDZ-F12.

It would appear to be obvious that CCSD(F12*) basis set
convergence is considerably faster than that of CCSD-F12b. In
fact, the difference would appear to exceed the advantage of
CCSD-F12b over CCSD-F12a. The same trends are seen in the
computed bond distances (Table 4).

Let us turn now toward CCSD(T). Here, we have an
additional factor to consider: whether or not to include
Marchetti-Werner scaling for the (T) contribution. As
expected, this appears to matter little for the cc-pVQZ-F12
and especially aug-cc-pVSZ basis sets, but the gap widens for
cc-pVTZ-F12 and especially cc-pVDZ-F12. For the entire set of
molecules, CCSD(T*)(F12%*)/cc-pVTZ-F12 agrees with
CCSD(T*)(F12*)/cc-pVQZ-F12 to just 0.7 cm™' and
0.0004 A RMSD. In fact, conventional CCSD(T) calculations
with pointwise aug-cc-pV(n+d)Z basis set extrapolation (n =
Q,5) agree to better than 1 cm™" and 0.0002 A RMSD.

As (T) systematically lowers calculated harmonic frequencies
(by an average of about 27 cm™" for the molecules considered,
reaching about 72, 80, and 95 em™! for CO, N,, and F,), the
decision not to scale the triples causes the frequencies to shift
upward on average. For CCSD(T)-F12b with the cc-pVTZ-F12
basis set, this appears to compensate for the downward bias in
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CCSD-F12b/cc-pVTZ-F12, leading to the low RMSD = 1.6
cm™" compared to 3.3 cm™' for CCSD(T*)-F12b/cc-pVTZ-
F12. Note that, in the absence of Marchetti-Werner scaling, the
average errors of CCSD(T)(F12*)/cc-pVTZ-F12 and CCSD-
(T)-F12b/cc-pVTZ-F12 have opposite signs. The surprisingly
low RMSD for CCSD(T)-F12b/cc-pVTZ-F12 is likewise due
to an error compensation.

Perhaps the single most useful observation in this table is the
low RMSD =~ 2.7 cm™ of the inexpensive CCSD(T*)(F12%*)/
cc-pVDZ-F12 level of theory, which is actually superior to 4.2
cm™" at the CCSD(T)/aug-cc-pV(Q:+d)Z level and approaches
2.1 em™! at the CCSD(T)/aug-cc-pV(5+d)Z level. In other
words, CCSD(T*)(F12*) gains almost three “zeta’s” over a
conventional orbital-based CCSD(T) frequency calculation.

For some perspective (Table 5), the RMSD between
(quasi)experimental harmonics and CCSD(T*)(F12*) is itself

Table 5. Comparison of CCSD(T*)(F12*) Harmonic

Frequencies to (Quasi-)Experimental Harmonic Frequencies
-\a
(em™)

cc-pVTZ-  cc-pVQZ-
F12 F12 cc-pCVTZ-F12  cc-pCVQZ-F12
frozen frozen all electron, all electron,

core core p=14 p=15
MSDiff 022 0.55 4.60 431
RMSDiff 4.69 4.68 7.01 7.02
Max+Dev 13.66 15.03 19.67 19.92
Max-Dev —12.86 —12.26 —11.49 —12.16

“cc-pCVQZ-F12 results are for a 120-frequency subset.

4.7 cm™" near the basis set limit, which actually goes up to
about 7.0 cm™" if core—valence correlation is considered using
the cc-pCVTZ-F12 and cc-pCVQZ-F12 basis sets.”® This
deterioration is mostly due to stretching frequencies, where
valence CCSD(T) benefits from an error compensation>>'®
between core—valence correlation, which blue-shifts frequen-
cies, and various factors that red-shift them, most importantly
post-CCSD(T) correlation contributions, followed by scalar
relativistic corrections (especially the more ionic bond
stretches®), and finally diagonal Born—Oppenheimer correc-
tions (which red-shift A—H stretches by small amounts). As can
be seen in, e.g,, Table 2 of ref 15, detailed analysis of higher-
order correlation contributions in diatomics reveals that
connected quadruple excitations universally lower harmonic
frequencies (by as much as 16 and 20 cm™ for F, and N,,
respectively) and even connected quintuple excitations (by as
much as 3 and 4 cm™ for N, and O,, respectively); higher-
order triple excitations tend to red-shift in cases dominated by a
single reference configuration but to blue-shift in cases with
significant nondynamical correlation.

A remark is due about CPU times. While timing comparisons
are approximate due to clock speed adjustment to the thermal
profile (“TurboBoost”) in Intel Nehalem CPUs, elapsed times
on 8 cores for the numerical Hessian of ethylene are illustrative.
Conventional CCSD(T)/cc-pVnZ calculations (n = T,Q,5)
require about 8 min, 2 h, and (on 16 cores) 8 h, respectively,
while the explicitly correlated CCSD(T*)(F12*)/cc-pVnZ-F12
(n = D,T,Q) required approximately 8 min, 45 min, and S b,
respectively. In other words, a CCSD(T*)(F12*)/cc-pVDZ-
F12 calculation that yields frequencies comparable in quality to
a CCSD(T)/cc-pVSZ calculation is 2 orders of magnitude less
expensive computationally. CCSD(T*)-F12b/cc-pVnZ-F12

2088

represents just a modest additional time savings, at 5 min for
n=Dand 4 hforn=Q

B CONCLUSIONS

From the results presented in our article, it would seem clear
that basis set convergence of vibrational frequencies computed
at the CCSD(T*)(F12*) level is considerably faster than that
of other approximate CCSD(T)-F12 methods and in particular
that CCSD(T*)(F12*)/cc-pVDZ-F12 represents a particularly
cost-effective option, with an RMSD from the valence
CCSD(T) limit that approaches that of CCSD(T)/aug-cc-
pV(5+d)Z calculations. In fact, the residual basis set
incompleteness error of less than 3 cm™ RMS is less than
the ~5 cm™ RMS difference between the valence CCSD(T)
basis set limit and (quasi-)experimental values, and any attempt
to further reduce this number needs to address both core—
valence correlation and post-CCSD(T) correlation effects (as
these tend to affect the frequencies in opposite directions). We
also find that CCSD(T)-F12a and CCSD(T)-F12b benefit
from error compensation between the CCSD and (T)
components.

B ASSOCIATED CONTENT
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(Quasi-)experimental harmonic frequencies and detailed
sourcing for the HFREQ2014 molecules; and computed
harmonic frequencies for the HFREQ2014 molecules at the
levels of theory considered in this article. This material is
available free of charge via the Internet at http://pubs.acs.org.
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