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Abstract

A new database, VROA36, is introduced to investigate the performance of compu-
tational approaches for vibrational Raman optical activity (VROA) calculations. The
database is composed of 36 molecules with known experimental VROA spectra. It in-
cludes 93 conformers. Normal modes calculated with B3LYP-D3(BJ)/def2-TZVP are used
to compute the VROA spectra with four functionals, B3LYP-D3(BJ), wB97X-D, M11, and
optimally tuned LC-PBE, and several basis sets. SimROA indices and frequency scal-
ing factors are used to compare calculated spectra with each other and with experi-
mental data. The four functionals perform equally well independently of the basis set,
and achieve good agreement with the experimental data. For molecules near- or under-
resonance conditions, the inclusion of a complex (damped) linear response approach is
important to obtain physically meaningful VROA intensities. We encourage the usage
of any of the tested functional approximations for theoretical VROA studies and recom-
mend the def2-SVPD Gaussian-type basis set for efficient and reliable calculations.

1 Introduction

The interaction between a chiral molecule and polarized electromagnetic radiation is the ba-
sis of many spectroscopic methods used in the chemical and biological sciences." One of the
ultimate goals of chiroptical methods such as optical rotation (OR), electronic or vibrational
circular dichroism (ECD, VCD), or circularly polarized luminescence (CPL) is to determine



the absolute configuration (AC) of a chiral molecule. Underlying these techniques is the dif-
ferential complex refractive index of left and right circularly polarized light. Their routine
application allows the investigation of molecules ranging from a few atoms up to the size of
proteins, as well as other materials.”*

In more recent years, vibrational Raman optical activity (VROA) has emerged as new
and powerful tool for the investigation of chiral molecules.*™ Its foundations were estab-
lished in the early 1970s, but the technique gained popularity only during the past two
decades, mainly because of better instrumentation as well as the availability of commercial
spectrometers. VROA measures the difference in the Raman scattering intensity of left and
right circularly polarized light, and it can be applied to small and large molecules, proteins
and even viruses.!® However—similar to other chiroptical methods—an experimental VROA
spectrum alone is not sufficient to establish the AC of a chiral molecule, because there is no
known simple relationship between the absolute signs of the spectral bands and the AC. The
situation gets more complicated if the molecule has multiple chiral centers or groups, be-
cause then there may be multiple stereoisomers that need to be considered. It is precisely
this scenario where vibrational optical activity shows considerable strength compared to OR
and ECD or CPL, because different vibrational modes may be more sensitive to the chirality
in different regions of the molecule. In the absence of structural data, for example from X-ray
diffraction, the signs of the VROA bands for the different stereoisomers are most conveniently
determined by quantum chemical calculations.’>¥ Of course, calculations are also vital for

1.I¥ This theoretical assistance for

dissecting the physical origin of a particular VROA signa
VROA specifically is in addition to the well-established fact that “it is virtually impossible to
interpret and correctly assign the vibrational spectra of larger polyatomic molecules without
quantum chemical calculations” (P. Pulay, in Reference [19).

The first calculation of a theoretical VROA spectrum was reported in 1989 for R-
methylthiirane.? Since then, quantum chemistry methods to perform such calculations have
been implemented in a variety of electronic structure theory programs. Due to a favorable
performance-to-cost ratio, time-dependent density functional theory (TD-DFT) is the most
popular framework for chiroptical calculations, including VROA.X¢141%21 The Kohn-Sham
(KS) formulation®® of DFT relies, of course, on approximations to the exchange-correlation
functional. To date, there are hundreds of approximate functionals in the literature,” the
accuracy of which is primarily determined by the ‘ingredients’ used in their definition (the
electron density, reduced density gradients, the kinetic energy density, exact exchange, and
soon).”* Each functional has to be extensively tested to identify its strengths and weaknesses,
as well as the reliability of its performance.

Systematic testing of exchange-correlation functionals is very common for ground-state

2



properties, and reference data for the evaluation of old and new approximations is col-
lected in databases of chemical data such as GMTKN55,22 MGCDB84,2¢ and the Minnesota
databases.?” This approach was extended to excited state properties as well, with most of the
effort in this direction having focused on excitation energies.2=¢ It appears that other prop-
erties have not yet received the same attention, although databases collecting optical rotation
data are becoming more popular.*”* Among them, the OR45 database developed by our
group™ is one of the first examples. It includes 45 different molecules whose experimental
molar optical rotations and ACs are known, and it was used to test five functionals (PBE0,**
BHLYP,*** B3LYP,**#! CAM-B3LYP,* LC-PBE(0*) with a selection of eight different basis
sets. The results obtained against the OR45 database showed that the calculated molar op-
tical rotations are heavily influenced by the choice of the basis set. ORs are also strongly
functional-dependent, as far as functional with different ‘ingredients’ (e.g., global hybrids vs.
non-hybrids) are concerned. The variability among functionals belonging to the same class
was found to be rather weak in comparison. A key step in a VROA calculation involves taking
derivatives of the OR tensor elements with respect to the normal modes. It is therefore not
too surprising that calculations have indicated that OR and VROA calculations share similar
basis set dependencies.*!->%>1

Reiher and co-workers® investigated the performance of three functionals (SVWN,22:52
BLYP,*>*@ and B3LYP) and six basis sets for the VROA of five small molecules. A few years
later, Cheeseman and Frisch® assembled a database of 11 molecules to test the basis set de-
pendence of the VROA spectra computed with the B3LYP functional. They surveyed 16 basis
sets, making the study the largest basis set assessment for VROA published so far. Both stud-
ies confirmed that the calculation of VROA spectra requires high-quality basis sets. Diffuse
and polarization functions, even on hydrogen atoms (as first suggested previously by Zuber
and Hug),> are important, originating in the relationship of VROA to the polarizability and
OR tensors. The aug-cc-pVDZ basis> has become the de facto standard*->4> for optical ac-
tivity (OA) calculations. The augmentation, however, renders this basis set somewhat prob-
lematic in applications to large molecules. Property-optimized basis sets aimed at reducing
the cost of the calculations while keeping aug-cc-pVDZ accuracy were proposed for OA and
VROA calculations.”*>*®3 These non-standard basis sets offer satisfactory performance for
organic molecules, but they have so far not been defined and tested for organometallic sys-
tems and metal complexes. A basis set smaller than aug-cc-pVDZ that is available for most
atom types and performs comparably well would therefore be desirable for OA calculations.

In this work, we aim at systematizing the computational study of VROA spectra. We in-
troduce VROA36, a database of 36 molecules that includes 31 organic molecules and five
transition metal complexes. Experimental spectra for these compounds, available in the lit-
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erature, were recorded in condensed phase using three different incident wavelengths (488.0,
514.5, and 532.0 nm), which are in most cases far from resonance, but for some systems
near electronic resonances. Three popular functionals for ground- and excited-state applica-
tions were tested, as well as an ‘optimally tuned’ range-separated hybrid (OT-RSH) functional
whose range-separation parameter is optimized non-empirically for each molecule (details
are given in Section ). For systems where the incident laser photon energy is close to an elec-
tronic resonance, a ‘damped’ complex linear response TD-DFT method was used to obtain
physically meaningful response functions. One major aim of the study was to test if differ-
ent hybrid functionals produce large variations in the relative VROA intensities and signs of
different vibrational modes. It was found that this is not the case. At the hybrid DFT/TD-
DFT level, comparable VROA spectra are obtained with different functionals, across the set
of molecules. Another aim was to test the performance of the augmented double-¢ def2-
SVPD basis set® in VROA calculations across a set of diverse systems, to establish if it retains
the favorable performance-to-cost ratio that is already documented for ground-state proper-
ties.2*2%6358 Qur results are in the affirmative.

2 Theoretical and Computational Details

All calculations were performed with KS DFT and KS TD-DFT linear response methods.
Most calculations were performed with the Gaussian 16, version A.03 (G16) program.®® The
hybrid functional B3LYP-D3(BJ)*#4% and the def2-TZVP basis set*™! were employed for ge-
ometry optimizations and frequency calculations. We chose this functional because of its
known excellent performance for geometry optimizations of small and large molecules,” "
as well as vibrational frequency calculations.”>"”® The def2-TZVP basis set has been recom-
mended as a good compromise between accuracy and cost,”” and it is defined for all elements
(H,C, N, O, F, S, Cl, Fe, Ni, Cu, Br, Zr, Rh) appearing in VROA36. The scalar relativistic
effective core potential (ECP) paired with the def2-TZVP basis was used for zirconium and
rhodium.

Modeling solvation effects—either implicitly or explicitly—would introduce a possible
source of error cancellation, and possibly favor a functional/basis set combination rather than
another. In addition, the wide range of solvents used in the experimental setups would re-
strain the functional assessment, as comparisons among different solvents would be required.
To allow a broader performance evaluation, solvent effects were not generally considered in
the computations. However, some test calculations were carried out to gauge the perfor-
mance of a continuum solvation model, employing B3LYP-D3(BJ) with the aug-cc-pVDZ and
def2-SVPD basis sets for d-glucose (8) and camphor (17). The conductor-like polarizable con-
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tinuum model (C-PCM)™ was applied to re-optimize the molecular geometries and to add
solvation effects on the calculation of the ROA intensities. The solvents used are water and
tetrachloromethane, respectively (see Section §.4). For flexible molecules, the CREST pro-

gramBI, 82

was used to sample the conformer space and generate an initial set of structures.
Final optimized structures within 2.5 kcal mol™! of the most stable conformer, as recom-
mended by Nafie,' were retained for the VROA analysis and included in the database.

For VROA intensity calculations, the B3LYP-D3(BJ), M11,* and wB97X-D*! functionals
were employed with the aug-cc-pVDZ>>53%7 and def2-SVPD* basis sets and matching ECPs
for heavy metals. The optimally-tuned LC-PBE functional®®*(abbreviated here as y*-LC-
PBE) was used with aug-cc-pVDZ only. Calculations of the Raman intensities for the two
conformers of the iron complex 32 were affected by convergence issues that could not be
resolved despite multiple attempts with different convergence algorithms. The cc-pVDZ and
def2-SVP basis sets, i.e., without augmentation, were employed instead for these molecules
only. As a side note, 32 belongs to a class of metal-helicene complexes for which a large body
of work is available, showing that non-augmented basis sets are suitable for the description
of their OR and other chiroptical properties by TD-DFT calculations.”®! For a subset of
molecules, calculations were also carried out with the def2-TZVPD® basis and the B3LYP-
D3(BJ) functional.

For molecules having more than one conformer, the spectra presented in Figures 57
and in the Supporting Information were obtained via Boltzmann averaging the individual
spectra at 298.15 K. For each conformer, the Boltzmann weight was determined based on
the calculated relative Gibbs free energy with respect to the lowest-energy conformer of each
molecule. The Boltzmann-averaged spectra strongly reflect the appearance of the spectrum
of the most abundant conformer, as one would expect. Inclusion of solvent effects and any
changes in functional and basis set used for the geometry optimizations would slightly alter
the geometries as well as the relative energies of the conformers, with repercussions on the
shape of the calculated VROA spectra as well. To avoid an excessively large benchmark data
set, the Boltzmann weights were therefore taken to correspond to the gas phase calculations
with B3LYP-D3(BJ)/def2-TZVP, and they were applied to all functional/basis set combina-
tions. The absolute and relative Gibbs free energies for each structure and the corresponding
Boltzmann weights are reported in Section 82 of the Supporting Information.

Most VROA spectra were calculated with the fully analytic gauge-independent atomic
orbital (GIAO, ‘London orbital’)?**# implementation in G16.** A developer’s version for
near- and on-resonance applications was reported,” but the available G16 implementation
is presently limited to off-resonance cases. For VROA calculations of systems that are close
to resonance with the incident laser, the complex response module of the NWChem pro-
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was employed. Details about VROA calculations with this response code can
be found in References 99 and 100. The relevant systems are 2-bromohexahelicene (24),
naproxen (31), and the first-row transition-metal complexes (32-34 in Table [l). The value
of the damping parameter I' used to broaden the excited states was set to 0.0037 au, corre-
sponding to a full width at half-maximum (FWHM) of 1600 cm™!, consistent with previous
work 2> 1017193 The NWChem program offers the possibility to run magnetic response cal-
culations with and without GIAOs. We ran a set of B3LYP/aug-cc-pVDZ test calculations,
which confirmed that NWChem calculations with GIAOs and without damping yield the
same VROA intensities as the G16 code. Furthermore, there were negligible differences be-
tween test VROA spectra calculated with and without GIAOs, using a gauge origin at the cen-
ter of nuclear charge of each molecule. Therefore, the rather demanding calculations for the
near-resonance cases were performed without GIAOs, to reduce the need for computational
resources. Caricato and Balduf recently introduced a way to calculate origin-invariant optical
rotation without the need for GIAOs or the velocity gauge."™ This approach seems promising
for VROA calculations as well, but given the satisfactory performance of the present bench-
mark calculations, further testing of this approach in the VROA context will be left to a future
study. All calculations used the experimental incident wavelengths listed in Table [I] shown
later.

Range-separation in DFT is built upon the idea of splitting the Coulomb operator into a
short-range and long-range part.®®? In the long-range correction (LC) scheme of Hirao and
co-workers,* the inverse of the interelectronic distance is separated by using error functions.
According to Reference 106, we enforced the LC condition, that is, full exact exchange in the
long-range limit, and chose the PBE functional for the relevant calculations. The value of
the range-separation parameter y was then determined non-empirically, but system-specific,
such that the negative energy of the highest occupied molecular orbital (HOMO) is optimally
close to the vertical ionization potential (IP).2%” See Reference 106 for details and implica-
tions of this tuning (OT-RSH) in the context of optical rotation, and Reference 108 regarding
molecular properties more generally. Minor differences in the y parameters between differ-
ent conformers of the same molecule were accounted for by Boltzmann averaging at room
temperature, as detailed previously. The final VROA calculations employed one unique y
parameter per molecule, indicated as y*. All y parameters are listed in Section 52 of the
Supporting Information.

An unbiased assessment of the similarity between calculated and experimental spectra is
possible thanks to a variety of indicators that have been introduced. A detailed overview is
presented in Reference 15. Our study employs SimROA indices as the most obvious choice
to assess the similarity between experimental and calculated VROA spectra. Other indices
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were shown to yield similar results,*

and the conclusions based on the SimROA spectra can
be easily extended to other indicators as well (see for example Section 54 of the Supporting
Information). Spectral vibrational frequency scaling factors, SimRaman and SimROA indices
were calculated using the CDSpecTech program.*™® For brevity, only SimROA indices are re-
ported in the article. SimRaman indices complementing the SImROA values are reported in
Section 54 of the Supporting Information. In the theory-experiment comparisons, only the
scaling factors corresponding to the highest similarity with the experimental spectra are re-
ported. SimROA indices were also determined from comparing different calculated spectra.
In these cases, the frequency scaling factors are unity because in the computational setup
chosen for this study the different VROA intensity calculations all share the same underly-
ing B3LYP-D3(BJ)/def2-TZVP vibrational modes and frequencies. Spectra were visualized
using CDSpecTech, PyVib2,1% and an in-house modified version of Exatomic.X! Lorentzian

broadening of the VROA transitions corresponding to a FWHM of 10 cm™!

was applied. Ex-
perimental and theoretical spectra were obtained for a back-scattering arrangement, with the
exception of molecules 18 and 19, obtained in a right-angle scattering geometry.

In the original publications, the experimental spectra are reported in relative (arbitrary),
not absolute, units for the cross sections or scattering intensities. For this reason, the figures
in the main text and in the Supporting Information reporting experimental and calculated
spectra show normalized intensities. Experimental spectra were digitized using the Web-
PlotDigitizer program,*? version 4.4. The digitized xy data are provided in the Supporting

Information.

3 The VROA36 Molecule Set

Figure [I| displays chemical drawings for the molecules included in VROA36. Their names,
the experimental conditions used to record the VROA spectra, and relevant literature ref-
erences, are collected in Table [Il. The compounds represent typical samples analyzed with
the help of VROA spectroscopy, focusing mostly on organic molecules but also including
organometallic complexes. Experimental spectra for seven of the systems used an incident
light wavelength of 488.0 nm, spectra for eight systems used an incident wavelength of 514.5
nm, and the remainder was recorded with the same incident wavelength of 532.0 nm that is
used in commercial instruments.

Many of the molecules (1, 2, 3, 4, 5, 6, 7, 13, 14, 15, 16, 17, 20, and 24) have only one
conformer, owing to their small size or rigidity. Also, only one conformer for 33, 34 and
35 was considered following references 95 and 113. In the original investigation of deuter-
ated neopentane (29),114113 the authors took into account nine rotamers for this molecule,
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Figure 1: The 36 molecules included in the VROA36 database. For their names, refer to
Table [.

all based on the staggered geometry shown in Figure [I. The same approach is adopted here,
and the reader is referred to Section of the Supporting Information for additional details.
It is worth noting that this partially deuterated neopentane is chiral, while non-deuterated
neopentane is not. Two conformers (boat and chair) were considered for 18, 19, 25, 27, and
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28.

More than one conformer was considered for the more flexible molecules in the database.
More specifically, three structures were included for glucose (8), two for L-alanine (9), six for
L-serine and L-cysteine (10 and 11), eight for L-valine (12), five for phenylethanol (21), four
for phenylethanamine (22), three for tartaric acid (23), seven for junionone (26), eight for
ibuprofen (30), seven for naproxen (31), two for the iron helicene complex 32, and four for
the rhodium complex 36. In total, the database includes 93 equilibrium geometries. XYZ
structures are provided in the Supporting Information.

Table 1: Reference numbers, names, experimental condi-
tions, and literature references for the experimental spec-
tra of the VROA36 set. The numbers from the first column
are used in Figure I and in the text. Experimental spec-
tra were recorded in a back-scattering setup, unless noted

otherwise.
Number Name Experimental setup Ref.
1 (S)-2-methyloxirane Neat liquid; 532.0 nm 116,117
2 (S)-1,4- Neat liquid; 532.0 nm 118
dimethylenespiropentane
3 (S)-trispirononane Neat liquid; 532.0 nm 119
4  (R)-bromochlorofluoromethane Neat liquid; 514.5 nm 120
5 (—)-(1S,5S)-a-pinene Neat liquid; 488.0 nm 121
6 (—)-(1S,5S)-3-pinene Neat liquid; 488.0 nm 122
7 (+)-trans-pinane Neat liquid; 488.0 nm 121,122
8 d-glucose Solution (water), 4.5 M; 123
514.5 nm
9 L-alanine Solution (water), almost 124-126
saturated; 488.0 nm
10 L-serine Solution (water), 1.78 M; 125
514.5 nm
11 L-cysteine Solution (water), 1.31 M; 125
514.5 nm
12 L-valine Solution (water), 0.38 M; 125
514.5 nm
13 (+)-fenchone Neat liquid; 532.0 nm 127,128



14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29
30

31
32

33

34

35

36

Bornyl acetate
2-carene
3-carene
Camphor

(R)-3-methylcyclopentanone
(R)-3-methylcyclohexanone

(2R,3R)-2,3-dimethylthiirane
(R)-1-phenylethan-1-ol
(R)-1-phenylethan-1-amine
(2R,3R)-tartaric acid

P-2-bromohexahelicene?

(4S)-methylisochromane
(R)-junionone
(R)-1-methylindane
(S)-pantolactone

(R)-[*H;,H,,*H;]|-neopentane
(S)-ibuprofen

(S)-naproxen®
Iron ethynylcarbo[6]helicene
derivative?
(R,R)—(ppma),—cyclohexane
nickel(IT)"¢
(R)—Cu(tfc),>/

(S,S)—(en—thind),—ZrCL$8

A-tris(en)rhodium(I11)"

Neat liquid; 532.0 nm
Neat liquid; 532.0 nm
Neat liquid; 532.0 nm
Solution (CCly), 181 mg/ml;
532.0 nm
Neat liquid;
488.0 nm; R-AS¢
Neat liquid;
488.0 nm; R-AS“
Neat liquid; 488.0 nm
Neat liquid; 532.0 nm
Neat liquid; 532.0 nm
Solution (water), 3.0 M;
514.5 nm
Solution (chloroform), 0.030 M;
532.0 nm
Neat liquid; 532.0 nm
Neat liquid; 532.0 nm
532.0 nm“¢
Solution (water), 873 mM;
532.0 nm
Neat liquid; 532.0 nm
Solution (CCl,), 0.21 M;
514.5 nm
Solution (water); 514.5 nm
Solution (CH,CL,), 0.003 M;
532.0 nm
Solution (chloroform), 532.0
nm
Solution (chloroform), 0.18 M;
532.0 nm
Solution (chloroform), 176 mM;
532.0 nm
Solution (water), 0.625 M;
532.0 nm

127-129

127,128

127,128
130
131
132
133
134
134
135
136
137
138
139

140

114,115
141

141,142
90

95

95,143

113

144
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“Right-angle scattering; "Near-resonance conditions;
“No other experimental conditions specified in reference 139;
4The sign of the spectrum was changed to conform to modern conventions, see Section §.3};
¢ppma = (pyrrol-2-ylmethyleneamine); / tfc = (3-trifluoroacetyl-camphorato)
8en-thind = (ethylenebis(4,5,6,7-tetrahydro-1-indenyl)); hen = ethylenediamine

4 Results and Discussion

4.1 Comparison between calculated and experimental spectra.

To facilitate the comparison between experimental and calculated vibrational spectra, it is
common to scale calculated vibrational frequencies by a factor that is both functional- and
basis set-dependent. This is also the case for applications to VROA.L1%138 Scaling factors
were determined in the present study based on maximizing the similarity between computed
and experimental spectra. For brevity, Tables P and J list the average scaling factors calcu-
lated considering 32 of the 36 molecules in the database, while the full results are reported in
Section S3 of the Supporting Information. The scaling factors excluded from the averaging
belong to 32, 33, 34 and 36. The scaling factors for 32 could only be determined for the M11
functional (reported in the Supporting Information). For both B3LYP-D3(BJ) and wB97X-D
this molecule is under resonance, and the G16 program yielded unphysically large Raman in-
tensities. The spectra for 33 and 34 include additional effects—other than the chiral Raman
scattering—that could contribute to the ROA intensities recorded experimentally but that are
not included in the computational setup.”® The computed spectra are therefore not expected
to reproduce the experimental analogues fully, and the resulting scaling factors were left out.
The optimal scaling factor for 36 seemed rather large (see Table in the Supporting Infor-
mation), and we decided to limit it to 1.10. To keep the analysis unbiased, this scaling factor
was also excluded. In summary, all scaling factors lie in the range 1.00 + 0.10.

Scaling factors determine the relative position of calculated and experimental peaks. The
ideal scaling factor would be unity, resulting in a perfect match between calculated and ex-
perimental spectra. In most cases, the numbers shown in Table P are close to 0.99 for all
approximations. The minimum value is around 0.92, while the maximum is usually around
1.04 and up to 1.10 for some cases. The uniformity of the scaling factors is due to the usage of a
good level of theory for geometry optimizations and frequency calculations. There is no sub-
stantial effect of either the basis set or the functional employed in the calculation of the VROA
intensities. This behavior is expected, since the same vibrational normal modes are used with
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Table 2: Scaling factors (average, minimum and maximum) obtained through compari-
son between experimental and calculated spectra for eight functional/basis set combinations.

Functional B3LYP-D3(BJ) M11 wB97X-D B3LYP-D3(BJ)
Basis set def2-SVPD def2-SVPD def2-SVPD def2-TZVPD*
Average® 0.981 0.981 0.983 0.979

Max value® 1.038 1.038 1.096 1.030
Min value 0.916 0.916 0.916 0.916

Functional B3LYP-D3(BJ) M11 wB97X-D y*-LC-PBE
Basis set aug-cc-pVDZ aug-cc-pVDZ aug-cc-pVDZ aug-cc-pVDZ
Average® 0.981 0.981 0.982 0.981

Max value® 1.038 1.038 1.035 1.038
Min value 0.917 0.916 0.916 0.916

¢QOnly 15 molecules considered; ?’Some scaling factors excluded, see text.

all functional/basis set combinations. It is reassuring to see that the numerical values in Ta-
ble P agree well with those reported in the past for IR data,”*”*”8 and for other molecules not
included in VROA36.14147 Gijven its favorable performance, the B3LYP-D3(BJ)/def2-TZVP
level of theory is recommended for geometry optimizations and frequency calculations, as
already suggested in Reference [77.

The SimROA indices measure how well the calculated and experimental signs, the rela-
tive VROA intensities and the vibrational transition frequencies match. In this case as well,
the closer the value is to unity, the better is the quality of the calculated intensities. The
(averaged) numerical values for all functionals and basis sets are reported in Table B, with
additional detailed data available in Sections S3 and S5 of the Supporting Information. In
some cases, the numerical values are quite low, especially for molecules whose spectra were
recorded in aqueous solution. The lack of treatment of solvation effects in the calculations is
likely one of the causes of this behavior (see Section #.4 below for additional details). Other
possible causes besides solvent effects include the lack of vibronic coupling of the transitions,
which can have a noticeable influence on the shape and intensity of the computed peaks (see
deuterated naproxen and quinidine in Reference 103 as an example). For molecules in aque-
ous solution, another source of discrepancy between calculated and experimental spectra
might be due to the pH-dependence of their structure, as it is the case for the amino acids
(9-12) and naproxen (31).

Even for the cases with low SimROA indices, the different functional/basis set combi-
nations perform quite similarly. The def2-SVPD and aug-cc-pVDZ basis sets yield SimROA
indices that are identical for practical purposes. The maximum value varies between 0.72
and 0.80 depending on the level of theory, and in all sets of calculations this maximum corre-
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Table 3: SimROA indices (average, minimum and maximum) obtained from the comparison
of experimental and calculated spectra using eight functional/basis set combinations for the
molecules in VROA36.

Functional B3LYP-D3(BJ) M11 wB97X-D B3LYP-D3(BJ)
Basis set def2-SVPD def2-SVPD def2-SVPD  def2-TZVPD“
Average® 0.370 0.379 0.363 0.426

Max value® 0.721 0.800 0.781 0.716
Min value 0.053 0.027 0.104 0.181

Functional B3LYP-D3(BJ) M11 wB97X-D y*-LC-PBE
Basis set aug-cc-pVDZ aug-cc-pVDZ aug-cc-pVDZ aug-cc-pVDZ
Average? 0.370 0.381 0.363 0.367

Max value® 0.720 0.799 0.779 0.759
Min value 0.047 0.027 0.098 0.036

¢Only 15 molecules considered; *"Some molecules excluded, see text.

sponds to 2-bromohexahelicene (24). This result is consistent with the original publication.!*
The inclusion of the damping parameter for resonance VROA (RROA) calculations does not
change the shape of the spectrum significantly, a feature reflected in the SimROA indices
calculated for the spectra under resonance (see Table f in Section 4.5). On the other hand,
a few molecules such as L-valine (12) produce very small ( < 0.1) SimROA indices, with the
lowest values ranging from 0.03 (M11/def2-SVPD) to 0.08 for a few functional/basis set com-
binations. For such cases, it is practically impossible to assign the AC using computational
methods only.!®® Caution is advised when interpreting the spectra, and it is recommended to
obtain additional information using different chiroptical techniques before proceeding with
the assignment.

4.2 Comparisons among calculated spectra.

The first goal of this section is to understand how the def2-SVPD and aug-cc-pVDZ basis sets
compare with each other when used with all the functionals considered in this work. The
second is to investigate the performance of each functional and see how they compare with
each other when the same basis set is used. These comparisons are possible and meaningful,
because the VROA calculations in this study were set up such that they are based on the same
vibrational frequencies and modes for a given molecule (B3LYP-D3(BJ)/def2-TZVP). Thus,
differences in the computed spectra are due to the VROA intensities only, from the dynamic
response tensors (electric dipole-electric dipole, electric-dipole-magnetic dipole, and electric-
dipole-electric-quadrupole) and their normal mode derivatives calculated with a given func-
tional and basis. This is reflected in the value of the scaling factors being equal to unity. The
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Table 4: SimROA indices (average, minimum and maximum) from the comparison of
def2-SVPD calculated spectra with the reference aug-cc-pVDZ data.

Functional B3LYP-D3(BJ) M11 wB97X-D
Basis set def2-SVPD?  def2-SVPD? def2-SVPD*
Average 0.984 0.989 0.980
Max value 1.000 1.000 1.000
Min value 0.862 0.933 0.832

?Reference basis set for each functional: aug-cc-pVDZ

SimROA indices therefore quantify the differences between the calculated intensities. See
the Appendix for further details.

The average SImROA indices listed in Table 4 show that the differences between the nor-
malized intensities obtained with def2-SVPD and aug-cc-pVDZ are—on average—minimal
for the three functionals considered (y*-LC-PBE is excluded from this analysis since it was
used with aug-cc-pVDZ only). For most spectra, there are no substantial differences between
the two basis sets, as shown by the SimROA indices in Section S5 of the Supporting Informa-
tion. However, when deviations from unity are indeed present, as in the case of complex 35
shown in Figure [, they are usually due to either a small mismatch in the calculated intensi-
ties for some vibrational transitions, or because of a sign change for one or more peaks. For
example, the overlapped spectra in Figure B show a consistently good performance of both
basis sets with either B3LYP-D3(BJ) or M11. For wB97X-D, instead, the overlapped spectrum
highlights a slightly different intensity pattern in the region between 100 and 450 cm™. The

most obvious difference is for the peak around 200 cm™*

, whose intensity is greater with def2-
SVPD than with aug-cc-pVDZ. Despite such minimal differences, both basis sets reproduce
the spectral features of this and the other molecules correctly, as shown in Figures S1-536
of the Supporting Information, and they can both be used interchangeably. The convergence
behavior of def2-SVPD towards its triple-{ analogue def2-TZVPD is similar to what was re-
ported for the aug-cc-pVDZ and aug-cc-pVTZ basis sets.”! The numerical results are reported
in Table in the Supporting Information, while visual comparisons are shown in Sec-
tion S7.

The comparison of the four functionals combined with the same basis set yields the Sim-
ROA indices collected in Table §. Only the def2-SVPD values and spectra from Figure 2 will
be discussed, but the same conclusions apply to the data computed with aug-cc-pVDZ as well.
The SimROA indices are slightly smaller than those reported for the basis set comparison dis-
cussed above. Different functionals might yield different intensities for the same vibrational
transition, and this functional effect is more noticeable than a basis set effect (when compar-
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Figure 2: Spectra calculated with B3LYP-D3(BJ), M11 and wB97X-D employing def2-SVPD
or aug-cc-pVDZ for the zirconium complex (S,S)—(en—thind),—ZrCl,, molecule 35. For the
overlapped spectra, solid curves are used to show the aug-cc-pVDZ results and dotted curves
are used for def2-SVPD for each functional.

ing basis sets that are not altogether inadequate for the task at hand). This is clearly seen
for the peak below 50 cm™ in Figure . This peak is almost as intense as the one around
100 cm™! when B3LYP-D3(BJ) is employed. The intensity calculated with M11 for the same
transition is much smaller, while wB97X-D yields a value in between. The intensities of the
peaks around 400 and 1500 cm™! are largest with B3LYP-D3(BJ) and smallest with wB97X-
D, while M11 is intermediate. The overall shape of the spectrum is preserved despite these
differences.

The use of the OT-RSH functional (last column of Table §) does not have a noticeable
statistical effect on the spectral features. y*-LC-PBE appears closer to M11 than to wB97X-D,
which can be justified by looking at their range separation parameters (0.28 a;' on average
for y*-LC-PBE, 0.25 a;' for M11, 0.20 a;' for «B97X-D). Overall, the four functionals show
similar behavior, and the small differences highlighted by the SimROA indices do not hinder
their successful application for VROA spectroscopy.

The analysis of the scaling factors and SIimROA indices presented above reflects in part the
trivial fact that the level of theory chosen for geometry optimization and frequency calcula-
tions must be appropriate such that the VROA spectra are not adversely affected. The B3LYP-
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Table 5: Averaged SimROA indices calculated using the B3LYP-D3(BJ), M11, wB97X-D,
and y*-LC-PBE functionals with the basis sets aug-cc-pVDZ and def2-SVPD (in parentheses).

Functional  B3LYP-D3(BJ) Mi11 wB97X-D  y*-LC-PBE
B3LYP-D3(BJ) 1.000 (1.000)®  0.945 (0.943)® 0.950 (0.951)° 0.977
M11 0.945(0.943)¢  1.000 (1.000)® 0.942 (0.937)7 0.966
wB97X-D 0.950 (0.951)¢  0.942(0.937)¢ 1.000 (1.000)7 0.960
y*-LC-PBE 0.977 0.966 0.960 1.000

“The values in parentheses are for the def2-SVPD basis set.

D3(BJ)/def2-TZVP combination is a satisfactory compromise in terms of accuracy and com-
putational cost. For VROA intensities, the four functionals tested, namely B3LYP-D3(BJ),
M11, wB97X-D, and y*-LC-PBE are all good candidates. The def2-SVPD basis set is as reli-
able as aug-cc-pVDZ for the intensities, and it can be recommended for VROA calculations
in conjunction with any of the hybrid functional approximations tested.

4.3 Visual comparison of the spectra.

In this section, a few representative experimental and calculated spectra are visually pre-
sented and analyzed. Spectra not shown here can be found in Section S of the Supporting
Information.

The molecules in the database can be divided in three groups based on the magnitude of
the SimROA index obtained from comparing calculated and experimental spectra. Molecules
in the first group have a SImROA index of at least 0.50. Compounds 1, 6, 7, 13, 14, 16, 17, 18,
20, 21, and 24 belong to this group. Molecules with SImROA indices between 0.25 and 0.50
belong to group 2, namely 2, 3, 4, 5, 8, 10, 15, 22, 28 and 29. The remainder (molecules 9,
11,12, 19, 23, 25, 26, 27, 30, 31, 35, and 36) belong to the third group for which the SimROA
index is below 0.25.

4.3.1 Molecules belonging to group 1. Example: S-methyloxirane.

S-methyloxirane has been extensively studied with theoretical methods, including TD-DFT
and coupled cluster theory.”%21 14148 The experimental spectra were recorded in the gas and
condensed phases, reported in Figure B alongside the calculated spectra. All levels of theory

yield a spectrum that is in excellent agreement with the experimental data. The three char-

1

acteristic peaks of this molecule are between 700 and 900 cm™, all well reproduced by the

-1

calculations. The same is true for the signal around 1500 cm™". The calculated spectra seem

to agree better with the spectrum recorded in the liquid phase, which is clearly a result of
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Figure 3: Calculated and experimental spectra for (S)-2-methyloxirane (1, shown in the top
left corner). The experimental spectra were digitized from References 116 and 117. The inci-
dent wavelength is 532.0 nm. The calculated vibrational frequencies are unscaled.

error cancellation because no solvent effects or anharmonicity effects were accounted for in
the calculations. For this species, there is little to no difference between the different func-
tionals or basis sets. Figure B also shows that even without frequency scaling, the calculated
and experimental spectra agree well with each other. The calculations require a slight shift
to lower frequency, with scaling factors around 0.97 as typical for DFT calculations.

4.3.2 Molecules belonging to group 2. Example: R-bromochlorofluoromethane

The VROA spectrum of R-bromochlorofluoromethane was experimentally characterized and
its AC assigned in 19972 through one of the earliest applications of the combined experimen-
tal/computational VROA protocol. Figure d shows that the calculated spectra agree failry
well with the experiment, and they are consistent with the results published in Reference
120 where theoretical data were obtained with Mgller-Plesset perturbation theory truncated
at second order (MP2)** and a DZP basis.®>Y The main spectral features, i.e., the three peaks
between 400 and 800 cm™!, are all well reproduced by all functional and basis set combi-
nations. All tested functionals, however, predict the wrong sign for the peaks around 250
and 1300 cm™!, and only two functionals (wB97X-D and y*-LC-PBE) yield a peak around
1100 cm™! that matches the sign of the experimental signal but with a too low calculated
intensity. The calculated spectra for this molecule are slightly shifted to lower frequency
compared to the experiment.
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Figure 4: Calculated and experimental spectra for R-bromochlorofluoromethane (4). The
experimental spectrum (black curve, neat liquid) were digitized from Reference 120. The
incident wavelength is 514.5 nm. The calculated vibrational frequencies are unscaled.

4.3.3 Molecules belonging to group 3. Examples: R-methylindane and S-naproxen.

The AC of methylindane (27) was indirectly assigned for the first time in in 1966 using optical
rotatory dispersion data from a series of closely-related molecules having R configuration.*!
Later, this assignment was revised using chemical correlations and ROA spectra,’* establish-
ing the R enantiomer of this molecule as dextrorotatory, contrary to the previous findings.
This application of VROA spectroscopy is one of the earliest reported.

Interestingly, the ROA intensities of the experimental spectrum in Reference 139 are re-
ported as the differential scattering of circularly polarized light as Left minus Right, adopting
the opposite convention of what is used nowadays. For consistency with the other experi-
mental spectra, the black curve shown in Figure 5 adopts the modern convention. Good
agreement is found between the experimental and calculated spectra for the peaks observed

in the low-frequency region between 200 and 500 cm™

. They are similar in sign and intensity,
although the peak around 600 cm™ is less intense than the experimental counterpart. The
visual examination of the peaks above 800 cm™! is less informative, since there is no obvious
relationship between the signals in the experimental and calculated spectra.

The spectra calculated for S-naproxen (31) are shown in Figure[f. All functionals and ba-
sis set give a consistent description of the spectrum, which appears with much more structure

than the one recorded experimentally. All functionals yield spectra that are bisignate, which
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Figure 5: Experimental and conformationally averaged calculated spectra for R-
methylindane (27). The experimental spectrum was digitized from Reference 139 and in-
verted to be consistent with modern VROA conventions (see text). The incident wavelength
is 532.0 nm. The calculated vibrational frequencies are unscaled.

is not in agreement with the experimental reference. Baranska and co-workers reported that
averaging spectra belonging to different conformers can result in the appearance in the final
spectrum of peaks of both signs,'>? an effect that is observed here as well. The most intense
peak in the experimental spectrum is recorded around 1400 cm™, but no level of theory em-
ployed here is capable of replicating it. Further discussion of the naproxen spectrum can be
found in Section 4.5

4.4 A brief detour regarding the treatment of solvation effects.

The aim of this section is to show how the computed VROA spectra are impacted when solva-
tion effects are taken into account in the calculations by means of one of the popular contin-
uum solvation models. This section is not intended to be comprehensive, because solvation
effects on molecular spectra can be rather complex and an in-depth assessment is far beyond
the scope of the present study.

Proper treatment of solvation effects is a non-trivial task. The simplest way to include
solvation effects in a spectrum is to use an implicit solvation model.2>*1>4 More sophisticated
techniques include the explicit modeling of solvent molecules as well as molecular dynam-
ics simulations, with solvent molecules treated classically or quantum mechanically. The
quality of the computed spectra is often improved with implicit solvation models, but such
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Figure 6: Conformationally averaged calculated and experimental spectra for S-naproxen
(31). The experimental spectrum was digitized from references 141 and I42. The incident
wavelength is 514.5 nm. The calculated vibrational frequencies are unscaled.

154,155 For

models may be inadequate when aqueous solutions are taken into consideration.
protic solvents such as water, the pH conditions used in the experimental setup can also af-
fect the computed properties, as it is the case for amino acids, for example.!>® Therefore, the
best computational strategy to include solvent effects depends both on the solvent and on
the solute. Among the molecules in the database, d-glucose and camphor were selected as
examples to discuss solvent effects as they are both polar molecules and thus susceptible to
the polarization in the environment when it is treated with a continuum model.

The Boltzmann-averaged gas-phase spectrum of glucose is not in good agreement with the
experiment, although some spectral features are already well reproduced, as shown in Fig-
ure [7, Panel A. Additional VROA calculations were performed using the C-PCM method on
gas phase geometries (dotted lines, i.e. solvent effects are only considered for the polarizabil-
ity tensors) and on the geometries optimized in presence of the solvent, affecting the normal
modes as well. Adding solvent effects on top of the gas phase geometries results in smoothing
out some of the shoulders in the peaks in the 1200-1300 cm™! region, while there is no notice-
able difference compared to the spectra calculated from the re-optimized geometries. Better
comparison with experiments can be achieved when a hybrid molecular mechanics/quantum
mechanics approach is adopted™’ (red spectrum in Panel A of Figure [, labeled as ‘hybrid’
in reference 157). Other studies™*1% have suggested that molecular dynamics simulations

combined with the explicit introduction of water molecules are mandatory to obtain a sat-
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Figure 7: VROA spectra calculated for d-glucose (8, panel A) and camphor (17, panel B) with
B3LYP-D3(BJ) and the aug-cc-pVDZ and def2-SVPD basis sets in different conditions. The
spectrum reported in red was digitized from reference 157. The incident wavelength is 514.5
nm for d-glucose and 532.0 nm for camphor. Calculated vibrational frequencies are unscaled.

isfactory agreement with the experimental data, although such approaches are also not free
from shortcomings.!>>-161

For camphor, instead, the Boltzmann-averaged gas-phase spectrum is in excellent agree-
ment with the experimental reference, a result that may benefit from some favorable error
cancellation. Inclusion of solvent effects has only a small effect on the computed intensities
(Figure 7, Panel B). The intensity of one of the peaks around 1300 cm™" is increased in the
presence of the continuum solvent model, while the peak around 1800 cm™! is shifted to-
wards lower wavenumbers when compared with the gas phase spectra. For both molecules,
the basis set does not have any effect on the computed intensities, and the spectral shapes are
comparable in all cases.

For the two examples in this section, the changes due to the C-PCM do not drastically im-
pact the similarity between experimental and calculated spectra. For d-glucose, an implicit
solvation model is not suffcient to correctly reproduce the experimental spectrum, as it has
been recognized in the literature on the subject.’>*1%2 In the case of camphor, the gas-phase
calculation already produces a reasonable spectrum, and no harm is done when solvation ef-
fects are additionally included. In general, inclusion of an implicit solvation model is usually

162

beneficial for research applications,**? but the application of more sophisticated techniques

may be required for more complicated cases.
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Table 6: SImROA indices calculated using the B3LYP-D3(BJ) functional with the def2-SV(P),
def2-SVPD, and aug-cc-pVDZ basis sets for the molecules studied under resonance condi-
tions.

Molecule def2-SV(P), RROA def2-SVPD, RROA aug-cc-pVDZ, RROA
24 0.718 0.726 (0.721)* 0.724 (0.720)*
31 0.266 0.213 (0.217)2 0.224 (0.222)%
32, averaged 0.697° c 0.6904
33, chloroform® 0.170 0.103 0.107
33, dichloromethane® 0.053 0.050 0.058

?The values in parentheses are for the off-resonance cases;
bDifferent geometries, see text; ‘See def2-SV(P);
dce-pVDZ basis set; °Some peaks excluded, see text.

4.5 Resonance ROA

In this section, the effect of the inclusion of a damping parameter I in the response calcu-
lations on the shape of the calculated spectra is examined. The five molecules analyzed are
2-bromohexahelicene (24), the lowest-energy conformer of S-naproxen (31), and the transi-
tion metal complexes 32, 33 and 34. The SimROA indices calculated for the molecules under
resonance are reported in Table [, while the corresponding scaling factors are reported in
Table S38. Additional spectra for these species are shown in Section §§ of the Supporting
Information.

There is a visible enhancement of the intensities of the major peaks for 2-
bromohexahelicene, especially those around 1400 and 1550 cm™! (Figure B, panel A).
Previous work has shown that the inclusion of Franck-Condon and Herzberg-Teller effects
does not change the overall shape of the spectrum, although there is a small shift in the
calculated peak from around 1550 cm™! in our spectrum to around 1600 cm™! in Figures 12
and 13 in Reference 103. Previous reports from our group showed that the def2-SV(P) basis

set® correctly describes the chiroptical properties of helicenes,?*16164

as mentioned already.
The spectrum shown in Figure B as well as the first row of Table [g confirm again the good
performance of this basis set for these compounds.

In the case of S-naproxen, the damped spectra are almost monosignate, especially in the

experimentally-relevant region (900-1900 cm™!

, see panel B in Figure §). The spectra ob-
tained without damping are clearly bisignate, mostly due to the peaks below 1400 cm™!, that
are attenuated in the resonance setup. These results are consistent with a previous report,'®
where the same molecule was analyzed at two different incident wavelengths (514.5 nm—
used here as well—and 356.0 nm). The most intense peak is around 1400 cm™ in the exper-

imental spectrum, while it is around 1900 cm™! for the computed spectra. This mismatch in
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Figure 8: Damped and undamped spectra calculated with B3LYP-D3(BJ) and a few basis
sets (aug-cc-pVDZ, def2-SV(P) and def2-SVPD) for 2-bromohexahelicene (panel A, left), the
lowest-energy conformer of S-naproxen (panel B, middle) and the nickel complex (panel C,
right). The overlap between undamped and damped spectra is also shown. The incident
wavelength is 514.5 nm for naproxen and 532.0 nm for the other compounds.

the intensities is the likely cause of the low SimROA index in Table .

The nickel complex 33 shows a peculiar behavior: The signs of the spectra change from
negative to positive with the inclusion of damping (Figure B, panel C). The peak around
1250 cm™~! was attributed to the solvent in reference 95, and thus excluded from the calcula-
tion of the SIMROA indices in Table . Interestingly, all spectra appear almost monosignate.
The spectra obtained without damping match the sign of the experimental reference, but
they do not replicate the correct signals or the correct position of the peaks. The inclusion
of damping results in a spectrum that is dominated by a peak around 1600 cm™'. The posi-
tion of this peak is close to the position of the experimental reference, but it is opposite in
sign. The overall shape of the damped (and undamped) calculated spectra and the position
of the signals closely resemble the computational results reported in Reference 95, which
were obtained with B3LYP/aug-cc-pVTZ (see Figure in the Supporting Information for
a visual comparison of the near-resonance spectra). Despite a positive SimROA index due to
a good match of the peaks in the 1300 cm™! region and especially when chloroform is used
as solvent, it appears that the use of damping alone in the intensity calculations is not suffi-
cient to reproduce the experimental spectrum of this molecule. Computational techniques
that are capable of treating multiple light-matter interactions such as the eCP-Raman effect
introduced in Reference 95 will be needed to obtain better agreement with the experimental
spectra.

The Boltzmann averaged spectra for the iron complex 32 are reported in Figure B (panel
A), while those of the individual conformers are reported in Section S§ of the Supporting
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Figure 9: Damped and undamped averaged spectra calculated with B3LYP-D3(BJ) and the
basis sets (aug-)cc-pVDZ and def2-SV(P) (or def2-SVPD) for the iron complex 32 (panel A)
and the copper complex 34 (panel B). The incident wavelength is 532.0 nm.

Information. The undamped spectra obtained with B3LYP-D3(BJ) and cc-pVDZ or def2-SVP
already show good agreement with the experimental data. The two characteristic groups of
peaks are well-reproduced, although a slight shift towards higher frequencies is obtained in

the calculations. A larger shift is observed for the transition around 2100 cm™

, assigned to
the stretching mode of the ethynyl unit that connects the helicene with the iron. Only the
peak in the 1400 cm ™! region matches the relative experimental intensity under off-resonance
conditions. The relative intensities of the peaks’ groups around 1600 cm™! and 2100 cm™
are better reproduced when damping is included, owing to the fact that the spectrum was
recorded under conditions close to resonance. The effect of the damping is notable especially

around 1600 cm™!

, and this results in a high SimROA index. This is even though the intensity
of the alkynyl peak is rather strongly overestimated in most of the calculations.

Three experimental spectra are shown at the top of panel B of Figure [ for the copper
complex 34. Two were recorded in chloroform,”*!*¥ the other in dichloromethane (Reference
95). The common feature of these spectra is the negative peak—attributed to the solute—

!, whereas the region below 1500 cm™! is dominated by solvent bands (see

1

around 1550 cm™
box in Figure J). Another peak attributed to the solute is around 1650 cm™*, although it is
not clearly visible in the DCM spectrum. This peak however shows opposite sign in the two
dichloromethane spectra, and the reason for this behavior is not clear. As briefly mentioned
in Section @.1), chiral Raman scattering might not be the only contribution to the recorded
ROA intensities for this molecule, which rationalizes the disagreement between the experi-

mental and calculated spectra. All calculated spectra appear monosignate, showing the most
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intense peak around 1700 cm™.

The spectral profile calculated with aug-cc-pVDZ shows
other peaks between 1200 and 1300 cm™! and around 1550 cm™ whose intensity is attenu-
ated when the damping is introduced. The def2-SVPD (undamped) spectrum is dominated

1, and it is almost indistinguishable from the damped spectrum

by the peak around 1700 cm™
obtained with the def2-SV(P) basis set, or from the undamped spectrum produced by y*-LC-
PBE (see Figure in the Supporting Information for this and other undamped spectra).
The M11 functional produces a more complex spectral pattern, while the wB97X-D is the only

functional that is bisignate in the region between 1550 and 1650 cm™!

, and it also produces
another signal slightly below 1500 cm™! that is not present in the experimental reference.
Therefore, complex 34 exhibits a remarkable functional dependence of the calculated VROA,
confirming the findings of Reference 93.

Overall, the (limited) choice of basis set does not influence the calculation of the ROA
intensities for the on-resonance cases, as already observed for the off-resonance molecules.
The def2-SVPD basis set can therefore be recommended in place of aug-cc-pVDZ for the res-

onance setup as well.

5 Summary and Conclusions

The VROA36 database of vibrational Raman optical activity spectra was introduced. VROA36
includes 36 molecules, covering both on- and off-resonance conditions. The database is com-
posed of geometries for 93 molecular conformers optimized with B3LYP-D3(BJ)/def2-TZVP.
The same functional/basis combination also yielded the vibrational modes and frequencies
needed for further evaluation of four functionals, viz. B3LYP-D3(BJ), M11, wB97X-D and the
optimally tuned LC-PBE approximation, and three basis sets for the calculation of VROA in-
tensities. The performance of the functionals was analyzed using frequency scaling factors
and spectral SimROA indices determined from the comparison of calculated and experimen-
tal spectra, and of calculated spectra among each other.

This work showed that the B3LYP-D3(BJ)/def2-TZVP is a reliable and cost-effective
choice to obtain good quality vibrational frequencies as a starting point for the calculation
of ROA intensities. The four functionals employed with the aug-cc-pVDZ and def2-SVPD ba-
sis sets mostly showed very good agreement with the experimental references. When near-
resonance cases were analyzed, the inclusion of a complex damping in the response calcula-
tions was found to be important to obtain physically meaningful VROA scattering intensities.
As pointed out in recent literature, a full comparison with experimental spectra that were
recorded under resonance may require the consideration of additional effects.

SimROA indices determined from the comparison of calculated spectra among each other
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showed that aug-cc-pVDZ and def2-SVPD yield spectra of similar quality when combined
with one of the tested functionals both under off- and on-resonance conditions. We there-
fore recommend the def2-SVPD basis set and any of the tested functionals approximations
for theoretical VROA studies. The use of an optimally tuned range-separated hybrid func-
tional has certain advantages (and disadvantages), as noted elsewhere in the general context
of molecular property calculations.!® Similar to a previous study for optical rotation,'* there
is no apparent harm being done by calculating VROA spectra with OT-RSH.

Appendix: Brief overview of the theory underlying VROA computa-

tions.

The quantity that needs to be computed for VROA is the differential absorption of left- and
right-circularly polarized light, I* — I*. In a back-scattering setup, the ROA intensity is cal-
culated according to equation [A-1 below,

48 (B(G") + B(A))/3

90 ¢ (A-D)

17(180°) — I*(180°) = K,

Here, S(G’ )f, is the anisotropic invariant of the product of the electric dipole-magnetic dipole
polarizability transition tensor and the electric dipole-electric dipole polarizability transition
tensor (G’ is also called gyration tensor). 8(A); is the anisotropic invariant of the product of
the electric dipole-electric quadrupole polarizability transition tensor and the electric dipole-
electric dipole transition polarizability tensor, c is the speed of light, and K, is a frequency-
dependent factor given as

? h 1

o T o A-2
D ES (Din Vp) 872y, exp[—hcflp/(kBT)] -

K, depends on the wave numbers of the incident frequency ¥;, and of the p-th vibrational
normal mode 7,. Other quantities used in equation are Planck’s constant &, the Boltz-
mann constant kg, the absolute temperature T, and the electric constant ¢,. The vibrational
wave numbers 7, depend on both the method (functional) and basis set used for the geom-
etry optimization and frequency calculation steps. Inclusion of solvent effects affects these
quantities too, since it has a direct effect on the geometries and—as a consequence—on the

normal modes.
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The tensor invariants of equation [A-1 are

P ~/p* P A/p*
3aa[3Gaﬁ —ocm,(Gﬁ,l3

2

B(G); =Im|i (A-3a)

1 .
ﬁ(A)IZJ = Re <§wa§ﬁ€“75A)I:5ﬂ) (A'3b)

where w is the frequency of the incident laser and ¢,,5 is the Levi-Civita tensor. The quanti-

ties a?, ocg .

are elements of the gyration tensor, and Af ;ﬁ, is an element of the electric dipole-electric

are elements of the electric dipole-electric dipole polarizability tensor, G.2, G;‘;*

quadrupole polarizability tensor. Each of these quantities is calculated from taking the
derivatives along the p-th vibrational normal mode (hence the superscript ?), usually employ-
ing the TD-DFT framework due to its favorable performance-to-cost ratio. The quantities in
equations [A-3a and [A-3B depend on the level of theory (i.e. method or functional and basis
set).

The calculations performed in this study follow the ‘two-step’ procedure described by

Cheeseman and Frisch in reference 51. In the first step, geometry optimizations and
vibrational frequency calculations are performed using a given level of theory (B3LYP-
D3(BJ)/def2-TZVP in this study). The Raman and ROA invariants are computed in the sec-
ond step using all the information on geometries and vibrational normal modes from the
Gaussian checkpoint files, thus allowing the usage of the same geometries and frequencies
with different functional and basis set combinations. When the same vibrational normal
modes are used, the differences in the calculated intensities depend on the functional used
in the calculation of the response functions only (equations and [A-3b), as mentioned
at the beginning of Section #.2.

The interested reader is referred to references 99 and 100 for details about the calculations
with the NWChem code, and to reference 165 for more details about the units employed in
this Appendix.
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