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Abstract

In this work, the basis set dependence of optical rotation (OR) calculations is examined for
various choices of gauge/level of theory. The OR is calculated for a set of 50 molecules using
B3LYP and CAM-B3LYP, and 17 molecules using coupled cluster with single and double ex-
citations (CCSD). The calculations employ the correlation-consistent basis sets, aug-cc-pV(Z
with ¢ = D, T, Q. An inverse-power extrapolation formula is then utilized to obtain OR
values at the complete basis set (CBS) limit. We investigate the basis set convergence for
these methods and three choices of gauge: length gauge (with gauge-including atomic orbitals,
LG(GIAOs), for DFT), the origin-invariant length gauge [LG(OI)], and the modified velocity
gauge (MVG). The results show that all methods converge smoothly to the CBS limit and that
the LG(OI) approach has a slightly faster convergence rate than the other choices of gauge.
While the DFT methods reach gauge invariance at the CBS limit, CCSD does not. The signif-
icant difference between the MVG and LG(OI) results at the CBS limit, 26%, indicates that
CCSD is not quite at convergence in the description of electron correlation for this property.
On the other hand, gauge invariance at the CBS limit for DFT does not lead to the same OR
values for the two density functionals, which is also due to electron correlation incompleteness.
A limited comparison to gas-phase experimental OR values for the DFT methods shows that
CAM-B3LYP seems more accurate than B3LYP. Overall, this study shows that the LG(OI)
approach with the aug-cc-pVTZ basis set for DFT, and with the CBS(DT) extrapolation for
CCSD, provides a good cost/accuracy balance.

Introduction

Optical rotation (OR) refers to the phe-
nomenon of rotation of the plane of polar-
ization of impinging linearly polarized light by
an optically active sample, e.g., a sample with
an enantiomeric excess of a chiral compound.!
The ubiquity of enantiospecific chiral molecules
in biological systems makes the ability to differ-
entiate enantiomers especially relevant. While
experimental measurements can provide the
sign and magnitude of the rotation, theoreti-
cal simulations are necessary to correlate the

sign of the rotation to the structure of the
molecule. Therefore, the assignment of the ab-
solute configuration of a chiral sample requires
a synergistic effort of experiment and theory.
Reliable quantum mechanical (QM) methods
based on density functional theory (DFT) and
coupled cluster (CC) theory have been devel-
oped for the calculation of chiroptical proper-
ties, %17 using response theory to evaluate the
appropriate OR. tensor. 216721 However, these
techniques are based on approximate solutions
of the Schrédinger equation, which affect the
accuracy of the calculations and may compli-



cate the comparison with experiment. The
need to effectively represent electron correla-
tion in the calculation of OR has been well es-
tablished. ' While DFT methods present a cost
efficient means of accomplishing this, 61720 CC
methods maintain the allure of being system-
atically improvable by including higher order
excitations. 12

The basis set dependence of OR calculations
has been investigated at DFT level. 22724 Mach
and Crawford examined the basis set depen-
dence of CC with single and double excitations
(CCSD) with the LPol basis sets along with the
augmented correlation consistent basis sets of
Dunning.?® Srebro et al. also tested the LPol
basis sets, showing that they do not outperform
aug-cc-pVDZ.26 This work also provides insight
on the potential benefits of using a functional
with a long-range correction. Howard et al. in-
vestigated the performance of the ORP basis
set with CC methods,?” and Haghdani et al.
studied the basis set dependence of CC meth-
ods in comparison with DFT for a set of seven
molecules. 28

Much work in pursuit of improving accuracy
and reducing computational cost of OR cal-
culations has been done through manipulation
of the basis set. The work of Cheeseman et
al. has demonstrated the importance of dif-
fuse functions for OR calculations.? Basis sets
specifically for determination of optical proper-
ties have been developed. The LPol basis sets
of Baranowska and Sadlej?® augment the sets
of Duijneveldt3? with diffuse and polarization
functions. The ORP basis set of Baranowska
and Laczkowska was later developed, 3! in which
the basis sets of Schifer et al.3? were modified
with contracted diffuse and polarization func-
tions, resulting in smaller basis sets than the
LPol sets. Recently our group proposed two
minimal basis sets, augD-3-21G and augT3-3-
21G, both of which are formed from augment-
ing the 3-21G set with diffuse functions from
the parent Dunning correlation consistent ba-
sis sets optimized for OR calculations,?? based
on an initial study of Wiberg et al. with unop-
timized functions.3* These basis sets were pro-
posed with the intent of maintaining the quality
of a large basis set while decreasing the cost of

OR calculations.

Another important issue of approximate cal-
culations is that the choice of gauge for the
representation of the electric dipole perturba-
tion leads to numerically different results, con-
trary to a hypothetical exact calculation.!?14
Furthermore, in the length gauge (LG) the OR
is origin dependent while in the velocity gauge
(VG) the OR has a spurious static limit. These
are both unphysical artifacts due to the incom-
pleteness of the basis set and of the electron
correlation treatment in practical simulations.
The origin dependence of LG calculations can
be removed in variational methods using Lon-
don orbitals, also known as gauge including
atomic orbitals (GIAOs), at the cost of con-
siderably more complicated equations and com-
puter codes.?336 Additionally, this approach
cannot be used with standard CC methods, un-
less one employs uncommon orbital optimiza-
tion techniques. 3738 Recently, our group has in-
troduced an approach to obtain origin invariant
LG results, LG(OI), without the need of GI-
AOs so that it can be equally used with varia-
tional and non-variational methods.3%4 To ob-
tain meaningful results with VG, one needs to
calculate the spurious static term explicitly and
subtract it out, an approach called modified VG
(MVG). 14

Despite all of the work mentioned above, it is
not yet clear what choice of gauge, level of the-
ory, and basis set is optimal for OR calculations.
The main obstacle to such a determination has
been the inability to perform a uniform com-
parison between choices of gauge and basis sets
across variational and non-variational methods
due to the unresolved issue of the origin de-
pendence of standard LG calculations (before
the development of the LG(OI) approach). An-
other problem is that a direct comparison with
experimental data is difficult for this sensitive
molecular property. On the one hand, simula-
tions are not yet able to reliably account for sol-
vation effects, 159 vibrational effects are typi-
cally introduced only through approximate per-
turbative treatments, %% and proper averaging
of multiple conformers of the same enantiomer
with opposite OR sign requires very accurate
relative energy calculations.®™%® On the other



hand, experimental measurements of rigid chi-
ral molecules in the gas phase (which would
sidestep some of the above simulation limita-
tions, i.e., conformational averaging and solva-
tion effects) are very limited due to the low
volatility of these compounds and the overall
small signal. 34,5962

In this work, we address a number of these
issues by performing a thorough analysis of the
basis set dependence in approximate calcula-
tions of optical rotation using different choices
of gauge. We use an extensive set of chiral
molecules (50 at DFT level and 17 at CCSD
level) to test how OR calculations approach the
complete basis set (CBS) limit with the LG (in-
cluding GIAOs for DFT), LG(OI), and MVG
schemes. The calculations are performed with
the aug-cc-pV(Z series up to ( = Q followed
by an extrapolation to the CBS limit, which
provide a consistent improvement of the ba-
sis set description. We investigate the conver-
gence towards the CBS limit for each choice of
gauge within each method, the convergence to-
wards gauge invariance for each method, and a
comparison between methods at the CBS limit.
Thus, we can draw important conclusions on
the effect of basis set and electron correlation
incompleteness for a given choice of gauge and
model chemistry. We also attempt a limited
comparison with experimental data for a sub-
set of 5 rigid molecules for which experimental
data in the gas phase are available.

The paper is organized as follows. The meth-
ods used and the strategy to analyze the data
are described in Section 3, the results of the
calculations are reported in Section 4, and the
interpretation of the results and concluding re-
marks are presented in Section 5.

2 Theory

Although this work is based on well-established
methodologies, 12:14:16,18,39.63 it js  useful to
briefly review the main equations to compute
the optical rotation. The isotropic OR is ex-
pressed as specific rotation [a], (or [a]y) in
customary units of deg [dm (g/mL)]~!, where
w is the frequency of the impinging light (and

A is the corresponding wavelength):

_ (72 x 1076)h2N qw? Tr(B)
AmiM 3

[a]w (1)

where h is the reduced Planck’s constant (J s),
N4 is Avogadro’s number, ¢ is the speed of light
(m/s), m, is the mass of an electron (Kg), M
is the molecular mass (amu). (3 is the electric
dipole-magnetic dipole polarizability tensor,!?
which is expressed in atomic units together with
the frequency w. The tensor can be written
with a sum-over-states (SOS) formula as:

By = 25 Vol st [¥5) (V53 o)

_ 2
j#0 Wip — W

(2)

where 1y and ¢; are the ground and jth ex-
cited state wavefunctions, respectively, p is
the electric dipole operator, m is the mag-
netic dipole operator, Greek indices corre-
spond to Cartesian components, and wjy is
the jth excitation frequency. This expression
works in the non-resonant regime 6466 and for
wavelengths larger than the average molecular
size.57 In practice, the tensor is evaluated us-
ing the linear response formalism (LR), because
it does not require the evaluation of excited
states.12:1416,18,63 The linear response function,
expressed with the notation (X;Y)), for two
generic operators X and Y, can be evaluated
using two representations of the electric dipole

operator:
Ni == Z Tia (3>

NX == Zpi;a (4)

where the summation is over the number of elec-
trons and r and p are the position and momen-
tum operators. The two representations are de-
noted length gauge (L in Eq. 3) and velocity
gauge (V in Eq. 4). The trace of the tensors in
the two choices of gauge is equivalent in exact
calculations: 1

I {Tr({a"; m)o)} = ™ Re{Tr({A";m).)}-
(5)
In the context of this work, we use gauge in-
variance to indicate when the different choices
of representation of the dipole operator in Eqs.



3-4 lead to the same OR value, i.e., gauge invari-
ance refers to the equality in Eq. 5. This equiv-
alence is also satisfied for approximate meth-
ods with variationally optimized orbitals in the
CBS limit.'437 However, achieving gauge in-
variance in approximate variational methods
does not guarantee that the OR is numerically
the same as that obtained in an exact calcula-
tion. For non-variational methods, like in stan-
dard approximations of CC theory, and in gen-
eral with incomplete basis sets, one obtains nu-
merically distinct values of the OR in Eq. 1
with different choices of gauge.

As discussed in the Introduction, approxi-
mate calculations with incomplete basis sets
lead to an unphysical static limit in the ve-
locity gauge formulation, which is explicitly
calculated and subtracted out in the MVG
method, although the results are intrinsically
origin invariant.!* Conversely, approximate LG
calculations lead to origin-dependent OR, val-
ues; these can be made origin-independent
using GIAOs with variational methods.6:35:36
However, GIAOs are not useful with methods
where the orbital response is not included in
the LR calculation, as for standard CC meth-
ods.1® Alternatively, origin independence can
be achieved with the LG(OI) approach, which
works for variational and non-variational meth-
0ds.3940 The origin dependence of the 3 ten-
sor in the LG is due to the off-diagonal ele-
ments of the mixed length-velocity gauge elec-
tric dipole-electric dipole polarizability tensor
aLV) | which is non-symmetric for approximate
methods. 39406869 In LG(OI), oY) is diag-
onalized with a singular value decomposition
(SVD):

alV) =UapVT (6)

and the inverse transformation is applied to the

3 tensor: _
B=-U'BV (7)

This transformation renders the diagonal ele-
ments of ,é, and therefore its trace, origin in-
variant. Since the a(%V) tensor is symmetric
in an exact calculation, the LG, LG(OI), and
MVG methods become equivalent for a com-
plete treatment of electron correlation and a
complete basis set.40 For variational methods,

the choice of gauge |[LG(GIAOs), LG(OI), or
MVG]| becomes immaterial in the CBS limit
even with approximate treatments of electron
correlation, as demonstrated numerically in sec-
tion 4.

3 Methods

The OR was computed using standard linear
response methods!863 as discussed in section
2. Three choices of gauge were considered:
modified velocity gauge (MVG), length gauge
(LG), as well as the newly developed origin-
invariant length gauge [LG(OI)].3?40 LG cal-
culations were performed with gauge-including
atomic orbitals (GIAOs)3%36 for variational
methods (B3LYP,™ CAM-B3LYP™) and with-
out for CCSD. Thus, CCSD-LG OR calcula-
tions are inherently origin dependent. The two
density functionals were chosen as representa-
tive members that provide reasonable OR val-
ues. 26

A test set of 50 molecules with a wide range of
molecular sizes and OR magnitudes was com-
piled from previous OR studies,?>27.72 see Fig-
ure 1. Molecular geometries were also obtained
from these sources, as detailed in Tables S1-S50
in the Supporting Information (SI). OR values
were calculated for the whole set using DFT
methods and for the first 17 molecules in Figure
1 using CCSD because of computational limi-
tations.

Basis sets of various sizes were used in or-
der to determine the tendency of OR values to
converge for a given method/gauge. Since it is
important to obtain a consistent trend towards
the basis set limit, 40 the correlation consistent
basis set series was used: aug-cc-pV(Z, where ¢
= D, T, or Q. OR values were extrapolated to
the CBS limit using the two point inverse power
extrapolation formula: ™

[a]F =[als - AC" (8)

where [a] is the OR value obtained for the
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Figure 1: The test set of molecules used for OR calculations is shown. Molecules 1-17 were used with
both CCSD and DFT methods, whereas 18-50 were used exclusively with the DFT methods. 252772

basis set aug-cc-pV(Z, A and n are fitting pa-
rameters, and [ gives the OR value extrap-
olated to the CBS limit. In order to obtain a
two point fitting for this system of equations,
n must be fixed. Values of n were set to 3
for double/triple (DT) extrapolations and 5 for
triple/quadruple (TQ) extrapolations, follow-
ing the recommendation of Haghdani et al.?®
The CBS values from the T(Q extrapolations are
utilized as the reference values in the compar-
isons, as described below. Basis sets with higher
order angular momentum functions would pro-
vide results closer to the basis set limit, but we
found that quadruple-C level was sufficient for
the purposes of this study and it allows calcu-
lations on fairly large systems in a reasonable
amount of time.

The OR values are analyzed to compare con-
vergence towards the CBS limit within each
choice of gauge, between gauges within each

method, and between methods. The compar-
ison is performed using the signed relative er-
ror for each molecule 7 at a given basis set size,
normalized by the total number of molecules in
the set (N):

- ol

ol Y

1

ref _

By changing the OR value used as reference,
one can focus on a different type of compari-
son. For instance, by using the (best estimate)
CBS OR value within each gauge for a given
method as reference, once can probe the basis
set convergence of each choice of gauge. If the
CBS OR value for a specific choice of gauge is
used as reference, one can test gauge invariance
for a given method as a function of the basis
set size. Finally, by using the CBS OR value
for a specific choice of gauge and method, one



can compare differences between methods. For
each molecule in the test set, we selected the
enantiomer with positive OR (when calculated
with the largest basis set) to avoid complica-
tions in the interpretation of the sign of A in
Eq. 9; thus, A < 0 always indicates an under-
estimation of the reference value and vice versa.
The molecules for which we changed enantiomer
compared to the original study are also listed
in the SI. The OR signs are consistent for all
molecules and basis sets, with a few exceptions
with aug-cc-pVDZ that are explicitly discussed
in the next section.

The A values for each molecule are dis-
played using stacked bar graphs. Since each
A is normalized for the number of molecules
used with a particular level of theory, the entire
length of each column in the graphs gives the
mean unsigned relative error (MURE):

N
Akt = Z; AT (10)

Horizontal bars crossing through each column
at the midpoint correspond to half the value of
the mean signed relative error (MSRE):

N
ALt =S AT (11)

i=1
The magnitude of the OR across the
test set wvaries between O(1) - O(10%)

deg [dm (g/mL)]~!. In the plots, each A™ bar
is color coded from blue to red with increasing
magnitude of the reference OR value for each
molecule. The change in color was restricted
to a range of 0 to 100deg [dm (g/mL)]~!, such
that the bars for molecules with OR values ex-
ceeding 100deg [dm (g/mL)]™! are displayed
as the same color (red). This is done for ease
of comparison as a few of the molecules, in
particular the helicenes (45-49 in Figure 1),
exhibit very large OR values relative to the
rest of the set. This approach is slightly al-
tered in the experimental comparisons, where
the maximal value for color coding is set to
500deg [dm (g/mL)]™ to more easily distin-
guish the molecules in the given set. This color
coding visually provides information about any

possible correlation between the sign of the er-
ror and the magnitude of the OR. Note that,
although relative errors tend to be larger for
molecules with small-magnitude OR, this is
not a major issue for the data and it becomes
less significant as the basis set size increases.
On the other hand, using a single definition of
the error as in Eq. 9 (plus the color coding)
allows us to treat the entire test set on the
same footing. It also allows us to combine in-
formation about the distribution of errors into
a single plot.

Calculations used for theoretical comparisons
were performed at the sodium D line (589.3 nm)
to avoid any potential issue with resonance con-
ditions, whereas those used for the comparison
with experiment were performed at 355 nm and
633 nm to match the available experimental val-
ues. All calculations were performed using a de-
velopment version of the GAUSSIAN 7 suite of
programs and all raw data is reported in Tables
S1-S50 of the SI.

4 Results

The data in Figure 2 describe the degree to
which the OR values converge with increas-
ing basis set size for each choice of gauge and
method. In these plots, the reference value used
in Eq. 9 is the CBS(TQ) extrapolation for each
gauge. For all methods, there is a clear de-
crease in total error compared to the reference
values; the AEQ values (Eq. 10) with aug-cc-
pVQZ are of the order of 0.01 for the DFT
methods, panels (a) and (b), and 0.02-0.04 for
CCSD, panel (c). Nonetheless, MVG results
show a slightly slower convergence compared to
the other choices of gauge.

With smaller basis sets, especially ( = D, the
error is driven by the molecules with small-
magnitude OR as expected. In particular, the
molecules that have the wrong sign with this ba-
sis set (molecule 27 for DFT and 2 for CCSD)
account for a large part of the error, e.g., 18% of
the total AEQ with aug-cc-pVDZ and LG(OI)
for B3LYP and 44% with CAM-B3LYP. Signif-
icant improvement is observed going from ( =
D to T, with AgQ values going from 0.2-0.3



to 0.04-0.08 for DF'T, respectively. However,
CBS(DT) extrapolations seem to offer little im-
provement and even slightly worsen the result
in the case of LG.
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Figure 2: ATQ values for (a) B3LYP, (b) CAM-
B3LYP, and (c¢) CCSD. The reference value
used for each is from the T(Q extrapolation and
within its own method/gauge. The color scale
represents the magnitude of the reference OR
value for a given molecule, where all molecules
whose OR exceeds 100deg [dm (g/mL)]~! are
assigned the same maximal color value. The
horizontal black lines correspond to the center
point of each bar, i.e. 0.5A§Q as in Eq. 11.

Comparing the convergence across methods,
B3LYP shows the fastest convergence with ba-

sis set size, but CAM-B3LYP is only slightly
worse. Not surprisingly, CCSD shows a more
marked basis set dependence than DFT. Nev-
ertheless, AEQ values with aug-cc-pVQZ only
vary between 0.02 for LG(OI) to 0.04 for MVG.
AgQ is always largest with MVG at CCSD
level compared to the other choices of gauge; in
fact, the MVG error is twice as large as that
of LG(OI) for basis sets with ¢ = T and Q.
The data in Figure 2 also show a rather ran-
dom distribution of the errors and no partic-
ular correlation with the OR magnitude. The
AEQ values (black horizontal lines crossing the
bars in the plots) tend to be negative, indicat-
ing an overall underestimation of the reference
values. However, this is again mostly driven by
the molecules with small OR magnitude, espe-
cially those with the wrong sign from the ( = D
calculations.

Gauge invariance is tested by selecting the
CBS(TQ) extrapolation with LG(OI) as refer-
ence for all choices of gauge within a method,
and the results are shown in Figure 3. This
choice of reference is somewhat arbitrary, in
the sense that any of the gauges could be
used. However, LG(OI) was selected because
of its slightly faster convergence rate towards
the CBS limit compared to the other choices
of gauge. Since gauge invariance is expected
for variational methods at the CBS limit, it is
worth discussing the DFT and CCSD results
separately. For the functionals in panels (a) and
(b), gauge invariance is indeed achieved at the
CBS(TQ) values (A(T]Q/LG(OI) = 0.01 across the
board), and it is practically obtained already
with the aug-cc-pVQZ basis set. Differences be-
tween gauges are already small with the ( =T
basis set (AEQ/LG(OI) < 0.1), but also in this case
the CBS(DT) extrapolation does not provide
a significant improvement (in fact, it increases
the AEQ/ LGIOD yalue for LG(GIAO)). The error
sign is again not related to the OR magnitude,
and the AgQ/ LGOD values are fairly close to 0;
the only exception is the effect of molecule 27
with the smallest basis set, see panel (b) for
CAM-B3LYP.

It is apparent from Figure 3(c) that CCSD
does not approach gauge invariance at the CBS



limit (the results from Figure 2 indicate that
the CBS(TQ) extrapolation is sufficiently close
to the CBS limit). Gauge invariance is not ex-
pected for standard approximate CC methods
unless the treatment of electron correlation is
complete, as discussed in section 2 and demon-
strated numerically in Ref. 40. Therefore, the
difference between choices of gauge at the CBS
limit is a measure of the electron correlation
incompleteness for a particular level of trunca-
tion in the excitation expansion. A value of
AgQ/LG(OI) = 0.26 for the CBS(TQ) extrapo-
lation with the MVG indicates that CCSD is
in fact still quite far from convergence in the
treatment of electron correlation (at least for
this test set). The A;Q/ LGOD change for LG
by a factor of 3 (from 0.44 with aug-cc-pVDZ
to 0.13 at the CBS limit) indicates a consid-
erable decrease in the “origin dependence” for
this choice of gauge. In comparison, the corre-
sponding change for MVG is only by a factor
of 2 (from 0.59 to 0.26). It can also be inferred
from the graph that the MVG tends to give OR
values that are larger in magnitude relative to
LG(OI), as evidenced by the positive values of
AEQ/ LGOD f.om MVG across all basis set sizes.
The opposite can be said for LG, which shows
a tendency to underestimate the LG(OI) refer-
ence OR.

The final comparison is across methods,
which can be obtained by using the CBS(TQ)
extrapolation with CAM-B3LYP for each gauge
as reference for the other methods and basis
sets (note that here there is no direct com-
parison across choices of gauge), see Figure 4.
The results in panel (a) between different func-
tionals indicate that gauge invariance does not
lead to the same overall OR values, as the

ALT]Q/ CAM-BSLYP converge to 0.26 at the CBS

limit. A reduction in AKT]Q/ CAM-BSLYP 0 be

seen from the double to triple zeta basis set.
However, further increase in basis set size yields
little to no improvement. This is due to re-
sults from both functionals converging at sim-
ilar rates and in the same direction to their
respective CBS values, such that the differ-
ence between OR values remains almost con-
stant as the basis set size is increased. Posi-
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Figure 3: ATQ/LGOD values for (a) B3LYP,
(b) CAM-B3LYP, and (c¢) CCSD. The refer-
ence value used for each is from the TQ ex-
trapolation using LG(OI). The color scale rep-
resents the magnitude of the reference OR
value for a given molecule, where all molecules
whose OR exceeds 100deg [dm (g/mL)]! are
assigned the same maximal color value. The
horizontal black lines correspond to the center
point of each bar, i.e. 0.5AEQ as in Eq. 11.



tive AEQ/ CAMBSLYE olues indicate that BSLYP
tends to provide larger OR values than CAM-
B3LYP overall. However, while ¢ = D B3LYP
tends to provide larger OR values for molecules
with large-magnitude OR, the distribution of
values becomes more homogeneous with larger
basis sets.
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Figure 4: ATQ/CAM-BSLYP for (a) B3LYP and
(b) CCSD using the CAM-B3LYP TQ extrap-
olation as reference; each gauge is compared
with itself. The color scale represents the mag-
nitude of the reference OR value for a given
molecule, where all molecules whose OR ex-
ceeds 100deg [dm (g/mL)]~! are assigned the
same maximal color value. The horizontal black
lines correspond to the center point of each bar,

ie. 0.5AL% as in Eq. 11.

The comparison with CCSD in Figure 4(b)
(on only the 17 molecules used for this level of
theory) shows some similarities with the previ-
ous data set. At the CBS limit, AgQ/ CAM-BSLYP
is 0.23 for LG(OI) and 0.25 for MVG, after
steadily decreasing from the ( = D values. How-
ever, the position of the error bars is differ-

ent for different choices of gauge (see the black

lines corresponding to AgQ/ CAM-BSLYP 4 the

plot) due to the lack of gauge invariance for

CCSD. The negative AEQ/ CAM-BILYP v lues in-
dicate that CCSD provides consistently smaller
OR values than CAM-B3LYP.

A comparison with experimental data (used
as reference in Eq. 10) is performed for a sub-
set of the molecules: 14, 30, and 41-43, shown
in Figure 5. These compounds were chosen be-
cause they are fairly rigid and have a single
stable conformer, and experimental data in the
gas phase are available.3462 This choice elimi-
nates various difficulties due to solvation effects
and averaging over contributions from multiple
stable conformers, but it comes at the cost of
a limited sample size. Furthermore, contribu-
tions from vibrational motions are not included
in the calculations. Therefore, these constraints
somewhat limit the generality of this compari-
son. Only DFT methods are used because most
of these systems are too large to be treated at
CCSD level with large basis sets.

At 355 nm, left panels in Figure 5, the errors
are dominated by molecule 30, which is a no-
toriously difficult case for simulations.%%7 The
increase in basis set size does not provide a sig-
nificant improvement of the results. More infor-
mative are the results at 633 nm, shown in the
right panels in Figure 5, where the errors are
more evenly distributed. Also in this case, the
basis set incompleteness is not the most impor-
tant source of error; this is the case also for the
choice of gauge with smaller basis sets. Over-
all, CAM-B3LYP shows a smaller AJ® with
each choice of gauge and basis set compared to
B3LYP by about 0.05-0.15 units. The small-
est Ag’/‘g values are obtained for both methods
with LG(OI) and the CBS(DT) extrapolation,
which is likely fortuitous. From this data, it
is not possible to determine whether the dis-
agreement with experiment at the CBS limit
is due to missing vibrational effects or electron
correlation incompleteness in the calculations,
although it is likely that both contributions are
important.
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Figure 5: AFxP values are shown for B3LYP
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for B3LYP in (¢) and CAM-B3LYP in (d) at
633 nm. Reference values are taken from gas-
phase experiments. Color scale represents mag-
nitude of the reference OR value for a given
molecule, where all molecules whose OR ex-
ceeds 500deg [dm (g/mL)]~! are assigned the
same maximal color value. The horizontal black
lines correspond to the center point of each bar,
ie. 0.5A%7 asin Eq. 11.
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5 Discussion and Conclu-
sions

In this work, we examine how OR calculations
progress towards the CBS limit with different
choices of gauge and level of theory. We use an
extensive test set of 50 molecules for DFT meth-
ods and 17 molecules for CCSD, Dunning basis
sets up to quadruple ¢ with a two-point inverse
power extrapolation to estimate the CBS limit,
and three choices of gauge: MVG, LG(OI) and
LG (including GIAOs for DFT).

The plots in Figures 2-3 show that the TQ
extrapolation is essentially at the CBS limit for
DFT, with both functionals showing gauge in-
variance. For CCSD, the convergence towards
the CBS limit is slower than for DFT, and it
is due to the larger dependence of this level of
theory on the basis set size compared to DFT.
The CCSD AEQ values in Figure 2, up to 0.04,
are slightly larger than for DFT, but they are
small enough to consider the OR values essen-
tially converged with respect to basis set size.
All methods provide an almost perfect consis-
tency in the OR sign with all basis sets, choices
of gauge, and molecules. The only exceptions
are molecules 27 for DFT and 2 for CCSD,
which have a small OR magnitude and the cal-
culations with the smallest basis set give the
wrong sign with all choices of gauge. These
two molecules are the main cause of the large
relative errors with the aug-cc-pVDZ basis set
in Figure 2. The CBS(DT) extrapolation offers
little to no improvement over a regular aug-cc-
pVTZ calculation for DFT, likely because the
double ( results are of poor quality. On the
other hand, the CBS(DT) extrapolation pro-
vides significant improvement over the triple ¢
results for CCSD-MVG, because this choice of
gauge has a slower rate of convergence with ba-
sis set size. The slower convergence rate for
MVG compared to LG and LG(OI) is consis-
tent across methods (although the differences
between gauges are small for DF'T). In all cases,
the results with the CBS(DT) extrapolation are
farther from the CBS limit than those obtained
with the aug-cc-pVQZ basis set, compare DT
and Q sectors in the plots in Figure 2. Nev-



ertheless, the aug-cc-pVQZ basis set is often
prohibitive for production level calculations;
therefore, using aug-cc-pVTZ for DFT calcu-
lations and the same basis with a CBS(DT)
extrapolation for CCSD may provide the best
cost/accuracy balance for OR calculations.

CCSD does not reach gauge invariance at the
CBS limit, as shown in Figure 3(c), with a
difference of AgQ/ GO0 petween LG(OI) and
MVG equal to 0.26 (i.e., 26%). This indicates
that the treatment of electron correlation for
this property is not quite at convergence for
CCSD, at least for this test set. It would be in-
teresting to see what level of CC expansion (and
basis set size) is necessary to reach gauge invari-
ance for these molecules, but these calculations
are currently beyond our capabilities. While
gauge invariance for the systematically improv-
able CC methods would correspond to the ex-
act OR values for a molecule (at least in terms
of electronic response), gauge invariance pro-
vides no such guarantee for approximate den-
sity functionals. This is clearly shown in Fig-
ure 4(a), where B3LYP and CAM-B3LYP do
not reach the same CBS limit even if they indi-
vidually reach gauge invariance. A known lim-
itation of current density functionals is that a
systematic improvement of electron correlation
for a particular functional is not possible, al-
though Autschbach and coworkers have shown
that range-separated functionals can provide
better optical activity results when the range-
separation parameter is optimized to reduce the
delocalization error.™

An important question is whether these meth-
ods provide OR estimates that become closer to
the experimental results as the basis set is in-
creased. This is a difficult question to answer
because it is hard to perform a clean comparison
with experimental data. In fact, solvation ef-
fects, signal averaging over multiple conformers
of the same enantiomer, and vibrational con-
tributions to the OR are all factors that signif-
icantly affect the final measured value of this
property. Theoretical models to account for
these effects are still rather approximate and
would cloud the comparison. Therefore, we
only attempted a limited comparison by focus-
ing on 5 rigid molecules with a single stable
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conformer for which experimental data in gas
phase are available. This comparison still suf-
fers from the lack of vibrational effects in the
calculations. With these caveats in mind, the
results in Figure 5 indicate that CAM-B3LYP
is more accurate than B3LYP for every basis
set/gauge choice and the aug-cc-pVTZ basis
set is sufficient to obtain good agreement with
experiment. The long-range part™ of CAM-
B3LYP allows a more accurate modeling of the
outermost parts of the wavefunction, which is
especially important for OR calculations.

From all plots, it is evident that the choice of
gauge is less important than the choice of basis
set and method. However, Figure 2 shows that
the LG(OI) results converge faster than MVG
to the CBS limit for all methods, especially for
CCSD. Considering that LG(OI) is computa-
tionally cheaper than MVG and that it is less
difficult to implement than LG with GIAOs for
DFT, this choice of gauge may be optimal for
OR calculations.

Supporting Information

The Supporting Information includes the OR
values for each of the molecules discussed in the
main text (Tables S1-S50). Additionally, values
for A" are shown in Tables S51-S54, and AL
values are given in Tables S55-S58.
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