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ABSTRACT: In this work, we present two compact basis sets optimized for the calculation
of specific rotation: augD-3-21G and augT3-3-21G. They are obtained by combining the
standard 3-21G basis set with the diffuse functions of aug-cc-pVDZ and aug-cc-pVTZ,
respectively, followed by a reoptimization of the exponents of the diffuse functions. The
exponent optimization is based on minimization of the root-mean-square relative error
(RMSE) of the specific rotation computed at 589.3 nm (the sodium D line, [α]D) with
CAM-B3LYP compared with the corresponding calculations using the full correlation-
consistent basis sets. The training set comprises 21 chiral molecules with |[α]D| > 50 deg
dm−1 (g/mL)−1. For augT3-3-21G, the functions with the highest angular momentum are
neglected, so that augD-3-21G and augT3-3-21G are of the same size. The exponents are
optimized for four common elements in chiral organic molecules (H, C, N, and O), while
the original exponents are maintained for other elements. Tests are conducted on the
training set with CAM-B3LYP at 450 and 633 nm and with B3LYP at 589.3 nm;
furthermore, a similar comparison is performed on a control set containing 30 more chiral molecules. A comparison with the optical
rotatory prediction (ORP) basis set is also presented. The results show that the new compact basis sets are able to reproduce the
calculations with the full Dunning basis sets remarkably well, and definitely better than before reoptimization of the exponents, with
relative mean unsigned errors of around 4%. More significantly, augT3-3-21G is either of similar quality or better than aug-cc-pVDZ
in reproducing the values obtained with aug-cc-pVTZ, even though augT3-3-21G is smaller than aug-cc-pVDZ. The larger ORP
basis set outperforms both augT3-3-21G and aug-cc-pVDZ, but it requires a considerably larger computational effort. In summary,
augT3-3-21G provides results that are in very good agreement with those obtained using aug-cc-pVTZ, but approximately 20 times
faster, and it may be used for quick and reliable calculations of specific rotation of large chiral molecules.

1. INTRODUCTION

Optical activity has been a topic of continuous interest because
of the fundamental role that chiral molecules play in
pharmaceutical research. Because enantiomers of chiral
molecules interact differently with a chiral environment, the
correct determination of the absolute configuration (AC) of a
molecule is of paramount importance in synthetic and
biological fields. Because of the direct link between the
structure of the molecule and its optical response, chiroptical
spectroscopy and electronic structure calculations have
become essential to determine the AC of chiral compounds.1

Great progress has been made in developing quantum-
chemical methods for performing calculations of chiroptical
properties in both density functional theory (DFT) and
coupled cluster (CC) methods.2−17 Despite these advance-
ments, chiroptical calculations on large systems are still
prohibitively expensive, due to the need for large basis sets
to obtain accurate results.18

There have been only a few attempts to address the issue of
computational cost related to the size of the basis set.
Crawford et al. implemented a localized orbital scheme in
combination with the local correlation idea of Pulay and
Saebø19,20 to neglect CC amplitudes that do not significantly
contribute to the calculation of the property.21−23 They tested

this method with three different localization schemes and
found that it works well for pseudolinear systems like 1-
fluoroalkanes. However, when the dimensionality of the system
increases (e.g., with cage structures), the truncation threshold
needs to be tightened to maintain the same level of accuracy,
to the detriment of computational efficiency. We have also
proposed an approach to select the most important molecular
orbitals for the calculation of optical rotation with DFT
methods.24 The selection is based on S k analysis of the optical
rotation in terms of one-electron orbital transitions,25−27 but
applied to the guess density of the linear response equations
rather than to the converged response density. Our preliminary
results showed very promising trends in reducing the
computational cost.24

A different approach is to develop basis sets designed for
specific properties. To the best of our knowledge, the only
example of a basis set designed for chiroptical properties is the
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optical rotatory prediction (ORP) basis set of Baranowska-
Łac̨zkowska and Łac̨zkowski.28,29 ORP was tested on a variety
of chiral molecules, including particularly difficult flexible
biological molecules,29 and it outperformed the standard aug-
cc-pVDZ basis set in terms of errors relative to aug-cc-pVTZ.
More recently, Howard et al. tested the ORP basis set in
combination with coupled cluster calculations and also found
results comparable to those with aug-cc-pVTZ.30 However, the
size of ORP is between those of standard aug-cc-pVDZ and
aug-cc-pVTZ, and it is not defined for all elements.
An alternative strategy for the construction of compact basis

sets for optical activity was proposed by Wiberg et al.31 Based
on the hypothesis that chiroptical properties are based on the
interaction of the external field with the periphery of the wave
function, the authors suggested combining the 3-21G and
STO-3G basis sets with the diffuse functions from aug-cc-
pVDZ or aug-cc-pVTZ. Even without any exponent reoptim-
ization, this work showed errors in specific rotation ([α]λ) on
the order of 14% relative to the calculations with the full
Dunning basis sets. In this work, we aim to further improve
this remarkable result by optimizing the exponents of the s, p,
and d diffuse functions from aug-cc-pVDZ and aug-cc-pVTZ in
combination with the 3-21G basis set. We call these compact
basis sets augD-3-21G and augT3-3-21G, respectively. The
optimization is based on reproducing reference data on specific
rotation at the sodium D line (589.3 nm, [α]D) computed with
the full Dunning basis sets and the CAM-B3LYP functional,
which was shown to be a reliable functional for this property,18

for a training set of 21 chiral molecules. We then test the
results at two other wavelengths (450 and 633 nm), with a
different functional (B3LYP), and for a separate control set of
30 chiral molecules. We show that these compact basis sets are
indeed able to reproduce the [α]λ values computed with the
corresponding full basis sets. Furthermore, we show that
augT3-3-21G is competitive with the larger aug-cc-pVDZ and
ORP basis sets in reproducing the aug-cc-pVTZ results and
may be used for fast and reliable calculations of specific
rotation.
This work is organized as follows. In section 2, we discuss

the procedure for the optimization and report the resulting
exponents. Section 3 contains the results of the calculations
with our basis sets and the comparison with ORP, and section
4 contains a discussion of these tests and concluding remarks.

2. METHODS

The specific rotation (in deg dm−1 (g/mL)−1) of a molecule in
an isotropic medium is calculated as32
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where ω is the frequency of incident light in atomic units, M is
the molecular mass in amu, me is the mass of the electron in kg,
c is the speed of light in m/s, NA is Avogadro’s number, ℏ is
Planck’s constant divided by 2π, and G′ is the Rosenfeld mixed
electric dipole−magnetic dipole polarizability tensor in atomic
units, computed with standard linear response techniques.33−36

Since it is customary to report the external field in terms of
wavelength rather than frequency, we shall use the symbol [α]λ
rather than [α]ω in the following.
The two compact basis sets were built by augmenting the 3-

21G basis set with the diffuse functions of aug-cc-pVDZ or
aug-cc-pVTZ. These basis sets are named augD-3-21G and
augT3-3-21G, respectively, where T3 indicates that only three
sets of diffuse functions are included for the heavier elements
(i.e., the f diffuse functions were not included, and for H the d
diffuse functions were also not included). Wiberg et al. showed
that valence basis functions are not very important for accuracy
in the evaluation of [α]λ.

31 Therefore, we left the 3-21G
functions unchanged and optimized the exponents of the
diffuse functions for hydrogen, carbon, oxygen, and nitrogen,
as they are very common elements in chiral organic molecules.
Some of the molecules we used for training and testing
contained other elements: F, Cl, Br, and S. Since these
elements are not common, we did not optimize their
exponents but instead retained those from the parent basis
sets. The optimization is based on the minimization of the
root-mean-square relative error (RMSE) in the calculation of
[α]D with the compact basis set using the [α]D values
computed with the corresponding correlation-consistent basis
set as the reference. The training set includes 21 organic
molecules with |[α]D| > 50 deg dm−1 (g/mL)−1, which are
shown in Figure 1. These molecules come from the OR45 set
of Srebro et al.,18 except for compounds 15−19.
The minimization is based on the Newton−Raphson

procedure. As analytical derivatives of [α]D with respect to
the exponents of the diffuse functions are complicated, we
employed finite difference methods to compute the first and

Figure 1. Structures of molecules in the training set.
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second derivatives of [α]D ( f ′ and f″in the following
equations):

δ δ
δ

δ δ
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Because initial tests showed that the simultaneous optimization
of all basis functions was unstable, we opted for an iterative
procedure in which the functions for each element were
optimized separately while the others were kept fixed at the
current value. We started with H, followed by C, O, and N, and
then the procedure was repeated for a new pass. Each element
was considered converged when the change in the RMSE
between two successive Newton−Raphson steps was less than
5%. After five passes across all of the elements, the RMSE
stopped decreasing, and we performed a full optimization of all
11 exponents.
In Table 1, we report the original and optimized exponents

for augD-3-21G, and a typical input for GAUSSIAN using
these exponents can be found in Table S1 of the Supporting
Information (SI). The s functions become more diffuse for
hydrogen and nitrogen, slightly less diffuse for oxygen, and
considerably less diffuse for carbon. All of the p functions
except those for nitrogen become more diffuse. Carbon and
nitrogen d functions become less diffuse with optimization. All
of the hydrogen and most of the oxygen functions become
more diffuse. The original and optimized exponents for augT3-
3-21G are reported in Table 2, and a typical input for
GAUSSIAN can be found in Table S2 of the SI. All of the s
functions except that for carbon become more diffuse. All of
the p functions except those for hydrogen become less diffuse.
All of the d functions become less diffuse with optimization,
except in the case of oxygen. The changes in the exponents
after optimization are similar for the two basis sets, with a few
exceptions: the carbon p functions become more diffuse during
the augD-3-21G optimization and less diffuse in the augT3-3-
21G optimization; the oxygen s functions become less diffuse

during the augD-3-21G optimization and more diffuse in the
augT3-3-21G optimization, while the opposite happens for the
p functions.
In Table 3, we compare the numbers of basis functions for

each element for different basis sets, including ORP. To get an

idea of the relative cost of a calculation with each basis set, we
note that although DFT formally scales as O(N4), practical
implementations scale as O(N3) with respect to basis set size.
Thus, we can estimate the speedup of the calculation in passing
from the full correlation-consistent basis set to the
corresponding augX-3-21G one (X = D, T3) with the
computational ratio rc:

=
i
k
jjjj

y
{
zzzzr

N
Nc

target

opt

3

(3)

where Ntarget is the number of basis functions of the full
Dunning basis set and Nopt is the number of basis functions in
our optimized basis set. We compare estimated average rc
values for the entire set to the actual average speedup (i.e.,
based on wall-clock timings) for the five largest molecules in
the training set (1−5 in Figure 1), as shorter calculation times
on small molecules are more prone to variations due to
computational noise.
All of the [α]λ calculations were performed with the

GAUSSIAN 09 suite of programs37 on the Comet machines of
the Extreme Science and Engineering Discovery Environment
(XSEDE) supercomputing cluster. Newton−Raphson steps
were performed using a locally modified version of the
GAUSSIAN gauopt utility program. Geometries were opti-

Table 1. Exponents for augD-3-21G before and after Optimization

function H C O N

Optimized
s 1.823999 × 10−2 1.769533 × 10−1 7.702713 × 10−2 3.172590 × 10−2

p 1.019984 × 10−1 1.924718 × 10−2 4.945624 × 10−2 9.601104 × 10−2

d 1.984507 × 10−1 1.988384 × 10−1 4.998359 × 10−1

Original
s 2.526000 × 10−2 4.402000 × 10−2 7.376000 × 10−2 5.760000 × 10−2

p 1.020000 × 10−1 3.569000 × 10−2 5.974000 × 10−2 4.910000 × 10−2

d 1.000000 × 10−1 2.140000 × 10−1 1.510000 × 10−1

Table 2. Exponents for augT3-3-21G before and after Optimization

function H C O N

Optimized
s 2.341077 × 10−2 1.964813 × 10−1 3.568807 × 10−2 3.078583 × 10−2

p 1.016736 × 10−1 4.837758 × 10−2 7.727372 × 10−2 1.544036 × 10−1

d 1.720940 × 10−1 2.533549 × 10−1 5.596826 × 10−1

Original
s 2.974000 × 10−2 4.690000 × 10−2 7.896000 × 10−2 6.124000 × 10−2

p 1.410000 × 10−1 4.041000 × 10−2 6.856000 × 10−2 5.611000 × 10−2

d 1.510000 × 10−1 3.320000 × 10−1 2.300000 × 10−1

Table 3. Numbers of Contracted Basis Functions for Each
Element for Different Basis Sets

element 3-21G aug(D/T3)-3-21G aug-cc-pVDZ ORP aug-cc-pVTZ

H 2 6 9 13 23
C 9 19 23 32 46
O 9 19 23 32 46
N 9 19 23 32 46
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mized using the CAM-B3LYP/aug-cc-pVDZ model chemis-
try.38,39 The optimized geometries of the molecules in the
training set can be found in the Supporting Information of ref
24 and in Tables S3−S7 of the SI of this work. Calculations of
specific rotation were performed at the sodium D line (589.3
nm), 450 nm, and 633 nm with CAM-B3LYP40−42 and at the
sodium D line with B3LYP using aug-cc-pVDZ, aug-cc-pVTZ,
ORP, and the optimized and unoptimized versions of the
augX-3-21G basis sets. The values of [α]λ for the training set
can be found in Tables S12−S14, S18−S21, and S28 of the SI.

3. TEST CALCULATIONS
We performed a series of tests to determine the transferability
of the augD-3-21G and augT3-3-21G basis sets. These tests
included calculations on the molecules in the training set with
CAM-B3LYP at two other wavelengths, 450 and 633 nm, and
with B3LYP at 589.3 nm. In order to have a more
comprehensive assessment, we also chose a second set of
molecules, labeled the control set (see Figure 2). Most of these

molecules have |[α]D| < 100 deg dm−1 (g/mL)−1, providing a
more stringent test for the new basis sets. These compounds
were taken from the OR45 set,18 except for 27−30. The
optimized geometries of the molecules in the control set can be
found in the Supporting Information of ref 24 and in Tables
S8−S11 of the SI of this work. The values of [α]λ for the
control set are reported in Tables S15−S17, S22−S25, and S29
of the SI.
As mentioned in the previous section, the [α]λ values

computed with the full aug-cc-pVDZ basis set are used as the
reference for the augD-3-21G basis set, and those computed
with aug-cc-pVTZ are used as the reference for the augT3-3-
21G basis set. The performance of the optimized exponents in
the reduced basis set is compared with that obtained using the
original values of the exponents. Results for the training set are
reported in terms of relative (%) errors, whereas control set
values are presented as absolute errors (calculated as [α]λ

opt −
[α]λ

ref) because the magnitude of [α]λ is generally small. Tables
collect the mean signed error (MSE), mean unsigned error
(MUE), maximum error (Max), and signed-error standard
deviation (σ). We also evaluate the relative computational cost
of the reduced basis sets relative to the full Dunning ones using
the theoretical estimate of the speedup rc given in eq 3 and
wall-clock relative timings for molecules 1−5 of the training

set. The latter calculations were performed on the same
machine with the same number of processors and memory.
It is important to discuss the errors for the reduced basis sets

in the context of the expected errors for the full basis sets. The
latter are known for aug-cc-pVDZ thanks to Srebro et al.18 and
Stephens et al.43 Srebro et al. benchmarked optically active
compounds with B3LYP/aug-cc-pVDZ and CAM-B3LYP/aug-
cc-pVDZ against experimental results using a test set of
molecules with [α]D values ranging from −400 to +500 deg
dm−1 (g/mL)−1.18 They found average deviations of 25−30
deg dm−1 (g/mL)−1 with CAM-B3LYP and 20−25 deg dm−1

(g/mL)−1 for B3LYP, also in agreement with previous findings
by Stephens et al.43

3.1. augD-3-21G. A statistical analysis of the results for the
augD-3-21G basis set with the training set is presented in
Table 4. The results obtained with CAM-B3LYP at λ = 589.3

nm, i.e., the optimization set (set in bold font in the table),
show a reduction of the error by about half with respect to
those obtained with the original exponents for all statistical
metrics. For instance, MUE and σ are reduced from 6.8% to
3.7% and from 8.7% to 4.4%, respectively. More interestingly,
the control calculations at the other wavelengths and with
B3LYP follow the same trends, with MUE and σ also
decreasing by factors of about 2, from 7.8% and 10.1% to
4.5% and 5.4% at 450 nm, from 6.7% and 8.6% to 3.7% and
4.3% at 633 nm, and from 6.7% and 8.7% to 3.8% and 4.5%
when using B3LYP at 589.3 nm, respectively. All of the
calculations on the training set with the reduced basis sets,
both before and after optimization, produce [α]λ with the same
sign as with aug-cc-pVDZ.
The statistical data for the absolute errors using the control

set are reported in Table 5. The results with CAM-B3LYP at
589.3 nm do not present a large change in the error after the
optimization, as both the MUE and σ change by less than 1
deg dm−1 (g/mL)−1. This is the case because the results
obtained with the original exponents are already extremely
good for this series of molecules. The calculations at the other
two wavelengths and with B3LYP provide similar trends, with
the results obtained with the optimized exponents being only
slightly worse (generally less than 1 deg dm−1 (g/mL)−1)
relative to those with the original exponents. Only one
calculation using the control set across all sets of calculations
produced an incorrect sign of [α]λ relative to the aug-cc-pVDZ
results. This is for molecule 20 at 450 nm, which has [α]450 =

Figure 2. Structures of molecules in the control set.

Table 4. MSE, MUE, Max, and σ of the Relative Errors (in
%) for the Training Set with the augD-3-21g Basis Seta

CAM-B3LYP B3LYP

450 nm 589.3 nm 633 nm 589.3 nm

Optimized
MSE −1.9 −1.0 −0.8 −1.9
MUE 4.5 3.7 3.7 3.8
Max 11.1 7.3 7.2 8.7
σ 5.4 4.4 4.3 4.5

Original
MSE −1.3 −0.7 −0.6 −1.2
MUE 7.8 6.8 6.7 6.7
Max 23.6 18.0 17.4 19.4
σ 10.1 8.7 8.6 8.7

aThe data set in bold font refer to the calculations used in the
exponent optimization.
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−1.9 deg dm−1 (g/mL)−1 with the full aug-cc-pVDZ basis set.
The augD-3-21G results are [α]450 = 2.1 deg dm−1 (g/mL)−1

with the original exponents and 11 deg dm−1 (g/mL)−1 with
the optimized exponents. Both values are well within the
average error expected for this level of theory (see section 3).
At 450 nm, the Max error with the optimized basis set in Table
5 is due to molecule 22, which has [α]450 = 98.1 deg dm−1 (g/
mL)−1 with aug-cc-pVDZ, while with the reduced basis set
[α]450 = 87.1 before the optimization and 70.0 deg dm−1 (g/
mL)−1 after optimization. The Max value with the original
exponents is due to molecule 3, which at this wavelength has
[α]450 = −153.6 deg dm−1 (g/mL)−1 with the full basis set and
errors of 32.4 deg dm−1 (g/mL)−1 with the original exponents
and 22.1 deg dm−1 (g/mL)−1 with the optimized exponents of
the reduced basis set. The two large Max errors for B3LYP in
Table 4 are also due to two different molecules, molecule 30
for the original exponents ([α]D = −274.6, −328.0, and
−329.6 deg dm−1 (g/mL)−1 with aug-cc-pVDZ and augD-3-
21g with the original and optimized exponents, respectively),
and molecule 29 for the optimized exponents ([α]D = 235.9
with aug-cc-pVDZ and errors of 53.4 and 55.0 deg dm−1 (g/
mL)−1 for augD-3-21g with the original and the optimized
exponents, respectively). It should be noted that although the
Max errors are due to the molecules with larger values of the
specific rotation, their relative errors are similar to those
reported in Table 4 for molecules in the training set with
similar [α]λ magnitude.
In Table S26 of the SI, we present the numbers of basis

functions for each molecule with both aug-cc-pVDZ and augD-
3-21G. Using eq 3, we estimate that a calculation with augD-3-
21G should be on average 2 times faster than an aug-cc-pVDZ
calculation. Calculations on the five largest molecules in our set
are 3.5−5 times faster with the smaller basis set (rc = 4.25 on
average).
3.2. augT-3-21G. In this section, we discuss the perform-

ance of augT3-3-21G compared with the full aug-cc-pVTZ
basis set. We also present the results obtained using the
reduced basis set with the original exponents, a variant of the
reduced basis set that includes all of the diffuse functions with
original exponents (called augT4-3-21G), and the full aug-cc-
pVDZ basis set. The last of these is an important test because
augT3-3-21G is significantly more compact than aug-cc-pVDZ
(in fact, it has the same number of functions per element as
augD-3-21G) and can provide considerable computational
savings.

The statistical results for the relative error with the training
set are reported in Table 6, where again the values set in bold

font are from the actual exponent optimization. Not
surprisingly, the augT3-3-21G results with CAM-B3LYP at
589.3 nm are considerably better with the optimized exponents
than those with the original exponents across the board. More
interestingly, the optimized augT3-3-21G basis set outper-
forms augT4-3-21G as well as the full aug-cc-pVDZ on
virtually all metrics. This excellent performance is also
replicated at the other two wavelengths with CAM-B3LYP
and at 589.3 nm with B3LYP. Remarkably, the calculations
with the full aug-cc-pVDZ basis set are only marginally better
than those with augT3-3-21G for the MUE and significantly
worse for all of the other metrics. All of the calculations with
the small basis sets produce [α]D values of the same sign as
those with the aug-cc-pVTZ basis set.
Table 7 shows the statistics for the absolute error of the

control set. The optimization clearly improves the performance
of the augT3-3-21G basis set compared with the original
exponents, with a decrease in the MUE by more than 30%. A
performance improvement is also recorded compared with the
augT4-3-21G basis set with original exponents across all
metrics. However, the most interesting comparison is again
with aug-cc-pVDZ. The results in Table 7 show that augT3-3-
21G is definitely competitive with the considerably larger aug-
cc-pVDZ basis set, with error values that are a few deg dm−1

(g/mL)−1 larger or smaller than those obtained using aug-cc-
pVDZ. The augT3-3-21G basis set provides the wrong sign of
[α]450 compared with aug-cc-pVTZ for two molecules, 20 and
25, because the reference results are very close to 0: molecule
20 has [α]450 = −3.2, 3.6, −0.7, 15.2, and −1.9 deg dm−1 (g/
mL)−1 with aug-cc-pVTZ, augT4-3-21G, unoptimized augT3-
3-21G, optimized augT3-3-21G, and aug-cc-pVDZ, respec-
tively, while molecule 25 has [α]450 = −2.2, 38.5, 63.2, 2.4, and

Table 5. MSE, MUE, Max, and σ of the Absolute Errors (in
deg dm−1 (g/mL)−1) for the Control Set with the augD-3-
21g Basis Set

CAM-B3LYP B3LYP

450 nm 589.3 nm 633 nm 589.3 nm

Optimized
MSE 1.1 1.2 0.3 5.5
MUE 10.5 4.8 4.5 10.8
Max 28.1 17.2 13.2 58.9
σ 13.6 6.6 6.2 18.4

Original
MSE 1.7 0.4 1.0 6.1
MUE 9.7 5.5 3.7 9.3
Max 32.4 15.4 15.1 53.4
σ 12.7 7.2 5.7 15.1

Table 6. MSE, MUE, Max, and σ of the Relative Errors (in
%) for the Training Set with the augT3-3-21g Basis Seta

CAM-B3LYP B3LYP

450 nm 589.3 nm 633 nm 589.3 nm

Optimized augT3-3-21G
MSE −2.2 −1.6 −1.4 −1.4
MUE 4.9 4.4 4.3 4.2
Max 12.7 10.1 8.8 8.3
σ 6.0 5.3 5.0 4.9

Original augT4-3-21G
MSE 1.0 1.1 1.3 1.3
MUE 5.7 5.4 5.1 5.0
Max 18.6 17.8 15.0 14.5
σ 7.1 6.6 5.9 5.8

Original augT3-3-21G
MSE 0.7 1.9 1.7 1.8
MUE 14.0 12.2 12.3 12.1
Max 52.0 48.8 46.2 45.4
σ 19.6 17.7 17.3 17.0

aug-cc-pVDZ
MSE 3.3 3.1 3.1 3.0
MUE 4.4 4.2 4.0 4.0
Max 22.4 22.0 20.9 20.7
σ 7.3 6.9 6.6 6.6

aThe data set in bold font refer to the calculations used in the
exponent optimization.
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−0.6 deg dm−1 (g/mL)−1 with aug-cc-pVTZ, augT4-3-21G,
unoptimized augT3-3-21G, optimized augT3-3-21G, and aug-
cc-pVDZ, respectively. At 589.3 nm with B3LYP, the
calculation for molecule 23 has the wrong sign compared
with the reference for all of the basis sets, including aug-cc-
pVDZ. Again, this is due to the small magnitude of [α]D: −3.7,
25.2, 34.1, 10.0, and 11.8 deg dm−1 (g/mL)−1 with aug-cc-
pVTZ, augT4-3-21G, unoptimized augT3-3-21G, optimized
augT3-3-21G, and aug-cc-pVDZ, respectively. All of the
calculations with CAM-B3LYP using the optimized augT3-3-
21G basis set produce the same sign of [α]λ as those using the
aug-cc-pVTZ basis set at 589.3 and 633 nm. The largest Max
error with augT3-3-21G with optimized exponents is 27.5 deg
dm−1 (g/mL)−1 at 450 nm (see Table 7), which is due to
molecule 28; this molecule has a large [α]450 of 403.7 deg
dm−1 (g/mL)−1, and the errors with the other basis sets are 2.9
deg dm−1 (g/mL)−1 with augT4-3-21G, 17.1 deg dm−1 (g/
mL)−1 with augT3-3-21G (original exponents), and −1.2 deg
dm−1 (g/mL)−1 with aug-cc-pVDZ. However, it should be
noted that the Max errors are consistently larger with the other
basis sets, including aug-cc-pVDZ.
Table S27 of the SI shows the total numbers of basis

functions for each molecule with the aug-cc-pVTZ and augT3-
3-21G basis sets. From these values, we estimate an average rc
= 22 with augT3-3-21G compared with aug-cc-pVTZ. This
agrees with the actual times of our calculations for the five
largest molecules, with rc = 18−26.
3.3. Comparison with the ORP Basis Set. In this section,

we present a direct comparison between augT3-3-21G, ORP,
and aug-cc-pVDZ using aug-cc-pVTZ as the reference. The
statistical analyses for the relative error on the training set and
the absolute error on the control set are reported in Tables 8
and 9, respectively. However, since ORP is not defined for Br
and has provided mixed performance for S and Cl,30 these
results do not include molecules 4, 11, and 12 for the training
set and molecules 5, 6, 17, 24, 25, and 26 for the control set.

This is not a problem for augT3-3-21G because we can use the
original exponents from the parent basis sets. The values of
[α]λ computed with the ORP basis set for the training and
control sets are reported in Tables S28 and S29 of the SI,
respectively.
The results in the tables show that ORP outperforms augT3-

3-21G and aug-cc-pVDZ for both sets of molecules. This is not
surprising since ORP contains almost as many functions as
aug-cc-pVTZ, while augT3-3-21G is less than half the size of
the target basis set (see Table 3). Nonetheless, the augT3-3-
21G results on the training set are only about 4% different
from the target [α]λ on average (MUE in Table 8), with σ =
5−6%; for the control set, the MUE is 5−9 deg dm−1 (g/
mL)−1 with augT3-3-21G against 1−2 deg dm−1 (g/mL)−1

with ORP, while σ = 6−12 deg dm−1 (g/mL)−1 against 1.5−
3.5 deg dm−1 (g/mL)−1, respectively. Considering the size of
our compact basis set, we consider this performance rather
satisfactory.

Table 7. MSE, MUE, Max, and σ of the Absolute Errors (in
deg dm−1 (g/mL)−1) for the Control Set with the augT3-3-
21g Basis Set

CAM-B3LYP B3LYP

450 nm 589.3 nm 633 nm 589.3 nm

Optimized augT3-3-21G
MSE 1.4 1.0 0.9 1.0
MUE 10.4 5.9 5.0 6.4
Max 27.5 15.1 13.0 17.0
σ 13.8 7.6 6.5 8.3

Original augT4-3-21G
MSE 6.4 3.1 2.6 3.3
MUE 12.4 6.4 5.4 6.4
Max 51.2 27.0 23.0 29.0
σ 17.5 8.9 7.6 9.2

Original augT3-3-21G
MSE 7.6 3.7 3.1 3.6
MUE 18.4 9.2 7.8 9.6
Max 65.7 35.9 30.8 37.9
σ 26.6 13.6 11.5 14.3

aug-cc-pVDZ
MSE 3.2 1.7 1.4 1.4
MUE 5.9 3.1 2.6 8.2
Max 47.5 25.3 21.5 50.3
σ 10.6 5.7 4.8 15.8

Table 8. MSE, MUE, Max, and σ of the Relative Errors (in
%) for the Training Set with the ORP Basis Set

CAM-B3LYP B3LYP

450 nm 589.3 nm 633 nm 589.3 nm

ORP
MSE −0.4 −0.3 −0.3 −0.3
MUE 0.5 0.4 0.4 0.5
Max 2.4 1.8 1.7 2.1
σ 0.7 0.6 0.6 0.8

augT3-3-21G
MSE −1.6 −0.7 −0.6 −0.8
MUE 4.1 3.4 3.4 3.5
Max 12.7 8.8 8.3 10.1
σ 6.1 5.0 4.8 5.2

aug-cc-pVDZ
MSE 2.8 2.6 3.0 2.6
MUE 3.3 3.0 4.0 3.0
Max 22.4 20.9 20.7 21.1
σ 6.3 5.7 6.6 5.6

Table 9. MSE, MUE, Max, and σ of the Absolute Errors (in
deg dm−1 (g/mL)−1) for the Control Set with the ORP Basis
Set

CAM-B3LYP B3LYP

450 nm 589.3 nm 633 nm 589.3 nm

ORP
MSE 0.2 0.0 0.1 0.2
MUE 1.8 1.0 0.8 1.1
Max 9.3 4.9 4.2 4.6
σ 3.5 1.8 1.5 2.0

augT3-3-21G
MSE 7.4 3.2 2.7 3.5
MUE 8.7 4.9 4.1 4.9
Max 27.5 15.1 13.0 17.0
σ 12.5 7.2 6.3 7.4

aug-cc-pVDZ
MSE 4.1 2.0 1.8 −4.2
MUE 3.8 1.9 1.6 6.6
Max 26.4 14.0 11.9 50.3
σ 5.9 3.2 2.8 16.1
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4. DISCUSSION AND CONCLUSIONS

In this work, we propose two compact basis sets obtained from
combining the standard 3-21G basis set with diffuse functions
obtained from the aug-cc-pVDZ basis set (augD-3-21G) or the
aug-cc-pVTZ basis set (augT3-3-21G). For the latter, we
exclude the diffuse functions of highest angular momentum, so
that augD-3-21G and augT3-3-21G include the same number
of functions per element. The exponents of the diffuse
functions for four elements (H, C, O, and N) were optimized
to minimize the RMSE difference from the [α]D values
computed with CAM-B3LYP and the corresponding full
Dunning basis sets using a training set of 21 organic molecules.
The new basis sets were then tested on the same training set
but at different wavelengths (450 and 633 nm and with B3LYP
at 589.3 nm) and on a control set of different molecules with
all of the previous functionals and wavelengths. The results are
compared with those obtained with the reduced basis set but
using the original exponents and, in the case of augT3-3-21G,
also against the full aug-cc-pVDZ and ORP basis sets.
Both the augT3-3-21G and augD-3-21G basis set

optimizations change the exponents in mostly similar ways.
The main differences are for the carbon p functions (more
diffuse after the augD-3-21G optimization and less diffuse after
the augT3-3-21G optimization) and the oxygen s functions
(less diffuse after the augD-3-21G optimization and more
diffuse after the augT3-3-21G optimization). All of the s
functions become more diffuse except that for carbon (and also
slightly for oxygen with augD-3-21G), while the p functions
tend to become less diffuse, except those for hydrogen and
augD-3-21G oxygen and carbon. All of the d functions tend to
become less diffuse in both basis sets, except those for oxygen.
The tests using the training set show that the augD-3-21G

basis set with optimized exponents performs better than that
with the original exponents, as the MUE and σ are reduced by
nearly half at all frequencies and with all functionals. The tests
with the control set do not show a particular improvement
with the optimization of the exponents because the results with
the original values are already rather close to those with aug-cc-
pVDZ (MUE and σ for the optimized and original exponents
are almost all within 1 deg dm−1 (g/mL)−1 of each other). The
difference between the augD-3-21G and aug-cc-pVDZ results
are also on average smaller than the accuracy of the full basis
set relative to experiment with both functionals. In fact, the
average expected error relative to the experimental values from
B3LYP is 20−25 deg dm−1 (g/mL)−1, and the average
expected error from CAM-B3LYP is 25−30 deg dm−1 (g/
mL)−1,18,43 whereas the average errors with augD-3-21G with
respect to aug-cc-pVDZ are 8.6 and 4.9 deg dm−1 (g/mL)−1,
respectively. From the relative sizes of the basis sets, and using
the O(N3) scaling of DFT, calculations with the augD-3-21G
basis set should be at least 2 times faster than those with the
aug-cc-pVDZ basis set (actual timings with the five largest
molecules in the set showed an average speedup of 4 times).
The optimization of the exponents for the augT3-3-21G

basis set leads to a large improvement compared with the
results with the original exponents for both the training and
control sets. The optimized augT3-3-21G basis set performs
better than the augT4-3-21G basis set, which includes all of the
diffuse functions from aug-cc-pVTZ with the original
exponents. More importantly, augT3-3-21G provides results
that are comparable to (control set, Table 7) or better than
(training set, Table 6) those with the full aug-cc-pVDZ basis

set compared with aug-cc-pVTZ at a fraction of the
computational cost. The comparison with ORP indicates that
the latter is considerably more accurate than both augT3-3-
21G and aug-cc-pVDZ. However, ORP is undefined for several
elements and is almost as large as aug-cc-pVTZ, thus providing
limited computational savings. In contrast, calculations with
the augT3-3-21G basis set are estimated to be nearly 22 times
faster on average than those with the full aug-cc-pVTZ basis set
(which is confirmed by the actual relative timings with the five
largest molecules in the set).
In summary, both the augD-3-21G and augT3-3-21G basis

sets perform well compared with the full Dunning basis sets,
and they allow calculations of specific rotation of the same
quality as with larger basis sets at a fraction of the
computational work. This is particularly true for augT3-3-
21G, which provides results as close to aug-cc-pVTZ as the full
aug-cc-pVDZ basis set. These results are quite promising, and
we will now test these basis sets with higher-level methods
(e.g., CC) and on other chiroptical properties.
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