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The objective of this work is to determine how isotopic
substitution aWects the OR in chiral molecules and which
locations of the substitution maximize the eWect. While the
electronic eWects are the dominant contribution to the OR, the
vibrational correction is in general a non-negligible contribu-
tion and should be taken into account. The use of vibrational
averaging and vibrational corrections is not limited to OR and
has been used to produce more accurate values for one-
electron properties such as polarizabilities, spin−spin coupling
constants, nuclear magnetic shielding constants as well as
thermochemistry calculations.36−47 Pertaining to OR, past
studies have shown that the zero-point vibrational correction
can be as large as 20−30% compared to the electronic
contribution to the OR.48 It has also been shown that as the
electronic contribution to the OR increases, the vibrational
correction increases.49 Within this work, the vibrational
correction is used as a tool to evaluate the eWect of isotopic
substitution on the optical rotation.48,49 Specifically, we
examine how changing the location of H → D substitution
aWects the vibrational correction and which vibrations are large
contributors. We rationalize these eWects using a decom-
position analysis of the OR in terms of occupied-virtual
molecular orbital transitions50−54 and we investigate how they
change along vibrational coordinates before and after isotopic
substitutions.
The paper is organized as follows. Section 2 reviews the

most important theoretical concepts utilized in the simulations,
while section 3 provides technical details of the simulations.
The results are presented in section 4, and an analysis of these
results is discussed in section 5. A summary of the main
outcomes of this study and concluding remarks are reported in
section 6.

2. THEORY
In this section, we briefly review the main theoretical concepts
utilized in the simulations discussed in the following sections.
The optical rotation of plane-polarized light as it passes
through an isotropically dispersed chiral sample can be
expressed as the specific rotation [α]ω (deg [dm (g/
mL)]−1), i.e., the OR normalized for path length and
concentration of the sample:55,56

[ ] = ◊ N
c m M

(72 10 ) Tr( )
3

6 2
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2

2
e
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where the laser frequency ω is in atomic units, NA is
Avogadro’s number, M is the molar mass in amu, me is the
electron rest mass in kg, c is the speed of light (m/s), and ℏ is
the reduced Planck’s constant (J s). The electric dipole-
magnetic dipole polarizability tensor β can be evaluated using
the linear-response formalism (LR).2,12,18
The measured OR is a combination of electronic and

nuclear eWects. Since the former are usually dominant, the total
OR can be written as the sum of two separate terms:

[ ] = [ ] + [ ]tot eq V (2)

where [α]eq from eq 1 is evaluated with LR theory at the
equilibrium geometry and the nuclear contribution is
introduced with perturbation theory as a zero-point vibrational
correction over normal modes:37,48,49

[ ] = [ ]

+ [ ]

= [ ] + [ ] = [ ] + [ ]

= =

=

= =

m Q
k
m m

m Q

1
4

( )

1
4

( )

i

N

i i i j

N
ijj

j j i

i

N

i i i

i

N

i
i

N

i

V
1

2
1

1

2

2

1
V1,

1
V2, V1 V2

m m

m

m m

(3)

where Qi represents the (nonmass weighted) normal
coordinate for normal mode i, mi represents the reduced
mass, ωi represents the frequency, Nm is the number of normal
modes, and kijj is the anharmonic cubic force constant. Qi, mi,
ωi, and kijj are all expressed in atomic units and eq 3 is
multiplied by an implicit factor of ℏ = 1 au, which ensures the
resulting units for [α]V1 and [α]V2 are the same as those for
[α]eq. The second line in eq 3 emphasizes the contribution of
individual vibrational normal modes to two main terms: [α]V1,
which is the anharmonic contribution that arises from the
diWerence between the equilibrium and eWective geometries,
and [α]V2, which depends on the curvature of the property
surface. We will quantify the eWect of isotopic substitution in
terms of [α]V in eq 3. However, in the normal mode
representation, the motion of a particular atom can contribute
to a large number of diWerent modes. This spreads the eWect of
isotopic substitution over multiple modes. In addition, each of
these modes potentially involves all other atoms in the
molecule, making it challenging to determine what atomic
motion is driving the change in vibrational contribution. Both
of these issues can be alleviated by employing localized
vibrational modes. A localized mode will only involve the
motion of a small number of nearby atoms, making it easier to
isolate what atomic motion is causing a change in vibrational
contribution. A particular atom in turn only contributes to a
small number of local modes in its vicinity. We use the Pipek-
Mezey scheme, which is typically used to localize molecular
orbitals (it maximizes the sum of squares of atomic
contributions to orbitals). The method can also be applied
to maximize the sum of squares of atomic contributions to
vibrational modes.57,58 The Pipek-Mezey transformation from
normal to local modes is defined in terms of a unitary matrix,
U, and we can use this matrix to express the components of
[α]V in terms of local mode contributions. First, we introduce
two auxiliary matrices, whose diagonal elements correspond to
[α]V1,i and [α]V2,i from eq 3:
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such that Tr(MVk) = [α]Vk, with k = 1, 2. By unitarily
transforming the matrices in eqs 4 and 5 with U, we convert
the normal mode to local mode contributions. The unitary
transformation preserves the trace of these matrices and thus
the values of [α]V1 and [α]V2. Furthermore, the diagonal
elements of the transformed matrices can be taken as the
individual local mode contributions to [α]V1 and [α]V2,
equivalent to the sums over vibrational modes in the second
line of eq 3.
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In order to evaluate the electronic eWect of the isotope
substitution on the OR, we use an analysis tool developed in
our group. The OR can be decomposed into transitions within
the molecular orbital space by introducing a rotatory strength
in configuration space, S̃ia:50−54

= [ | | · | | ]+S i a a iXImia m (6)

where i/a indicate occupied/virtual molecular orbitals (MOs),
respectively, ⟨i|μ|a⟩ are the electric dipole integrals in MO basis
and ⟨a|Xm

+ |i⟩ are the magnetic perturbed density elements from
the LR calculation. The S̃ia values in eq 6 are related to the OR
as

=S Tr( )
ia

ia
(7)

3. COMPUTATIONAL METHODS
The equilibrium geometry of the chosen molecules as well as
the properties ([α]eq, [α]V, S̃ia) were calculated at the B3LYP/
aug-cc-pVDZ level of theory.59,60 Calculations were performed
oW-resonance at a perturbation wavelength of 589.3 nm using a
development version of the GAUSSIAN suite of programs.61
Visualizations of the electric and magnetic dipole vectors of the
one-electron transitions were generated using PyMOL.62 The
importance of the vibrational correction to the OR and the
changes due to isotopic substitution are analyzed in terms of
the relative quantities ΔRel and ΔΔRel, defined as (see eqs 2
and 3):
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where VU and VS refer to the vibrational correction of the
unsubstituted and isotopically substituted molecule, respec-
tively.
The molecules used in the study are presented in a compact

notation in Figure 1. The structure and nomenclature for each
compound are reported in Figures S1−S7 in the Supporting
Information (SI). All optimized geometries are also reported in
the SI in xyz file format. The [α]eq, [α]V1, and [α]V2 values for
all molecules and all isotopologues are reported in Tables S1−
S7 of the SI. These molecules were chosen because they are

similar in structure, small (to limit the number of vibrational
degrees of freedom), and rigid (to avoid the need for
conformational analysis). Additionally, only molecules that
are optically active prior to isotopic substitution were chosen
such that we can define the relative quantities in eq 8 (we
chose the enantiomers with a positive value of [α]eq for
convenience, as this term appears at the denominator in the
equation). The choice of X moieties and R groups provides a
range of electron-donating or electron-withdrawing behavior
and electron density polarization. The term diastereomer in
Figure 1 refers to the change in the X-Y stereochemistry (see
Figures S1−S7 in the SI). The majority of this study focuses on
a single H → D substitution, although we will present some
results for double substitutions. There are several diaster-
eomers that have disproportionately high ΔΔRel values because
they have a small equilibrium OR, [α]eq < 28 deg [dm (g/
mL)]−1): PCl-2Me, PCl-F-Me-Diast.1, PH-1Me-Diast.1, PH-
1F-Diast.1, O-1F, O-2F, O-1Me, NBr-2Me, and NCl-2Me, see
Figures S1−S7 and the corresponding Tables S1−S7 in the SI
for their structure and [α]eq values. These molecules were not
included in the data reported in Figures 2−4, based on relative
values with [α]eq at denominator, see eq 8, to avoid skewing
the results for certain X groups.

The localization procedure of vibrational modes discussed in
section 2 works better when normal modes of similar nature
are grouped together. Specifically, we separate hydrogen
stretching from the rest (coupled heteroatom/carbon/hydro-
gen vibrations). Hydrogen stretching modes were localized by
selecting the normal modes of the parent molecule at
frequencies larger than 3000 cm−1. The same modes were
also selected after isotopic substitution, irrespective of the
change in frequency. The remaining modes were considered
together in the localization procedure and this produced
carbon stretching, hydrogen wagging, and stretching and
wagging of the functional groups.
As discussed in section 2, we utilize the OR S̃ia

decomposition, see eqs 6 and 7, to examine which occupied-
virtual MOs transition pairs are significant during vibrations
(with normal and localized modes).50,51,53,54 Specifically, we
use a numerical diWerentiation of the S̃ia values to examine
which orbital pairs are aWected the most by changes in the
equilibrium geometry along normal and local coordinates. This

Figure 1. Diagram of test set molecules. Da, Db, Dc, Df, and Dm
represent prospective locations of single isotopic substitution.

Figure 2. Unsigned average ΔΔRel for test set of molecules divided by
X group. Each average includes molecules with separate Da, Db, Dc,
Dm, and Df with all permutations of R identity and orientation of Y.
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eWect can be quantified with expressions similar to ΔRel and
ΔΔRel in eq 8:
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+ +
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Here, the plus and minus signs denote the S̃ia values for the
forward and backward displacements, respectively. As the
vibrational corrections are evaluated with respect to the first
and second property derivatives, we verified that the finite
diWerence approach gives the same sign as the analytically
derived derivatives for [α]V along each mode. An important
aspect of finite diWerence methods is the choice of step
size.10,48,63 Given that the S̃ia analysis is qualitative in nature,
we found that a single step size of 0.00521 (this is the fraction
of the normalized displacement vectors used to displace the
molecule) was suvciently accurate for each normal mode
across multiple molecules. For localized modes it was divcult

to find a displacement that worked well for all molecules, and
the best step size was 0.008 for the PCl − 1F − Diast.2
molecule and 0.004 for the PCl − 1Me − Diast.2 molecule
(although it is worth noting that for a relatively wide range of
step sizes the qualitative behavior of the MO transitions for
each mode was the same). A subset of vibrational modes was
chosen that has a large change in [α]V.

4. RESULTS
In this section, we analyze the vibrational corrections of the
test set of molecules, shown in Figure 1. First, we determine
which X functional groups provide the largest ΔΔRel values, see
eq 8. The unsigned average ΔΔRel value across all molecules
and isotopologues with the same X group is presented in
Figure 2. Molecules with larger and more polarizable X groups
have the largest unsigned ΔΔRel average. The eWect is due to
the heteroatom in the ring, not the Y atom, as seen with the
relatively small values of NCl and NBr. Therefore, in the
following we limit the discussion to the three groups with the
largest isotope eWect: S, PH, and PCl. In order to understand
whether [α]V1 or [α]V2 contribute the most to both the

Figure 3. Ratio of average [α]V1 and [α]V2 contributions to overall ΔRel (percent) in (a). Ratio of average [α]V1 and [α]V2 contributions to overall
ΔΔRel (percent) in (b).

Figure 4. ΔRel (percent) values for unsubstituted molecules with diWerent substituent groups: (a) R = F, (b) R = Me, (c) R1 = F, R2 = Me, and (d)
R1 = R2 = F or Me.
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vibrational correction of the unsubstituted molecule (ΔRel) as
well as the change of [α]V between substituted and
unsubstituted molecules (ΔΔRel), we plot their relative
contributions in Figure 3. Even though there is some variation
across X groups, it is evident that [α]V2 is the major
contributor to the vibrational correction and its change due
to isotopic substitution.
Although the main interest is in the eWect of the isotopic

substitution, it is instructive to examine the ΔRel values for each
individual R group and diastereomer of the unsubstituted
molecules, reported in Figure 4. The structures of the
corresponding parent compounds are reproduced in Figure
5. These plots indicate that the eWect of X and R groups as well
as their stereochemistry is significant. For example, the
diWerence between PCl − Diast.1 and PCl − Diast.2 is around
15% for R = Me. One pattern that emerges from Figure 4 is
that whenever a fluorine atom and the PCl moiety are on the
same side with respect to the plane of the ring, [α]V and ΔRel

are negative. This is seen for PCl − Diast.2 in Figure 4a, for PCl
− Diast.2 in (c), and for PCl − 2F in (d). For R = F or Me, the
vibrational correction is negative for diastereomer 2, although
this corresponds to the fluorine atom on the same side as the
PCl moiety and the methyl group on the opposite side of the
plane of the ring. This is the same for R1 = R2 = F or Me. Even
in the case of PCl − 1F − Diast.1, where the fluorine is on the
opposite side of the plane of the ring as the chlorine, there is a
negative vibrational correction.
Figure 6 reports the ΔΔRel percent values based on location

of isotopic substitution for individual X and R groups. The
molecules with a single R group tend to have larger ΔΔRel

values compared to those with two R groups, for instance for X
= S, compare the results for R = F or Me versus those for R1 =
F, R2 = Me. Isotopic substitutions made to hydrogens bonded
to the same carbon (see Da and Dc in Figure 5) always result in
ΔΔRel values with diWerent signs. This can be understood
considering a hypothetical axis of rotation that passes through

the heteroatom and the middle of the CC bond in the ring.
Isotopic substitutions on the same C would correspond to
opposite handedness with respect to this axis. Using the same
argument, it is clear why isotopic substitutions made to
hydrogens bonded to diWerent carbons and on the opposite
side of the ring plane (Da and Db) result in ΔΔRel values with
the same sign. When the R and Y groups are on the same side
with respect to the plane of the ring, the molecules exhibit
diWerent ΔΔRel behavior with respect to a change in R group.
For the PH group, ΔΔRel has the same sign for R = F and Me,
while its sign changes for the PCl group. Molecules with the
sulfur heteroatom have the same signs for each deuterium
location for both R groups. When there are R groups on both
sides of the molecule, the ΔΔRel values are all negative for both

Figure 5. Structures of the compounds discussed in Figure 4. The compounds are divided into four categories based on their R group: (a) R = F,
(b) R = Me, (c) R1 = F, R2 = Me, and (d) R1 = R2 = F or Me. Name and numbering follow the nomenclature outline in Figures S1−S7 of the SI.

Figure 6. ΔΔRel (percent) heatmaps for diWerent isotopic substitution
locations. These plots are divided into four categories based on their
R group: (a) R = F, (b) R = Me, (c) R1 = F, R2 = Me, and (d) R1 = R2
= F or Me, see Figure 5 for the structure.
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the S and PH moieties (irrespective of which side of the ring
the PH is directed). On the other hand, all of the values are
positive for the PCl group, irrespective of which side of the
ring the chlorine atom is. These values also tend to be lower in
magnitude compared to when there is a single R group.
While the previous figures consider only one deuterium

atom at a time, Figure 7 presents [α]V and ΔΔRel values for
two molecules with isotopic substitution at two locations
simultaneously. The bars labeled Di & Dj represents the
vibrational correction for the doubly substituted molecules at
positions i and j. The [α]V plots indicate that the eWect of
isotopic substitution is not directly additive. For instance, the
plot in Figure 7a shows positive vibrational corrections for the
molecules with isotopic substitutions Da and Db, but when
both are substituted, the resulting correction is greater than the
sum of the individual values. Conversely, Figure 7b shows that
having two deuterium atoms results in a negative vibrational
correction even if the individual deuterium substitutions have
positive vibrational corrections, albeit smaller than the
unsubstituted molecule. This pattern can be explained by
examining the ΔΔRel values in Figure 7c,d. These plots show
that it is the ΔΔRel value, i.e., the change in vibrational
correction with isotopic substitution, that is approximately
additive rather than the [α]V itself.
4.1. Vibrational Analysis. We can now analyze the

contribution of individual vibrational modes to [α]V1 and [α]V2
according to eq 3. We limit this discussion to the S − 1F, S −
1Me, PCl − 1F − Diast.2, and PCl − 1Me − Diast.2 molecules
because they have the largest ΔΔRel values (and an equilibrium
OR greater than 28 deg [dm (g/mL)]−1), see Figures 5 and 6.
Since the nature of the normal modes can change with isotopic
substitution, it is not possible to make a one-to-one
comparison across individual modes in this basis. Therefore,
the vibrational contributions of individual normal modes in

terms of [α]V1 and [α]V2 is shown in Figures S8 and S9 of the
SI, respectively, with a brief discussion of the data.
A more eWective way to examine vibrational contributions as

a result of isotopic substitution is to focus on localized modes,
as they are more easily comparable across isotopologues. It is
convenient to introduce the labeling that will be used as well as
visualizations of many of the localized modes, presented in
Figure 8. This labeling allows for the grouping and comparison
of localized modes across diWerent R and X[Y] groups. After
the localization procedure, there are two wagging modes for
each hydrogen atom and one stretching mode for each
hydrogen atom. The number of carbon stretching modes
depends on whether the X group is PCl or S. For PCl, there are

Figure 7. [α]V deg [dm (g/mL)]−1 for single and double isotopic substitution presented in (a) and (b) for PCl − 1F − Diast.2 and S − 1Me. ΔΔRel

values presented in (c) and (d).

Figure 8. Labeling and displacement vectors for localized modes. The
plots were produced with the PyVibMS64 plugin for the PyMOL
software.62
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three C2 localized vibrations, and in terms of S-containing
molecules, there are two C2 localized vibrations (see Figure 8).
Contrary to normal modes, the behavior of the localized

modes is qualitatively the same for all isotopologues. The
vibrational correction of the localized vibrational modes is

presented in Figures S10 and S11 in the SI, with some
discussion of the data. Here, we report the corresponding
ΔΔRel values, presented in Figures 9 and 10 for [α]V1 and
[α]V2, respectively, because they facilitate the analysis. One
interesting category of localized modes are the hydrogen

Figure 9. ΔΔRel (percent) values for [α]V1 of localized modes for four molecules: (a) S − 1F, (b) PCl − 1F − Diast.2, (c) S − 1Me, and (d) PCl −
1Me − Diast.2.
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stretching modes. These modes have small ΔΔRel values, which
is somewhat unexpected given that the diWerent mass of the
deuterium atom aWects the frequency of the stretching. At
most, the ΔΔRel value for the stretching of Dc for PCl − 1F −
Diast.2 is −2%. On the other hand, hydrogen wagging modes
appear to be significant contributors to the change in [α]V as a

result of isotopic substitution. In Figures 9 and 10a, c, and d,
the isotopic substitution of the atom wagging results in a
vibration with [α]V smaller in magnitude, which corresponds
to a negative ΔΔRel for Da and Db and a positive ΔΔRel for Dc.
Also in Figures 9 and 10, the molecule in (b) (PCl − 1F −
Diast.2) is unique because Da, Db, and Dc wagging modes all

Figure 10. ΔΔRel (percent) values for [α]V2 of localized modes for four molecules: (a) S − 1F, (b) PCl − 1F − Diast.2, (c) S − 1Me, and (d) PCl −
1Me − Diast.2.
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have positive ΔΔRel values. In Figure 9d, the carbon stretching
modes also appear to be significant contributors to ΔΔRel. For
the three isotopologues of PCl − 1Me − Diast.2, the qualitative
behavior is the same for these six modes: they all have negative
ΔΔRel values except for C23.
4.2. Occupied-Virtual MO Transitions. The S̃ia analysis

was performed in order to determine the contributing one-
electron MO transitions that are most influenced by isotopic
substitution along the normal and localized coordinates for two
representative molecules: PCl − 1F − Diast.2 and PCl − 1Me
− Diast.2, see Figure 5. Figure 11 presents the S̃ia heatmap for

the parent molecule at equilibrium geometry as well as
visualizations for four of the frontier molecular orbitals. The
OR can be mainly characterized by relatively few transitions,
thus only the highest 15 occupied orbitals and lowest 15 virtual
orbitals are presented in each figure.53 In order to provide a
physical interpretation of these one-electron transitions,
PyMOL software was used for the visualization of the
transitions in terms of electric and magnetic dipole density
vectors, shown in Figure 12. The transitions to the LUMO+1

virtual orbital involve prominent charge transfer from the
chlorine atom to the phosphorus. The HOMO−1 and HOMO
→ LUMO transitions involve significant rotation of charge, as
displayed by the magnetic dipole density vectors. The
HOMO−1 → LUMO+1 transition features significant orbital
rotation as well as electron density transferring from the
chlorine atom to the phosphorus atom.

As discussed in section 4.1, normal modes are divcult to
compare between isotopologues. Nonetheless, the analysis of
ΔS̃ia values (as defined in eq 9) for a few significant vibrations
of the unsubstituted molecule is reported in the SI (Figure
S12). For localized modes, we focus on two Ha and two Hb
wagging modes and a C1 vertical carbon stretching mode as
representative modes of Da and Db’s positive ΔΔRel and Dc’s
negative ΔΔRel, as shown in Figures 9 and 10. The ΔS̃ia
analysis for these modes is reported in the SI (Figure S13).
The main result of these analyses is that the largest
contributors to ΔS̃ia are the same main transitions that define
the S̃ia heatmap in Figure 11.
More interestingly for this discussion, Figure 13 reports how

ΔS̃ia values change with isotopic substitutions, which we called
ΔΔS̃ia in eq 9 in analogy to the notion of ΔΔRel. In Figure 13,
the largest values are mostly found among the four frontier
orbitals. Thus, the same orbital transitions that are relevant at
equilibrium (Figure 11), and ΔS̃ia for normal and localized
modes (Figures S12 and S13 in the SI) are also the most
important for ΔΔS̃ia. In Figure 13a, b, and d, three of the four
hydrogen wagging localized modes possess the greatest ΔΔS̃ia
value for the HOMO → LUMO transition, which involves
rotation of charge around the PCl group. These modes can be
contrasted with Figure 13c, where the Hb1 wagging localized
mode possesses the greatest ΔΔS̃ia value for the HOMO−1 →
LUMO+1 transition. The only carbon vibration chosen for this
molecule, presented in Figure 13 e), possesses the greatest
ΔΔS̃ia value for the HOMO → LUMO+1 transition. The
isotopic substitution of Dc can slightly change the displacement
vector of the carbon bonded to the fluorine, thus, mostly
aWecting the linear flow of charge to the PCl group.
Although the most important transitions are the same, from

S̃ia at equilibrium to ΔΔS̃ia, visualizing the changes in the
orientation and magnitude of the transition dipoles in Figure
12 is divcult. Instead, we report relative changes in the
magnitude of the transition dipoles and in the angle between
them (with respect to the values at equilibrium) in Table 1, for
the transitions of HOMO−1 → LUMO+1, HOMO → LUMO
and LUMO+1. Since these values are unitless, they can be
compared to each other and provide information on what
quantity changes the most due to isotopic substitution (note
that the values are relatively small due to the necessarily small
step size in the numerical derivative). The change in the
electric dipole magnitude is greater than for the magnetic
dipole for two of the five transitions. These correspond to the
same type of vibration between the two isotopologues, Da1 and
Db1. The other three modes, Da2, Db2, and C12 experience the
largest change in the cosine of the angle between the dipoles
(i.e., in their relative orientation).
Figure 14 presents the S̃ia analysis for the PCl − 1Me −

Diast.2 molecule at its equilibrium geometry. We can see that
the OR can be characterized again by just a few transitions,
mainly HOMO−1 and HOMO → LUMO+1. Figure 15
visualizes the transitions in terms of the electric dipole and
magnetic dipole density vectors. This figure shows that
transitions to the LUMO+1 virtual orbital exhibit significant
electric dipole vectors, whereas transitions to the virtual
LUMO exhibit significant magnetic dipole density vectors. The
largest S̃ia value in Figure 14 is the HOMO → LUMO+1
transition that is characterized by charge flow along the ring to
the phosphorus atom. More molecular orbitals and transitions
are presented that are needed based oW of the equilibrium
heatmap in Figures 14 and 15 because they are relevant in the

Figure 11. S̃ia of PCl − 1F − Diast.2 at equilibrium geometry and
visualizations of HOMO−1, HOMO, LUMO, LUMO+1 molecular
orbitals. The ∗ denotes the largest transition.

Figure 12. Visualization of electric dipole (red) and magnetic dipole
(blue) density vectors at equilibrium geometry for prominent PCl −
1F − Diast.2 S̃ia transitions. The numbers in parentheses are the
angles between the vectors.
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Figure 13. (a−e) ΔΔS̃ia values normalized with respect to Tr(β) for PCl − 1F − Diast.2 localized modes. The ∗ denotes the largest transition.

Table 1. Decomposition of ΔΔS̃ia Values into % Change of
Electric Dipole Vector Magnitude (|μ|), Magnetic Dipole
Density Vector Magnitude (|m|) and the cos(θ) of the
Vectors for Selected PCl − 1F − Diast.2 Transitionsa

localized
mode transition ΔΔ|μ| ΔΔ|m| ΔΔcos(θ)

Da1 HOMO → LUMO 0.66 0.21 0.22
Da2 HOMO → LUMO 0.06 −0.21 −1.09
Db1 HOMO−1 → LUMO+1 −0.68 −0.20 −0.63
Db2 HOMO → LUMO −0.05 0.07 −1.31
C12 (Dc) HOMO → LUMO+1 0.14 −0.94 −2.46

aAll values are normalized with respect to the corresponding quantity
at the equilibrium geometry and valid for a step size of 0.008. The C12
values refer to the isotopic substitution of Hc.

Figure 14. S̃ia of PCl − 1Me − Diast.2 at equilibrium geometry and visualizations of significant molecular orbitals. The ∗ denotes the largest
transition.

Figure 15. Visualization of electric dipole (red) and magnetic dipole
(blue) density vectors at equilibrium geometry for prominent PCl −
1Me − Diast.2 S̃ia transitions. The numbers in parentheses are the
angles between the vectors.
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discussion of the ΔΔ S̃ia values. Also for this case, the ΔS̃ia
orbital analysis for selected normal and local modes is reported
in the SI, Figures S14 and S15.
Three diWerent local carbon stretching modes contribute

greatly to each vibrational correction. ΔΔS̃ia serves again as a
metric of how the change in vibrational eWects as a result of
isotopic substitution aWects the one-electron molecular orbital
transitions. Figure 16a,c are qualitatively the same in terms of
significant ΔΔS̃ia values. However, while isotopic substitution
has a similar eWect on the S̃ia along these modes, the
unsubstituted S̃ia along these modes has opposite sign, see
Figure S15 in the SI. Thus, the same eWect on the S̃ia is
increasing the optical rotation upon substitution for one mode
and decreasing it for the other. Localized mode C21 stretches
along the direction of Dc’s orientation whereas C23 stretches
along the direction of Da’s orientation. It is reasonable that the
largest ΔΔS̃ia value for C23 are associated with the HOMO →
LUMO+5 orbital transition, see Figure 14: in the LUMO+5
orbital the electron density is in part located over the Da atom,
corresponding to the direction of stretching of the mode. In
Figure 15, the HOMO → LUMO+5 transition involves charge
transfer toward the methyl group and a rotation of charge in
the direction of Ha.
The ΔΔS̃ia of the most important transitions can be

decomposed into relative changes of the electric dipole and
magnetic dipole density vector magnitudes as well as the
change in the angle between the vectors. The values are
normalized with respect to the corresponding quantity in the
equilibrium transition. Table 2 shows the decomposition of the
transitions HOMO → LUMO+1, LUMO+4, and LUMO+5.
The HOMO → LUMO+4 transition for all three of the

localized modes have significant changes in the electric dipole
vector and the angle as a result of isotopic substitution. The
HOMO → LUMO+5 also experiences a greater change in the
electric dipole vector magnitude compared to the magnetic
dipole density vector. The only outlier for these transitions is
the HOMO → LUMO+1 transition that experiences the
largest change in the magnetic dipole density vector. This
vibration is for C1 bonded to the methyl group for a transition
to a virtual orbital that still has π orbital character on the PCl
moieties that is not seen in LUMO+4 and LUMO+5. Also for
this molecule, the change in the cosine of the angle between
the vectors is the largest contributor to the change in S̃ia for
many of the transitions.

5. DISCUSSION
In this work, we aim to study how the substitution of
deuterium changes the overall optical rotation for a test set of
chiral molecules. The isotope eWect is quantified through the
vibrational correction to the OR, expressed as the sum of [α]V1
and [α]V2, where the first term depends on the anharmonicity
of the potential energy surface and the second term depends
on the curvature of the property surface, see eq 3. The analysis
is performed introducing ΔRel and ΔΔRel, see eq 8, which
normalize the vibrational correction of the unsubstituted and
isotopically substituted molecules with respect to the
equilibrium OR. The unsigned average ΔΔRel in Figure 2
shows that X groups with S and P moieties have the largest
average change in vibrational correction magnitude. Thus, it
appears that a polarizable heteroatom within the ring is
important in producing a large isotope eWect. On the other
hand, polarizable heteroatoms in the Y position do not
produce the same eWect (for instance, compare the ΔΔRel value
of NCl and PCl molecules in Figure 2). Focusing on the P and
S moieties, Figure 3 shows that [α]V2 is the most important
contribution to both the ΔRel and ΔΔRel.
Figure 4 reports the ΔRel values of the unsubstituted

molecule individually. One pattern observed is that the only
cases of molecules having negative vibrational corrections of
the unsubstituted molecule are when there is a fluorine and
chlorine atom on the same side of the ring, such as PCl − 2F
and PCl − 1F − Diast.2. Figure 6 shows that deuterium
substitutions made to hydrogens bonded to the same carbon
(Da and Dc) always possess diWerent ΔΔRel signs. For the
unsubstituted molecule this carbon is not a stereocenter, but it
becomes one after isotopic substitution. Da and Dc substitution
result in a stereocenter of diWering Cahn-Ingold-Prelog
designation corresponding to the handedness of the chiral

Figure 16. (a−c) ΔΔS̃ia values normalized with respect to Tr(β) for PCl − 1Me − Diast.2 localized modes. The ∗ denotes the largest transition.

Table 2. Decomposition of ΔΔS̃ia Values into % Change of
Electric Dipole Vector Magnitude (|μ|), Magnetic Dipole
Density Vector Magnitude (|m|) and the cos(θ) of the
Vectors for Selected PCl − 1Me − Diast.2 Transitionsa

localized mode transition ΔΔ|μ| ΔΔ|m| ΔΔcos(θ)
C21 (Da) HOMO → LUMO+4 7.11 −0.14 13.73

HOMO → LUMO+5 0.61 0.25 4.12
C11 (Db) HOMO → LUMO+1 −0.02 −0.33 −0.03

HOMO → LUMO+4 −5.20 −0.34 −3.25
C23 (Dc) HOMO → LUMO+4 2.44 −0.25 7.69

HOMO → LUMO+5 0.34 0.20 2.81

aAll values are normalized with respect to the corresponding quantity
at the equilibrium geometry and valid for a step size of 0.004. The
isotope position for each vibrational mode is reported in parentheses.
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center. Overall, it appears that for molecules with significant
ΔΔRel values, the Dc isotopic substitution results in the largest
magnitude optical rotation (as a reminder, we chose the
enantiomers with positive [α]eq, thus positive ΔRel and ΔΔRel

values correspond to an overall increase in the total OR, see
eqs 2 and 8). Furthermore, Figure 7 shows that ΔΔRel is
approximately additive for two deuterium substitutions.
However, this can result in a doubly substituted molecule
that has a total negative [α]V though individual substitutions
have positive [α]V values, as shown in Figure 7b.
We chose four molecules with significant ΔΔRel values to

analyze the vibrational contribution in terms of individual
vibrations: S − 1F, S − 1Me, PCl − 1F − Diast.2, and PCl −
1Me − Diast.2. The vibrational corrections in terms of normal
modes are reported in Figures S8 and S9 in the SI. There are
many significant contributors to the sum, but we were not able
to match the same modes across isotopologues because the
isotopic substitution aWects the energy and appearance of
normal modes. Therefore, a localized vibrational basis was used
for the analysis, which does not change the overall value of
[α]V1 and [α]V2. Shown in Figures S10 and S11, the magnitude
of [α]V1 and [α]V2 per mode is larger for the localized modes
compared to the normal modes. Hydrogen wagging and
stretching modes are significant contributors to the vibrational
correction especially, for [α]V2. In addition, for [α]V1 of PCl −
1Me − Diast.2 the carbon stretching vibrations are also
significant contributors. The hydrogen wagging and stretching
modes appear to be connected as the signs are the same for
[α]V2 for all four of the molecules. Figures 9 and 10 indicate
that wagging modes determine the overall sign of ΔΔRel for
that isotopic substitution. For example, PCl − 1F − Diast.2 has
negative vibrational correction values for the Da and Db
wagging modes and an overall positive ΔΔRel. The other
three molecules have opposite signs for these hydrogen
wagging modes and as a result, negative ΔΔRel values for Da
and Db. For S − 1F, the localized mode with the largest ΔΔRel

that matches the sign of the sum is the hydrogen wagging for
all three of the isotopologues. Considering S − 1Me and PCl −
1F − Diast.2, for two of the three isotopologues hydrogen
wagging is the most important contributor to the change in the
vibrational correction. It is only PCl − 1Me − Diast.2 that
deviates from this pattern, as carbon stretching modes are the
most significant contributor to the ΔΔRel. It is somewhat
surprising that the eWect on the vibrational correction for
deuterium stretching is relatively small compared to other
localized modes, especially wagging modes, see Figures 9 and
10. As discussed more in detail below, the relatively small
ΔΔRel eWect of the stretching modes involving the deuterium
atoms compared to their wagging modes is due to the truly
localized nature of the former modes: stretching after isotopic
substitution does not aWect the electron density surrounding
the polarizable atoms because the molecular frame is virtually
not moving for these modes, and there is little electron density
localized around the H/D center itself; on the other hand, H/
D wagging alters the molecular frame structure and the
diWerence in mass between isotopes is suvcient to aWect the
electron density response during the vibrational motion.
The S̃ia analysis, performed for PCl − 1F − Diast.2 and PCl

− 1Me − Diast.2, examines how isotopic substitution aWects
the MO transitions responsible for changes in the vibrational
correction for two diWerent R groups. These molecules were
chosen due to their significant ΔΔRel values for their localized
modes presented in Figures 9 and 10. For PCl − 1F − Diast.2

normal and localized modes, the largest ΔS̃ia values are for the
HOMO−1 and HOMO → LUMO and LUMO+1, which
correspond to transitions that are already significant at
equilibrium (compare Figures 11 and S13 in the SI). The
HOMO → LUMO transition, visualized in Figure 12, features
prominent rotation of charge in the direction of the PCl group.
The transitions to the LUMO+1 feature prominent linear flow
of charge between the chlorine and fluorine atoms for the
HOMO−1 orbital and toward the phosphorus atom for the
HOMO. For the localized modes, we can examine how the
isotopic substitution aWects the electronic processes associated
with the vibrations through ΔΔS̃ia, see eq 9. Figure 13 presents
the ΔΔS̃ia values for four hydrogen wagging modes and one
carbon stretching mode. The largest ΔΔS̃ia values are
associated with the HOMO → LUMO transition for three
of the four hydrogen wagging modes. The outlier of the
hydrogen wagging modes, Db1, possesses the greatest ΔΔS̃ia
value for the HOMO−1 → LUMO+1 transition, which
features significant rotation and linear flow of charge between
the PCl group and fluorine atom. Isotopic substitution aWects
the trajectory of the carbon stretching mode, which in turn
aWects the linear flow of charge to the phosphorus atom. The
decomposition of the ΔΔS̃ia values into the diWerences in the
dot product components, reported in Table 1, shows that the
largest diWerence for the electric dipole vector occurs for
modes Da1 and Db1, whereas the largest diWerence for the
magnetic dipole density vector magnitude occurs for Da2, Hb2,
and C12. Both of the Da modes lead to an increase in the
electric dipole vector magnitudes as a result of isotopic
substitution, whereas this value decreases for Db modes. For
PCl − 1Me − Diast.2, the primary diWerence of the ΔΔS̃ia
analysis compared to PCl − 1F − Diast.2 is the inclusion of
transitions involving the LUMO+4 and LUMO+5 orbitals,
which were not significant at equilibrium. These transitions
involve significant changes in the angle between the vectors
(ΔΔcos(θ)) for LUMO+4 and due to the changes in the
electric dipole vector for LUMO+5 (ΔΔ|μ|), shown in Table 2.
The inclusion of the methyl group of the molecule results in
changes of these molecular orbital transitions for the carbon
stretching modes that are not seen for when the R group is a
fluorine atom.
Therefore, isotopic substitution has a significant eWect for

vibrations that alter the MO transitions that are already
important at equilibrium, i.e., the most important contributors
to [α]eq. In general, these transitions involve circular flow of
charge around the ring, linear flow of charge from the ring to Y
atom, or linear flow of charge from the R group to the X
moiety. Although we have not investigated all molecules at this
level of detail, it is likely that these types of transitions are
important for all X moieties and all R groups. However, only
polarizable X groups have electron density that is diWuse
enough to feel the subtle eWect of change of mass due to
isotopic substitution. In particular, this change of mass is most
eWective in aWecting the OR for modes that change the ring
frame of the molecules, i.e., H/D wagging modes, or when the
H/D is bonded to a vibrating C center.

6. CONCLUSIONS
In this work, we systematically examine the eWect of isotopic
substitution on the optical rotation on a test set of small chiral
organic molecules of similar structure: three-member rings
with an heteroatom in the ring and one or two electron-
directing substituent groups bonded to carbon atoms in the
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ring, see Figure 1. We consider H → D isotopic substitutions
of each H atom bonded to the ring carbons (substitutions on
the ligands provided small eWects and were not considered
further). Here, we summarize the key outcomes of the study.
First, the isotopic substitution has the largest eWect for

molecules with polarizable heteroatoms in the ring, i.e., those
with S, PH, and PCl. For these groups, the [α]V2 term (see eq
3) is the largest contributor to both the absolute vibrational
correction and the change in the vibrational correction due to
isotopic substitution, see Figure 3. In most cases, see Figure 6,
the location of isotopic substitution that results in the largest
total optical rotation is Dc (i.e., when the change in [α]V has
the same sign as [α]eq, see eq 2). However, for X = PCl and the
R = F atom on the same side of the ring as the chlorine, the
unsubstituted molecule has a negative [α]V. Thus, although the
Dc substitution has a large eWect, in this case it is opposite in
sign to [α]eq and it reduces the overall OR magnitude (this is
the same argument for Da and Db substitutions, which have
large eWects but in the wrong direction, see Figure 6).
Therefore, for this molecule the isotopic substitution that
results in the largest OR is Db. Typically, molecules with one R
group experience a larger isotopic eWect than those with two R
groups, probably because of the larger relative change in
reduced mass of vibrational modes.
A more detailed analysis of individual vibrational modes

contributions was conducted on the molecules with the largest
isotopic eWect (i.e., S − 1F, S − 1Me, PCl − 1F − Diast.2, and
PCl − 1Me − Diast.2). This analysis uses localized vibrational
modes rather than normal modes, because the latter change
significantly in nature due to isotopic substitution and are not
easily comparable across isotopologues. The hydrogen
stretching and wagging modes are significant contributors to
the vibrational correction and, in addition, the carbon
stretching modes for PCl − 1Me − Diast.2, see Figures S10
and S11 in the SI. However, the largest isotopic eWect occurs
for H wagging modes for most molecules rather than for
stretching modes, as shown in Figures 9 and 10. For some
cases, like the PCl − 1Me − Diast.2 molecule, carbon
stretching modes also induce large isotopic eWects.
These observations are rationalized considering how isotopic

substitution changes the eWect of the most significant
vibrational modes on the most important electronic transitions
between molecular orbitals, using the S̃ia analysis. Specifically,
isotopic substitution aWects the same four or five main
transitions that determine the overall sign of the equilibrium
OR ([α]eq), e.g., compare Figures 11 and 13 for molecule PCl
− 1F − Diast.2. These significant transitions involve circular
flow of charge around the ring, linear flow of charge from the
ring to Y atom, or linear flow of charge from the R group to the
X moiety. Although these transitions are probably present for
all X groups, it is only with the most polarizable ones that the
isotopic eWect becomes noticeable, because the electron
density surrounding these groups can be more easily displaced.
Furthermore, H/D wagging modes are those where the eWect
on the molecular frame is most sensitive to the change in mass
due to isotopic substitution, thus aWecting the fine balance
between electric and magnetic dipole moments (i.e., their
magnitude and especially their relative orientation, see Table
1), with significant eWects on the overall OR. This is in contrast
with H/D stretching modes, where the change in the vibration
is localized and it aWects only the small amount of electron
density around the H/D center. Molecule PCl − 1Me − Diast.2
also shows that isotopic substitution can aWect localized modes

of the C atoms directly attached to the H/D center, with
eWects similar to those of the H/D wagging vibrations (see
Table 2). In this case, these transitions become relevant only
after isotopic substitution.
In summary, this work provides insights into the isotope

eWect on optical rotation, in terms of relevant vibrational
motion and electronic charge flow. It would be interesting to
see whether these predictions will be confirmed by
experimental measurements. In the future, we will apply
these insights to study whether achiral molecules can be
imbued with a significant optical activity via isotopic
substitution and whether this may aWect their chemical
properties.
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