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Nuclear spin-induced optical rotation of functional
groups in hydrocarbons

This article discusses the relationship between molecular
structure and nuclear spin-induced optical rotation (NSOR)
in hydrocarbons. NSOR is an optical rotation caused by
oriented nuclear spins when a linearly polarized light beam
passes through a substance. In this work, it is demonstrated
that the NSOR effect is systematically related to the
molecular structure of hydrocarbons, such that particular
moieties exhibit characteristic angles of rotation. The
distinct optical rotation by different chemical groups
opens possibilities to develop a new form of spectroscopy
sensitive to molecular structure, based on NSOR.
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Nuclear spin-induced optical rotation (NSOR) is a nuclear magneto-optic effect manifesting as a rotation
of the plane of polarization of linearly polarized light induced by nuclear magnetic moments within a
molecule. NSOR probes molecular optical properties through localized nuclear interactions and has
potential to be developed into a new spectroscopic tool. However, so far the connection between the
molecular structure and NSOR response has not been systematically investigated. To obtain insight into
this relation and to assess its viability as a foundation for a new spectroscopic method, NSOR of *H and
13C nuclei in a set of hydrocarbon molecules with various structural motifs is theoretically investigated
using density functional theory calculations. The results reveal that NSOR intensities are correlated with
several structural features of the molecules, such as the position of the nucleus in the carbon chain,
isomerism and presence of nearby unsaturated groups. Specific patterns connecting NSOR to the local
chemical environment of the nucleus can be observed. It is also shown that this effect can be to a good
approximation modelled as a sum of individual contributions from nearby chemical groups, allowing for
a rapid estimation of its values. The demonstrated systematic dependence of the NSOR signal on the
molecular structure is a desirable feature for theoretical and experimental development of new
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1 Introduction

Modern spectroscopic methods provide invaluable insight into
the structure of molecules and materials. A prominent example
of this is nuclear magnetic resonance (NMR), a technique
known for its versatility in the investigation of molecular
structure,’ quantifying microscopic dynamic phenomena,’
and non-invasive imaging.? The strength of NMR comes from
its ability to distinguish between individual atoms in a mole-
cule based on their local chemical surroundings.

Recently, a branch of spectroscopy related to NMR, known
as nuclear magneto-optic spectroscopy (NMOS), has been
explored both experimentally*™' and theoretically.">® In
contrast to classical NMR, which detects the signal through
electromagnetic induction from the precessing nuclear mag-
netic moments, NMOS measures how these magnetic moments
change the polarization state of the light passing through the
sample. The interactions between the nuclei and the light,
which are mediated by the electron cloud of the molecule,
have shown promise for opening new types of spectroscopic
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set benchmark, additional figures discussing the effects of molecular conforma-
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spectroscopic methods based on this phenomenon.

measurements, such as observation of dipolar couplings in
isotropic liquids®® or mapping the properties of excited states.>®
So far, five NMOS effects have been described: nuclear spin-
induced optical rotation (NSOR),*™® nuclear spin-induced
circular dichroism (NSCD),"*>* nuclear spin-induced Cotton-
Mouton effect (NSCM),>*** nuclear spin-induced Cotton-
Mouton effect in an external magnetic field (NSCM-B),***” and
nuclear quadrupole-induced Cotton-Mouton effect (NQCM).>**>°
Out of these, only NSOR, a circular birefringence caused by
nuclear magnetic moments oriented along the light beam, has
been experimentally measured so far.* ™

The NMOS field is still in its infancy with broad room for
development both experimentally and theoretically. So far,
several general observations have been reported, such as
enhancement of NSOR due to a nearby electronic resonance*
or conditions necessary for appearance of the NSCD signal®®
and its correlation with the global electronic structure.??
A simple semi-empirical model for estimation of ratios of NSOR
signals in a single molecule has also been proposed."” However,
despite multiple studies on the subject the general connection
between the molecular structure motifs and the corresponding
NMOS response has not been established for any of these
effects and the interpretation of experiments still largely relies
on full rigorous quantum-chemical calculations.'®™*

Motivated by the lack of such insight, this paper investigates
the existence of systematic trends or characteristic features that
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connect chemical moieties in the molecular structure with
NMOS response. In particular, the study focuses on NSOR since
it is the most experimentally developed NMOS effect and is
likely to be one of the first to find an application in chemical
structure determination in the near future.

In contrast to NMR, in which signals of nuclei of one isotope
have the same strength, NSOR intensity, and even sign, depends
on the chemical environment of the nucleus, an effect known as
optical chemical shift.'®'*'” The goal of the presented report is
to quantify this variation with respect to molecular structure.

The study is based on computational evaluation of NSOR for
a set of hydrocarbon molecules including alkanes, alkenes,
alkynes and dienes. The hydrocarbons were chosen as the
model set because they provide multiple isomers with recurring
structural motifs and thus can produce a sufficiently large data
set for assessing common features. They are also likely to be
one of the first groups of molecules to be investigated in a
systematic manner by high-resolution NSOR.

The analysis of the results reveals that NSOR signals of
individual nuclei correlate with the local chemical structure,
such as position of the nucleus in the chain, isomerism and
presence of nearby unsaturated bonds. In addition, it is also
found that NSOR signals can be approximately reconstructed
from individual contributions of neighbouring atom groups.
The validity of this approximation is tested by comparing the
NSOR values obtained from the contribution model with full
quantum-chemical calculations for several hydrocarbons not
present in the original set. An overall good agreement is found,
supporting the existence of common spectral markers of NSOR
for nuclei in specific moieties, and their additivity.

2 Methods

The set of model molecules consisted of all structural isomers
of linear and branched hydrocarbons which are possible to
create from up to six carbon atoms. Because some structural
features are less represented in this group than others, a
number of larger hydrocarbons were added to the set, chosen
so as to increase the number of data points corresponding to
less abundant structural motifs. The list of all molecules is
given in ESIf in Tables S1-S6. The studied systems included
alkanes, alkenes, alkynes and dienes (isolated, conjugated and
cumulated).

Each molecule was represented by a single conformer, built
as an extended chain to minimize intramolecular interactions
between different parts of the chain. The geometries were then
optimized in Turbomole 7.4.1°°?' at the RI-B3LYP/def-TZVP
level.>** The presence of a local geometry minimum was
verified by calculation of harmonic vibrational frequencies
at the same level of theory. For comparison, several highly
branched molecules were also optimized with the addition of
DFT-D3 dispersion correction by Grimme.*?

The NSOR parameters were calculated in DALTON®®?*” using
the quadratic response function formalism.*® The angle of
optical rotation per unit length, nuclear concentration and
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spin polarization can be expressed using the quadratic response
. hf
function ((uu;pp,hzy))w,0 as™®

0= _éwﬂOCONAIK‘Qu,Bv%<<ﬂa; 78 h}11<f,~,>>m‘0 1)
where w, uo, €o, Na, Ix, and ., are, in order, the angular
frequency of the incident light, permeability of vacuum, speed
of light in vacuum, Avogadro constant, spin quantum number
of the nucleus K and Levi-Civita anti-symmetric tensor, and 3
denotes the imaginary part. Implicit summation over repeated
indices of Cartesian components ¢, f3, y is implied. The opera-
tors in the response function are electric dipole j and hyperfine
interaction A}, the latter corresponding in non-relativistic
theory of closed-shell systems to paramagnetic nuclear spin-

electron orbit operator hEso:

= —le, (2)

SO el Ik,
hK = 4nmeVK Z: 7'](13 (3)
where e, me, h, yx and I, are the charge and mass of the
electron, reduced Planck constant, gyromagnetic ratio, and
angular momentum of electron i around the position of
nucleus K, respectively.

Calculations of the response functions were performed
using the BHandHLYP**?*° density functional with the co2
basis set, in vacuum. The BHandHLYP functional has been
shown to provide NSOR close to experimental and correlated
ab initio coupled cluster singles and doubles (CCSD) results for
organic molecules.'®'" The basis set co2 is a completeness-
optimized basis set*® developed and tested for NSOR."® Addi-
tional benchmark tests against larger completeness-optimized
basis sets'®*" have shown that it provides a sufficient quality
with modest computational effort (see Fig. S1 in ESIf). To
assess the effect of solvent, several NSOR calculations were
performed with the inclusion of an implicit solvent using the
integral equation formalism of the polarizable continuum
model (IEF-PCM) with solvent parameters for n-heptane.*”

All calculations™ were carried out for a laser wavelength
of 405 nm, which is a commonly available wavelength in
commercial laser diodes. The corresponding energy is also far
enough from the lowest excitation energy for all studied mole-
cules, avoiding accidental near-resonance effects from close
lying excited states, which may significantly affect the intensity
of NSOR signals.* Although such amplification of NSOR may
be desirable on its own as a spectroscopic feature, accidental
excitations would complicate assessment of the common
trends in the present study. The NSOR values for chemically
equivalent nuclei were averaged.

All NSOR signals throughout the text are reported normal-
ized to unit spin polarization, concentration of nuclei and
sample thickness in units of prad mol™" dm?® cm™". The units
are written in the text as prad for short and normalization is
always implied.

This journal is © the Owner Societies 2020
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Fig. 1 Explanation of the labelling system of nuclei. Colours and capital
letters distinguish carbon nuclei at the end of the chain (E), inside the chain
bound to two carbon atoms (C), nuclei at a branching point sharing
three carbon-carbon bonds (T) and quaternary carbon with four carbon
neighbours (Q). The subscripts indicate the distance from the nearest
unsaturated bond, counted as number of carbon-carbon bonds, with
0 zero being assigned to atoms sharing the bond and m to the atoms in the
middle of a larger unsaturated system.

All NSOR signals were categorized based on the chemical
identity of the nucleus according to two structural criteria: (a)
atom type, as determined by its position in the chain, i.e., how
many other carbon atoms it is bound to, and (b) distance from
the nearest unsaturated bond. An example of the labeling of
nuclei is given in Fig. 1.

The first criterion for assigning the nuclei is their position in
the hydrocarbon chain. For carbon nuclei we can distinguish
four possibilities: nucleus in the group at the end of the chain
(E, end), nucleus in the middle of a linear chain (C, chain),
atom at a T-branch (T, tertiary), and quaternary carbon (Q). This
notation reflects the number of attached carbon atoms, from
1 in primary carbons (E) to 4 in quaternary carbons (Q).

The second criterion for categorization of nuclei is their
distance from the nearest unsaturated bond. The nuclei of
carbons that share the unsaturated bond are labelled 0, their
direct neighbours are labelled 1, the next ones in the chain 2,
etc. (Fig. 1). In the case of molecules with several unsaturated
bonds, the nucleus is numbered according to the closest one.
This choice is based on the expected locality of NSOR due to the
presence of the locally acting spin-orbit operator, as was already
shown for NSOR™ and closely related NSCD property.>® The
assumption that closer perturbation will have larger impact than
more remote one is first verified on systems with only one
unsaturated bond before applying it to more complex systems.
In the case of alkanes only the first criterion is used to categorize
the atoms as there are no unsaturated bonds.

A subtype of nuclei, labelled m instead of a number, is
introduced for dienes. It describes nuclei sandwiched between
two double bonds. The corresponding atom type C,, occurs in
the following typical chains: (a) in isolated dienes it is a carbon
nucleus neighboured on both sides by double bonds, in the

This journal is © the Owner Societies 2020
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chain of the form C—C-C,,-C=C; (b) in conjugated dienes
it is the nucleus in the middle of the conjugated chain, ie.
C=C,,~C,,—C; (c) in cumulated dienes it corresponds to the
nucleus of the atom sharing both double bonds, in structure
Cc—cC,,—C.

The above described labelling is used for carbon atoms. The
hydrogen nuclei share for simplicity the atom type with the
carbons they are attached to. For example, hydrogen atoms
bound to carbon atom E, in Fig. 1 are also labelled E,, even
though they do not participate in the double bond themselves.
In other words, all nuclei in a given CH,, group share the label
of the carbon nucleus.

The molecular models were rendered using UCSF Chimera.**

3 Results

As noted above, the following results were obtained from a
limited number of model molecules, each represented by a
single conformer in vacuum, and with different number of data
points for each type of nucleus. Therefore, the results should be
understood as a qualitative description of the essential features
of NSOR with respect to the general molecular framework. The
quantitative prediction of experimental data for each molecule
would have to include other effects, such as conformational
flexibility and influence of the environment. So far, the avail-
able high-resolution experimental data for atom-specific NSOR
signals® do not have a sufficiently high signal-to-noise ratio for
quantitative comparison.

It should also be noted that since NSOR originates from the
alignment of the light beam and nuclear magnetic moments, it
is naturally modulated by the precession of the magnetization
and is detected at the Larmor frequency corresponding to the
NMR shift of the nucleus. This allows one to experimentally
separate the NSOR signals according to their chemical shift in
cases where NSOR intensities alone might lead to ambiguous
results.

3.1 Simple hydrocarbons

3.1.1 Alkanes. The results of NSOR calculations for 'H and
3C in alkanes are shown in Fig. 2, panel I and I, respectively.
On the x-axis is the NSOR in prad mol™" dm?® em™; the offsets
on the y-axis, colours and symbols of data points differentiate
between atom types, as described in the Methods section. At a
glance it is clear that the signals tend to cluster for both
elements according to their chemical nature into rather com-
pact groups.

In the case of 'H, there is an overlap between the E and C
groups, while the hydrogen nuclei T bound to tertiary carbons
are offset at higher NSOR values. The total spread of signals is
rather limited, ranging between 1.5 and 2 prad. The NSOR
overall gets stronger with increasing branching at the site of
the carbon it is attached to, as seen in increasing intensity
from E to T.

Signals of '*C nuclei form three distinct clusters corres-
ponding to separate groups for atom types E and C, and the
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Fig. 2 Comparison of *H (left) and *C (right) NSOR signals for alkanes
(top row, panels | and Il), alkenes (middle row, panels Ill and IV) and alkynes
(bottom row, panels V and VI). On the x-axis is the optical rotation
normalized for unit path length, concentration of nuclei and unit spin
polarization, and on the y-axis is the distance of the atom from the
unsaturated bond. The chart distinguishes nuclei corresponding to atoms
at the end of the chain (E, blue diamonds), inside the chain (C, red circles),
carbons with three carbon neighbours (T, orange triangles) and quaternary
carbons (Q, green squares).

overlapping group of T and Q. The values are distributed over a
broader range compared to 'H, from around 0 prad for atom
type E down to —4 prad for T and Q. The data point at 1.67 prad
corresponds to methane and due to the unique structure of this
molecule is not counted as a typical feature of alkanes. In
general, a similar trend can be observed as in "H where the
strength of NSOR signals increases with the number of carbon
neighbours, although in this case with reversed sign and larger
relative magnitude.

In summary, NSOR of each atom type in alkanes, as
described by their position in the carbon skeleton, falls into a
rather narrow range of values for both "H and **C nuclei and
its magnitude is positively correlated with the number of
neighbouring carbon atoms. The NSOR intensity can thus
distinguish between primary, secondary, and to a limited
degree tertiary and quaternary CH, groups in alkanes.

3.1.2 Alkenes. The NSOR of alkenes is plotted in Fig. 2 in
panels III and IV for 'H and '*C, respectively. In this and the
following charts, the y-axis now also shows the distance from
the unsaturated bond, as defined in the Methods section.

At first sight it is apparent that the signals now cover a much
wider range. In the case of "H the NSOR values of C, and Ey-type
nuclei at the double bond are not anymore clustered into
separate groups. Instead, they are spread rather evenly, mostly
towards negative with respect to alkanes, and overlap signifi-
cantly. As we will discuss in detail below, this wide spread of
values reflects cis/trans isomerism around the double bond.
Next to the double bond the signals of atom types E; and C,
start to cluster, with E; having an overall weaker signal than
either C; or T; and also being weaker than E in alkanes. NSOR
of atom type C; appears in roughly the same region as in
alkanes and the signals of nuclei T, are spread over a very wide
range, providing the strongest signals at around 2.2 prad, but
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also appearing at much lower values, overlapping with the
whole range of C; and part of E;. This spread is partially
explained by cis/trans isomerism as NSOR of nuclei of this type
in cis-alkenes appears around 1.6 prad while trans-alkenes and
alk-1-enes show higher NSOR values (see Fig. S2 in ESIY).
However, this does not explain the wide separation fully, which
is linked to other structural details not apparent from this set of
data points. Further from the double bond, the NSOR strength
of the E, atom type slightly increases and T, signals aggregate
around 1.8 prad. Interestingly, with increasing distance from
the unsaturated bond the signals of all atom types drift towards
roughly the same intervals as in alkanes. The double bond thus
appears to affect the NSOR of nearby nuclei the most, and this
effect falls off with the distance.

In the case of '>C the atoms participating in the double bond
show a wide distribution, but over quite characteristic regions.
Similarly as in the case of 'H, this wide spread can be linked to
isomerism, and will be discussed below. The E,-type nuclei
have strongly positive NSOR around 2.3 prad, Cy-type occupy a
wide range between 0 and —3 prad and T, nuclei also show a
large spread, but shifted to more negative values between —1.5
and —5 prad. The outlier E, signal at 1.13 prad belongs to
ethene. The nuclei neighbouring the double bond form more
compact groups with T; and Q; around —4 prad, C; around
—2.8 prad, and E; switching sign to slightly negative values
around —0.9 prad. In position 2 the signals of E, nuclei drift
towards zero, C, signals towards —2 prad, T, signals move
closer to —3 prad, and Q,-type remain the most negative at
around —4 prad. At larger distances signals of all atom types
monotonically shift towards the range of values characteristic
for alkanes, similarly as in the case of "H.

We can see from these results that NSOR can distinguish,
e.g., the terminal CH,= group, which gives a positive signal for
the E, nucleus, from the C, in -CH—CH- inside the chain. The
spectroscopic value of NSOR can be further enhanced when we
take into account the Larmor frequency of the nuclei: the
signals in position 0 will appear at chemical shifts character-
istic for unsaturated bonds, while the NSOR of other nuclei
will be modulated with frequencies typical for saturated hydro-
carbons. This allows one, for example, to identify the *C E,
signal as it is the only NSOR signal in the range around —1 prad
with chemical shift outside of the alkene region.

Based on the observations we can argue that the double
bond acts as a local perturbation of NSOR with respect to an
alkane chain and affects most strongly nuclei up to roughly two
to three bond-lengths away. Nuclei further from the double
bond see rapidly diminishing influence. The local nature of
NSOR has been observed before as signal enhancement of
nuclei located in the chromophore when the energy of the
incident light approaches its electronic resonance'® and the
present results suggest that the locality of NSOR manifests also
at energies far from excitations. This behaviour will be observed
in the forthcoming cases as well.

3.1.3 Alkynes. The 'H and C NSOR of alkynes is pre-
sented in Fig. 2, panels V and VI, respectively. The signals form
in this case more compact groups than in alkenes.

This journal is © the Owner Societies 2020
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For "H nuclei the E, is located around 1.7 prad, at slightly
higher values than E in alkanes and covers the upper range of
E, of alkenes. The outlier signal at 1.99 prad is ethyne. Next to
the triple bond the NSOR of C; and T, is spread out at around
the same mean value as in alkanes while E; nuclei give slightly
smaller NSOR. The intensities thus keep the general trend
T > C > E. Interestingly, in position 2 the NSOR of C, and
T, appears to be slightly shifted towards smaller values by
about 0.1 and 0.2 prad, respectively, compared to alkanes and
alkenes. At distances further from the triple bond the NSOR
converges again towards values of alkanes for all three
atom types.

The NSOR of "*C qualitatively resembles that of alkenes,
but with overall slightly stronger intensities. For atoms partici-
pating in the triple bond the E, nuclei give NSOR around
3 prad, compared to 2.3 prad in alkenes. On the other hand,
the signals of C, are the exception and are overall weaker and
spread quite evenly around zero. Next to the triple bond the
NSOR of different types of nuclei forms distinct compact
groups with all signals negative and following the progression
E; > C; > T; > Q;. The most notable increase in intensity
compared to alkenes is for E;. As in previous cases the influ-
ence of the unsaturated bond can be observed to a lesser degree
still in Q, and T,, but drops off with distance.

From the point of view of spectroscopic application the
carbon nuclei E, and C, at the triple bond are the most
characteristic, being well separated in their magnitude. The
other NSOR signals, which have chemical shifts in the region of
saturated hydrocarbons, can be assigned for E., nuclei with
NSOR around zero, and for T/Q atom types at strongly negative
NSOR values <—4 prad. We note in passing that the T and Q
could be further experimentally distinguished by their different
NMR relaxation rates. The regions around —2 prad and
—3.5 prad are ambiguous since NSOR values of E,/C,~, and
C,/T,>,/Q, >3 overlap there, respectively.

Comparing the overall features of the alkynes, alkenes and
alkanes, we can see that the NSOR of carbon nuclei E,, E;, C4,
T; and Q, increases in intensity as the system becomes more
unsaturated. On the other hand, the NSOR intensity of C, atom
type decreases towards zero. Additionally, the signals in alkenes
are much more widely spread compared to the other two cases.
This is partially due to the cis/trans isomerism and possibly also
because of the sensitivity of NSOR of nuclei near the double
bond to conformations and possible intramolecular inter-
actions (see Fig. S3 in ESIT). Alkynes might be less sensitive
to this effect, in part because the rest of the chain points
straight away from the triple bond and thus decreases the
possibility of close interactions, while alkenes can create more
folded structures due to the bond angle of sp> carbon atoms.

3.1.4 Effect of isomerism on NSOR of alkenes. In the case of
alkenes the *C NSOR of atom types C, and T, covers a wide
range of values. These signals can be further divided into groups
according to the isomerism of the molecules they originate from:
one group corresponds to signals of alk-1-enes, which have
the double bond at the end of the chain, and one stems from
alk-n-enes (n € {2,3} in the studied set), where the double bond
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Fig. 3 Effect of position of the double bond in the alkene chain on *C
NSOR of atom types C and T. The x-axis represents the normalized optical
rotation, and the y-axis distinguishes different atom positions.

is inside the chain, as shown in Fig. 3. For both C, and Ty, the
alk-1-enes tend to provide stronger, more negative signals
compared to those of alk-2-enes, which are overall weaker.
Moreover, in alk-2-enes the NSOR of nuclei C,/T, closer to the
end of the chain is weaker than the NSOR of those near the
centre of the chain. Despite some overlap between the groups,
their mean values are quite well separated (—2.3 prad for
alk-1-enes compared to —1.7 and —0.6 urad for C*© and C*¥,
respectively; and —4.2 prad compared to —3.2 and —2.1 prad for
T2¢ and T?F, respectively (Fig. 3)). The spread of the values
inside each group remains, however, rather wide.

Thus, there are two possible general patterns: in the case of
alk-1-enes, one of the two NSOR signals with chemical shifts
corresponding to the unsaturated bond will be strongly positive
(Eo) and one strongly negative (C,, second carbon from the end,
C' in Fig. 3). In the case of alk-2-enes, or in general, alk-n-enes,
where the double bond is inside the chain, the positive E,
signal will be absent and instead two negative, less intense C,
signals will be observed (C*¢, C** or C* in Fig. 3). A similar
argument can be made for the nuclei of type T,, depending on
whether they are located next to the terminus of the molecule
or inside the chain.

This observation is another demonstration of the influence
of local electronic structure on NSOR. The atoms not only
feel the presence of the nearby double bonds, but also the
surrounding chain structure in their vicinity. The former effect
appears to be the dominant one, though.

cis/trans isomerism. Another structural motif in alkenes is cis/
trans isomerism. This has been briefly discussed in relation
with "H Ty, which shows some dependence on the isomerism of
the molecules in which it is present. Here we look in more
detail at the nuclei directly connected next to the double bond.
For this purpose, the nuclei were categorized into four groups,
according to the orientation of that particular nucleus with
respect to the carbon chain(s) continuing on the opposite side
of the double bond. When a carbon chain is attached in the cis
or trans position, the nucleus is correspondingly labelled as cis
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Fig. 4 Effect of cis/trans isomerism in alkenes for *H (top panel I) and
B¢ (bottom panel Il) NSOR signals. On the x-axis is the normalized optical
rotation, and the y-axis distinguishes different atom positions.

and trans, respectively. If both cis and ¢rans positions are occupied
with carbon substituents, the nucleus is assigned to group cis +
trans. Conversely, when there are no carbon chains attached at the
other side of the double bond, the nucleus is labelled unsubstituted.
We note that unsubstituted implies that the nucleus is located in a
group neighbouring the end of the molecule.

The situation for "H and *C is summarized in Fig. 4 in
panels I and II, respectively. The plot distinguishes between the
atoms that are part of the end group of the molecule (type E, for
'H and E, for *C) or inside the chain (type C, or Cy, respec-
tively). The atom type T does not show any significant trend in
this respect in the available data and is not reported. The cis/
trans isomerism is marked in colour and shape of the symbols
and by offset on the y-axis.

The "M NSOR shows a separation of different signals
according to their local isomerism, with the signals of E, nuclei
decreasing in intensity in the order cis > cis + trans > trans.
The single point in the unsubstituted group corresponds to
ethene. Although there is an overlap between cis + trans and
cis groups, the trans one is set apart at much lower intensity,
thus being of a potential spectroscopic value.

The hydrogen nuclei C, cover a slightly wider region of
intensities. The groups of signals of nuclei in cis and cis + trans
positions are close together at higher intensities than the
trans and unsubstituted groups, similarly as in the case of E,.
Interestingly, the cis + trans group provides in this case stronger
average signal than cis and gives now the strongest NSOR,
relative to the total spread of the signals. Because of the overall
wider range of the values of the cis group, it now also overlaps
with trans. Nevertheless, the region below 1.25 prad is exclu-
sively occupied by trans and unsubstituted groups, while cis and
cis + trans are the only species present above 1.5 prad.

In the case of >C the trend of intensities for different groups
of atom type E, follows roughly the pattern cis + trans > cis ~
trans > unsubstituted. Interestingly, this pattern differs from
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that of the 'H E; nuclei, where cis is the group with the
strongest signals. The C; nuclei show the trend cis + trans ~
cis > trans > unsubstituted. Although there is a slight progres-
sion of intensities between the groups, their separation is quite
small, with significant overlap between them. Therefore, at
least at this level of approximation, the "*C signals might not
be specific enough for unambiguous determination of the
molecular structure. This issue is exacerbated by the presence
of notable outliers in the case of C;.

In summary the "H signals are more specific than the
3C signals in distinguishing cis/trans isomerism. Although the
different groups are not completely separated, there is a rather
strong distinction between cis and cis + ¢rans on the one hand and
trans and unsubstituted on the other hand, promising a potential
spectroscopic feature of NSOR for structural elucidation. Given the
constraints of this study it is not clear whether such distinction
would be unambiguous to resolve all four cases under real experi-
mental conditions. However, the results suggest at least a possibility
to distinguish the limiting cases near the ends of this NSOR range.

3.2 Dienes

We will now discuss dienes as examples of common, more
complicated hydrocarbon systems. We can distinguish three
groups of dienes, depending on the mutual distance of the
double bonds: isolated dienes, where the double bonds are
separated by two or more single bonds; conjugated dienes,
containing alternating single and double bonds; and cumu-
lated dienes, with double bonds directly next to each other.
The NSOR for all three types is plotted in Fig. 5 together with
the essential results for alkenes for comparison. The nuclei at
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Fig. 5 Comparison of *H (left) and **C (right) NSOR signals for alkenes
(top row, panels | and ll), isolated dienes (second row, panels Ill and IV),
conjugated dienes (third row, panels V and VI) and cumulated dienes
(bottom row, panels VII and VIII). On the x-axis is the normalized optical
rotation, and on the y-axis is the distance of the atom from the nearest
unsaturated bond. The chart distinguishes nuclei corresponding to atoms
at the end of the chain (E, blue diamonds), inside the chain (C, red circles),
carbons with three carbon neighbours (T, orange triangles) and quaternary
carbons (Q, green squares). Signals labelled m correspond to nuclei
between two double bonds (see the Methods section for details).
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distances up to 2 bonds from the nearest double bond are
shown, as they are the most influenced and thus of the largest
interest. (For extended figure showing also the further nuclei
see ESIL,T Fig. S4.)

3.2.1 Isolated dienes. As we have seen in the case of
alkenes and alkynes, the unsaturated bond affects significantly
nuclei participating in it, and the directly adjacent CH, groups.
Since double bonds are separated in isolated dienes, we can
expect that they may locally behave like alkenes and their
influence on their surroundings will be similar. Inspecting
the results for "H and *C NSOR in isolated dienes shown in
Fig. 5, panels III and IV, we can see that this is indeed the case
and the ranges of intensities for both elements cover very
similar regions as in alkenes.

For "H the signals of atom types E, and C, spread over the
intervals of about 1.25-2.0 prad and 1.0-1.75 prad, respectively,
and become more compact with increasing distance from the
double bond. Both the spread of values and their mean position
reflect those of alkenes. This similarity can be observed also in
the signals of *C. A small deviation is present in Q, and Tj,
which are pushed slightly towards negative. This can be
explained by the influence of the second double bond, to which
the Q is more sensitive than C at larger distances, as seen in
Q, compared to C, in alkenes.

Of special interest are the signals of nuclei which neighbour
simultaneously both double bonds. They can thus be consid-
ered a special case of atom types in position 1. In the case of 'H
the NSOR signals of C,, are slightly more negative compared to
the C; in alkenes, indicating some additional influence of the
second double bond. On the other hand, NSOR of T,, is spread
over a similar region as T,. However, we should note the wide
distribution of the values, which makes this conclusion more
tentative.

For *C nuclei the signals of C,, form quite a compact group
and shift towards negative values compared to C;. This
indicates that the presence of a second adjacent double bond
to some degree strengthens the influence of the first one.
Moreover, the shift from C in alkanes to C,, is roughly twice
as large as the difference between C in alkanes and C; in
alkenes (—1.52 prad compared to —0.83 prad), suggesting that
the effect of the two double bonds is approximately additive.
The strengthening of the NSOR by the second double bond is
also seen to a limited degree for T,, which is shifted by
—1.33 prad from the alkane value compared to the shift of
—0.91 prad for Ty, and to an even larger extent in Q,, values
compared to Qq in alkenes (shift of —2.35 prad and —0.79 prad,
respectively). This suggests that both double bonds contribute
to the NSOR perturbation, a feature that will be explored later
in the construction of an approximate model for this property.

Overall, the features of the isolated dienes reflect those of
alkenes for their common atom types, suggesting the local
nature of NSOR in molecules with non-interacting double bonds.
In addition, the cis/trans isomerism also influences the NSOR in
a similar manner as in alkenes (see Fig. S5 in ESIt).

3.2.2 Conjugated dienes. The results for "H and "*C NSOR
of conjugated dienes are shown in Fig. 5, panels V and VI,
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respectively. The first noticeable feature is that the range of
values is very wide compared to other studied systems.

In the case of 'H the spread is mostly towards weaker NSOR.
The signals of atom types E, completely overlap with the range
of C, and reach very low values around 0.7 prad. Next to the
double bond the nuclei E; and C, are spread less, but still over a
wider interval than in alkenes. They also start to differ in their
mean values with C; being stronger than E,. In position 2 the
signals approach the corresponding alkene values. The signals
of T, and T, are found in a wider region than in alkenes, with
no appreciable shift of the mean value, taking into account the
limited number of points.

In '3C the NSOR values for atom type Co and T, are shifted
towards negative compared to alkenes, and cover a broader range.
In particular, T, shows the strongest negative NSOR among the
studied molecules, up to —8 prad. On the other hand, the signals
of E, are weaker than in alkenes and with comparable spread.
Nuclei E; and C; neighboring the conjugated system both give
signals distributed over wider regions than in alkenes, but with
similar mean values while the NSOR of Q; and T; is quite
significantly shifted towards negative. In position 2 all four atom
types approach values similar to those in alkenes.

The nuclei of type m, corresponding to the atoms in the
middle of the conjugated chain, do not have a directly compar-
able atom type in alkenes. In the case of 'H the C,, nuclei
exhibit significantly stronger NSOR compared to other types,
reaching up to almost 2.5 prad, which is one of the largest
observed values for 'H among the tested molecules. For **C the
NSOR of C,, is at slightly negative values, approximately cover-
ing the upper range of C, in alkenes. Likewise, tertiary carbons
T,, also cover the upper range of T, in alkenes. This might
suggest some similarity between the NSOR of nuclei inside
conjugated systems and those in double bonds of alk-n-enes,
which occupy this region.

The overall feature of conjugated dienes is that both *H and
13C signals cover a wide interval of values. In fact, the strongest
and the weakest NSOR for 'H and the most negative NSOR for
3C can be found in this set of molecules. This suggests that
NSOR of conjugated systems might be more sensitive to minor
structural changes. Similarly as in the case of alkenes, some of
the variability of the NSOR can be explained by the cis/trans
isomerism (see Fig. S5 in ESIf). Further studies on extended
conjugated systems, aromatic and anti-aromatic molecules
might provide some additional insight.

3.2.3 Cumulated dienes. The results for NSOR of 'H and '*C
in cumulated dienes are shown in Fig. 5, panels VII and VIII,
respectively. Overall the different atom-type groups are rather
compact for both 'H and '°C, in contrast to the above cases.

The "H NSOR is rather similar to that of alkenes for all atom
types, having similar mean values and spread with slightly
more compact width for the nuclei in position 0. In the case
of *C the NSOR of nuclei of type C, and T, is shifted towards
negative values compared to alkenes. On the other hand, the
signals of E,-type nuclei are spread closely around zero. Inter-
estingly, this can be seen as a trend for E, signals which
decrease in intensity from alkanes/isolated dienes through
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conjugated dienes to cumulated ones as the double bond
system gets more compact. In position 1 the values for C;
and E, are already close to the NSOR of alkenes, while T, and Q,
are slightly more negative. In position 2 all four atom types
approach values close to alkenes.

Concerning the atom type C,,, it shows a rather weak signal
between 0 and —1 prad. It is worth noting that similarly as for
E,, the NSOR values of this atom type steadily decrease going
from isolated dienes to conjugated to cumulated, as the double
bonds approach one another.

3.3 Effect of solvent and geometry

As has been shown, NSOR is sensitive to the environment
surrounding the molecule.'®™ To gain insight into this effect
for the present case, NSOR calculations including the implicit
solvent model (PCM) were performed for a subset of molecules,
with two representatives from each group of investigated hydro-
carbons. The list of selected structures is given in Table S7 in
ESL.{ n-Heptane was used as solvent in the PCM, as it is a typical
hydrocarbon and thus should provide a reasonable description if
we consider the molecule to be surrounded by the bulk of its
own neat liquid phase or other similar, nonpolar solvent.

The results are shown in Fig. 6. As we can see, the inclusion
of the implicit solvent model rather systematically increases the
NSOR values by about 25% for all atom types, with only small
deviations. As the change is approximately proportional to the
signal intensity, this effect enhances the distinction between
the different atom types, but does not change the overall
trends.

The increase of NSOR intensity can be compared to the
changes in optical properties induced by the solvent. The
excitation energies calculated in vacuum and with the PCM
show very small differences (see ESIL,t Fig. $6), and the increase
in NSOR is thus not due to the presence of closer electronic
resonances."® On the other hand, electric transition dipole
moments, which formally appear in the sum-over-states expres-
sion of NSOR, are overall larger, correlating with the change
in NSOR.
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Fig. 6 Effect of the implicit solvent model on *H NSOR (left) and *C
NSOR (right). The x-axis represents NSOR calculated for molecules in
vacuum, and the y-axis shows NSOR calculated with the inclusion of the
polarizable continuum model. Each point represents one chemically
distinct nucleus.
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We note that this description gives only a partial insight,
since NSOR of different nuclei can also be influenced by
specific localized solvent-solute intermolecular interactions,
which are not present in the PCM. Thus, further changes in
NSOR, likely more sensitive to the chemical nature of the
nucleus, can be expected by including an explicit solvent. Such
interactions might be prominent particularly in the case of
more polar molecules than hydrocarbons.

Another aspect which might influence NSOR is geometry of
the molecular structure. The effect of small variations was
investigated by including the dispersion DFT-D3 term®’ in the
geometry optimization of eight structures selected from the
most branched molecules, where the influence of dispersion on
the geometry is expected to be the most pronounced (see
Table S7 in ESIt). It is found that this geometry perturbation
does not change NSOR significantly (see Fig. S7 in ESIT). It
should be noted, however, that the dispersion might have
secondary effects on NSOR by affecting the relative populations
of conformers.

The molecular conformation affects the NSOR intensity
noticeably (see Fig. S3 in ESIt). The present results suggest
that the saturated parts of molecules are less sensitive to such
changes, and their NSOR reflects primarily the structural
features determined by the molecular skeleton. The effect of
conformation on the unsaturated parts of the molecule appears
more pronounced. Quantitative assessment of the role of
conformational freedom and its impact on NSOR and its trends
is beyond the scope of the present work. Given that the
differences in NSOR between conformers are comparable in
magnitude to the effect of the solvent, even modelled implicitly,
such evaluation would most likely require an accurate model
including explicit solvent molecules.

3.4 Trends in NSOR of hydrocarbons

Let’s summarize the main observations about NSOR in hydro-
carbons so far:

(a) signals of alkanes are all present in narrow regions for
each of the atom types E, C, T and Q

(b) an unsaturated bond locally perturbs the NSOR of nearby
nuclei, shifting the values from that of alkanes; this change is
largest for atoms participating in the bond and for those
adjacent to it; NSOR of nuclei further apart approaches values
characteristic for alkanes

(c) there is a monotonic progression in NSOR intensity
for *C nuclei in position 0 and 1 from alkanes to alkenes
and alkynes, and for E, and C,, in dienes from isolated to
cumulated, suggesting dependence of NSOR on the electron
richness of the system

(d) for nuclei not involved in the unsaturated bond, the
signal strength follows the pattern Q ~ T > C > E for *C and
T > C > E for '"H

(e) generally, *C-NSOR is more sensitive to the backbone
structure of the molecule, while 'H is more sensitive to isomerism.

In addition, in systems with two isolated double bonds, their
influence on NSOR of adjacent nuclei appears to be approxi-
mately additive as seen for C,, T,, and Q,, in isolated dienes.
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This, however, is not observed in conjugated and cumulated
dienes - if the unsaturated bonds form more extended systems,
the new complex chromophore has its own specific NSOR
properties.

Based on the results from the isolated dienes we may
tentatively propose that NSOR can be approximated for non-
interacting chromophores as an additive property. The central
hypothesis of the model is that each chromophore contributes
to the NSOR of nearby nuclei separately. Each contribution is
specific for the atom type of the nucleus being influenced
(e.g., E), the type of the chromophore (e.g., a double bond)
and the distance between the chromophore and the nucleus.
Because the NSOR values of nuclei far from the chromophore
approach those of alkanes, we can take the alkane values as a
baseline for each atom type and add the corrections, which are
most significant near the chromophore and fall off towards
zero with distance. Thus, the corrections can be estimated for
each atom type AT at the distance N from the chromophore C as

A(AT)S, = NSOR(AT)S, — NSOR(AT)zalkane (4)

where the bar over the quantities represents their mean,
evaluated from the test set. The NSOR contributions calculated
according to eqn (4) for *C and "H are presented in Tables 1
and 2, respectively, for alkanes, alkenes, alkynes and cumulated
dienes. Isolated dienes are not included due to their similarity
to alkenes and the presence of two distinct chromophores, and
conjugated dienes due to their wide range of values, which
makes this simple model unsuitable for them. We note here
that the values given in the tables are estimates influenced by
the finite number of points in the training set of nuclei.

Using these data we can estimate the NSOR for a system
composed of several chromophores as follows:

Table 1 Relative contributions of unsaturated functional groups to **C
NSOR for different atom types depending on their distance from the
chromophore. The values are reported in prad mol™ dm® cm™ for carbon
marked C*

Atom type of C*

Chromophore E C T Q
Alkane —-0.16 —2.00 —3.04 —3.34
CH,—C"- (alk-1-ene) — —0.34 -1.16 —
-C—C"-CHj; (alk-2-ene) — 1.42 0.91 —
-C*=C-CH; (alk-2-ene) — 0.32 -0.17 —
-C—C*- (general alkene) 2.42 0.58 —0.36 —
-C—=C-C*- —0.72 —0.83 —0.91 —0.79
-C—=C-C-C*- 0.12 —0.15 —0.32 —0.72
-C—C-C-C-C*~ —0.07 —-0.16 —-0.29 —0.24
-C=C*- 3.06 2.19 — —
-C=C-C*- —2.02 —1.44 —1.34 —1.51
-C=C-C-C*- 0.08 —0.11 —-0.35 —0.94
-C=C-C-C-C*- —-0.20 —0.31 —0.38 —0.28
-C—=C=C- — 1.64 — —
-C—=C—=C*~ 0.11 —1.88 —2.59 —
-C—C—C-C*- —0.67 -1.13 —1.70 —2.21
-C—=C=C-C-C*- —-0.13 —0.21 —0.78 —1.04
-C—C—C-C-C-C*- —0.11 —0.16 —0.22 —0.58
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Table 2 Relative contributions of unsaturated functional groups to H
NSOR for different atom types depending on their distance from the
chromophore and position of the nucleus around the double bond with
respect to the carbon chain. The values are reported in prad mol™* dm?®
cm™ for hydrogen nucleus marked H*

Atom type of H*

Chromophore E C T
Alkanes 1.61 1.68 1.91
-C—CH" cis 0.11 -0.15 —
-C—CH" trans —0.32 —0.35 —
-C—CH" cis + trans —0.03 —0.03 —
-C—CH" unsubstituted — —0.39 —
-C—C-CH* —0.13 —0.05 —0.14
-C—C-C-CH* —0.04 —0.05 —0.07
-C=C-C-C-CH* —0.01 0.03 0.02
-C=CH" 0.09 0.00 —
-C=C-CH* —0.08 —0.15 0.02
-C=C-C-CH* —0.08 0.03 —0.23
-C=C-C-C-CH* —0.03 0.00 0.04
-C—C—CH" —0.15 —0.21 —
-C—C—C-CH" —0.07 —0.03 —0.27
-C—C—C-C-CH" —0.03 —0.06 0.00
-C—C—C-C-C-CH" —0.01 —0.03 0.00

1. Identify the atom type (E, C, T or Q) for the nucleus of
interest. Assign the nucleus the baseline NSOR value corres-
ponding to its atom type in alkanes.

2. Find chromophores near the nucleus, at least up to two
bonds away.

3. Add all relevant corrections corresponding to the atom
type, chromophore, and the distance between them. Alkane
substituents do not contribute.

3.4.1 Validation of the additive model. To assess the
robustness of the model and its ability to estimate NSOR,
several hydrocarbons not included in the training set have
been chosen as test cases (Fig. 7). The molecules were selected
rather arbitrarily, with the goal of having several structural
features in combinations not present in the original set.

Fig. 7 Molecules used for testing the additive model of NSOR. The results
for different variations of molecule I are in Table 3, and for molecules II, 11l
and IV in Fig. 8.
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Table 3 Comparison of C NSOR values (in urad mol™ dm® cm™?) of the central carbon atom in different variations of test system | obtained from full
calculation of the molecule (Full) and estimated by adding contributions of the substituents to the baseline alkane value T = —3.04 prad (Model). The
relative error is calculated as 4, = |(Model — Full)/Full|

Substituent Contribution

Molecule S, S, S; S, S, Ss Model Full A,%
I, -CH,-CHj, -CH,-CH;, -CH,-CHj, — — — —3.04 —3.34 9
I -CH,-CH; —-CH,-CH; -CH=—CH, — — —0.91 —3.96 —3.95 0
L -CH,-CH, -CH=—CH, —-CH=—CH, — —0.91 —0.91 —4.87 —4.80 2
1, —-CH—CH, —-CH—CH,, -CH—CH, —0.91 —0.91 —0.91 —5.79 —5.02 15
I -CH=—CH, -CH=—CH, -C=CH —0.91 —0.91 —1.34 —6.21 —5.12 21
I -CH,-CH, —-CH,-CH;, -C=cCH — — —1.34 —4.38 —4.46 2
I -CH,-CHj, -CH=—CH, -C=cCH — —0.91 —1.34 —5.29 —5.14 3
I, -CH,-CHj, -C=CH -C=cCH — —1.34 —1.34 —5.72 —5.03 14
I -CH,-CH;, -CH—CH, -CH—C—CH, — —0.91 -1.70 —5.66 —5.41 5
Lo -CH,-CHj, —CH=—C—CH, —CH=—C—CH, — -1.70 -1.70 —6.45 —5.76 12
I, -CH=—C—CH, -CH=—C—CH, -CH=—C—CH, —1.70 —1.70 —1.70 —8.16 —7.23 13

The NSOR values for all nuclei were calculated using the
additive model and compared with the results obtained from
full quantum-chemical calculations on optimized structures.

The molecule I was chosen as the first test case to benchmark the
model. Several structures were built by replacing some of the ethyl
substituents attached to the central carbon with different side
chains. The created structures are shown in Table 3 together with
comparison of NSOR obtained from full calculation and from the
additive model. Overall a reasonable agreement is found, with the
largest relative difference between the model and the full calculation
being about 21%. This is a rather good result considering the
simplicity of the model with respect to full quantum-chemical
computation. The error increases with the number of attached
unsaturated chromophores, which is expected as the molecules in
the training set contained only a single chromophore each.

The molecules II, III and IV feature a wider range of
atom types at different distances from the chromophores.

terminal double bond mm chain double bond double bond
T

Their NSOR values obtained from

full calculation and from

the contribution model are shown in Fig. 8. The nuclei are
numbered in this case with two indices, representing the dis-
tance from the first and the second chromophore, indicated for
each molecule in the figure by red and orange, respectively. For
each atom type the values obtained from full calculation are
shown as black bars, and from the approximate model in green.
The error bars show estimate of the precision of the values in the

model, calculated for each nucleus as oyclens = \/ 01 + 6022,
where ¢4, 0., are the standard sample deviations of NSOR of
the chromophores calculated for the corresponding atom type
and distance. The coloured stacked bars show the baseline
NSOR of alkane in blue and contributions from the two
unsaturated groups in red and orange. Missing values are due
to the particular carbons having no hydrogens attached, or
more chemically inequivalent hydrogens being attached to the
same carbon.

triple bond cumulated double bond mm triple bond
T

v

NSOR / prad mol™! dm?3 cm’

1 1 1 1 1 1 1 1 1 1 1 1

_6 1 1 | 1 | 1 | 1 | | 1
Eu,4 EM E1,4 E3,2 E4.3 E5,1 C12 03,2 Ca.n CA,U To,a Q2,1

Fig. 8

EM Co,z Co,2 C1,4 02,3 Cz.z C2.0 C3,0 T1,1

E1.5 E4,1 Cm,z Co,4 Cu,z C1.1 Cz,u C3,0

Results of calculations of *H (top) and *C (bottom) NSOR for the test molecules Il (left), Il (middle) and IV (right). The black bars show NSOR

calculated directly for the whole molecule, and the green bars correspond to the estimates from the additive model, together with the standard deviation.
The stacked bars show the contributions from which the green bar was constructed: the blue bars represent the baseline values of alkanes, and the red
and orange are contributions from the chromophores labeled above each panel. The subscripts in nucleus labels indicate the distance from the
chromophores in order or red contribution, orange contribution.
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Overall a good agreement is found for all three molecules.
Similarly as in all other cases, the **C NSOR covers a wider range of
values compared to 'H, which is dominated by the alkane con-
tribution and is only slightly changed by the influence of the
chromophores. On the other hand, **C nuclei close to the unsatu-
rated systems see significant shifts from the alkane baseline. In
general, the corrections shift the NSOR towards the values obtained
from the full calculations for majority of cases. The most notable
exceptions are the C;, and C4o nuclei in molecule II. This
disagreement can be attributed to the discussed wide spread of
NSOR values of C, in alkenes, which can shift towards both positive
and negative with respect to alkanes. In this particular case the
influence of the double bond is in the opposite direction than the
approximate average contribution for C, used in the model. This is
also reflected in the large error bar for these nuclei. Nevertheless,
the model provides a reasonable agreement with the full quantum-
chemical calculation and can be used for pre-screening estimation
of NSOR in molecules of potential experimental interest before
expensive response function-based computations.

4 Conclusion

Nuclear spin-induced optical rotation (NSOR) of 'H and **C
nuclei was investigated by density functional theory computa-
tions on a set of hydrocarbon molecules with various structural
motifs. The results were discussed with respect to the local
chemical environment of the nuclei. It is shown that NSOR is
sensitive in a systematic manner to the position of the nucleus
in the carbon backbone, isomerism, presence of a particular
chromophore in the molecule and the distance of the nucleus
from it. Different combinations of these features give rise to a
wide range of NSOR responses and characteristic spectroscopic
features for molecular structure elucidation. Further patterns
might be revealed by extending the study beyond hydrocarbons
to molecules containing functional groups with heteroatoms.

In addition, it has been demonstrated that NSOR can be to a
good approximation modelled as an additive property, where
the signal of each nucleus can be constructed by adding
contributions from the neighbouring chemical groups. This
allows one to quickly estimate NSOR with a reasonable accuracy
without a need for extensive quantum-chemical calculations.

The results provide a proof of concept that the NSOR effect
correlates with the underlying molecular structure and there-
fore could be experimentally exploited as a basis for a viable
spectroscopic method.
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